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Abstract We use a Darcy-scale simulator to extract residual oil saturation, forced
imbibition capillary pressure, and relative permeability by history matching to
measured pressure drop and cumulative oil production during multi-speed cen-
trifuge experiments and constant-rate waterfloods in Indiana limestone cores under
four different wettability states established by adding different naphthenic acids to
the oil phase. Residual oil saturation decreases monotonically as advancing bulk
contact angle increases from θa = 110◦ to 150◦, in sharp contrast to the non-
monotonic dependence displayed by the core-averaged oil saturation which are
often mis-interpreted to be representative of true residual saturation. The magni-
tude of the capillary pressure required to establish a particular water saturation
increases with θa. Saturation-normalized water relative permeability exceeds one
at θa ≥ 125◦, with equivalent slip lengths of up to O(200) nm. The simulations
indicate that capillary end effects may be significant during displacement experi-
ments under typical laboratory conditions, even in mixed-wet media of relatively
low permeability, and highlight the importance of using numerical simulation to
interpret displacement experiments under capillary-dominated conditions.

Keywords capillary trapping · multiphase flow · slippage · residual saturation ·
history matching

1 Introduction

Capillary-hydraulic properties of an incompressible, laminar flow of immiscible
liquid pairs through an isotropic, homogeneous porous medium are characterized

In a conference paper prepared for presentation at the International Symposium of the Society
of Core Analysts held in Trondheim, Norway, 27-30 Aug. 2018 (Christensen and Tanino, 2018),
we present the equilibrium analysis of the centrifuge experiments and a preliminary interpre-
tation of a subset of the waterfloods as those considered in the present paper optimizing only
relative permeability parameters.
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Fig. 1 A mechanism for mixed wettability proposed by Salathiel (1973); Kovscek et al (1993).
Cross-section of a single pore that has been invaded by oil during primary drainage. Adapted
from Morrow and Mason 2001; Valvatne and Blunt 2004.

by three properties. The first two are the permeabilities of the porous medium to
the two liquids,

kj = µj uj

(
dpj
dx

)
−1

, (1)

where (µj, uj, pj) are the dynamic viscosity, volumetric flow rate per unit bulk
cross-sectional area, and the pressure of phase j, respectively, and x is the direction
of mean flow. In this paper we restrict our discussion to liquid pairs comprising
an aqueous phase (j = w) and an oleic phase (j = o). The third property is the
equilibrium saturation that results from a given capillary pressure,

pc = po − pw. (2)

It is well established that kw, ko, and pc are functions of both saturation
and saturation history (Bear, 1988) and a number of empirical models have been
proposed to describe them (e.g., Brooks and Corey, 1964; Skjaeveland et al, 2000;
Lomeland et al, 2005; Duchenne et al, 2015; Honarpour et al, 1982). For imbibition,
which we define in this paper as increasing water saturation, Sw, irrespective of
whether or not the porous medium is hydrophilic, all models assume water is
immobile when the fractional volume of the pore space that it occupies falls below
the irreducible water saturation, Sw = Swi (> 0), or above Sw = 1 − Sor (< 1),
where Sor is the residual oil saturation. This paper considers the dependence of
these constitutive relationships on contact angle, focusing specifically on mixed-
wet conditions.

A porous medium is said to be mixed-wet if the hydrophilicity of the grain sur-
face, as characterized by the local contact angle, varies at the pore-scale and the
sub-pore scale. In initially water-saturated porous media that are subsequently
invaded by non-aqueous phase liquids (NAPL), such as is the case in NAPL-
contaminated groundwater aquifers (e.g., Dwarakanath et al, 2002; Powers and
Tamblin, 1995; Powers et al, 1996) and petroleum reservoirs (e.g., Wood et al,
1991; Jerauld and Rathmell, 1997; Øren et al, 1998), surface-active components
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render parts of the grain surface that come into direct contact with the NAPL
hydrophobic (oil-wetting) while the rest of the grain surface remains hydrophilic
(water-wetting). These pristine surfaces may be grain surfaces surrounding pores
that are not invaded by oil (e.g., Alhammadi et al, 2017; AlRatrout et al, 2018)
or corners and grooves of oil-invaded pores (e.g., Fig. 1). Moreover, recent studies
suggest that mixed wettability may be a salient and intrinsic feature of carbonate
rock: contact angles larger than 90◦ 1 were measured in quarried limestone (Al-
Ratrout et al, 2017) and oil-wet patches were identified in chalk (Hassenkam et al,
2009) that had never been exposed to oil.

In this paper we focus on naturally hydrophilic rock that are rendered mixed-
wet by differential adsorption of napthenic acids in the oil phase during primary
drainage. The wettability of such systems is typically characterized by that of the
oil-contacted grain surfaces which, in turn, are characterized by the bulk contact
angle that the oil/water interface makes on a mineralogically representative, flat
substrate that has been exposed to the test oil (‘aged’) under matching temper-
ature and pressure. Carbonate rock in particular is relatively pure (e.g., Tanino
and Blunt, 2013; Gharbi and Blunt, 2012) and is well represented by calcite.

In situ contact angle is a function of local grain roughness, local flow velocity,
confinement, and local pore geometry in addition to the composition of the rock,
oil, and the brine, and takes on a wide distribution even within a mineralogically
uniform rock (AlRatrout et al, 2017) or packed beds of spheres. Notwithstanding
this, bulk contact angles on a flat, systematically polished, mineralogically pure
substrate are a convenient proxy for changes to wettability in response to changes
in oil/brine/mineral chemistry. Physical reasoning suggests that there should be
a strong, positive correlation between between the mean in situ contact angle and
the bulk contact angle; experimental evidence was reported recently for a crude
oil-aged reservoir carbonate rock (AlRatrout et al, 2018).2

Laboratory studies systematically investigating the impact of contact angle on
capillary-hydraulic properties are limited, particularly under well-defined mixed-
wet conditions. In particular, the contact angle dependence of Sor remains a sub-
ject of controversy for two reasons. First, only limited data are available in the
literature under unambiguous and well-characterized mixed-wet conditions (see,
e.g., Tanino et al, 2015; Humphry et al, 2013, for discussion). Second, the inter-
pretation of laboratory data is made difficult by capillary end effects, which can
result in oil saturations at the end of displacement experiments that are signifi-
cantly larger than the “true” Sor.

While some laboratory studies and pore network simulators report the de-
pendence of oil recovery on contact angle, their findings are contradictory, with
minimum core-averaged remaining oil saturation after a fixed pore volumes (pv)

1 In this paper, all contact angles are defined through the aqueous phase.
2 One could characterize a mixed wet oil/brine/rock system using two contact angles instead

of one: one angle representing the oil-contacted grain surface and one angle representing a
surface that remains in contact with bulk water (cf. Fig. 1). The challenge in this approach lies
in the contact angle measurement on the latter: it is not practical to measure the contact angle
on a pristine surface using the test oil of interest, since exposure to its constituents will alter
the wettability of the surface during the measurement. One way to circumvent this challenge
is to measure the contact angle using a gas (e.g., air) or a synthetic oil free of surface-active
components (e.g., n-decane) as the non-aqueous phase (e.g., Liu and Buckley, 1997; Wu et al,
2008). However, this approach has the disadvantage that the measured contact angle is not
directly related to in situ values in the oil/brine/rock system of interest.
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(ranging from 2.4 to 100 pv) of water injected reported near neutral wettability in
some studies (Kennedy et al, 1955; Morrow et al, 1973; Jadhunandan and Morrow,
1995; Amott, 1959), under moderately oil-wet conditions (Christensen and Tanino,
2017b), and under strongly oil-wet conditions in others (Owens and Archer, 1971).
Core-averaged oil saturation established by centrifuge has also been observed to
display a minimum at near-neutral wettability (Chen et al 2006; Lorentz et al 1974
as cited in Anderson 1987). Similarly, some pore network simulations (Ryazanov
et al, 2009, 2010) suggest that minimum Sor occurs under strongly oil-wet condi-
tions, while others predict that Sor is independent of contact angle once the system
is oil-wetting (Anggraini, 2013), which is also plausible.

This paper presents forced imbibition Sw(pc) and ki(Sw) correlations derived
from transient oil production from mixed-wet Indiana limestone at maximum ini-
tial oil saturation measured under multi-speed centrifugal acceleration and un-
der constant-rate waterflood. Indiana limestone is 99.0% calcite and is naturally
water-wetting (Tanino and Blunt, 2013) and, accordingly, its wettability during
watertflood/forced imbibition is characterized by the advancing contact angle that
a drop of brine makes on a flat calcite substrate submerged in the oil phase, which
ranged from θa = 110◦ to 150◦. The θa-dependence of the best-fit relative perme-
abilities (Sec. 3.1), capillary pressure (Sec. 3.2), and Sor (Sec. 3.3) are discussed.
Results are compared with remaining saturation that had not been corrected for
capillary end effects.

2 Method

We consider three multi-speed centrifuge experiments and 8 waterfloods on 1.5 in.-
diameter, mixed-wet Indiana limestone (USA) cores. Of the 8 waterfloods, 5 were
performed by Christensen and Tanino (2017b), 1 by Christensen and Tanino
(2017a), and 1 by Tanino and Blunt (2013). In all experiments, initial oil sat-
uration, Soi, was established using the porous plate method and coreflood appa-
ratus used previously (Christensen and Tanino, 2017b) and the same wettability
alteration protocol was employed. Cores remained at ambient temperature and
pressure throughout each experiment and were oriented horizontally during all
fluid displacements.

2.1 Rock

The cores used in the experiments analyzed presently had porosities ranging from
φ = 0.133 to 0.155 and absolute permeabilities ranging from k = 1.7 × 10−15 to
11 × 10−15 m2 (Table S1). Additional (φ, k) measurements and mercury injec-
tion capillary pressure data are presented in Supplementary Materials S1 and S2,
respectively. Nuclear magnetic resonance transverse relaxation times of the rock
were measured previously (Tanino and Blunt, 2012).

2.2 Fluids

An aqueous solution of 5 wt.% NaCl and 1 wt.% KCl saturated with limestone
was used as connate water and imbibing water in both the centrifuge experiments
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Table 1 Selected experimental conditions of waterflood and centrifuge experiments. Exper-
iments starting with ‘C’ are centrifuge experiments. Others are waterfloods by Tanino and
Blunt (2013) (TB/I), Christensen and Tanino (2017b) (W, O, V, AD, AH), and Christensen
and Tanino (2017a) (N); coreflood D is unpublished. ρo and ρw are densities of the oil and
brine as measured at the end of primary drainage in each experiment. Additional conditions
are presented in Tables S1 and S2.

θa σ core Soi ρo ρw Uw Ca or Bo
[◦] [mN/m] [kg/m3] [kg/m3] [µm/s] [×10−7]

110◦ 33.00 ± 0.07
C2 0.919 731.0 1044.6 n/a 4.9 to 150
W 0.884 732.4 1042.1 1.5 10
D 0.904 732.6 1043.2 1.5 10

125◦ 28.41 ± 0.06
C1 0.852 732.8 1045.8 n/a 2.8 to 85
O3 0.890 732.6 1042.6 1.5 6.7
V 0.865 732.7 1042.1 3.0 12

135◦ 23.59 ± 0.05
AD 0.872 733.1 1042.1 1.5 7.4
AH 0.867 732.9 1041.9 3.0 13

150◦ 16.46 ± 0.03
C3 0.886 733.0 1043.3 n/a 1.7 to 52
N 0.818 732.8 1042.1 1.5 7.3

TB/I4 0.911 732.6 1059.0 1.5 9.2

and the waterfloods (cf. Tanino and Blunt, 2012, 2013; Christensen and Tanino,
2017b,a). Its dynamic viscosity is µw = 1.087 to 1.109 mPa s at typical ambient
conditions of T = 21 to 22◦C (Romanello, 2015).

Four oils were considered: 66 mM solutions of cyclohexanecarboxylic acid, cy-
clohexanepropionic acid, cyclohexanebutyric acid (waterflood only), and cyclohex-
anepentanoic acid in n-decane. The interfacial tension of n-decane/brine is σ =
52.88±0.08 mN/m; the addition of the acids reduces this value to σ = 33.00±0.07,
28.41 ± 0.06, 23.59 ± 0.05, and 16.46 ± 0.03 mN/m in order of increasing alkyl
chain length of the acid (Christensen and Tanino, 2017b). Similarly, these acids
have been found to render calcite hydrophobic in order of increasing alkyl chain
length (Wu et al, 2008; Christensen and Tanino, 2017b). This wettability alter-
ation is characterized by the dynamic contact angle that an expanding drop of
brine makes on a flat, polished calcite submerged in the test oil, θa. θa = 54◦ ± 7◦

for pure n-decane, but the presence of the acids in the oil phase increases this value
to θa = 107◦, 127◦ ± 2◦, 134◦ ± 2◦, and 150◦ ± 0.6◦ in order of increasing alkyl
chain length (Christensen and Tanino, 2017b). For conciseness, these angles will
be approximated as θa ≈ 55◦, 110◦, 125◦, 135◦, and 150◦ in this paper. Readers
are directed to Wu et al 2008 for further details on the acid treatment.

The densities of the test oil and brine, (ρo, ρw), were measured at T = 20 or
21◦C (Anton Paar 4100M) at the end of primary drainage prior to waterflood and
centrifugation, respectively (Table 1).

3 It appears that water in the flow lines imbibed into the core after Soi was measured but
prior to the initiation of the waterflood. At the onset of the waterflood, oil saturation in the
core had dropped from Soi = 0.890 (Table 1) to 〈So〉 = 0.852; this is accounted for in the
history matching.

4 Only two ∆pw(t) measurements are available.
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2.3 Establishment of initial oil saturation and mixed wettability

Details of the coreflood apparatus and procedure are reported elsewhere (Chris-
tensen and Tanino, 2017a,b; Tanino and Blunt, 2012, 2013) and are thus omitted
here. Similarly, the protocol for wettability alteration in carbonate cores are dis-
cussed in detail in Christensen and Tanino 2017b and Wu et al 2008. The key
steps for establishing Soi were as follows:

1. Prior to use, all cores were cleaned by Soxhlet extraction using a 50:50 mixture
of methanol and toluene, then oven dried under vacuum.

2. Each core was alternately flushed with gaseous CO2 and evacuated over several
days to remove air, then flushed with degassed brine to fully saturate it. k was
calculated from the pressure drop across the length of the core at three or four
different flow rates (cf. Text S1 in Supplementary Materials).

3. The test oil was injected into the core at constant pressure to establish Soi =
0.82 to 0.92 using the porous plate method (Tanino and Blunt, 2012) (Table 1).
Drainage lasted between 32 to 49 days (Table S1); during this time, the naph-
thenic acid in the oil phase adsorbs onto the grain surface. Bulk contact angle
measurements indicate that equilibrium is reached within 50 h (Christensen
and Tanino, 2017b).

4. Once brine production ceased, the core was removed from the Hassler cell and
weighed to determine Soi by mass balance.

The uncertainty in saturation determination by mass balance is estimated to be
0.10% (Christensen and Tanino, 2017a). Cores were not reused after wettability
alteration.

2.4 Multi-speed centrifuge experiment

Three cores (C1, C2, C3) were subsequently sent to a commercial laboratory to
undergo forced secondary imbibition by centrifuge (Optima L-100 XP Ultracen-
trifuge, COREX (UK) Ltd, Aberdeen); raw data are available as Supplementary
Material. Here, the cores were spun inside a brine-filled sample holder at eight
rotational speeds (ω = 1060, 1410, 1850, 3280, 3370, 4460, 5300, and 5830 rpm)
in increasing order, resulting in a stepwise draining of oil from each core (Fig. 2,
markers). These speeds correspond to Bond numbers

Bo =
k ω2 (ρw − ρo) (r1 + L/2)

σ |cos θa|
, (3)

where r is the radial distance from the axis of rotation, r = r1 is the coordinate of
the end of the core closest to the axis, and L is the length of the core, ranging from
Bo = (1.7 to 150)×10−7; a discussion on the rate dependence of centrifuge-driven
imbibition can be found in supplementary material S5. Each ω was maintained for
a period that varied between 36.6 h and 91 h (Table S2). The cumulative volume
of oil expelled from each core was measured at selected times using a calibrated
glass collector.

We analysed the data in two steps. First, we extracted Sw(pc) assuming that
hydrostatic equilibrium had been reached at each ω before it was increased, con-
sidering only the total volume of oil produced at each ω (“equilibrium analysis”).
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Fig. 2 Cumulative oil production by centrifuge as a function of time for θa = 110◦ (△),
125◦ (©), and 150◦ (�). Markers depict instantaneous measurements. Lines depict simulated
production using optimized pc (Sw) and krj (Sw), where krj (Sw) was described by Eq. (13)
(solid lines) or Eq. (18) (dashed).

Then, we revised our estimate of Sw(pc) and extracted krj (Sw) using a numeri-
cal simulator and nonlinear least-squares fitting to the complete production data.
Each step is described below.

2.4.1 Sw (pc) estimation assuming equilibrium

Assuming pc = 0 at the end of the core closest to the axis of rotation, the equilib-
rium capillary pressure distribution within the sample at a particular ω is given
by

pc(r) = po(r)− pw(r) = −1

2
(ρw − ρo)ω

2
(
r2 − r21

)
, (4)

where po and pw are the cross-sectionally averaged pressure in the oil phase and
the brine, respectively. In the present experiments r1 = 166.3 mm. From Eq. (4),
pc(r) decreases like −r2 and, correspondingly, the cross-sectionally averaged water
saturation Sw increases with increasing r in homogeneous samples. Only the core-
averaged saturation at each ω,

〈Sw〉(ω) =
1

L

∫ r1+L

r1

Sw(r, ω) dr, (5)

can be extracted from each centrifuge experiment. Using Eq. (4) to change vari-
ables, Eq. (5) can be written as

〈Sw〉(pc) = − 1

L

∫ pc(r1+L)

0

R r1

2pc(r1 + L)
√

1−R pc(r1+L)
pc(r)

Sw(pc) dpc, (6)

where R = 1− [(r1 + L)/r1]
2; R < 0.
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Many solutions to Eq. (6) have been proposed (see, e.g., Ayappa et al 1989
for an overview). In the present study, we use Forbes (1994)’s solution of the
second kind, as implemented in core analysis software CYDARTM (CYDAREX),
to extract Sw(pc) such that the corresponding, recalculated 〈Sw〉 (pc(r1 + L, ω))
best fits the measured 〈Sw〉 (pc(r1 + L, ω)). The simulations were one dimensional
and the boundary condition at r = r1 was set to pc = 0. The numerical scheme
was fully implicit, and 30 uniform grids were used. The optimization imposed that
Sw increases monotonically with increasing |pc| as recommended by Forbes (1994).

Cores were centrifuged directly from Soi so we could not measure water satura-
tion established by spontaneous imbibition, i.e., 〈Sw〉 at pc = 0, on them. Instead,
we used 〈Sw〉(pc = 0) measured independently on the same rock/oil/brine system
(but different cores) 5:

〈Sw〉 (0) =





0.955± 0.045− (0.479± 0.066)Soi if θa = 55◦ (7a)

0.229 if θa = 125◦ (7b)

1.0729± 0.05− (0.9619± 0.06)Soi if θa = 150◦ (7c)

〈Sw〉(0) was not considered in the analysis of θa = 110◦ data due to a lack of
suitable measurements.

2.4.2 ki (Sw) and pc (Sw) determination from transient flow

Relative permeabilities to oil and brine, which we define as

krj =
kj
k
, (8)

with j ∈ {w, o}, and a more accurate estimate of pc (Sw) were extracted from the
centrifuge data by history matching of simulated oil production to measured values
using CYDARTM (cf. Fig. 2). As before, the simulations were one-dimensional, the
numerical scheme was fully implicit, and fluids were assumed to be incompressible.
98 uniform grid blocks were used to improve accuracy.

Capillary pressure was modelled using the following analytical function (CY-
DAREX, 2017):

pc(Sw) = p+c ln
(
1− Ŝw

)
+ pc (Swi) , (9)

where

Ŝw(t) =
Sw(t)− Swi

1− Sor − Swi
(10)

is the rescaled water saturation and pc(Swi), p+c , and Sor were fitted to data.
Primary drainage using the porous plate method have shown that water can
be drained to near-zero saturations with sufficiently high capillary pressure (e.g.,
Tanino and Blunt, 2012) and, accordingly, irreducible water saturation was taken
to be Swi = 0 in all simulations. It follows immediately from Eq. (9) that

Ŝw(0) = 1− exp

{
−pc(Swi)

p+c

}
(11)

5 Eq. (7b) is based on 〈Sw〉 (0) established from Soi = 0.90 (core AK, Table S1). Eqs. (7a)
and (7c) are lines of best-fit to 〈Sw〉 (0) measured by Tanino and Blunt (2013). Further details
can be found in the Supplementary Materials S4.



Capillary-hydraulic properties of mixed-wet Indiana limestone 9

Table 2 Upper and lower bounds for each parameter imposed on the history matching to
centrifuge experiments. The parameter range from which p+c and pc(0) were sampled are
sufficiently large such that they had no impact on the optimization.

C2 C1 C3
parameter min max min max min max

p+c [kPa] 0 500 0 500 0 500
pc(Swi) [kPa] -500 500 -500 500 -500 500

1− Sor
a 0.755 1 0.814 1 0.850 1

krw(Sor) b 0.369c 0.798c 0.499d 1.017d 0.629e 1.661e

kro(Swi) 0.898 1 0.898 1 0.762f 1
αw, αo 1 10 1 10 1 10
Lw, Lo 1 10 1 10 1 10
Ew 1 50 1 50 0.01 50
Eo 1 100 1 100 1 100

Tw, To 0.25 5 0.25 5 0.25 5

a From Eq. (14).
b From Eq. (16).
c Based on 〈krw〉 measured on two Indiana limestone cores (W, AC; Table S1) using the same
oil/brine pair by Christensen and Tanino (2017a).
d Based on 〈krw〉 measured on three cores (O, V, AK; Table S1) (Christensen and Tanino,
2017a).
e Based on 〈krw〉 measured on two cores (N, TB/I; Table S1) (Tanino and Blunt, 2013; Chris-
tensen and Tanino, 2017a).
f kro(Soi) measured on the same core.

and

p+c ≡ − dpc

dŜw

(Swi), (12)

p+c > 0 and, given 0 ≤ Ŝw ≤ 1, ln
(
1− Ŝw

)
≤ 0.

krj(Sw) was described by a generalized Corey (1954) law:

krw (Sw) = krw (Sor) Ŝw
αw

kro (Sw) = kro (Swi)
(
1− Ŝw

)αo , (13)

with αj, krw (Sor), and kro (Swi) as fitting parameters. Corey (1954) proposes αw =
4 based on measurements on consolidated rock, and Brooks and Corey (1966)
report 3.3 ≤ αw ≤ 4.1 in a wide range of consolidated and unconsolidated porous
media. Accordingly, the exponents were constrained to 1 ≤ αj ≤ 10 here (Table 2).

If equilibriumwas achieved at each ω, residual saturation determined in Sec. 2.4.1,
Sor,e, is the true residual saturation and Sor = Sor,e. If equilibrium had not been
achieved before ω was changed, Sor,e may overestimate true Sor. Accordingly,

0 ≤ Sor ≤ Sor,e. (14)

The bounds on kro(Swi) were based on measurements of kro(Soi) in Indiana
limestone by Christensen and Tanino (2017a) and in the present experiment C3.
While kro(Soi) > 1 has been reported in water-wet sandstones and limestones pre-
viously (e.g., Berg et al, 2008; Christensen and Tanino, 2017a), we consistently
measured kro(Soi) < 1 at θa > 90◦ in Indiana limestone (Christensen and Tanino,
2017a; Christensen, 2018). Accordingly, the upper bound was kro(Swi) = 1 in all
simulations. Oil permeability falls between kro(Soi) = 0.90 and 0.98 at θa = 135◦
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and comparable Soi (Fig. 4c). Since kro(Soi) decreases weakly with increasing θa
in mixed-wet rock (Owens and Archer, 1971; Christensen and Tanino, 2017a), we
imposed kro(Swi) = 0.90 as a conservative lower limit for all θa ≤ 135◦ simula-
tions. kro(Soi) (= 0.76) was measured on core C3 immediately before the core was
centrifuged and, accordingly, we took kro(Swi) = kro(Soi) as the lower limit for
C3.

After breakthrough, oil saturation in a mixed-wet rock undergoing waterflood-
ing is elevated at the downstream end of the core where pc = 0 due to capillary end
effects, which in turn gives rise to an elevated cross-sectionally-averaged pressure
gradient. Thus the effective water relative permeability,

〈krw〉 =
µw

k

Uw

∆pw/L
, (15)

calculated directly from the pressure drop measured across the length of the core,
∆pw(t), at the end of a waterflood, where Uw = Qw/A, Qw is the volumetric flow
rate of brine, and A is the bulk cross-sectional area, must be smaller than krw(Sor)
if a large fraction of the grain surface has been rendered hydrophobic. To ensure
this criterion is met, we restrict our consideration to maximum Soi (Table 1).
End-point water relative permeability was then constrained to

1 ≤ krw(Sor)

〈krw〉
≤ 2, (16)

where 〈krw〉 is the end-point effective water relative permeability measured by
Tanino and Blunt (2013); Christensen and Tanino (2017a) at the end of waterflood
experiments using the same oil/brine pair but in different cores; further details
can be found in Table 2. To account for variations between cores, the smallest and
largest 〈krw〉 measured for that oil/brine pair were used to define the lower and
upper bounds, respectively.

2.5 Waterflood

After Soi was established, the porous plate was removed and brine was injected
into the core at constant Darcy velocity of either Uw = 1.5 or 3.0µm/s for a
minimum of 90 pv. The injection velocities correspond to microscopic capillary
numbers,

Ca =
µw Uw/φ

σ | cos θa|
, (17)

between 6.7× 10−7 and 1.3× 10−6 (Table 1).

Pressure was measured at the two ends of the core at 2 min.-intervals in 6 wa-
terfloods (N, O, V, W, AD, AH) and at selected instances in the others (D, TB/I);
〈So〉(t) was measured at three to five instances by mass balance. To ensure mean-
ingful history matching, we only consider waterfloods where the core-averaged oil
saturation, 〈So〉(t), was measured at least three times during the waterflood in the
present paper.
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Table 3 Upper and lower bounds for each optimized parameter: waterfloods.

W D O V AD AH N TB/I
parameter min max min max min max min max min max min max min max min max
p∗c [kPa] 6.296 157.4 4.707 117.7 23.68 592.0 16.50 412.4 26.93 898.0 19.16 638.9 11.19 279.9 26.58 664.4
Sw(0) 0.229a 0.532c 0.229a 0.523c 0.229a 0.547c 0.229a 0.541c 0.234d 0.538c 0.239d 0.540c 0.187d 0.385d 0.208e 0.229e

β 0.001 100 0.001 100 0.001 10 0.001 10 0.001 5 0.001 5 0.001 5 0.001 5
1− Sor 0.683 1 0.686 1 0.730 1 0.754 1 0.701 1 0.751 1 0.632 1 0.655 1
krw(Sor) 0.369 0.739 0.246 0.492 0.499 0.999 0.502 1.004 0.396 1 0.655 1.311 0.629 1.258 0.833 1.667
kro(Swi) 0.792b 1 0.792 1 0.792 1 0.792 1 0.792 1 0.898b 1 0.661b 1 0.661 1

Lw 1 10 1 10 1 10 1 10 1 10 1 10 1.027 6.283 1 10
Lo 1 10 1 10 1 10 1 10 1 10 1 10 1 10 1 10
Ew 1 50 1 50 1 50 1 50 1 50 1 50 1 50 1 50
Eo 1 100 1 100 1 100 1 100 1 100 1 100 1 100 1 100
Tw 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5 0.887 1.158 0.25 5
To 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25 5

a From Eq. (7b).
b kro(Soi) measured on same core.
c From Eq. (7a).
d From Eq. (7c).
e After ageing at Soi, this core was submerged in brine for 273 days in an Amott cell prior to waterflooding (Tanino and Blunt, 2013). The optimization
was constrained to 1 ≤ Sw(0)/〈Sw〉(0) ≤ 1.1, where 〈Sw〉(0) = 0.208 was the core-averaged saturation at the end of spontaneous imbibition measured
by mass balance.
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Fig. 3 Measured ∆pw(t) (cyan dots, left axis) and cumulative oil production (red ◦, right axis)
during waterfloods W (a), V (b), AH (c), and N (d), and the corresponding values predicted
by numerical simulation (solid line).

2.5.1 ki (Sw) and pc (Sw) determination

The conventional approach in coreflood history matching is to use independently
measured pc (Sw) (typically one measured by centrifuge assuming equilibrium)
as a fixed parameter (Christensen and Tanino, 2018). However, this approach
assumes that (a) Leverett-J scaling correctly captures variations in k and φ be-
tween cores and σ and contact angle between different fluid pairs, (b) dynamic
effects are negligible, and (c) equilibrium was achieved at each rotation speed dur-
ing the multi-speed centrifuge experiment from which pc (Sw) is obtained. Yaral-
idarani and Shahverdi (2018) report significant and systematic disagreement be-
tween pc (Sw) derived from centrifuge and coreflood experiments in the same rock;
we see similar systematic deviation in the present analysis (Fig. 8).

In the present study, we simultaneously optimized both krj (Sw) and pc (Sw)
by history matching simulated pressure drop across the length of the core, ∆pw(t),
and oil production to measured values in the least-squares sense. The numerical
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simulator used and the numerical scheme are the same as those used in history
matching to the centrifuge experiments (Sec. 2.4.2).

Relative permeabilities were modelled using the so-called LET correlations
(Lomeland et al, 2005):

kro (Sw) = kro (Swi)

(
1− Ŝw

)Lo

(
1− Ŝw

)Lo

+ Eo Ŝw
To

krw (Sw) = krw (Sor)
Ŝw

Lw

Ŝw
Lw

+ Ew

(
1− Ŝw

)Tw

(18)

where krw (Sor), kro (Swi), and (Lj, Ej, Tj) are fitting parameters; Lj, Ej, Tj > 0.
Multiple combinations of (Lj, Ej, Tj) can be used to describe similar kj(Sw) pro-
files and hence achieve comparable agreement to data. Recently, Yaralidarani and
Shahverdi (2018) derived optimized values of O(1) for these parameters from wa-
terflood experiments in low k, carbonate reservoir rock samples. Similarly, Lome-
land et al (2005) report that Lj ≥ 1 and Tj ≥ 0.5 typically. To facilitate comparison
with the literature, we constrained the optimization to 1 ≤ Lj ≤ 10; 1 ≤ Ew ≤ 50;
1 ≤ Eo ≤ 100; 0.25 ≤ Tj ≤ 5.6 Sensitivity analyses were undertaken to ensure that
optimized values of (Lj, Ej, Tj) for each phase do not all coincide with an upper or
lower limit. As in the centrifuge analysis, Swi = 0.

A generalized form of Eq. (9) (CYDAREX, 2017):

pc(Sw) = γ p∗c

[
ln

1− Ŝw
β

Ŝw
β

− ln
1− Ŝw(pc = 0)β

Ŝw(0)β

]
, (19)

where dimensionless fitting parameter β (> 0) characterizes skewness, and

γ =
1

2β
(1− 0.5β) (20)

such that

p∗c ≡ − dpc

dŜw

(
Ŝw = 0.5

)
, (21)

was used to describe capillary pressure to achieve better agreement with experi-
ment.7 Note that p∗c > 0.

Combined, twelve fitting parameters – p∗c , Ŝw(0), β, (Lj, Ej, Tj), kro (Swi),
krw (Sor), and Sor – were iteratively adjusted within the bounds described be-
low until the combination that minimized the least-squares error was identified
(e.g., Fig. 3). The upper and lower limits for each fitting parameter imposed on
the optimization are described below.

6 One exception is Lw and Tw for waterflood N, which were constrained to a narrower range
of Lw,TB/I ≤ Lw ≤ 6Lw,TB/I and Tw,TB/I ≤ Tw ≤ 1.3Tw,TB/I, where Lw,TB/I, Tw,TB/I are
the optimized values of Lw, Tw for waterflood TB/I (Table 2.5.1).

7 History matching using Eq. (9) instead of Eq. (19) yields unphysically large krw(Sor) for
waterflood N and Sw(0) for all waterfloods, suggesting that Eq. (9) does not accurately capture
the Sw dependence of pc.
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Premature termination of the waterflood and capillary end effects both elevate
core-averaged oil saturation at the end of a waterflood above the true Sor. Ac-
cordingly, the upper bound on Sor is given by 〈So〉 measured at the end of each
waterflood experiment. Sw(0) was constrained based on direct measurements as
given by Eqs. (7a - 7c). p∗c was constrained to:

1

5
≤ J∗

J+
C

≤ 5, (22)

where

J∗

J+

}
=

{
p∗c
p+c

} √
k/φ

σ | cos θa|
and subscript ‘C’ denotes optimized values derived from the centrifuge experiment
for the same (σ, θa)

8 using Eq. (13) (cf. Sec. 2.4.2). β was constrained to

β ≤





100 if θa = 110◦ (23a)

10 if θa = 125◦ (23b)

5 if θa = 135◦, 150◦ (23c)

The constraints on krw(Sor) were chosen in the same way as for the centrifuge
experiments. Similarly, oil permeability was constrained as before to

kro(Soi) ≤ kro(Swi) ≤ 1. (24)

For cores W, AH, and N, kro(Soi) measured at the end of primary drainage by
Christensen and Tanino (2017a) was used.9 For cores D and TB/I, kro(Soi) mea-
sured on cores W and N, respectively, were used to evaluate Eq. (24); for all other
waterfloods (O, V, AD), the lower bound was taken to be the smallest kro(Soi)
measured at θa < 150◦.

2.6 Uncertainty analysis

Several studies have indicated that the inversion of oil production data to kr(Sw)
and pc(Sw) from a single, transient (unsteady state), single-step displacement ex-
periment is non-unique, i.e., can yield multiple sets of optimized parameters that fit
comparably well to the experimental data (see, e.g., Chen et al 1999 and references
therein). In this paper, we consider the sensitivity of the optimized parameters to
two factors (Subbey et al, 2006):

– choice of parametric model for krj(Sw) in inverting centrifuge data, and
– choice of parameter range for krw(Sw) for experiments for which the derived

krw(Sor) exceeds one.

8 For waterfloods AD, AH (θa = 135◦), optimized values of J+
C at θa = 125◦ and 150◦ were

considered. The larger of the two were used to define the upper limit and the smaller of the

two were used to define the lower limit of J̃∗ [Eq. (22)].
9 We did not simply take kro(Swi) = kro(Soi) as a fixed parameter because the curvature of

the derived kro(Sw) is such that kro(Sw) displays a relatively strong dependence on Sw near
irreducible water saturation (Fig. 4).
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Table 4 Summary of optimized parameters derived using either a generalized Corey (1954)
law [Eq. (13)] or LET correlations [Eq. (18)] to describe krj(Sw). Sw(pc = 0) is given by
Eq. (11). The two values of effective θa for each history match were calculated by matching
J+ and J(0), respectively, with those of experiment C3 [Eq. (28)]; values are given to the
closest 5◦.

C2 C1 C3
Eq. (13) LET Eq. (13) LET Eq. (13) LET

optimized
parameters

p+c [kPa] 30.02 23.35 90.811 64.84 97.326 78.800
pc(Swi)
[kPa]

8.598 7.329 27.67 21.24 33.05 26.86

Sor 0.185 0.244 0.069 0.182 0.042 0.108
krw(Sor) 0.370 0.796 0.499 1.017 1.661 1.661
kro(Swi) 0.905 0.899 0.899 0.899 1.000 1.000
Lw - 5.952 - 1.008 - 1.476
Ew - 1.803 - 1.008 - 11.057
Tw - 4.917 - 4.935 - 4.021
Lo - 2.119 - 1.720 - 3.247
Eo - 99.823 - 99.892 - 99.965
To - 0.497 - 1.184 - 4.227
αw 5.487 - 4.821 - 1 -
αo 5.474 - 6.617 - 6.484 -

kw(Sor)
/ko(Swi)

0.41 0.89 0.56 1.1 1.7 1.7

krw(Sor)/
(1−Sor)2

0.56 1.4 0.58 1.5 1.8 2.1

Sw(0) 0.20 0.20 0.25 0.23 0.28 0.26
effective
θa [◦]

100, 100 100, 100 130, 125 125, 125 - -

lines in Figs. 4, 6, 7, 8, 11 solid dashed solid dashed solid dashed
markers in Figs. 5, 9, 10a, S4 N △ N △ N △

To evaluate the sensitivity to the first factor, the inversion of the centrifuge data
was repeated with LET correlations. The constraints on Lj, Ej, Tj, were chosen in
the same way as for the waterflood experiments (Sec. 2.5.1). For experiment C3
only, the lower bound on Ew was relaxed to 0.01 (Table 2).

To evaluate the sensitivity to the second factor, we repeated the inversion of
data from both centrifuge experiments and waterfloods by restricting the range
of krw(Sor) to krw(Sor) ≤ 1. We only performed this analysis for experiments for
which the optimized krw(Sor), derived as described in Secs. 2.4.2 and 2.5.1, exceeds
one. The parameter range of all other fitting parameters remain unchanged (cf.
Tables 2, 2.5.1).

3 Results

Fig. 2 presents simulated (lines) and measured (markers) cumulative oil production
during the multi-speed centrifuge experiments. Excellent agreement is achieved for
all θa considered, indicating successful optimization. Similarly, good agreement was
achieved for waterfloods overall (e.g., Figs. 3, S5, S6).

Optimized values for parameters are summarized in Tables 4 and 5 and those
with physical meaning, specifically p+c , p

∗

c , Sw(0), β, kro(Swi), krw(Sor), and Sor
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Table 5 Summary of optimized parameters derived from waterfloods.

W D O V AD AH N TB/I

optimized
parameters

p∗c [kPa] 33.07 28.69 23.68 37.62 72.12 20.51 15.18 76.99
β 95.575 98.847 4.144 4.665 0.497 1.510 5.000 0.013
Sw(0) 0.513 0.523 0.540 0.541 0.310 0.500 0.187 0.210
Sor 0.304 0.276 0.270 0.226 0.261 0.235 0.161 0.164
krw(Sor) 0.383 0.284 0.580 0.665 0.765 0.707 1.249 1.191
kro(Swi) 0.998 0.794 0.951 0.999 0.906 0.920 0.665 0.697
Lw 1.029 3.023 3.443 2.776 6.283 1.137 2.509 1.027
Ew 4.082 12.119 17.139 26.829 1.027 1.000 1.002 1.009
Tw 0.480 2.132 1.507 2.755 0.754 1.158 1.157 0.887
Lo 1.783 2.297 1.000 1.000 1.000 1.497 3.010 2.823
Eo 1.029 99.952 74.579 73.035 33.941 13.517 13.735 4.160
To 0.257 0.250 0.302 0.394 0.526 0.614 0.250 1.571
kw(Sor)
/ko(Swi)

0.38 0.36 0.61 0.67 0.84 0.77 1.88 1.71

krw(Sor)/
(1−Sor)2

0.8 0.5 1.1 1.1 1.4 1.2 1.8 1.7

are presented in Figs. 9, 5a, and 10 as functions of θa. Below, we discuss each
separately.

3.1 Relative permeability

Fig. 4 presents best-fit LET correlations [Eq. (18)] for both waterfloods and cen-
trifuge experiments and best-fit Corey (1954)-type functions [Eq. (13)] for cen-
trifuge experiments only. Superposed are kro (Soi) measured at the end of primary
drainage in selected experiments (red squares); further details of the procedure are
reported by Christensen and Tanino (2017a) and are thus omitted here.

In the discussion that follows, we focus on the best-fit Corey (1954)-type func-
tions for the centrifuge experiments.

3.1.1 End-point relative permeabilities

End-point relative permeabilities to oil and water broadly decrease and increase,
respectively, with increasing θa (Tables 4, 5). The contact angle dependence is
consistent with previous studies that present direct measurements of end-point
relative permeability (Owens and Archer, 1971; Christensen and Tanino, 2017a).
The ratio of the end-point permeabilities, krw(Sor)/kro(Swi), is well described by
a second order polynomial fitted to the data (Fig. 5a, dashed)

krw(Sor)

kro(Swi)
= 9.2× 10−4 θ2a − 0.21 θa + 12, (25)

where θa is given in units of ◦ (not radians) for both the centrifuge experiments
and waterfloods.

A positive correlation of krw with θa can be qualitatively explained as follows.
A non-wetting phase occupies the center of larger pores and thus experiences less
friction against the grain surface than a wetting phase at the same saturation.
In-situ contact angles are expected to be heterogeneous at the core-scale owing
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Fig. 4 Best-fit oil (red) and brine (blue) relative permeability functions at θa = 110◦ (a),
125◦ (b), 135◦ (c) and 150◦ (d) derived from centrifuge experiments (solid lines, dashed) and
waterfloods (dotted, dash-dotted). Solid lines are best-fit Eq. (13) functions; all other lines
are LET correlations [Eq. (18)]. For each θa, the dash-dotted line depicts the waterflood on
the core with the larger k/φ (D, V, AH, N). See Tables 4, 5 for the optimized values of the
relevant parameters. Superposed are direct measurements of kro (Soi) at the end of primary
drainage in experiments AH, AF, U, Z, N, and C3 (Christensen and Tanino, 2017a) (red �);
vertical bars depict the uncertainty, but they are smaller than the marker size and can hardly
be discerned. Recall that centrifuge experiments were not performed at θa = 135◦.
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Fig. 5 Ratio of end-point relative permeabilities (a) and equivalent slip length (b) derived
from centrifuge experiments (green N) and waterfloods (◦). Horizontal bars depict standard
error of the mean in the measured θa (Christensen and Tanino, 2017b); where they are not
visible they are smaller than the marker size. Dashed line in (a), Eq. (25), is intended as a

guide to the eye only. Dotted line in (b) is the scaling δw = (1 + cos θa)
−2 proposed by Huang

et al (2008). Note that only positive δw are shown here.
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to variations in pore geometry and sub-pore scale heterogeneities in mineralogy,
grain roughness, and oil distribution; for example, Scanziani et al (2017) found
in-situ contact angles in a mixed-wet Ketton limestone sample to vary between 0◦

and 135◦. As θa increases, a larger fraction of pores will become oil-wetting and,
accordingly, a larger fraction of pores will conduct water more easily, resulting in
higher krw at late t/large Sw. Further insight requires visualization of the pore-
scale distribution of the fluids at different θa using, e.g., X-ray micro-computed
tomography (e.g., Singh et al, 2016; Alhammadi et al, 2017) or microfluidics (e.g.,
Bowden et al, 2016).

The negative correlation between kro(Swi) and θa is more difficult to explain.
Owens and Archer (1971) attributed such correlations to oil reconfiguration due
to wettability alteration at Soi. While plausible, signatures of such reconfigura-
tion cannot be identified in drainage capillary pressure measurements (Fig. S2).
Another explanation is that the length of the alkyl chain on the naphthenic acid
constituent in the oil phase that has adsorbed onto the grain surface increases
as θa increases which may in turn reduce the local cross-sectional area available
to flow (cf. Christensen and Tanino, 2017a). Further insight requires a detailed
investigation of the surface chemistry at the molecular level.

Optimized krw(Sor) exceeds one at the largest θa (= 150◦) for both waterfloods
and centrifuge experiments and, for the latter, irrespective of the model used
to describe kr(Sw) (Tables 4, 5). Pore network simulators (e.g., Valvatne and
Blunt, 2004; Joekar-Niasar et al, 2008; Ryazanov et al, 2010), commercial reservoir
simulators, empirical models (e.g., Honarpour et al, 1982; Burdine, 1953), and
special core analysis (Jerauld, 1997; Al-Gharbi et al, 2007) widely assume that
krj ≤ 1. The present results indicate that this assumption will not be valid at
moderate to strongly oil-wetting conditions.

3.1.2 Apparent slippage

A number of studies have reported apparent slippage of non-wetting phases in rock
in the presence of a second, static wetting phase (Morrow et al, 1973; Pugh et al,
1991; Christensen and Tanino, 2017a; Berg et al, 2008, and references therein).
Modelling the rock as a bundle of capillary tubes of radius R1 = 5

√
k/φ (Dullien,

1991) and applying the Poiseuille solution for steady, laminar flow, Christensen
and Tanino (2017a) demonstrated that if the only impact of the residual oil is
to reduce the cross-sectional area available to flow, krw(Sor) = (1 − Sor)

2. In the
experiments considered presently, krw(Sor) > (1− Sor)

2, viz. apparent slippage is
observed, in all experiments at θa ≥ 125◦ except for experiment C1 (Tables 4, 5).

Introducing an equivalent slip length, δw, to account for apparent slippage
yields (Christensen and Tanino, 2017a):

krw(Sor) ≈ (1− Sor)
2 + 4

δw
R1

(
R2

R1

)3

, (26)

where R1−R2 is the thickness of the annular oil film at the tube wall; conservation
of volume requires R2/R1 =

√
1− Sor. krw(Sor) derived presently translate to

equivalent slip lengths of up to δw ∼ 200 nm (Fig. 5b), corroborating previous
observations by Christensen and Tanino (2017a).
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Fig. 6 Local Sw(pc) established by centrifuge as determined from the entire production curve
(coloured lines) and as derived using Forbes (1994)’s solution of the second kind (black dash-
dotted) such that the corresponding core-averaged water saturation 〈Sw〉(pc(r1 + L)) (dotted
line) best fits measured values at the end of each ω (open △) at θa = 110◦ (a), 125◦ (b),
and 150◦ (c). Solid lines were derived by history matching using Eq. (13) to describe kr(Sw);
dashed lines were derived using Eq. (18). Shaded N in (b) and (c) depict 〈Sw〉(0) established by
spontaneous imbibition in the same oil/brine/rock system by Christensen and Tanino (2017a)
and Tanino and Blunt (2013), respectively.

3.2 Forced imbibition capillary pressure

We consider capillary pressure-saturation curves derived from centrifuge experi-
ments and waterfloods separately.

3.2.1 Centrifuge capillary pressure

Fig. 6 presents best-fit capillary pressure-saturation curves derived by assuming
equilibrium had been reached at the end of each ω and considering only the net
oil production at each ω (black dash-dotted, Sec. 2.4.1) and by considering the full
production curve using two different models to describe krj(Sw): a Corey (1954)-
type power law (solid lines) and LET correlations (dashed). All estimates of Sw(pc)
display the canonical profile for imbibition capillary pressure: Sw increases mono-
tonically with |pc| at a rate that decreases as |pc| increases until it reaches its
asymptotic limit, viz. residual state.

At the largest θa (= 150◦), however, both LET correlation and Corey (1954)-
type power law yield optimized values of Sor that are smaller than that predicted
from the equilibrium analysis. Accordingly, the equilibrium analysis underesti-
mates Sw at |pc| > 80 kPa, suggesting that oil was still draining from the cores at
the end of each ω at larger ω. There is some evidence of this in Fig. 2: while it is
difficult to discern directly from the measured production, it is evident from the
simulated production that at several (ω, θa), e.g., (5830 rpm, 150◦), equilibrium
was not reached before ω was increased.

Fig. 7 presents pc as a function of the re-scaled water saturation, Ŝw, with the
former non-dimensionalized using the classic Leverett-J scaling. We considered
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Fig. 7 Leverett-J functions as given by Eqs. (27) (a) and (28) (b) plotted against the re-
scaled water saturation at θa = 110◦ (green), 125◦ (red), and 150◦ (blue). See Table 4 for line
definition.

two definitions:

J̃ =
pc
σ

√
k

φ
(27)

and

J =
pc

σ| cos θ|

√
k

φ
. (28)

As θa increases, a larger |pc| and |J̃| are needed to achieve a particular Ŝw (Fig. 7a),

but dividing J̃ by | cos θa| collapses the imbibition capillary pressure-saturation
curves at 125◦ (red lines) and 150◦ (blue) onto a single curve (Fig. 7b). While

J
(
Ŝw

)
for experiment C2 (θa = 110◦) deviates from the other two θa, it will

coincide with the other two curves if the value of θa in Eq. (28) is taken to be
θa = 100◦ instead of 110◦. A deviation of ±5◦ falls within typical variability
of bulk contact angle measurements, and the present results suggest that bulk
contact angle measurements on flat substrates are a good proxy for the true, in
situ contact angles within the pore space of rock for the purpose of scaling the
capillary pressure curve.

3.2.2 Waterflood capillary pressure

Capillary pressure-saturation curves derived from waterfloods are presented in
Fig. 8 in non-dimensionalized form J (Sw) (black lines). At all θa considered, the
core with the larger k/φ (dash-dotted line) has a smaller Sor and, accordingly,
J (Sw) is shifted to higher Sw. While the same trend has been documented under
uniformly water-wet conditions (e.g., Tanino and Blunt, 2012), the pore-scale
displacement mechanism giving rise to the trend is not likely to be the same.

Next we consider the θa dependence of the fitting parameters in Eq. (19). As

in the centrifuge experiments, the magnitude of the J̃(Sw) curve increases with θa
such that J̃∗ increases monotonically with θa (Fig. 9a). However, unlike centrifuge-
derived pc(Sw), the θa dependence is not fully captured by the Leverett-J scaling
(solid line, Fig. 9a). As expected, β decreases with increasing θa: β ≈ 100 at the
smallest θa = 110◦, then decreases rapidly to β ≈ 4.5 at θa = 125◦ above which it
is only a weakly decreasing function of θa (Fig. 9c).
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Fig. 8 Leverett-J function at θa = 110◦ (a), 125◦ (b), 135◦ (c), and 150◦ (d) derived from
centrifuge (green lines) and waterflood (black dotted, dash-dotted lines) experiments. Green
solid lines were derived by history matching using Eq. (13) to describe kr(Sw); dashed lines
were derived using Eq. (18). For each θa, the dash-dotted line depicts the waterflood on the
core with the larger k/φ (D, V, AH, N). Recall that centrifuge experiments were not performed
at θa = 135◦.

Ŝw(0) corresponds to Sw that would be achieved by spontaneous imbibition

alone (Fig. 9b). At θa < 130◦, Ŝw(0) ≈ 70% of the maximum water saturation
enters the rock by spontaneous imbibition (circles), indicating that the local, in
situ contact angle was < 90◦ in a significant fraction of pores. From θa = 125◦

to 150◦, Ŝw(0) decreases rapidly with increasing θa, indicating that the fraction
of hydrophilic pores decreases rapidly with increasing θa. A number of factors
can cause the in situ contact angle to deviate from bulk contact angles measured
on mineralogically representative, flat substrates including confinement (e.g., Li
et al, 2014), contact line velocity (e.g., Li et al, 2013; Min et al, 2011), and surface
roughness (e.g., AlRatrout et al, 2018; Morrow, 1975; Bowden et al, 2016). Further
insight requires a systematic study of each of these factors.
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Fig. 9 Optimized values of J̃∗, J̃+
C (a), Ŝw(pc = 0) (b), and β (c) as determined from cen-

trifuge (green N; see Table 4 for marker definition) and waterfloods (open circles). Recall that
the analytical function used to describe pc(Sw) in the simulations of centrifuge experiments

does not include the parameter β. Solid line in (a) is J̃ = | cos θa|; dashed lines are intended
as a guide to the eye. Horizontal bars depict the standard error of the mean in the measured
θa; where the bars are not visible they are smaller than the marker size.

3.2.3 Non-equilibrium (dynamic) effects

Interestingly, |J̃ | required to establish a particular Sw is larger under centrifuge
than waterflood at all θa considered (Fig. 8). One explanation for such a trend
is dynamic effects, which manifests as a difference between the true (dynamic)
pc(Sw) and pc(Sw) at equilibrium, pec. A simple and widely used model defines
an empirical constant of proportionality, τ (> 0), to relate the difference between
the two capillary pressures to the rate of change of Sw (Manthey et al 2008 and
references therein):

pc (Sw)− pec (Sw) = −τ
∂Sw

∂t
. (29)

During imbibition, ∂Sw/∂t > 0 and, consequently, Eq. (29) implies that pc(Sw) <
pec(Sw), viz. dynamic effects cause pc(Sw) to shift towards more negative values.
This in turn implies that if the observed difference in pc(Sw) between the present
centrifuge experiments and waterfloods is a manifestation of dynamic effects, then
those effects – hence τ · ∂Sw/∂t – would have been larger in the former.

The relative importance of dynamic and equilibrium capillary forces is charac-
terized by the dimensionless parameter (Manthey et al, 2008)

DyC =
τ uc

pcc lc φ
, (30)

where (lc, uc, pcc) are the characteristic length, velocity, and capillary pressure,
respectively. In the experiments considered presently, DyC is smaller for the cen-
trifuge experiments than the waterfloods at all θa (Fig. S4)10, suggesting that

the deviation in J̃ between centrifuge and waterfloods is not a manifestation of
dynamic effects. Further insight requires an extension of the present analysis to

10 Details of the calculation can be found in Supplementary Material Text S6.



Capillary-hydraulic properties of mixed-wet Indiana limestone 23

90 120 150
0

0.1

0.2

0.3

0.4

θa [
◦]

Sor/Soi
(a)

90 120 150

θa [
◦]

Sor, 〈So〉
(b)

Sor

〈Soe〉

〈So〉
(10 pv)

90 120 150

θa [
◦]

〈Soe〉 − Sor
(c)

Fig. 10 Residual oil saturation as derived by history matching to centrifuge experiments
(green N) and from waterflood data (red •), core-averaged oil saturation at t̃ = 10 (open ◦)
and 100000 (cyan •), and the difference between equilibrium core-averaged oil saturation and
Sor (×). Horizontal bars are standard errors of the mean of contact angle measurements; where
the bars are not visible they are smaller than the marker size. Dashed lines are intended as a
guide to the eye.

larger ω (and hence Bo) and Uw (and hence Ca) and a systematic investigation
involving additional centrifuge and waterflood experiments in different rocks.

Regardless of the physics that gives rise to it, the systematic deviation indi-
cates that pc(Sw) is not unique even for the same oil/brine/rock system, which
in turn implies that the conventional approach of using independently measured

J̃
(
Ŝw

)
(such as one measured by centrifuge) as a fixed parameter and adjust-

ing only kr (Sw) and Sor to history-match to coreflood data is not be valid under
certain conditions. Similar conclusions were drawn by Yaralidarani and Shahverdi
(2018) who also observed significant deviation between centrifuge experiments and
corefloods in oil/gas/tight carbonate systems.

3.3 Residual saturation

Fig. 10a presents residual oil saturation as determined by history matching to cen-
trifuge experiments (green N) and waterfloods (red •). Sor decreases monotonically
with increasing θa in both sets of experiments, consistent with laboratory measure-
ments by Owens and Archer (1971) and pore network simulations by Ryazanov
et al (2009). This dependence can be explained as follows. During forced imbi-
bition in mixed-wet rock, oil drains through connected films (or oil layers) on
oil-wet patches of the grain surface (Salathiel, 1973; Singh et al, 2016; Iglauer
et al, 2012). If these oil films become more stable with increasing θa as proposed
by, e.g., Ryazanov et al (2009), oil would remain connected and drain to lower
saturations at larger θa.
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The negative correlation between Sor and θa is in sharp contrast to the non-
monotonic dependence of core-averaged oil saturation, 〈So〉, after t̃ ≥ 10 (Fig. 10b,
open circles) which persists to equilibrium (cyan •). Two factors contribute to the
discrepancy between core-averaged oil saturation and Sor: premature termination
of the waterflood and capillary end effects. The difference between 〈So〉(t) and the
core-averaged oil saturation at equilibrium, 〈Soe〉, is a measure of the impact of
premature termination of waterflood. Terminating the waterflood at, say, t̃ = 10
can result in 〈So〉 that is up to 20% of the pore volume larger than its equilibrium
value. Analogously, the difference between 〈Soe〉 and Sor is a direct measure of
capillary end effects. 〈Soe〉−Sor varies between 〈Soe〉−Sor = 0.3 and 20 pv% and,
as expected, increases monotonically with θa (Fig. 10c, ×). These values are in
good agreement with those reported by Masalmeh (2012). While these values of
〈Soe〉 − Sor may appear small, we emphasize that they are in terms of fractional
pore volume. Indeed, 〈Soe〉−Sor = 12 pv% and 16 pv% for the two waterfloods at
θa = 150◦, which correspond to an error in Sor of (〈Soe〉 − Sor) /Sor = 76% and
96%, respectively.

3.4 Uncertainty analysis

3.4.1 Sensitivity to parametric model for kr(Sw)

We compare the inversion of the centrifuge experiments using LET correlations and
Corey (1954)-type power law (Sec. 2.4.2). Both Corey (1954)-type power law and
LET correlations yield good agreement with measured cumulative oil production
(Fig. 2). The comparable agreement is somewhat surprising, given that the use of
Eq. (18) involves twelve fitting parameters instead of the seven needed for Eq. (13).

Next we consider the optimized kw(Sw) and pc(Sw) (Figs. 4, 6). Compared to
Corey (1954)-type functions (Fig. 4, solid lines), optimization using LET correla-
tions (dashed) yield significantly larger krw(Sor) at Sw & 0.5 at all θa; at θa = 125◦

in particular, this discrepancy spans the entire range 0 < Sw ≤ 1− Sor (Fig. 4b).
Interestingly, the optimized Corey (1954)-type functions are in better agreement
with the LET correlations fitted to the waterfloods (dash-dotted, dotted lines).

The use of LET correlations consistently yields a larger Sor than Corey (1954)-
type power law (Table 4) and, consequently, the associated pc(Sw) is closer to that
derived from the equilibrium analysis at all θa (Fig. 6). Indeed, at θa = 110◦ and
125◦, there is excellent agreement between pc(Sw) derived using LET correlations
(Fig. 6, dashed) and the equilibrium analysis.

3.4.2 Sensitivity to upper limit of krw(Sw)

We now compare the inversion of the three experiments at θa = 150◦ with wa-
ter relative permeabilities restricted to krw(Sor) ≤ 1. Good agreement between
data and simulation is achieved even with this additional constraint on krw(Sor)
(Figs. S5, S6). However, a significant fraction of the optimized parameters 3 pa-
rameters out of 7 for experiment C3, 7 out of 12 for N, and 5 out of 12 for TB/I
coincide with the limits imposed on them (cf. Tables 2, 2.5.1), suggesting that they
would be bigger/smaller if the limits were relaxed. Given that the limits are based
on physical reasoning and defined conservatively, the history match with a even
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Fig. 11 Optimized oil (red) and brine (blue) relative permeabilities (top row, thick lines)
and J(Sw) (bottom row, thick grey lines) derived from centrifuge C3 (solid lines), waterflood
N (dash-dotted), and waterflood TB/I (dotted) by imposing krw(Sor) ≤ 1. Superposed are
corresponding best-fit functions from Figs. 4 and 8 (thin lines).

weaker restriction on the parameter ranges would yield unrealistic parameters.
Thus inversion with krw(Sor) ≤ 1 imposed does not yield a satisfactory solution
despite the apparent agreement between experiment and simulation.

The best-fit kr(Sw) and J(Sw) are presented in Fig. 11 (thick lines). For the
centrifuge experiment, the optimized krw(Sor) is reduced from krw(Sor) = 1.661
to 1, but this has limited impact on J(Sw), kro(Sw), and Sor (see Table S4 for
optimized parameters). In contrast, the inversion of the waterfloods is more sen-
sitive to the constraint on kro(Sw) (Fig. 11, right column). This difference in
sensitivity to parameter range is as expected: each centrifuge experiment comprise
measurements at eight rotation speeds, whereas each waterflood corresponds to
one injection rate, Uw, only. Nonetheless, kr(Sw) and J(Sw) averaged over the
two waterfloods is less sensitive. For example, Sor only increased by 2.5 pv% from
Sor = 0.16 to 0.19, the average kro(0) decreased by only 0.02 from kro(0) = 0.68
to 0.66, and the average Sw(0) remained the same at 0.20.

Moreover, key trends with respect to θa are conserved: krw(Sor) increases, δw
increases, Sor decreases and - for waterfloods only - Sw(0) decreases with increasing
θa. Apparent slippage is observed even with krw constrained to ≤ 1 (Table S4),
although the equivalent slip lengths are smaller (δw ≈ 25, 80, and 95 nm for
experiments C3, N, and TB/I, respectively).
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4 Conclusions

We presented forced imbibition capillary pressure and relative permeability curves
for mixed-wet Indiana limestone under different mixed wettability conditions. The
main findings, under conditions considered presently, are:

– At all θa considered, a larger (more negative) capillary pressure is required to
establish a particular Sw during centrifuge than waterflood.

– The magnitude of the capillary pressure required to establish a particular Sw

increases with θa. This dependence is captured by the classic Leverett-J func-
tion for centrifuge experiments only within experimental uncertainty.

– End-point water permeability increases as the oil/water/rock system becomes
more oil-wetting.

– Apparent slippage, viz. krw(Sor) > (1− Sor)
2, is observed at θa ≥ 125◦.

– Sor decreases monotonically with increasing contact angle from θa = 110◦ to
150◦.

– Capillary end effects elevate the core-averaged equilibrium oil saturation estab-
lished by forced imbibition from maximum Soi by 0 to 15% of the pore volume
above Sor, with the deviation increasing with increasing θa.

– With realistic krw(Sw), kro(Sw), and pc(Sw) curves, Sor that decreases mono-
tonically with contact angle can still give rise to a non-monotonic core-averaged
oil saturation.

Huang and Honarpour (1998) noted that capillary end effects were most pro-
nounced when oil displaces water in water-wet cores and gas displaces oil. The
discrepancy between waterflood Sor and core-averaged end-point saturation indi-
cates that capillary end effects can also be significant when water displaces oil in
mixed-wet rock, at sufficiently large θa, and highlights the importance of using
simulation to interpret coreflood data under capillary-dominated conditions.
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