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ABSTRACT 
The relative permeability, rwk , rok , and capillary pressure, cP , curves, are estimated 
with history matching from transient displacement experiments performed on a model 
porous medium, at varying values of the capillary number, Ca , for two fluid systems: 
one of intermediate and one of strong wettability. The transient rwk , rok  are compared to 
corresponding ones measured with the steady-state method on the same porous medium. 
Potential differences of the two-phase flow coefficients are interpreted in the light of the 
transient growth pattern, and the steady-state two-phase flow regimes identified at the 
pore network scale. The macroscopic two-phase flow equations of the transient 
immiscible displacement of two fluids in a 2-D porous medium are simulated with finite 
elements by using as input data the steady-state and transient rwk , rok  and ignoring or 
accounting for the capillary pressure term. For the same porous medium and comparable 
experimental conditions, the steady-state relative permeability functions may differ 
significantly from the corresponding transient ones, whereas both are sensitive to the 
capillary number and wettability. 
 
INTRODUCTION 
The effective two-phase flow coefficients of porous media, such as the capillary pressure, 

cP , and relative permeability, rwk , rok , functions bridge the gap between the microscopic 
flow dynamics and the macroscopic behavior at the reservoir scale. From this point of 
view, the introduction of reliable functional forms of cP  and rwk , rok  into the 
macroscopic “black” oil simulators is of key importance for the quality of numerical 
results that commonly are used to forecast the long-term reservoir production. Earlier 
experimental [20,29,30] and theoretical [1,2,7,10,12,17,20,25] studies have revealed that 
the transient growth pattern of the displacement of a non-wetting fluid by a wetting one 
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(imbibition), and vice-versa (drainage), depends on a variety of factors such as the pore 
space morphology, the capillary number, Ca , the viscosity ratio, κ , and wettability as it 
is expressed by the equilibrium contact angle, eθ . Data of unsteady displacement 
experiments, such as the transient responses of the (i) fluid volumes produced, (ii) 
pressure drop across the porous medium, and (iii) axial distribution of the fluid saturation 
are fitted either explicitly [18] or implicitly [19,21,23,24,26-28] (history matching) to the 
macroscopic two-phase flow equations [22,31] to estimate the cP  and rwk , rok . There is 
strong evidence that the so-estimated relative permeability and capillary pressure curves 
are correlated strongly with capillary number and viscosity ratio [6,8,13-15,17,24,27,28]. 
Such correlations have occasionally been attributed to the interactive effects of the 
various local forces (e.g. capillary, viscous, gravity, etc) on the displacement growth 
pattern at the pore network scale [2,8,10,15,17,28]. In addition to the transient 
techniques, steady-state core analysis tests are often employed to determine the cP , rwk , 

rok  [3-5,9,11]. A systematic parametric analysis of the experiments of the simultaneous 
flow of two phases through a glass-etched chamber-and-throat network of well-
characterized topology and geometry [3,5], allowed the identification of several two-
phase flow regimes dominating over different ranges of the parameter space 
( ew CaS θκ ,,, ). Accordingly, the steady-state relative permeability functions were found 
to change strongly with eCa θκ ,,  [3,5] whereas the existence of non-linear viscous 
coupling effects on rwk , rok  suggested the use of the generalized rather than the 
conventional formulation of relative permeabilities [4,5]. 
 
In spite of the knowledge that has been accumulated from earlier studies, there is still an 
ambiguity concerning the adequacy of cP , rwk , rok  which are fed as input parametric 
equations into the simulators of the transient immiscible displacement of two fluids in 
porous media. Unavoidably, some fundamental questions of reservoir engineering are 
still unanswered: (a) how dependable are the results we get by using steady-state krw, krnw 
curves in transient numerical simulators? (b) how large an error is introduced in the 
macroscopic numerical predictions, if the dependence of Pc, krw, krnw on the flow rates 
and viscosity ratio is ignored? (c) which is the most efficient strategy for the 
determination of the Pc, krw, krnw  functions for a macro-scale simulator? 
 
In the present work, transient imbibition experiments are performed, at varying Ca  
values, on the porous medium model used in steady-state studies [3,5] by using two fluid 
systems, one of intermediate and one of strong wettability. The post-breakthrough 
transient responses of the total wetting phase saturation and pressure drop across the 
porous medium are measured and introduced into a 1-D history matching algorithm to 
estimate simultaneously the ( )wc SP  and ( )wrw Sk , ( )wro Sk  as functions of Ca . The 
estimated ( )wrw Sk , ( )wro Sk  are compared to the corresponding steady-state results, and 
potential differences are interpreted in light of the mechanisms governing the two 
processes.  
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METHODS AND MATERIALS 
The porous medium model is a chamber-and-throat planar network (Fig.1a) fabricated by 
a photo-etching technique [3, 30], and being identical to that used in steady-state two-
phase flow experiments [3-5]. Each end of the pore network is extended with triangular 
segments which serve as flow distributors and eliminate the end effects (Fig.1b). Holes 
drilled at the ends of flow distributors serve as inlet and outlet ports. The dimensions of 
the main pore network is (length x width) 0.16m x 0.11m, and the distance between the 
centers of adjacent chambers (length of periodicity) is 1221 mµ . More details about the 
features of the glass micromodel can be found in [3]. 
 
Details of the experimental procedure (Fig.1b) that is commonly followed in an unsteady-
state experiment are reported in [28-30]. Two fluid systems of intermediate (1) and strong 
(2) wettability were used (Table 1). Initially, the porous medium was fully occupied by 
the non-wetting phase (oil - o). By using a syringe pump, the wetting phase (water - w) 
was injected in the pore network at constant influx rate through the inlet ports. All 
experiments were carried out under controlled values of the capillary number Ca and 
viscosity ratio κ defined by 

owtwuCa γµ=   and  wo µµκ =     (1) 

respectively, where tu  is the superficial flow velocity of the injected wetting phase at the 
entrance, wµ  is the viscosity of the wetting phase, owγ  is the o/w interfacial tension, and 

oµ  is the viscosity of  the non-wetting phase. Snap-shots of the displacement (Fig.2) 
were captured by a CCD camera equipped with magnification lenses. The absolute 
pressure of the wetting phase at the inlet tubes was measured continuously with the aid of 
three pressure transducers connected to a pressure converter (Fig.1b). After the end of 
each experiment, the actual pressure drop across the entire pore network was calculated 
by subtracting the pressure drops due to the viscous flow along the injection/ extraction 
tubes and hydrostatic heights, and averaging the measurements of the three transducers 
(Fig.1b). Before the breakthrough of the wetting phase, its saturation varies linearly with 
time, and for this reason the pre-breakthrough saturation data were ignored in the 
analysis. After the breakthrough, the transient variation of wS  was measured precisely by 
collecting the fluids expelling from the pore network, in a calibrated glass capillary tube. 
The accuracy of this measurement was improved by video-recording the position of the 
meniscus separating the two fluids collected in the capillary tube (Fig.1b). 
 
RELATIVE PERMEABILITIES AND CAPILLARY PRESSURES 
History matching 

The immiscible displacement of oil (o) by water (w) in a homogeneous and isotropic 
porous medium is described by the conventional mass and momentum balances for each 
phase [24], namely 
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In the foregoing equations, iu , iS , iP , rik  are the local values of the superficial flow 
velocity, saturation, pressure and relative permeability of phase ( )owi ,= , respectively, 
and k  is the absolute permeability of the porous medium. The capillary pressure is 
defined as the difference between the local pressures of the two fluids and is written as 

woc PPP −=           (6) 
whereas the fluid saturations are interrelated by 

0.1=+ ow SS           (7) 
By substituting the fluid flow velocity, wu , with the fractional flow, wF , defined by 
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where the dimensionless variables *

cP  and *
wP  are defined by 
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and 0
wP∆  is the steady-state pressure drop across the porous medium for 1=wS  and 

1=rwk . By regarding the pore network ( 10 ≤≤ ξ ) as a part of a semi-infinite porous 
medium, and ignoring capillary end effects in waterflood [16,19,21,24], Eqs.(10) and 
(11) are subject to the initial condition 

( ) 00 =ξ,Sw          (16) 
left boundary condition 

( ) orw SS −== 10ξ          (17) 
and right boundary condition 
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where 0ξ  is set equal to 10.  The pressure gradient ( )ξ∂∂− *
wP  is an explicit function of 

wS  and is post-calculated from the numerical solution of the PDE [28]. With respect to 
the dimensionless saturation 
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the capillary pressure and relative permeability curves may be given by the following 
functional forms [23,27,28] 

( ) cm
wcc hSPP

−
+= *0          (20) 

( )
( ) w

m
w

ww
m

ww
rwrw

ah
SahS

kk
w

w

++

++
=

1

**
0        (21) 

( ) ( )
( ) o

m
o

wo
m

ow
roro

ah
SahS

kk
o

o

++

−++−
=

1
11 **

0       (22) 

The parameters owowcrwc aammmkP ,,,,,, 00  are estimated with history matching, while it 

is assumed that 410−== ow hh  and 10 =rok . The residual oil saturation, orS , was set 
equal to the experimentally measured value. History matching was done in the 
environment of the commercial software package ATHENA by using finite differences 
and the method of lines to integrate the PDE, and Bayesian estimation to fit the numerical 
results to the experimental datasets [28]. The numerically calculated values of ( )ξτ ,wS  

and ( )
ξτ

ξ
,

* ∂∂− wP  were integrated along the entire length of the porous medium for the 

determination of the total water saturation, ( )τwtS , and the total pressure drop across the 
wetting fluid, ( )τwtP∆ .  
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Steady-state relative permeability and capillary pressure functions 

The steady-state relative permeability functions have been determined during the 
simultaneous flow of both fluids through the same porous medium by measuring the 
pressure drop across each phase and the time averaged water saturation within the central 
area of the network with image analysis [3].  Taking into account the theoretical end 
values ( ) 00 ==wrw Sk , ( ) 010 =−= orwr SSk , ( ) 100 ==wr Sk , the conventional steady-
state relative permeability curves were fitted (Fig.3b) with 3-parameter sigmoid functions 
of the form  
 

( )( )[ ] ( )[ ]cwwwcwwwwrw SgbSSgbk expexpexpexp −−−−−=     (25) 
 

( )( )[ ] BASSSgbk wcowooro ++−−−−= 1expexp      (26) 
 
where 
 

( )( )[ ]cooo SgbB −−−−= 1expexp1        (27) 
 

( )( )[ ]{ } ( )orcooroo SBSSgbA −−−−−−= 1expexp      (28) 
 
The experimental measurements [3] indicated a relatively small gradient of the capillary 
pressure across the porous medium (the term ξ∆∆ cP  was small but finite), which was 
attributed to capillary end effects [16, 26]. Such data along with the axial distribution of 
the time averaged water saturation across a well-defined area of the pore network could 
be fitted to an integral equation resulting from Darcy law [16] in order to estimate the 
capillary pressure curve.  
 
SIMULATION OF THE DISPLACEMENT IN 2-D POROUS MEDIA 
The immiscible displacement of two fluids in a 2-D porous medium is described by the 
following dimensionless equations [19,21] 

( ) 01 **

0

*
*

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇⋅∇−

∂
∂

− wrw
cw

or Pk
u
uS

S
τ

      (23) 

 

( ) 01 **
*

*
*** =

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
∇

∂

∂
−+∇⎟

⎠

⎞
⎜
⎝

⎛ +⋅∇ w
w

cro
orw

ro
rw S

S
Pk

SP
k

k
κκ

    (24) 

The foregoing equations are solved by using finite elements with triangular Galerkin 
approximations in the environment of the commercial software Flex-PDE 3. The accurate 
geometry of the experimental model is transformed to a numerical grid, and realistic 
boundary conditions are used: (i) the fluxes of pressure and saturation are set equal to 
zero on the solid wall surrounding the pore network; (ii) the outlet pressure is kept equal 
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to atmosphere; (iii) the pressure fluxes at the inlet ports are given by Darcy law; (iv) the 
water saturation at the inlet ports is set equal to orS−1 .  
 
RESULTS AND DISCUSSION 
For the case of intermediate wettability, the ( )wrw Sk , ( )wro Sk  estimated from transient 
displacements are shown in Fig.3a. In transient imbibition experiments under unfavorable 
viscosity ratio ( 1>κ ), and intermediate wettability, the growth pattern is governed by 
three competitive mechanisms depending on Ca [20,22,29,30]: (i) viscous fingering is 
favored by high Ca values; (ii) capillary fingering with a compact rather than an invasion 
percolation front is favored by low Ca values; (iii) frontal displacement is favored by 
high Ca values.  The sweep efficiency and hence ( )wrw Sk  increase as frontal 
displacement is dominant and decreases when either viscous fingering or capillary 
fingering prevails. In this manner, the ( )wrw Sk  estimated at Ca=10-6 is slightly greater 
than that estimated at Ca=5x10-6 (Fig.3a) as the flow pattern is a mixture of frontal 
displacement and viscous fingering (Fig.2). However, a dramatic decrease of ( )wrw Sk  
occurs at Ca=10-7 (Fig.3a) where the capillary fingering becomes evident. On the other 
hand, the ( )wro Sk  has a tendency to increase at decreasing Ca values. This might be 
attributed to the compact nature of the displacement pattern and the preservation of the 
continuity of oil at least at low water saturations (Fig.3a). 
 
In steady-state imbibition experiments performed under a constant Ca value, the 
transition from one Sw value to another is carried out by varying the flow rate ratio 

wo qq  [3,5]. Unavoidably, the two-phase flow regime varies not only with Ca but also 
with Sw. In general, the steady-state ( )wrw Sk , ( )wro Sk  are increasing functions of Ca 
(Fig.3b) as the flow regime progressively changes from large-ganglion dynamics (LGD) 
to small-ganglion dynamics (SGD) to drop traffic flow (DTF) and to connected flow 
pathways (CPF) [3,5]. The mobility of oil increases because of the motion of small 
ganglia populations (SGD) and oil droplets (DTF), whereas the mobility of water 
increases as the populations of moving large ganglia, reducing the number of free flow 
paths, decreases and stranded small ganglia are remobilized [3] (Fig.3b). 
 
For the case of intermediate wettability, the transient ( )wrw Sk  is always greater than the 
steady-state ( )wrw Sk ; it tends to coincide with it at high Ca values, whereas both are 
linear functions of Sw (Fig.4a-c). The steady-state ( )wro Sk  is greater or lower than the 
transient one at high or low Ca values, respectively (Fig.4a-c). Such a different behavior 
can be explained with reference to the ratio of moving to stranded ganglia. This ratio is a 
strongly increasing function of Ca, and may take on very high values in steady-state 
experiments, while it is less sensitive to Ca and takes on relatively low values in transient 
experiments. The ( )wc SP  estimated from transient imbibition data is a decreasing 
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function of Ca (Fig.4d) in agreement with the linear thermodynamic theory of 
Hassanizadeh et al [15]. 
 
In the case of strong wettability and steady-state experiments [5], the presence of thin 
wetting films along the pore walls results in disconnection of oil to a large extent in the 
form of ganglia and droplets. The high ( )wro Sk  values are due to the mobilization of the 
small ganglia (SGD) and droplets (DTF) and the lubricating effect of the thin wetting 
films surrounding the viscous oil (Fig.5a,b). In transient experiments performed at 
relatively low Ca values, the advancement of precursor wetting films along pore wall 
microroughness [31,32] and the consequent snap-off in throats are the main reasons for 
the entrapment of oil ganglia in the pore network, and the sharp decrease of the ( )wro Sk  at 
low water saturations (Fig.5b). 
 
CONCLUSIONS 
The relative permeability and capillary pressure functions determined from transient 
displacement (history matching) and steady-state two-phase flow experiments, all 
performed on a well-characterized glass-etched pore network, are analyzed. The two-
phase flow coefficients determined by both methods are sensitive to the capillary number 
and wettability, in accordance with the transient displacement growth pattern and steady-
state two-phase flow regimes identified at the network scale. Unavoidably, very different 
simulated results of the immiscible displacement in porous media may be obtained by 
using the steady-state or transient relative permeability curves, and ignoring or including 
the capillary pressure terms. 
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Table 1. Physicochemical properties of fluid systems 
 
 System 1 System 2 
Non-wetting fluid (oil, o) n-hexadecane n-nonanol 
Wetting fluid (water, w) Distilled water Formamide 
Oil viscosity, oµ  (Pa s) 0.00315 0.00964 
Water viscosity, wµ  (Pa s) 0.00094 0.000335 
Oil density, oρ  (Kg/m3) 774 816 
Water density, wρ  (Kg/m3) 995 1116 
Interfacial tension,γ  (mN/m) 25 4.3 
Equilibrium contact angle, eθ  (o) 42 9 
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Figure 1. (a) A segment of the glass-etched chamber-and-throat network used in 
experiments (the distance between the centres of two adjacent chambers is 1220 mµ ). (b) 
Experimental apparatus: A=porous medium model; B=fluid injection tubes; C=fluid 
withdrawal tubes; D=CCD video-camera; E=computer; F=monitor; T=absolute pressure 
converter; O=calibrated capillary tube for the measurement of the volume of fluids 
expelling from the porous medium.  

 
Figure 2. (a-d) Successive snap-shots of the immiscible displacement of n-hexadecane 
(dark phase) by distilled water (white phase) at Ca=1.19x10-6. (e) Spatial fluid 
distribution in the pore network after long time (steady-state). (f) Magnification of the 
central zone of the pore network (the black spots are trapped oil ganglia). 
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Figure 3. (a) Estimated transient relative permeability functions of Eqs.(21) and (22) for 
the system n-hexadecane/distilled water. (b) Experimentally measured steady-state 
relative permeabilities (symbols) fitted with the sigmoid functions of Eqs.(25)-(28) 
(lines), for the system n-hexadecane/distilled water. 



SCA2004-12 13/13
 

0.1 1
0.01

0.1

1

0.01

0.1

1

(a)

n-hexadecane / distilled water

Ca=5x10-6

  Steady-state
           Transient

W
at

er
 re

la
tiv

e 
pe

rm
ea

bi
lit

y,
 k

rw

O
il 

re
la

tiv
e 

pe
rm

ea
bi

lit
y,

 k
ro

Water saturation, Sw  
0.1 1

0.01

0.1

1

0.01

0.1

1

(b)

n-hexadecane / distilled water

Ca=10-6

  Steady-state
           Transient

W
at

er
 re

la
tiv

e 
pe

rm
ea

bi
lit

y,
 k

rw

O
il 

re
la

tiv
e 

pe
rm

ea
bi

lit
y,

 k
ro

Water saturation, Sw  

0.1 1
1E-3

0.01

0.1

1

1E-3

0.01

0.1

1

(c)

n-hexadecane / distilled water

Ca=10-7

  Steady-state
           Transient

W
at

er
 re

la
tiv

e 
pe

rm
ea

bi
lit

y,
 k

rw

O
il 

re
la

tiv
e 

pe
rm

ea
bi

lit
y,

 k
ro

Water saturation, Sw  
0.0 0.2 0.4 0.6 0.8 1.0

100

1000

(d)

n-hexadecane / distilled water

 Ca=5x10-6

 Ca=1x10-6

 Ca=1x10-7

C
ap

ill
ar

y 
pr

es
su

re
, P

c (
Pa

)

Water saturation, Sw  
Figure 4.  (a-c) Comparison of measured steady-state with (history matching) estimated 
transient relative permeability curves for the fluid system of intermediate wettability. (d) 
Capillary pressure curves estimated from transient experiments at various Ca values. 
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Figure 5. Comparison of measured steady-state with (history matching) estimated 
transient relative permeability curves for the fluid system of strong wettability. 




