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ABSTRACT

Endpoint relative permeabilities larger than one (k; > 1) for 2-phase flow in porous rock
samples have been reported several times in literature. This holds in particular when the
non-wetting phase is the majority phase and the wetting phase is present only as thin
wetting films covering the rock surface. Cases where k; > 1 were debated over many
years and there are reports in the literature indicating that often data is re-normalized such
that k; < 1 since it is often suspected as a measurement error. In this presentation we show
that there is a real physical explanation for the effect of k; > 1. We draw an analogy
between this observation and a possible slip-boundary condition. For comparison, flow in
capillary tubes with a slip boundary condition is considered where hydrodynamic flow
properties can be calculated analytically. The flux of the non-wetting phase is in many
cases about 2-4 times higher when a small-amount of the wetting phase is present which
would be compatible with slip lengths in the range of 100-700 nm in sandstone
reservoirs. For a fixed slip length the flux in capillary tubes is increasing for decreasing
capillary radius. This dependency is qualitatively found in our data indicating that slip
could indeed be a plausible explanation for the observation of k; > 1. Thus we conclude
that k. > 1 is a real effect and should be accepted as such. No data should be re-
normalized as it would not reflect the true flow properties of the rock.

1 INTRODUCTION

In the oil industry, special core analysis (SCAL) is an essential step in the work flow to
determine the performance of an oil reservoir with respect to it’s flow performance. In
special core analysis, the (oil- or water-) saturation dependent parameters like the
capillary pressure P_and the relative permeabilities kIr [Dake (1978)] are determined. In

particular the relative permeabilities of water and oil are important to predict how fast oil
and water will flow in an oil reservoir and are therefore very critical parameters.

Fluid flow for a single phase through a porous medium can be described with Darcy’s
law Q=A-(K/u)-Vp where Q is the flux, A is the cross sectional area, K is the

(absolute) permeability of the medium for single phase flow and x is the viscosity. For 2-
phase flow (e.g. water W and oil 0) Darcy’s law is modified to
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with effective permabilities Ky, and K,. Introducing the concept of relative permeabilities
k , and k = for water and oil we obtain K, =k ,-K and K;=Kk ,-K. The relative

permeabilities are dependent on the saturation of the phases S, ie. k =k (S ) and
k. =k (S, - It is usually assumed that the relative permeabilities 0 <k <1. But there

are several reports in the literature that explicitly show endpoint relative permeabilities
k>1 [Dullien (1959), McPhee (1994), McPhee&Arthur (1994), Karabakal&Bagci (2004),

Arps&Roberts (1955), Ehrlich (1993), Mikkelsen&Scheie (1991)]. By endpoint relative
permeabilities we mean the water relative permeability krW at residual oil saturation So ]

and the oil relative permeability K~ at connate water saturation S . In several

examples in the literature [McPhee (1994), McPhee&Arthur (1994), Karabakal&Bagci
(2004)] the (near) endpoint relative permeabilities kr>1 in particular when the non-

wetting phase is the majority phase and the wetting phase is present only as thin wetting
films covering the rock surface. In other words, in the presence of very small amounts of
a wetting phase the permeability of a non-wetting phase is actually larger than the
absolute permeability of the rock.

In the literature, this effect does not usually appear since often the endpoint relative
permeabilities are normalized to 1 [McPhee&Arthur (1994)]. But according to
publications in the peer-reviewed literature, end point relative permeabilities are
measured to be up to 1<k <2.4 [ODEH (1959), McPhee (1994), McPhee&Arthur

(1994)]. In Refs. [McPhee (1994)] and [Karabakal&Bagci (2004)] in particular the end
point permeability for the non wetting phase k >1. In oil-wet systems (wetting-index -1)

thek (S,)>1 andinwater-wet systems Kk, ,(S,,)>1.

2 EXPERIMENTAL

The data shown in this publication has been collected over many years in Shell
laboratories in SCAL studies on oil fields in different regions of the world. The data has
been entered into a data base that contains a set of parameters on the samples, including
porosity ¢ and absolute permeability K , but also the relative permeabilities kr for oil and

water as a function of the water saturation S,. The standard procedure is for core plugs to

be cleaned (Soxhlett hot extraction cleaning with toluene and chloroform/methanol
azeotrope) and then “aged” to restore their reservoir properties. After cleaning, the state
of the samples is referred to as “un-aged” and several parameters like the absolute
permeability Kprine are measured. In general, sandstones in oil reservoirs show water-wet
to intermediate-wet behaviour. Aged samples can be somewhat less water-wet than un-
aged samples. Relative permeabilities have been measured using the steady state
technique, the unsteady-state technique, and the centrifuge. In general, relative
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permeabilities for water and oil are obtained from permeabilities that are measured
according to Darcy’s law for single phase flow. The relative permeabilities are obtained
by normalizing the saturation-dependent permeabilities K (S,) and K (S ) with the brine

single phase absolute permeability K.

2.1 Observations of kr>1

For instance in a sandstone reservoir in New Zealand it was found that k_ (S, .) can

reach values between 1.2 and 1.5. For a sandstone field in Oman the oil endpoint
permeability K is a factor 1.2-2.9 larger than the brine permeability K, . In order to give

an overview over the distribution of relative permeabilities in Fig. 1 we plot water and oil
end point relative permeabilities k, (S, ) and K  (S,,) as a function of the water

saturation S, for a set 130 individual measurements taken from 43 sandstone reservoirs.
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Fig. 1: Water and oil end point relative permeabilities in 43 sandstone reservoirs plotted as
function of the water saturation S,,.

The data plotted in Fig. 1 bear large similarities with those shown by [McPhee (1994)].
Sandstone reservoirs are known to have a more water-wet tendency. Fig. 1 shows k_  >1

in particular for un-aged and presumably even more water-wet samples. Some examples
for k., >1 are found for the aged samples where presumably the rock has become more

oil-wet due to the exposure to crude oil. So for the more water-wet case kK, >1 and for

the more oil-wet case kK, >1.
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In the literature the observation of k. >1 1is often termed “lubricating effect”
[McPhee& Arthur (1994), Karabakal&Bagci (2004), Dong et al. (2006)] but in most cases
no further explanation about fundamental physical mechanisms is given. In [Ehrlich
(1993)] the effect of k. >1 is discussed in the context of viscous coupling in porous

media [Ayub&Bentsen (1999)] linking it to an effect of interfacial shear viscosity.
Effectively oil-water interfaces can then act as slip boundaries [Deen (1998)].

In the following we investigate how an explicit formulation of a slip boundary condition
at the oil-water interface can explain the observations of k. >1 in SCAL experiments.

3. SLIP BOUNDARY CONDITION

In fluid mechanics it is generally accepted that at an interface between two (mobile)
fluids the tangential velocities vV have to be continuous, i.e. vV, =V, [Deen (1998)] (no-slip
boundary condition). In the past it was also assumed that the boundary condition for fluid
flow past a solid wall is a no-slip boundary condition as well [Deen (1998)], i.e. when a
fluid flows past a solid substrate which is at rest the tangential velocity at the wall
vanishes, V(r=R)=0. During the past years, various experiments showed a non-vanishing
tangential velocity, the so-called slip velocity Vg, [ZHU&GRANICK (2001), ZHU& GRANICK

(2002)]. In Fig. 2 A and B the velocity profiles for pipe flow is sketched with a no-slip
boundary condition and on the right with a slip boundary condition.

| A | no-slip BC B | slip BC radsr
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Fig. 2: Pipe flow with no-slip (A) and slip (B) boundary conditions. For slip the tangential

velocity of the fluid at the wall is Vg, > 0. The slip velocity right at the wall V;, can be

derived from the slip length b which is defined via extrapolation of the velocity gradient
into the wall (C).

The slip velocity can be parameterized in the so-called Navier slip boundary condition
[Navier (1827), Brochard&deGennes (1992), Vinogradova (1995), deGennes (2002),
deGennes (1985)]
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where the slip length b is constructed via linear extrapolation into the wall to the
hypothetical location where v=0. For the extrapolation, the velocity gradient ov/or at the
wall (r=R) is used. The geometrical construction is sketched in Fig. 2C.

Slippage is observed in various systems at liquid-solid interfaces and can strongly
influence hydrodynamic behavior in microscale and nanoscale flows. Contributing
factors include poor interfacial wettability or weak molecular attraction between phases
[Tolstoi (1952), Blake (1990)], surface roughness [Miksis&Davis (1994)], high shear rates
[Thompson&Troian (1997)], a reduction in polymer interfacial viscosity [Brochard ET AL.
(1990)], and nucleation of nanobubbles at hydrophobic surfaces [Vinogradova ET AL.
(1995)]. Despite the enormous interest in slip behavior, there is yet no consensus on
which parameters control the degree of slip in simple fluids [Priezjev&Troian (2004)]. In
this publication, the relevance of slip for oil recovery and special core analysis (SCAL) is
addressed.

3.1 Experimentally Observed Slip Lengths

During the past years slip has been experimentally observed in several studies in two
classes of systems. One class involves polymer melts [Priezjev&Troian (2004),
Priezjev&Troian (2006)] and will not be discussed any further in this work. The second
class is focusing on the flow of simple liquids and water past substrates. Most studies
employ model systems with well-defined geometries and solid-liquid interfaces with a
roughness of less than 1 nm. Experimental parameters like the substrate wettability, the
fluids [Zhu&Granick (2001)], the shear rates and surface roughness [Zhu&Granick (2002)]
are varied systematically. Slip is studied in capillaries in pressure-driven flow [Schnell
(1956), Chuarev ET AL. (1984), Watanabe ET AL. (1999)], in squeeze-flow geometries with a
surface-force apparatus [Horn ET AL. (2000), Zhu&Granick (2001), Zhu&Granick (2002)]
and using particle image velocimetry (PIV) [Tretheway&Meinhart (2002)]. In most cases
an apparent slip boundary condition is observed with slip lengths b ranging from
nanometers (20 nm [Cottin-Bizonne ET AL. (2005)], 30 nm [Choi ET AL. (2003)], 30-70 nm
[Chuarev ET AL. (1984)], 30 - 50 nm [Horn ET AL. (2000)]) to the micrometer range (0-2 pm
[Zhu&Granick (2001)], 1 um [Tretheway&Meinhart (2002)], 0-2 um [Zhu&Granick
(2001)], 1-10 um [Schnell (1956)], 20-50 um [Choi&Kim (2006)], 100 um [Watanabe ET
AL. (1999)], 0.1-300 pum [Migler ET AL. (1993)]). One common observation, for example in
the case of slip in water flowing past hydrophobic interfaces, is that slip is found in
systems where the fluid is not wetting the interface [Choi&Kim (2006)]. The situation that
would mimic our scenario in terms of geometric dimensions most closely (except for the
wettability) is the observation that a hydrophobic coating of 2.3 nm thickness
(monolayer) in 30 pm x 300 um wide micro channels can produce slip lengths of 1 um
[Tretheway&Meinhart (2002)].

3.2 Microscopic Originsof Slip

The microscopic origin of slip depends most likely on the system considered. For
instance slip in polymeric systems may be caused by completely different mechanisms
than slip in systems where wetting behavior plays a major role. But even there the
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microscopic origin is still under heavy debate. For instance in the system of water
flowing past a hydrophobic surface where slip has been experimentally observed it is
argued if the fluid actually flows past a “carpet” of nano-bubbles covering the
hydrophobic surface. There are some experimental observations of such nano-bubbles
with the atomic force microscope (AFM) [Zhu&Granick (2001), Tyrrell&Attard (2001),
Zhu&Granick (2002)]. It is however under scientific debate if these nanobubbles were
there in the first place [Lauga&Stone (2003)] or nucleated during the measurement itself.
In neutron scattering experiments [Doshi ET AL. (2005)] it was actually found that close to
a hydrophobic interface water has a different structure and a lower density and also
reduced viscosity which could explain the apparent slip behavior. Using x-ray scattering
a recent study found that there is a small “gap” between water and a hydrophobic
substrate [Mezger ET AL. (2006)].

In the case where the fluid structure near a wall can be described by a two layer system
where a bulk fluid (viscosity g4, ) i1s flowing past a solid wall and a microscopic layer

(thickness d) close to the wall exhibits a lower viscosity g, < t4 - the slip boundary

condition can be modeled via the construction displayed in Ref. [Vinogradova (1995)]
obtaining the relationship [Choi&Kim (2006)] b=6"(thy / Hya —1)- Applying this

relation to the experimental situation for water on hydrophobic surfaces with 6~ 0.5 nm
typically and the known viscosity ratio 4, / ., ~50 a slip length b = 25nm is

obtained [Doshi ET AL. (2005)] which is well within the range reported in the literature.

3.3 Pipe Flow with Wall Slip

The velocity profile for pressure-driven flow in a pipe is sketched in Fig. 2A. The typical
parabolic Poiseuille velocity profile results from a no-slip boundary condition with a
vanishing tangential velocity at the wall. For a slip boundary condition the velocity right
at the wall is finite as shown in Fig. 2 B and C. In order to derive the explicit form of the
velocity profile v(r) and the flux Q for pipe flow we start out with the Navier-Stokes
equation [Deen (1998)] which describes the momentum transport in a Newtonian fluid
with viscosity x and density p. To describe the flow in a pipe a cylindrical coordinate
system (1,0,z) is chosen. For steady, fully developed flow v=v(r) and Jv/2t=0. In the
absence of inertial components in the z-direction, (v-VV), =0. In the absence of

pressure gradients in the r and @ directions, only Op/0z#0 leading to p=p(z). Using the
Laplace operator in cylindrical coordinates [Deen (1998)] we obtain for the flow equation

op 10( ov
O=——+pu——|r—= 3

0z H r 8r[ or j )
Rearrangement and integration over I results in

TR RS 4)
or uoz?
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Symmetry at the center of the pipe ( r=0 ) requires ov/ 8r|r:0 =0 is the first boundary
condition (BC1). It follows that C1=0. Further integration results in

2
vn=-Pl g, )
1oz 4
with the constant of integration C, being determined by the boundary condition at the

wall r=R (BC2). Inserting the slip boundary condition from eq. 2 in eq. 5 at r=R and
using eq. 4 at r=R allows the determination of C; resulting in the velocity profile v (r)

[Tretheway&Meinhart (2002)]
2 2
Vz(r):_lR_@(l_r_Jrz_bj 6)
U

The flux Q is obtained by integrating Vv,(r) from eq. 6 over the pipe cross section
[Lauga&Stone (2003)]

R 7R op(, 4b
Q= 2mrv,(ndr=- S E(HEJ (7)

Practically, this means that in the presence of slip at the same pressure a larger amount of
fluid is transported through the pipe per unit time. In Fig. 3 the flux ratio for slip / no slip
Q(R,b)/Q(R,b=0) is displayed as function of the pipe radius R for three different slip
lengths in the range b=20-100 nm. This is a reasonable range for water flowing past a
hydrophobic interface.
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Fig. 3: Flux ratio Q(b)/Q(b = 0) for different slip lengths b as function of pipe radius R.
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For b=0 the classical Poiseuille flux with Q oc pR* is obtained [Deen (1998)]. The first

order correction term 1 + 4 b/R due to slip can be obtained by imagining that the pipe
radius R is increased by the slip length b to R+b.

4. DISCUSSION

Most experimental observations in the literature and in our data very consistently show
that k >1 for the non-wetting phase at saturations where the wetting phase is reduced to

very thin and presumably immobile films covering the rock surface. Potentially these
wetting films are reduced to layers of only a few nanometers thickness that are in the end
responsible for the wettability alteration of the rock [Lord&Buckley (2002)]. Apparently
the thin wetting films act as “lubricant” for the non-wetting phase [McPhee (1994)]. But
so far it is an open question what the microscopic mechanism for the “lubrication” is.

Single phase flows in a tube and in a porous medium bear large similarities. In order to
describe basic properties like permeability, equivalent capillary tube models are
employed [Dullien (1959)]. The structures of Darcy’s law and Poiseuille flux (eq. 7) are
very similar (flux due to pressure driven flow) as well. Single- and two-phase flow in a
porous medium is often described in so-called pore-networks [Hui&Blunt (2000)] where
pore bodies are connected via tubes in which the fluid flows. Therefore, an analogy
between the flow in porous media and flow in capillary tubes is used to draw the analogy
between the observation of k >1 and a slip boundary condition for the endpoints.

e,

wetting) water film:

measuring measuring measuring
absolute permeability oil end-point relative permability water end-point relative permability
K ko(Se) Ku(Se)

Fig. 4: Fluid configurations for single phase flow (A) and two phase flow with water-wet rock
(B) and oil-wet rock (C) where the non-wetting phase is flowing past immobile wetting layers.

Honoring this analogy, the flow geometry and phase distribution is sketched in Fig. 4.
The (immobile) film of the wetting phase covering the rock surface may produce an
effective slip boundary condition for the flow of the non-wetting fluid resulting in an
additional flux contribution similar to that in eq. 7. The ratio of the flux with slip Q and
without slip Q, =Q(b =0) computes to

Q_ QbR _, 4 (8)
Q Q(M=0,R) R
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This quantity is similar to the endpoint relative permeability kIr of the non-wetting phase.

The flux Qo is measured in single phase flow according to Darcy’s law as
Q, =Q(=0,R)=K_ - A/ 1, Vp,. The oil flux Q=Q(S, ) at the irreducible water

saturation is measured in 2-phase flow as Q(b,R) =K (S, )-A/ 1 Vp,. Thus the ratio
Q/Q, =K, (S,0)/ Kys =K, o (S,.). With eq. 8 we obtain k,_ (S, ,)=1+4b/R.

In this analogy the wetting layers are assumed to homogeneously cover the rock surface
as immobile layers with uniform thickness of only a few nanometers. More complicated
configurations are not considered. Such films could have been formed by adsorption of
naphthenic acids or asphaltenes [Lord&Buckley (2002)] that are both known to change
the wettability to oil-wetness. Since they are only from molecular thickness to a few
nanometers thickness [Lord&Buckley (2002)] they do not reduce the cross section of the
few micrometer thick flow channels in any significant way.

Eq. 8 is displayed in Fig. 3. It demonstrates that for a typical effective pore radius in the
micrometer range and slip lengths of about 100 nm, k_ (S,,.) can take values similar to

the examples of k, >1 reported in literature [McPhee (1994)].

From this comparison, slip is a plausible explanation for endpoint relative permeabilities
larger than one. A more direct comparison with the theoretical model (eq. 8) is not
possible as data on effective pore diameters are missing. But for the data in Fig. 1 taken
from a Shell “relperm database” such a comparison is possible. An equivalent capillary
radius r, for a pseudo-3D capillary model of the porous network can be estimated

[Dullien (1959)] as r,~5-\K/¢ where K is the absolute permeability and ¢ is the
porosity.
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Fig. 5. On the left oil end point relative permeabilities K_,(S;,) from Fig. 1 are plotted as a

function of an effective capillary radius I, =5-/K/¢ . Data with k. (S,)>0.95 for

aged and un-aged samples from Fig. 1. The solid line is a best fit of the slip model from
eq. 8 obtaining an average slip length of b=318+44 nm. On the right, we display a
selection of 3 specific fields showing more distinct grouping with slip lengths b=0, 200
and 700 nm.

In Fig. 5 the endpoint kr from Fig. 1 with kIr o(8,,)>0.95 ! are plotted versus r.. For
decreasing effective capillary radii r, the relative permeabilities kIr (5,1 increase to
values as large as k(S )=14 . This trend qualitatively and quantitatively confirms the

prediction by eq. 8: For a given slip length b the flux ratio or relative permeability is
increasing when the pipe radius is decreasing. The solid line in Fig. 5 represents a best fit
to the slip model from eq. 8 to both the aged and un-aged samples obtaining a slip length
of b=318+44 nm displaying qualitative agreement with the experimental data.

Therefore the slip length b=318+44 um is only an average and a possible range for the
slip length is 0 nm<b<700 nm. This is well within the range of typical slip lengths
reported in the literature. While the trend towards larger k. endpoints for smaller pore

diameters is clearly visible in the data, the data is not perfectly located on top of the fit
line. The deviation of several data points from the fit line exceeds the (statistical)
instrumental error. Either our large data set has systematic errors in kr or in fact consists

of several different populations that all have different slip lengths b. A subset of data for
the individual fields groups more distinctly and follows more clearly the trend of the slip
model. We find cases for no slip (b~0 nm, field 1), intermediate slip (b~200 nm, field 2)
and maximum slip (b=700 nm, field 3).

'for data without any measurement scatter the lower bound would have been set to 1 but we allowed for a 5 % error margin and
therefore also included data points kr 0>0.95 into the analysis
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Often relative permeabilities with endpoints larger than 1 are “rescaled” by dividing both
water and oil k; by one common factor such that the largest endpoint is exactly 1.0. Using
such a set of “rescaled” relative permeability curves for model predictions leads either to
an under-prediction of the production rate or an over-prediction of the pressure drop,
depending on the boundary conditions. In homogeneous rock the error arising from
rescaling the relative permeability endpoints is lumped into other quantities like the
absolute permeability. In a field development plan for an oil reservoir, pressure drop
and/or flow rate are often constrained by independent parameters. Under-estimating the
flow rate or over-estimating the pressure drop certainly has consequences during initial
production. Although these errors might get detected in a history match, they may already
have lead to a below-optimum production scenario in the field development plan. All
these consequences are undesirable and therefore rescaling the k;’s should not be done.

5 CONCLUSIONS

Endpoint relative permeabilities 1<k , <14 have been observed experimentally in

water-wet sandstone rock. A model employing capillary tubes with a slip boundary
condition explains qualitatively and quantitatively the data with k. >1. The slip model

predicts an increasing endpoint kro for a decreasing equivalent capillary radius r, which

is specifically confirmed by our data. On the microscopic scale, thin and presumably
immobile wall coatings of the wetting phase are likely to cause the slip for the flow of the
non-wetting phase. Thus slip seems to be related to wettability.

As the slip model provides a physical explanation for k. >1 consistent with findings in

microfluidics and supported by the data in a specific way, there is no longer a basis for
normalizing K, endpoints to 1. Developers of pore network models are encouraged to

extend their models with a slip boundary condition such that endpoint kK >1 would be

possible to match experimental observations.
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