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Abstract

Multiphase flow in the porous media is of greaknmest for many engineering fields such as
underground oil and gas reservoirs, environmentatgss (e.g. carbon dioxide (CO2) geological
storage) and underground water resources rematiatiodelling of these process requires
relative permeability (k of each fluid as a function of the fluid satuoati The experimental
measurement of the three-phase relative permsabgit much more complex and time
consuming process than the two-phase relative dilitg. Hence, many correlations have
been proposed in the oil industry for the calcolatof the three-phase relative permeability
using two-phase kdata. However, most of the existing three-phasdatsoignore the physical
mechanism underlying the multiphase flow in theopsrmedia.

In this study, a novel mechanistic model is propose predict the three-phase relative
permeability of the oil, water and gas in the plem reservoir (i.e. porous rock). The new idea
is that the interaction between various fluids. @& water and gas) and also the fluid saturation
distribution are somehow considered in the estonabf the relative permeability. For this
purpose, a new parameter named characteristiciceeff is introduced in the model. This
parameter reflects the contribution of each flundcontrolling the flow of the other fluids. In
other words, this factor is net impact of the vasicock and fluid parameters (e.g. surface
tension between fluids, wettability and saturatthistribution) that all influence the flow in the
porous media. This idea is taken from the glassewcodel experiment that visualises the
mechanism underlying the flow at the pore scaleotAer feature of this method is that, at least
one set of experimental three-phasédata is required to tune the characteristic coefiits. The
estimated characteristic factors can then be eredliotp predict the three-phase relative
permeability for the other saturation path.

The model is successfully validated against theegrpentally measured three-phase relative
permeability data.

Keywords: Porous media, Three-phase, Relative permeabiliyoleum

1- Introduction
The flow of immiscible fluids in the porous media of great interest in many engineering
process, such as underground hydrocarbon resowstoesge of gas in geological formation due
to environmental concern and contamination of ugidemd water. The increasing demand for
fossil fuel, on the one hand, and reduction ofrederves in the world, on the other hand, have
led many oil companies to develop enhanced oilwvegotechnique (EOR). Many of the EOR

* Corresponding author.
E-mail address: hr_shahverdi@cc.iut.ac.ir



OO NOOTULLPE, WN -

PP PP DWW WWWWWWWWNNNNNNNNNNRRRRRRRRR R
P UWONPFPOOONOOTUPDWNRPROOOONOUPLEWNPEFRPOOONOUPDEWNEDO

processes involve water and gas injection through petroleum reservoir that result in
development of three-phase flow (oil, water and gathe reservoir rock.

Flow of three immiscible fluids (i.e. oil, water cargas) may also occurs in the petroleum
reservoir under different conditions such as ieservoir having active aquifer and solution gas
drive mechanism in which water and gas displaceowibrds the production well.

Relative permeability is a key factor required floe simulation of the displacement process in
the porous media in particular, oil and gas redesv®elative permeability of a fluid is defined
as the ratio of permeability (conductivity) of theres occupied by that fluid at a given saturation
to the absolute permeability of the entire poroesiimm. The absolute permeability is a function
of rock alone whereas the relative permeabilityetels on the both rock and fluid condition
(e.g. surface tension, wettability and pore sizstrifiution). In other words, the relative
permeability describes the extent to which one phasindered by the other phases in the pore
spaces, and hence it can be formulated as a fanatithe fluid saturation.

The well-known complexity of the three-phase flow the porous media is that an infinite
numbers of the fluid saturation path or saturatombination can occur during a displacement
process. The reason is that the degrees of freddonthe fluid saturation at three-phase
condition are two independent fluid saturationsnéians that by fixing one phase saturation the
other two fluids saturations can get infinite val®, + §; + S = 1). But on the other hand, the
two phase flow has one degree of freedom suchhindixing one phase saturation the other
fluid saturation is fixed as well (e.&, + S = 1). Hence, the flow functions(lnd R) in the
three-phase circumstance may be function of twepeddent saturation (a surface plot in 3-
dimenstional coordinate) whereas the two-phasdivelpermeability is function of the single
saturation (a single curve in X-Y coordinate). ltoald be noted that three-phagecan be
plotted in the different forms as shown in Figureardd Figure 2. Figure 1 (a) illustrates a
schematic of three-phasg ks iso-perm curve (saturation paths which havaldgy) and Figure

1 (b) depicts an example of three-phase oil redgtigrmeability in 3-D form plotted against the
water and gas saturations. Figure 2 (a) demonsteateematic ok, against its own saturation
(S). Figure 2 (a) depicts that at a fixed valueSpthere might be several values feg Because

in general the, is function of two independent saturatio® andS;). Figure 2 (b) showk,
against water saturation for various values of sgaaration which depicts, is function of two
independent saturationS(andS;). As shown in Figure 2 (b), having differdas curves should
not necessarily be attributed to the hystereseceff

Relative permeability of three-phase can be eitheasured in the laboratory by performing
coreflood experiment or estimated using empiricatrelations. Due to aforementioned
complexity of the three-phase flow, the measurenoérnhe relative permeability is costly and
time-consuming process. The earliest three-phassunement found in the literature belongs to
Leverett and Lewis (1941). A comprehensive revidwhe experimental studies of the three-
phase relative permeability is carried out by Adieh and Piri, (2014), recently. They reviewed
the effects of saturation history, wettability, spding, and layer drainage on the measured flow
properties.

Due to the difficulties of the three-phase measemmmany researches have been directed
towards development of an empirical correlation égstimation of the relative permeabilities
(Corey, et al. (1956), Naar, and Wygal (1961),d.amd Carlson (1968), Stone (1970), Stone
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(1973), Baker (1988), Delshad, et al. (1989), Hdsind Hunsen (1995), Jeraud (1997), Blunt
(1999), Moulu, et al. (1999), Hustad and Browni2§10), Shahverdi and Sohrabi (2013),
Shahverdi and Sohrabi (2014), Beygi, et al. (201.5)]ost of these models predict three-phase
relative permeability by interpolating between tploase relative permeability measured in the
laboratory. The prime difference between the exgstnodels is that they implements different
interpolation technique (i.e. arithmetic or geonwtbetween two-phase data to estimate three-
phase k However, each model has been developed basduedimited experimental data and
for the certain range of conditions. It should lmed that the most of the existing three-phase
models ignore the physical mechanism underlyinghhee-phase flow in the porous media. The
assessment of the three-phase correlations hawaleel inadequacy of these models for
prediction of experimental data (Element, et aDO@, Delshad, et al. (1987), Shahverdi, et
al.(2011a and 2011b))

In this research first, the most commonly usedetpiease kcorrelations are briefly described.
Then the theory and the principles of the new meistia model that incorporates the physics of
the flow is presented. The new idea is that theradtion between various fluids (i.e. oil, water
and gas) and also the fluid saturation distributimae somehow considered in the three-phase
relative permeability model. For this purpose, & mparameter named characteristic coefficient
is introduced in the model. This parameter refldogscontribution of each fluid in controlling of
the flow of the other fluids. In other words, tifégtor is net impact of the various rock and fluid
parameters (e.g. surface tension between fluidstalibty and saturation distribution) that
influence the flow in porous media unlike the mosétthe existing models that ignore these
effects. The validation of the model against vasiedperimental data shows adequate accuracy
in prediction of the three-phase relative permeégbil

Gas e

kro

‘Waler it

Figure 1. An example of three-phase oil relativenpeability plotted in the two forms. Figure (a) is
three-phase k as iso-perm curve (saturation paths which havestinae ). Figure (b) is three-phaseg.k
in 3-D form plotted against water and gas saturatio
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Figure 2: An example of three-phase oil relativenpeability plotted in two forms. Figure (a) shows k
plotted against its own saturation.§SSince k is function of two independent saturatior, é&d §) at a
fixed value of Sthere might be several values fgg. lFigure (b) shows k against water saturation for
various values of gas saturation which depigisskfunction of two independent saturation,(e®d g ).

00000

2- Review of the most famous three-phase k. models
Many empirical correlations have been proposedasdof estimation of the three-phase relative
permeability using two-phase Kata. Here, we briefly review the most widely useddels
available in the commercial reservoir simulatorslifise, CMG) for simulation of the three-
phase flow. The common aspect of all these modelthat they all use two-phase relative
permeability to calculate the three-phase kr datgeneral, these models can be divided to two
kinds, the STONE type and BAKER type models. TheéOSE type models was originally
proposed by Stone (1970) named Stone-I model whsds the geometric averaging between
two-phase relative permeability in the followingrfoto calculate the three-phasg k

So

fro = (1- 55)(1 -5 X firog X ferow W
Where S; is normalized saturatiork.,, is 0il relative permeability in the two-phase witer
system andkog is two-phase oil relative permeability in the gds system. The Stone-I model
was then modified by Aziz and Settari (1979) takintp account the maximum oil relative
permeability k,,) at the maximum oil saturation (I= Sy) :

_ krog kyow (2)
kro krocw X (1 L S;)kmcw X (1 — S‘X,)krocw

In the above equation, the two phase oil-watetivagermeability K.,) should be computed at
the three-phase water saturation and the two phids@s relative permeabilitykgg) should be
looked up at the three-phase gas saturation.

This should be noted that Stone models were degdloply for the prediction of the three-phase
oil relative permeability. In this model, three-gkawater and gas relative permeability are
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assumed to be same as two phase relative perntgabitiresence of oil. Stone (1972) modified
his first model by a probability approach and ipmyating water and gas relative permeability in
the calculation of the three-phdsg

ko = [(krog + krg)(krow + krw) —krw — krg] (3)

Although this model is a modified version of Stdnaodel, usually it is less accurate than the
Stone-1 because, it results to the negative regiermeability for the oil phase at some range of
saturation (Shahverdi, et al. (2011a)).

Hustad and Hold (1992) modified Stone-I model biraducing an exponent factor on the
saturation term in equation (2) :

d krog X krow

l(l )(1 s;;)l Krocw )

Thep term may be interpreted as a variable that chabgigeen zero and one for low and high
oil saturations respectively. The value of the exga may be used, therefore, to match the
predicted oil recovery to the observed data.

The most popular BAKER type models are Baker (1988) (Hustad and Hansen (1995)) and
ODD3P (Hustad and Browning (2010)). These modeimate the three-phase for all mobile
phases as a function of the two independent saingatAll these models apply an arithmetic
averaging between two phase relative permeabtitgalculate the three-phase Khe Baker
(1981) correlation for three-phase oil relativerpeability is as follows:

k. — (SW — ch) k 4 Sg k (5)
i (Sw - ch) + Sg R (Sw - ch) + Sg rog

Similar equations were developed for calculatingewand gas relative permeability under
three-phase flow condition. Unlike the Stone mod#ie two-phase oil relative permeability
(krow @nd kiog) in the Baker model (Equation (5) ) should be Eslup at the three-phase oll
saturation.

Hustad and Hansen (1995) proposed IKU model as difiea version of the BAKER method
for estimation of three-phase oil, water and géative permeability. The IKU model suggests
that the relative permeability is only affectedthg mobile phase saturation rather than the total
phase saturation. They suggested to compute twseghan the Baker model (e.g;ok, kiog) at a
representative three-phase mobile saturation.sipurpose, a linear interpolation method was
introduced for calculating maximum and minimum ndelphase saturation at the three-phase
condition by using two-phase residual saturatioftgs approach is graphically illustrated in
Figure 3 for the oil phase. The end-point saturatiegarding to the oil phase at two-phase
condition are residual oil in oil-ga&s{g), residual gas in oil-gas saturatid), residual oil in
oil-water &) and residual water in oil-water syster®,(). The oil saturation should be
normalised by following equation:
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S = So - Somn (6)

0
Somx - Somn

WhereSmnandSmx are minimum and maximum mobile saturation undegetfphase condition.
The normalized oil saturation then is used to obtapresentative two-phase oil relative
permeabilities Kow andkiog) for using in Equation (5) (without,y. The equivalent formulation
is derived for calculation of the three-phase watet gas relative permeability.

Hustad and Browning (2010) developed the ODD3P inimdecalculating three-phase oil, water
and gas relative permeability. This model is medifversion of the IKU method taking into
account the effect of the hysteresis and IFT (fatgal tension) variation between fluids. The
full procedure for implementing this model is pretgel in the SPE paper 125429.

S

gErw

Water oil

)

SOrw Wro
Figure 3: The method proposed by Hustad and Har{4685) for estimation of maximum,g3 and
minimum (§.) three-phase mobile saturation using residual s#ttan (S, Srgy Swor Swgr Sw Syro)
measured at the two-phase condition.

3- Motivation
In addition to the above models, many other cotigela have been proposed for the prediction
of three-phase relative permeability (Naar and Wy@d861); Delshad, et al. (1987); Jerauld
(1997); Blunt (2000)). Most of these models haw jueen verified for a limited three-phase k
data. The validity of these models for the widegerof the rock and fluid conditions is
guestionable which may lead to an erroneous piiedid¢or the three-phase kElement, et al.
(2003), Delshad, et al. (1987), Shahverdi, et2fl1(a and 2011b)).
As mentioned earlier, some of the old models (&ne, Baker) estimate the three-phase
relative permeability by the simple averaging derpolation between corresponding two-phase
k. (Equation (5) and (1)) without incorporating angchanism of the flow. However, there are
more recent models that incorporate different meisinas occurring in three-phase flow (Beyagi,
et al. (2015), Hustad and Browning (2010), Blub®d0)). Beyqi, et al. (2015) proposed a
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correlation for the calculation of the three-phkseonsidering the compositional effect between
fluids under different wettability conditions. Hast and Browning (2010) proposed a fully
coupled formulation for the three-phase capillaryesgure and relative permeability
incorporating the hysteresis and miscibility ontbogpillary pressure and relative permeability,
simultaneously. Blunt (2000) presented an empirinaddel for the three-phase relative
permeability that allows for the changes in therbgdrbon composition and the trapping of oil,
water, and gas. The model accounts the layer dyaimeechanism in the oil relative permeability
occurring at the low saturation.

However, in this study, we attempted to incorpothe mechanism of the flow different from
the above-mentioned models. The main idea belhiisdniodel is that the various mechanisms
and pertinent parameters affecting the multi-pHése in the porous media (e.g. wettability,
spreading coefficient, and pore size distributiarg reflected in the fluid distribution. For this
purpose, a characteristics function with the nemdfsaturation terminology is introduced in the
model in order to account the impact of the flumtusation in the estimation of relative
permeability.

Many displacement mechanisms may take place dumualjiphase flow in the porous media
which all are governed by the rock and fluid projesrsuch as spreading coefficient, wettability
and saturation distribution.

The fluid distribution in the porous media is a Kagtor in controlling the flow of the various
phases and consequently the relative permeabhilitgtions. For instance, Figure 4 demonstrates
a snapshot of a glass micro-model experiment uridexe-phase flow condition (water-
alternating-gas (WAG) injection) which illustratdse distribution of the various fluids (i.e. oil,
water and gas) in a porous media (Sohrabi, e2@00). As shown in this figure a cluster of the
oil (shown by a pink circle) is dominated by onhetwater which implies the flow of this oil is
only controlled by the water saturation. Whereas ather cluster (green circle) is connected
with both water and gas hence the flow of thisodffected by both water and gas saturation.

It can be concluded that the flow or relative pealkty of each fluid in the three-phase
condition is strongly affected by the distributiohthe immiscible fluids in the pores. This fact is
not properly taken into account in developmenthef éxisting three-phase kr models (e.g. Stone,
Baker). The main inadequacy of the existing modeglshat they assume very simple fluid
distribution for three-phase flow as illustratedrilgure 5 schematically. This figure depicts that
the entire of the oil phase in the system is eguailhnected to (controlled by) the water and gas
phases. This assumption implies that the flow oéfi®iequally governed by water and gas
saturation (Figure 5) which is in contrast to thechanism of three-phase flow described at the
pore scale. In other words, the two-phase relgtimemeability in the Baker and Stone model
(e.g. Equation (1) and (5)) are looked up at th&l three-phase saturation as shown in Figure 5.
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Figure 4. A snapshot of glass micromodel experin{€athrabi, et al. (2000)) shows the distribution of

three-phases (oil, water and gas) in the WaterrAléng-Gas (WAG) injection. The oil, water and gas

are presented by red, blue and yellow color, retipely.

3-phase distribution Existing model
(Stone, Baker) :

oil

k?‘ow
Baker B
Ky = e~ Swe) 7 ) 5 g s
—,_{ — 1
B —Swe) + 550 “"“’( ot Gu—Swd + 5, ’°3(_W} f-m—[m}c& (s Ixr? (s).

Figure 5. A schematic of three-phase fluid disttibn in the porous media assumed in the existing

models (e.g. Stone, Baker).

4- Theory

The more realistic pattern for the saturation thstion in the three-phase flow is to consider
each of the immiscible fluids as two parts. As digal in Figure 6 one part of the oil saturation is

only connected to the water pha&s,) and the other part is connected only to the des@
(S9)- The summation of two saturatiofs, andS,y may be less, equal or greater tisgi" (the
total oil saturation at three-phase condition). ©tiés summation is less th&""it depicts that
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the part of oil is immobile whereas the case of mation greater thas>""*demonstrates the
overlap betweerk, andSg While the summation of saturatior§,{ andS,y) is equal to the
S3Ph shows that the part of oil is controlled by wated dhe rest of oil is in connection with gas
and hence, there is not any immobile or overlapration.

Now, considering this theory, the three-phdgge is combination of two-phase relative
permeability of the oil to the gak.dy) and the oil to the watek,). However, the contribution

of kow andkig in the three-phask, is not equal. Whereas the existing models assujual e

impact for kwo and kg in estimation of 3-phasé, such that two-phase oil relative
permeabilities Kow andk.q ) are picked up at the same oil saturation (Fig)rérhe evaluation

of the existing models performed by the previossagchers (Delshad, et al. (1987), Hustad and
Hunsen (1995), Hustad and Browning (2010), Shatyet al.(2011a and 2011b) depicted that
the Baker type model (arithmetic averaging) resultghe better prediction for the three-phase
relative permeability compared to the other exgstimodels. Hence, we have used the arithmetic
averaging relationship between two-phase and thinese relative permeability as:

kro X (Akrow + Bkrog) (7)

Where A and B are the weight factors reflecting élxéent of impact for each &y, andkyg
which affect the three-phakg. Using saturation weight factor in the above eiguat

wo

S
ko = mkrow(sow) + Lk?‘og(sog) (8)

Swo + Sgo

As can be seen the, andkq in the above equation should be picked up atepeesentative

two-phase saturatiors{, andSyg). Also the saturation weight factors ‘?“:; and - S‘:’r"s ) are
wo T9go woTOgo

calculated using the representative two-phase aainr The formulation and theory of the
mechanistic model is illustrated schematically iguire 7.
Similar theory and equation can be developed tainlthree-phask of water and gas:

Sow Sow (©)
Krw = =2 Ko (Swo) + et Ky (S
r™™w SOW + Sgw TWO( WO) + SOW + Sgw rwg( Wg)
So Sw (10)
" Sog + Swg raw(Sgw) Sog + Swg rgo(Sgo)

For determination of the representative saturatinrisquations (8) to (10)Sw ., Sg. S0, Sw .
Swo , Swg), @ simple linear relationship between two-phasd three-phase oil saturation is
suggested as follows:
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Sow = Aow X SgPh (11)
Sog = Aog X S3PM (12)

Where Aow and Aoy are named characteristic coefficient for the tipkase flow which have a
value between zero and one. This coefficient regmssthe extent of impact of water and gas
phases that affects the oil relative permeabijrienA,,is equal to ones,,, = S3P*, implying

that entire of the oil phase is only in contacthwilie water and thus its flow{) is only affected

by the water saturation. In this case the gas pisaset contributing in the flow of the oil. For
the case thad.is equal to zero, the value 8f, becomes zero hence, the water does affect the
oil flow or the oil phase is fully governed by tgas phase saturation. The higher valuégf
demonstrates the higher impact of the water phasentrolling the relative permeability of the
oil and vice versa. Figure 8 shows an example af for S,w andS,q versus S3°* based on the
linear relationship proposed in Equation (11) ad@).( This graph clearly illustrates the
competition between the water and gas in displacfrige oil phase. As can be seen the slope of
Sg curve Qyg) is greater than that &.w (Aow) depicting that the oil relative permeability i®Dra
affected by the gas saturation than by the watas@hlt should be noted that in the case of the
two-phase oil-gas or oil-water system the chargttercoefficients fAw and Ag become unity
(black line in Figure 8). As mentioned earlier, fienmation ofA,g andA,y is not necessarily
equal to one because there might be an overlapekety; andS,, indicating that some part of
oil is governed by the both water and gas phaseatain.

Equation (11) and (12) and above theory can silyilse developed for the water and gas phase:

Swo = Awo X Sv3vph (13)
Swg = Ayyg X S\E/Ph (14)
Sgo = Ago X SFPI (15)
Sgw = Agw X S3EM (16)

The characteristic coefficient®ywo, Awg, Ago ... €tC. are functions of interfacial tension (IFT)
between fluids, wettability and pore size distribnt of rock which all affect the fluid
distribution. For simplicity, in this study it isssumed that at a given condition of IFT,
wettability and pore size the characteristic cagdfits remain constant during the fluid flow. The
characteristic coefficients can be tuned using aasmeed set of the three-phase relative
permeability data in the combination with Equat{8h (9) and (10). In other words, this tuning
is kind of inverse problem which estimate the cbimazation coefficients using an optimization
technique (e.g. Genetic Algorithm). The objectivadtion is the error between the measured and
calculated relative permeability which should benimized by tuning the characterization
coefficients A;). The estimated coefficient can then be employethe model to calculate the
three-phase relative permeability of the other rediton path. The algorithm for prediction of
three-phase relative permeability using mechanmtdel is described in Figure 9. The detailed
procedure of Genetic algorithm for estimation datige permeability are discussed in another
publication (Shahverdi, et al., 2011).
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Obviously, a level of uncertainty may be associdtethe estimated characteristic coefficients,
A; and subsequently to the relative permeabilitiesvél/er, employing more measured data of
the three-phase, Kor tuning of the characteristic coefficients, caduce the degree of the
uncertainty. Moreover, the characteristic coeffitsecan be used as a tuning factor in history
matching of production and pressure data obtainaa the reservoir. In absence of measured
three-phase kdata, a rough value based on the wettability &¥ddondition of the fluids and
porous media can be assigned to the charactescsiticients.
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Figure 6: Figure (a) shows three-phase distributionporous media obtained from glass micro-model
experiment (Sohrabi, edl.,, 2000). Figure (b) present three-phase distiitou considered in the

mechanistic model.
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Figure 7: Theory and formulation of the mechanistiodel for prediction of three-phase oil relative

permeability.

* Corresponding author.

E-mail address: hr_shahverdi@cc.iut.ac.ir

11




o Uk WNE

1
0.8 - P
pod
a
, o
. 0.6 Lo
5] L
L) Q\(\'b
; 0.4 - ’O"AO 509
V’o
02 Sow
0 ; . . ;
0 0.2 0.4 0.6 0.8 1
So,3ph

Figure 8: An example plot of,Sand Sy versus Sspn proposed by Equation (11) and (12). The slope of
each curve represents the corresponding charattert®efficients (4w, Aog). The black line with unite
slope demonstrate the condition of two-phase fleitihngr oil-water system when#1 or oil-gas system
when Ag=1) .

2. Measuring 3-phase kr for at least one
saturation path:
1. Measuring two-phase kr:
v Oil fWater : koo, Kiwo ‘
v Qil / Gas: R ko I- \_kro,spﬁ
= "]Ikrg,-?Pﬁ
v Gas [ Water : k:g}g ’ krug ! krw;jph
3. Applying measured 3-phase kr in mechanistic
model to tune characteristic coefficient, 4 4. Using mechanistic model and estimated
coefficient to predict 3-phase kr for
S, 8.
o=—  xk (S, )+—2 <k (8..) other saturation path path.
- Sglr_sm;' T - sg;"’s.'r.v !
L B Y . S
e = wic,_ (5_)+ = wig_ (5
= Su'g _S:fg Ee lu'g"' g sk
S, s, 3
k= —F—xk, (S, )+ 2 —xk(S,) !
i Sgo_ wa TeETE Sg::_Su'o e \'..
| Swo = Ao X 5y H Sgu =A.§‘D X.S'g H Sow =Agy X 5, G
| Sy =iy X5 H S =Agw X5, H Sog = Aog XS,
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Figure 9: Algorithm of implementing the mechanistimdel for prediction of three-phase relative
permeability.

5- Verification of the model
In this section, the three-phase relative permiglihta obtained from the coreflood experiment
(Oak (1989)) are used to validate the proposed miodthis study. Oak (1989) performed a
series of the steady-state experiment to obtainpiaase and three-phase relative permeability of
a Berea sandstone rocks. The physical propertifseafock and fluid used in these experiments
are provided in Table 1 and 2.
Three steady-state DDI (Decreasing water, Decrgasinand Increasing gas saturation) test
performed at the three-phase condition are seldéatedthe Oak data. The saturation path met in
these experiments are presented in Figure 10. Abeaseen the initial saturation and saturation
path of each test is totally different from theerth The three-phase relative permeability of the
oil, water and gas for each experiment reporte@®blt, will be compared with the calculated 3-
phase kusing mechanistic model later in this manuscript.
The two-phase relative permeability of the oil-ggas-water and oil-water system measured by
the steady-state Oak experiment are reported inr€&idl and Figure 12. This should be
highlighted that the presented model in this redeaan be used for any three-phase process
(e.g. IDD, DII, DID, IID ...). However, the inputvb-phasek, data should be selected from an
appropriate process (Drainage or imbibition) thatresponds three-phase saturation path. For
instance, in the case of DDI process (Decreasintgrw®ecreasing oil and Increasing gas
saturation; which gas displaces oil and water),kth&f oil-gas and gas-water system should be
selected from drainage process in which gas saaret increasing.

These data as well as the three-phase relativegaditity of the first DDI test (G1 in Figure 10)
were used in combination with the mechanistienkdel (equations (8), (9) and (10)) to obtain
the characteristic coefficientdy, Aog, Ao, Awg, Ago, Agw). This procedure (as explained in step 3
of Figure 9) is a kind of inverse problem in whitle 3-phasekare known and the characteristic
coefficients are unknown. Hence, by using an oatnon technique (e.g. Genetic Algorithm)
the unknown characteristic coefficients can bewestied.

Table 1: Rock properties of Oak experiment.

Connate Absolute .. | Core Length Core
water . Porosity :
.| Permeability(md (cm) Diameter(cm)
saturation
0.31 200 0.22 7.5 5
Table 2: Fluid properties of Oak experiment.
Phase Water o]] Gas
Density (%) 1.00 0.83 0.22
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Viscosity (cp) 1.06 1.77 0.0187

6- Results and Discussion
Figure 13 and Figure 14 depict the experimenta&eiphase lof the first DDI test (G1) against
the tuned relative permeability for oil, water agds phase. As can be seen there is a good
agreement between the experimental and calculatetive permeabilities of the first DDI. The
characteristic coefficients estimated by this opation is given in Table 3. The results of this
table depicts that th&,,, is greater than th&,q hence the oil is more dominated by the water
phase than by the gas phase. Also, the comparistarebnA,, andA,q in Table 3 demonstrates
that the more fraction of the water saturationasegned by the oil and thus the gas phase has
less contribution in controlling the flow of the tea Similarly, the comparison betweég, and
Agw substantiate that the gas is more governed bgitiiean by the water.
The characteristic coefficients estimated in thevimus step were then employed in the
mechanistic model (equations (8), (9) and (10))tersecond and third DDI test (G2 and G3) to
predict 3-phase kr of these experiments. Figuredémonstrates three-phase oil relative
permeability versus oil saturation resulted frora #econd and third DDI experiment (G2 and
G3) compared with those predicted by the mechanmtdel. Figure 16 and Figure 17 present
comparison between experimental and predicted {pinase k for the water and gas,
respectively. Since the water relative permeagdithave low values (order of 1@ 10% in
Figure 16, this graph is plotted in semi-log sctebetter investigate the measured against
predictedk.,. As shown in Figure 15 to Figure 17, the mechanimodel can adequately predict
the three-phase relative permeability of experime@2 and G3). However, there are slight
difference between measured and predicted relpgwmmeability in Figure 15 to Figure 17 which
may attributed to the uncertainty in the charastiricoefficients 4;) derived from optimization
technique. For further investigation of the accyraicthe mode, the predicted three-phias@il,
water and gas) by the model is plotted againstraxpeatally measurel, in Figure 18. The data
points in this Figure belong to oil, water and gektive permeability. As can be seen, the
predictedk, value are reasonably close to the straight lira highlights the good agreement
between actual and estimated relative permeability.
In order to investigate the accuracy of the medtanmodel against the existing models, the
Oak data was also estimated by the Baker and $towlel. Figure 19 presents the cross-plot for
the Baker and Stone model. As can be seen botiB#ikker and Stone model significantly
overestimate the actual three-phase relative pdrilitga
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Figure 11:. Two-phase oil-gas relative permeabilitgrsus gas saturation (picture a) and gas-water
relative permeability versus water saturation (piet b) from the Oak experiment (Oak (1989)).
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Figure 13: Picture (a): Three-phase water relatpermeability versus water saturation resulted frib@
first DDI (G1) of the Oak experiment (triangle pminand those obtained from the mechanistic moglel b
tuning the characteristics coefficients (squarengs). Picture (b): Three-phase oil relative permiéigb
versus oil saturation resulted from the first D@BL) of the Oak experiment (triangle points) andstho
obtained from the mechanistic model by tuning theracteristics coefficients (square points).

0.6

0.4

0.3 -

ki,

0.2

0.1 -

A Exp ®tuned

[-m

[= |

=1

[I

0.4

0.5

0.6

0.7

Figure 14: Three-phase gas relative permeabilitysus gas saturation resulted from the first DDI §G1
of the Oak experiment (triangle points) and thobéimed from the mechanistic model by tuning the
characteristics coefficients (square points).

Table 3: The characteristic coefficients estimaigduning the 3-phase &f the G1 experiment.

Aog

Aow

Ago

Agw

Awo

Awg

0.1416

0.4375

0.9825

0.9032

0.9937

0.8304
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second DDI (G2) of the Oak experiment and thosaionét from the mechanistic model. Picture (b):
Three-phase oil relative permeability versus oifusation resulted from the third DDI test (G3)ofeth
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Figure 17: Picture (a): Three-phase gas relativerpeability versus gas saturation resulted from the
second DDI test (G2) of the Oak experiment andettuigained from the mechanistic model. Picture (b):
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Three-phase gas relative permeability versus gasration resulted from the third DDI test (G3)ofeth
Oak experiment and those obtained from the mecti@niedel.
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Figure 18: Cross-plot of the calculated three-phedative permeability (by the mechanistic model)
against the measured three-phasefithe Oak experiment.
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Figure 19: Cross-plot of the calculated three-phedative permeability by Baker model (left picture
and Stone model (right picture) against the meastinece-phase,lof the Oak experiment.

7- Conclusions:

1. A new mechanistic model is proposed to predict thiative permeability of three
immiscible fluids (i.e. oil, water and gas) in tperous media. This model attempts to
incorporate the impact of the fluid distributiondaphysical mechanisms of the flow in
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2.

the estimation of the relative permeability. Thedry is well-matched with the physical
mechanism underlying the flow at the pore scalectvlis observed in the glass micro-
model experiment. Unlike, the most of the existingdel estimates three-phase relative
permeability only by interpolation between two-phagata without considering any
physics of the flow.

A new parameter named characteristic coefficiemti®duced in the model that reflects
the interaction between fluids and also the flustrbution. This parameter depends on
the rock and fluid properties such as surface oensietween fluids, wettability and
saturation distribution.

The saturation distribution in porous media is calied by surface and capillary forces
(e.g. wettability and IFT) which all significantbffect three-phase flow parameterg.(k
One of the drawback of the existing models is tthegt three-phase kr is calculated just by
averaging between two-phasgewithout considering the physical mechanism ocograt
three-phase condition. In fact, the fluid distribatin three-phase flow mechanism might
be totally different from two-phase flow. Henceg tlwo-phase kalone cannot accurately
predict the three-phase flow parameters. In thegmted model the impact of saturation
distribution is somehow incorporated in estimation three-phase kby defining
characteristic coefficientAj). This parameter make the three-phasemdel more
flexible compared to the existing models (that Emreted between two-phase)k The
best choice for value ofy; is to determine it from measured three-phasenkan
optimization process as presented in Fig.9. Howemeabsence of measured three-phase
k;, the characteristic coefficient can be used asgufactor in history matching of
reservoir production and pressure.

The input two-phase kr data (used in three-phaseetap should be selected from an
appropriate displacement process (i.e. drainagéjbition) which correspond to the
three-phase saturation history.
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A new mechanistic model is proposed to predict the relative permeability (or flow
function) of threeimmiscible fluids (i.e. oil, water and gas) in the petroleum reservoirs.
The model incorporate the impact of the fluid distribution and physical mechanisms of
the flow in the relative permeability of fluids.

The model is supported and validated against the experimentally measured three-phase
relative permeability data.



