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ABSTRACT  
Waterflood relative permeability was measured in Indiana limestone under five mixed-wet 

conditions, as characterized by macroscopic contact angles on polished calcite which ranged 

from w = 55 to 150, and two Darcy velocities: Uw = 1.5 μm/s and 30 μm/s.  Oil relative 

permeability at initial oil saturation decreased and brine relative permeability at residual oil 

saturation increased with increasing w under the conditions considered presently.  Greater-than-

one end-point relative permeability was observed at θw < 90° for oil and at θw > 130º for brine.  

End-point brine relative permeabilities were larger at the larger Uw under all oil-wet conditions 

considered, i.e., w > 90˚.  In contrast to recent literature that associate greater-than-one 

permeability to the flow of non-wetting fluid against surface, we observed enhanced 

permeability even when the flowing fluid was the wetting phase.  Our results demonstrate that 

models assuming kr ≤ 1 underestimate fluid displacement for a wider range of contact angles 

than previously documented. 

 

INTRODUCTION  
In special core analysis [1, 2], empirical models [3, 4, 5], and pore network simulators [6, 7, 8], 

it is often assumed that two-phase permeability ki cannot exceed single-phase permeability k, 

i.e., kri = ki/k ≤ 1, where kri is the relative permeability of flowing phase i.  However, several 

laboratory studies report endpoint relative permeability exceeding one [9 and references therein; 

10, 11], indicating that, at least under certain conditions, permeability to a fluid is enhanced by 

the presence of a second phase in the pore space.   

 

In this paper, we consider waterflood relative permeability measurements in mixed-wet Indiana 

limestone at two of water injection Darcy velocity ranges, Uw = 1.5 - 3.0 and 30 μm/s.  We 

present the dependence of relative permeability on advancing contact angle and identify 

conditions under which kri > 1. 
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MATERIALS 
Rock 

Indiana (USA) limestone cores were used as the porous medium, with a porosity of ϕ = 0.15 

and an absolute permeability of k = 6.6 ± 3.1 mD, and of length L= 51.03 ± 0.04 mm or 89.02 

± 0.24 mm. Indiana limestone is 99% calcite and is characterised by a wide pore size distribution 

[12]. All cores were cleaned by hot Soxhlet extraction with a mixture of methanol and toluene 

before use.  

 

Fluids  

In all experiments, the same aqueous solution of 5 wt.% sodium chloride and 1 wt.% potassium 

chloride was used as connate and flood water.  Five oils were considered: n-decane, and 6.6 × 

10-2 M solutions of cyclohexanecarboxylic acid, cyclohexanepropionic acid, 

cyclohexanebutyric acid, and cyclohexanepentanoic acid in n-decane.  These organic acids, of 

similar molecular structure but different alkyl chain lengths, alter the wettability of calcite in 

order of increasing alkyl chain length (Fig. 1), resulting in dynamic advancing contact angles of 

θw = 55º, 110º, 125º, 135º, and 150º [13].  Interfacial tension for the fluid pairs considered, σ, 

can be found in Ref. [13]. 

 

 
Figure 1. A drop of brine advancing on a polished calcite substrate submerged in, from left to right, n-decane and 

6.6 × 10-2 M solutions of cyclohexanecarboxylic acid, cyclohexanepropionic acid, cyclohexanebutyric acid, and 

cyclohexanepentanoic acid in n-decane. 

 

DISPLACEMENT EXPERIMENTS 

Two sets of unsteady state relative permeability experiments were performed: one at low 

waterflood injection velocity [14] and one at high velocity [15]. 

 

Low Waterflood Velocity 

Details of the coreflood apparatus and procedure can be found in Refs. [12, 13, 16].  The key 

steps were as follows [13]: 

1. Each core was alternately evacuated and flushed with gaseous CO2 to remove air, then 

flushed with degassed brine to fully saturate it.  k was measured. 

2. The test oil was injected into the core at constant pressure to establish initial oil 

saturation, Soi, using the porous plate method. 

3. Permeability to oil at initial oil saturation, ko(Soi), was measured. 

θw = 150°θw = 135°θw = 125°θw = 110°θw = 55°

oil

brine
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4. Up to 100 pore volumes (pv) of degassed brine was injected at constant Darcy velocity 

of Uw = 1.5 μm/s. 

Core-averaged Soi and Sor were measured by mass balance.  The corresponding microscopic 

waterflood capillary number, 



 wwCa
U

 ,        (1) 

where µw is the dynamic viscosity of the brine, varied between Ca = 3.1 × 10-8 and 9.7 × 10-8, 

indicating that flow rates remained below the capillary desaturation threshold.   

 

High Waterflood Velocity  

Details of the coreflood apparatus and procedure can be found in Ref. [15].  The key steps are 

as follows: 

1. Each core was evacuated for 24 hours to remove air. The core was then saturated with 

the equivalent of 60 pv of brine before k was measured. 

2. Primary drainage was completed in two stages.  First, Blandol was injected in the core 

at constant flow rate increased in discrete intervals. Second, 10 to 20 pv of the test oil 

were injected at constant flow rate until Blandol production ceased. The cores were left 

to age in the test oil for an average of 8 hours. 

3. Brine was injected at constant rate of Uw = 30 μm/s until oil production and the pressure 

drop across the length of the core approached steady state (Fig. 2). 

The waterflood rate corresponds to Ca = (1 - 2) × 10-6.  Pressure drop and effluent production 

was monitored throughout the waterflood, and core-averaged saturation was determined 

volumetrically. 

 

k and ko(Soi) were calculated using the pressure drop across the core at steady state at constant 

flow rate as  

ki = μ
i
 

Ui

∆Pi/L 
,                                                                        (2) 

 

where μi and Ui are the viscosity and Darcy velocity of the injected fluid i, and ∆Pi is the pressure 

drop across the core.  In particular, ko(Soi) was calculated by measuring ∆Pi for a constant oil 

injection rate of Uo = 60 μm/s [Ca = (1.6 – 3.2) × 10-6]. 
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Figure 2. Brine saturation (open circles) and ΔPw (solid circles) during waterflood as a function of the 

cumulative number of pore volumes of brine injected for Uw = 30 μm/s, θw = 150°. 
 

Relative permeability determination 

Relative permeabilities to oil kro and brine krw during waterflood were determined by iterative 

history matching of simulated ∆Pw after water breakthrough to measured values using software 

CYDARTM (CYDAREX).  First, waterflood (secondary imbibition) capillary pressure curves, 

Pc
B(Sw), of a Berea sandstone pore network from Ref. [12] were predicted for each oil/brine 

combination using a two-phase pore network simulator developed by Valvatne & Blunt [6]; 

details of the pore network are available in Ref. [12].  To account for differences in Sor, water 

saturation was rescaled as 

Ŝw(t) = 
Sw(t) - (1 - Soi)

Soi - Sor

                                                                (3) 

Similarly, Pc
B was scaled using the Leverett-J function, i.e., 

Pc(Ŝw) = Pc
B(Ŝw)√

k
B

/ϕ
B

k/ϕ
  ,                                                          (4) 

where superscript B denotes properties of the Berea sandstone pore network.  Brooks-Corey 

functions were used as input relative permeability curves [17]  

krw= krw(Sor) Ŝw

αw
      ,     kro= kro(Soi) (1- Ŝw)αo   ,                        (5) 

 

where αw, αo, kro(Soi), and krw(Sor) were fitting parameters whose values were determined by 

matching ∆Pw predicted by the simulator to measured values in the least squares sense after 

water breakthrough (e.g., Fig. 3). 
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Figure 3. Measured (markers) and simulated (solid line) pressure drop across the length of the core.  Uw = 30 

μm/s; θw = 150°. 

 

RESULTS 
Figure 4 presents best-fit Brooks–Corey functions for krw and kro at θw = 110˚, 135˚, and 150˚ 

for Ca ~ 10-6 (solid lines) and for Ca ~ (3 to 10) × 10-8 (dashed).  kro(Soi) does not differ between 

the two Ca considered, but krw(Sor) is up to a factor of 3larger at the larger Ca.  kro(Soi) ≲ 1 for 

θw > 90˚, which is consistent with previous measurements in the literature for mixed-wet 

oil/brine/rock systems [20].  In contrast, krw > 1 at θw = 135˚ and 150˚ for large Ca  at Sw ≳ 0.6 

and Sw ≳ 0.5, respectively, suggesting that greater-than-one relative permeability may be a 

common state for mixed-wet oil/brine/rock systems. 

 
Table 1. Summary of relative permeability measurements completed at Uw = 1.5 μm/s  Corefloods are a subset of 

those reported in Ref. [14]. 

      best-fit parameters 

θw core ϕ L k Soi Sor kro(Soi) krw(Sor) αw  αo 

[˚]   [mm] [mD]       

55 M 0.15 89.02 8.8 0.86 0.37 1.40 0.11 1.9 1 

110 W 0.15 88.97 6.3 0.88 0.25 0.90 0.40 1 2.6 

125 O 0.14 88.50 3.8 0.89 0.32 1.10 0.56 1.1 2.8 

135 AD 0.14 89.60 2.0 0.88 0.31 0.98 0.49 1.1 5 

150 N 0.15 89.12 11.1 0.82 0.10 0.63 0.58 1.2 2.4 

 
Table 2. Summary of relative permeability measurements completed at Uw = 30 μm/s. 

     best-fit parameters 

θw ϕ L k Soi Sor kro(Soi) krw(Sor) αw  αo 

[˚]  [mm] [mD]       

110 0.15 51.07 7.4 0.81 0.08 0.83 0.52 3.5 2.9 

135 0.14 51.05 3.6 0.82 0.35 0.96 1.4 3.4 3.0 

150 0.15 50.98 9.2 0.77 0.48 0.65 1.3 5.9 2.3 
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Figure 4. Best-fit Brooks-Corey functions for oil (red) and brine (blue) relative permeabilities [Eq. (5)] for Uw = 

1.5 μm/s (dashed lines) and Uw = 30 μm/s (solid lines). 
 

 

Permeability Enhancement  

Consider a bundle of N identical, parallel capillary tubes of uniform radius rp and length L 

distributed over a bulk cross-sectional area A; the bundle represents the rock and individual 

tubes represent pore channels spanning the length of the rock [21].  The porosity of the bundle 

is ϕ = (Nπ rp
2)/A. Flow in each tube is described by the Hagen-Poiseuille equation, 

μ 
U𝑝

ΔP/L
= 

rp
2

8
,                                                                        (6) 

where ΔP is the constant applied pressure drop, Up is the resulting mean velocity within each 

tube, and subscript p denotes properties of a single pore channel (capillary tube). The left-hand-

side of Eq. (6) is, by definition [Eq. (2)], the permeability of each tube, and kp= rp
2/8.  

 

If the bundle contains a single phase, the net volumetric flux through the bundle is Up Aeff and 

the corresponding Darcy velocity is U = Up Aeff/A where Aeff = Nπ rp
2 = πA is the net cross-

sectional area through which the fluid flows.  It then follows that the permeability of the bundle, 

k = μ/(ΔP/L), is related to the permeability of a single capillary tube as k = kp Aeff /A = kpϕ. 

 

Next, consider a bundle containing two phases, where only one phase i is continuous and 

flowing.  This scenario is equivalent to only Nc (≤ N) of the N tubes conducting fluid. Here, the 

net cross-sectional area conducting fluid is Aeff = Nc πrp
2 = (Nc/N) ϕA. Finally, a non-conducting 

tube represents pore space occupied by the non-flowing phase j in the present experiments and, 
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accordingly, 1-Nc/N = Sj. The relative permeability of the flowing phase is thus given by 

 

kri =  
kp(1-Sj)ϕ

kpϕ
= 1 − Sj = Si.                                                                   (7) 

Figure 5 presents end-point relative permeabilities, krw(Sor) and kro(Soi), normalised by the 

respective saturations as a function of θw and the corresponding contact angle measured through 

the oil phase θo ( 180° - θw), respectively.  From Eq. (7), kri/Si > 1 indicates permeability 

enhancement correcting for the impact of reduced cross-sectional area available to flow due to 

the presence of the residual phase.  kri/Si increases with increasing θi for both phases, i.e., relative 

permeability increases as the grains become increasingly non-wetting towards the flowing 

phase.  kro(Soi)/Soi does not differ between the two Uw considered, and kro(Soi)/Soi > 1 for θo ≥ 

45° at both flow rates, indicating that enhanced permeability can occur even when the flowing 

phase is the wetting phase.  In contrast, krw(Sor)/(1-Sor) > 1 only  at θw > 130°, i.e., when brine is 

the non-wetting phase. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  End-point relative permeability normalised by the saturation of the flowing phase as a function of the 

contact angle θi measured through the flowing phase i.  Uw = 30 μm/s (solid squares) and Uw = 1.5 μm/s (open 

circles). Horizontal bars are standard errors of the mean.  Vertical bar on (θo, kro/Soi) = (30°, 0.85) depicts the 

disagreement between kro(Soi) calculated using Eq. (2) and that in the best-fit Brooks-Corey function. 

 

 

CONCLUSIONS 
We present kr(Sw) curves for in Indiana limestone under different mixed wettability conditions. 

In addition, we compare end point brine and oil relative permeabilities to measurements 

completed at lower capillary numbers [14].  Relative oil and brine permeabilities decrease and 

increase, respectively, as θw increases, i.e., as the grains become increasingly non-wetting to the 
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flowing phase.  Greater-than-one end-point relative permeability was observed at θw < 90° for 

oil and at θw > 130º for brine.  In contrast to recent literature that associate enhanced permeability 

to the flow of non-wetting fluid against a solid surface, we observe enhanced permeability even 

when the flowing fluid was the wetting phase. 
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