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Abstract

Relative permeabilities are important characteris-
tics of multiphase flow in porous media. Displace-
ment experiments for relative permeabilities are
usually interpreted by the JBN method neglecting
capillary pressure. The experiments therefore have
to be run at higher rates than those experienced
during reservoir exploitation. Another disadvan-
tage is that the relative permeabilities only can be
determined for the usually small saturation interval
outside the shock. We have developed a method to
interpret displacement experiments with the capil-
lary pressure included. The data needed are in-situ
measurements of saturations and phase pressures.
The experiments can then be run at low flow rates,
and relative permeabilities can be determined for
all saturations.

When using a short core, or if the saturation pro-
file is spread out too much, the measurements can
be affected by the end effect. We investigate using
a combined water-wet and oil-wet membrane at the
core outlet end to eliminate the end effect. With
the membrane, the steady-state saturation profile is
fairly uniform, and calculations of steady-state rela-
tive permeabilities are improved. However, because
of the geometry of the membrane, the phases are
separated at the core outlet. The separation results
in increased flow resistance, and increased pressure
in the core. Caleulations of relative permeabilities
for the traveling wave from pressure measurements
after breakthrough will therefore be erroneous.

Introduction

Relative permeabilities are determined from flow
experiments performed on core samples. The most
direct way to measure the relative permeabilities is
by the steady-state method. The two phases are
simultaneously injected into the core at fixed rates
until uniform saturation is obtained in the core.
The saturation in the core is determined from ma-
terial balance, or by weighing. In-situ saturation
measurements can also be used. The pressure drop
over the core is also measured. Relative permeabil-
ities at this saturation can than be determined di-
rectly from Darcy’s law for each phase. Each mea-
surement gives one point on the relative permeabil-
ity curve (relative permeability vs. saturation). To
determine the whole curve, the experiment has to
be repeated at different flow rate fractions. This
method is therefore very time consuming.
Two-phase relative permeabilities can also be
caleulated from an unsteady-state (displacement)
experiment. Typically, the core is initially satu-
rated with one mobile fluid phase. This phase is
then displaced by injecting the other phase into
the core. Welge! showed how to calculate the ratio
of the relative permeabilities from a displacement
experiment. Efros? was the first to calculate in-
dividual relative permeabilities from displacement
experiments. Later, Johnson, Bossler and Nau
mann® presented the calculation procedure in a
more rigorous manner, and the method is therefore
often called the JBN method. The unsteady-state
method is often the preferred experimental method
to determine the relative permeability relationship,
both because it is much faster than the steady-state
method, and because only one phase is injected.
The JBN method is based on the Buckley-




Leveretl theory of multiphase flow in porous me-
dia.® The main assumption is to neglect capillary
pressure. In homogeneous cores, capillary effects
are most important at the outlet end of the core and
over the saturation shock front. To suppress cap-
illary effects, the experiment has to be performed
al a high flow rate. Usually, these rates are higher
than natural rates in reservoirs. Another major dis-
advantage is that relative permeabilities can only
be calculated for the spreading part of the satura-
tion profile. The theory is not valid in the vicin-
ity of the saturation shock where capillary effects
are significant. In a water-oil system with typi-
cal viscosities, the saturation shock interval can be
more than 50% of the total mobile saturation range.
This means that relative permeabilities cannot be
determined for a substantial range in saturation.
Extrapolating the relative permeability curves into
the saturation interval corresponding to the satu-
ration shock can be very difficult.

When the flow rate in the experiment is de-
creased, the capillary effects become more impor-
tant. This will lead to a spreading of the shock
front. The front will translate with a fixed shape,
and is denoted as a traveling wave, or a stabilized
capillary zone® If the saturation is not changing
too much with time at a given location in the core,
it is possible to make in-situ measurements of sat-
uration and pressures as the traveling wave profile
passes by. We have recently developed a method
to calculate relative permeabilities for the traveling
wave part of the profile.® A displacement experi-
ment is performed at low rate such that the shock
front is spread out into a traveling wave. In-situ
measurements of saturation and phase pressures
are used to calculate relative permeabilities for a
substantially larger saturation range than is possi-
ble with the standard JBN method. Calculation of
relative permeabilities from the stabilized capillary
zone has also been performed previously, but using
only an approximate analysis.”

[n-situ saturation measurements can be per-
formed by various techniques: X-ray attenua-
tion,® X-ray computer tomograph (CT) system,®
gamma emission,” ultrasound,'® microwaves'! and
NMR.'? In-situ pressure measurements have been
performed by several experimenters.” 1% 11

When using a short core, or if the saturation pro-
file is spread out too much, the measurements can
be affected by the end effect, leading to errors in
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the calculated relative permeabilities. In this pa-
per, we investigate using a combined water-wet and
oil-wet membrane at the outlet end of the core to
suppress the end eflect. Previously, the effect of
using a combined membrane at the inlet end has
been studied.!?

Because of the combined membrane at the core
outlet, the phases are produced at separate exits.
The capillary pressure, i.e. the difference in pres-
sure between the water-outlets and the oil-outlets,
can be set according to the saturation at the outlet
end of the core. This might eliminate the end effect,
and the core will act as a semi-infinite medium. To
investigate the effects of the combined membrane,
we perform 2D simulations of a core flood, both at
unsteady-state and at steady-state conditions.

Equations

We now outline the derivation of the equations
needed to calculate relative permeabilities for the
traveling wave part of the saturation profile. A
complete treatment for three phases, and includ-
ing gravity is given by Helset et al® Here we only
consider two phase flow. In a displacement experi-
ment the two phases are injected at fixed rate frac-
tions into a core initially saturated with one or both
phases. According to the Buckley-Leverett theory,
the saturation profile will in general consist of a
shock and a spreading part. When capillary effects
are important, the shock will be spread out, and is
called a traveling wave.!* A traveling wave solution
has the form!®

Sz, t)=8(), =z —wt
Substituting £ = x—wt, into the conservation equa-
tion
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where Cf} is a constant of integration, C; = C{/u
and v = ¢w/u. Inserting Eq. 2 into Darcy’s law
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we obtain the pressure gradient along the traveling
wave part of the saturation profile:
M1 u

dpi
—=-———(C Sy). 4
r vl R )
Note that the expression for the pressure gradi-
ent only involves the relative permeability of one
phase. The constant C; can be determined from
Cy = fif —vST, where fiF = f1(S]") and
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The velocity w of the traveling wave is the same
as the velocity of the shock,'®
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Here + and — denote the states in front of and be-
hind the traveling wave, respectively. The velocity
of the traveling wave can also be measured directly
by monitoring the saturation profile at two different
positions along the core.

Away from the traveling wave part of the profile,
we can assume that the gradient of the capillary
pressure can be neglected. The pressure gradient
for this part is then the same for both phases,'®
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The pressure gradient at the traveling wave part

of the saturation profile, Eq. 4, must necessarily
follow the traveling wave. Using

(7)
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we get,
9p1  p1 wu d S
- gk T(Cl +v51) + w6—$P1{51 ), (8)
where

%pl (S]P) = const,
is the pressure gradient in phase 1 at the constant
initial saturation S{". Similar expressions can be
derived for phase 2.°

Eq. 8 can be used to calculate the relative per-
meability of phase 1 fromn in-situ measurements of
saturation and phase pressure. First, a steady-state
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experiment is performed at the constant initial sat-
uration S7 to get k.1(S7) and kro(ST). From Eq. 7
2 py(S) is caleulated.

If the saturation profile consists of only a trav-
eling wave, the velocity w of the traveling wave is
given from the initial and boundary conditions from
Eq. 6. However, this is in general not known before
the experiment is performed. To determine the ve-
locity of the profile, the saturation must then be
measured at two diflerent locations along the core.
Knowing the velocity w of the profile, the constant
C, = fi(ST) - w%S;‘ can be calculated. The time
derivative (%pl(t} is calculated from the pressure
measurements pi(t). Care has to be taken when
caleulating the derivative of measured quantities.
Alternatively, an integral method can be used as
shown by Helset et al.® The relative permeability
k.1 (S1) can then be calculated from Eq. 8, which
includes only known quantities.

In general, the saturation profile will consist of
a combination of a traveling wave and a spreading
wave. For a typical S-shaped fractional flow curve,
the traveling wave will have higher velocity than
the spreading part of the saturation profile. The
expression in Eq. 8 is then still valid since it only
involves quantities ahead of the traveling wave.

If the front of the traveling wave reaches the end
of the core before the whole profile has passed the
measurement point, the pressure gradient at the
outlet end will also vary with time. Then Eq. 8 has
to be modified as

i -
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and At = (I — z)/w.

Length of the Traveling Wave Profile

It is important to estimate the length of the stabi-
lized zone. The profile must be wide enough so that
measurements can be made, but the length should
be small compared with the length of the core. For
the traveling wave part of the saturation profile we
have, following Marle,®
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where we have neglected gravity for simplicity. By
integrating Eq. 10, we get

Xp= k

" ulpg

(11)
where X is the length of the traveling wave nor-

malized with the length [ of the core, and I is the
integral
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This is the same expression as given by Jones-Parra

and Calhoun,!” if we use

9h _
s,

in the stabilized zone. The integration is taken over
the whole saturation range of the traveling wave.
However, the integrand is singular at the limits S}
and S . The integration should therefore be per-
formed over a slightly smaller saturation interval to
avoid problems with the calculations.

[f the saturation profile consists of both a spread-
ing part and a traveling wave part, the saturation
ST in Eq. 11 will not be exactly the ”shock front
saturation”, but rather the saturation where the
spreading part and the traveling wave part are con-
nected.'®

The expression in Eq. 11 has also been used by
Potter and Lyle!? to estimate the length of the sta-
bilized zone. They only used qualitative estimates,

and did not explicitly calculate the length of the
Zone.

Description of Examples

We want to study the effects on the flow of having
a composite membrane at the core outlet end. To
study spatial effects, we perform a 2D simulation of
the core flood. The simplest membrane geometry
would be that half of the membrane is water-wet
and the other half is oil-wet. To decrease the ef-
fects of geometry we use the grid shown in Fig. 1.
We have two water outlets and two oil outlets, sepa-
rated by tight zones. In order to produce the phases
separately, water-wet and oil-wet membranes are
placed i front of the outlets. The membranes have
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equal permeability and thickness, and differ only in
wettability. The threshold pressures for the mem-
branes are high enough to ensure that there is no
breakthrough of the other phase. The parameters
used in the simulation are given in Table 1.

Core End piece

Membrane

Figure 1: Grid system used in the simulations,
o=oil outlet, w= water outlet.

Table 1: Data for the simmulation study.

Length of the core 20 cm
Cross-section area 10.64 cm?
Core permeability ky, ky, 133 md

& 0.22

J41, 49 1.06,1.30 cp
Residual saturations (54, S9,) 0.20,0.25
Thickness of membranes 0.015 cm
Membrane permeability 133 md
Initial saturation, S; 0.75

Flow fraction at inlet, f 0.46

Total flow rate 1.0 ec/min
No. of grid blocks 133

Realistic values of membrane permeability are
0.1 md - 1 md. However, the small permeability
of the membranes give a significant pressure drop
over the membrane, which can be accounted for.
Here we want to study the flow inside the core. By
using a membrane permeability of 133 md in the



siinulations, the pressure drop over the membrane
is negligible.

The core is initially saturated with water and
residual cil. QOil and water are simultanecusly
injected at constant rates. This is a secondary
drainage process. We use a typical secondary
drainage capillary pressure curve for Berea sand-
stone. For relative permeabilities we use Corey
type functions with exponents n; = no = 2.0, and
end-point values k(S ) = k1 (95,) = 1.0,

To simplify the analysis, the fractional flow at the
inlet is chosen such that the saturation profile con-
sists of only a traveling wave. However, the conclu-
sions arrived at here are also valid for the case when
a spreading part is following the traveling wave. In
this case two saturation measurements at different
positions are needed to determine which part of the
profile is moving as a traveling wave, and to deter-
mine the velocity.

The results from two different simulation runs
are presented in the next section. All simulation
parameters are equal in the two runs, while the
houndary conditions at the cutiet end of the core
are different. In run 1 the difference in pressure be-
twean the oil exits and the water exits is set equal to
the capillary pressure when no end effect is present.
The outles pressure is then varying with time as the
profile passes the outiet. In run 2 the pressures at
all exits are kept constant and egual.

Results

Saturation distribution. The saturation pro-
files from run 1 at different times are shown in
Fig. 2. Row y = 2, is close to the oil outlet, while
row y = § is close to the water outlet. The travei-
ing wave saturation profile is translated with con-
stant shape through the core, but is distorted at
the membrane.

The spread of the saturation profile can be ecalcu-
iated from Eq. 11. Using the parameters from run 1
and taking the integration in Eq. 11 over the satu-
ration range 0.46 - §.74, we find that the length of
the profile will be 3.3 em. From the simulated sat-
uration profiles, we find the length of the profile to
be 4.8 em. This means that there is some numeri-
cal dispersion in the simulations. We will not try to
minimize this nunerical dispersion, but rather use
the same grid lengths and simulation parameters
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Figure 2: Saturation profiles along row 2 (top) and
row 6 (bottom) at different times for simulation
run 1.

both for the short core (run 1 and 2} and for a long
core used as a reference to illustrate e semi-infinite
medium. This gives comparable results, even when
numerical dispersion is present.

Comparing the profiles in Fig. 2 we see that the
saturations close to the core outlet are non-uniform
in the y-direction. The full saturation field close
to the cutlet at 25 min and 100 min is shown in
Fig. 3. At 25 min, the traveling wave saturation
profile is stiil passing the end of the core, while 100
min corresponds to steady state. Water saturation
builds up at the oil outlets, while oil saturation
is inereased at the water outlets. Away from the
end of the core, the saturation in the y-direction is
uniform,
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Figure 3. Saturation feld near the core outlet
(z = 16 — 20 cm) at 25 min {top), and &t 160 min
corresponding to steady state (bottom).

We average the saturation field from run 1 in the
y-direction to compare the saturation profiles with
predictions from 1D analysis. Fig. 4 shows the sat-
uration averaged in the y-direction at times 25 min
and 100 min (steady state) respectively. The av-
erage saturation is close to the 1D saturation pro-
files. The average saturations for run 1 and ren 2
are almost identical at 25 min, while there is a sig-
nificant difference at steady state. The end effect
is almost eliminated at steady state when using the
membranes. The best result was obtained in run 1.

B0.50.55 ;

80,3504

1996 SCA Conference Paper Number 9633

25 min

0.65

o8 i — Average —

) |——TRUE |

0,55 +

0.5 -
045 +

0.4 . ; -

16 17 18 19 20
Length {cm}
100 min (steady state)
054 +
052+ ~—Run 1
—Run 2}
085+
J
o
.46 - 7/
— £
S (ﬂ'

044 4 IO
042 +

0.4 : + :

t8 17 18 12 20
Lengih {cm)

Figure 4: Average saturations along the core. At
times 25 min (top) the average saturation from
run 1 is compared fo the true saturation profile.
At 100 min (steady state) the average saturations
for run 1 and run 2 are shown.

Calculation of relative permeability. To cal-
culate relative permeabilities for the traveling wave
profile, we need in-situ measurements of saturation
and phase pressures. Usually, the measurements
are taken in the middle of the core to avoid any end-
effects. The saturation profile aise needs a short
time to stabilize after injection starts. The relative
permeabilities are caleulated from EBEqg. 8. Fig. 5



shows pressure vs. time from run 1 taken at z = 10
cim. Also shown is the theoretical pressure curve
calculated from Eq. 8, and using the true relative
permeability functions. The curves coincide quite
well; the deviations are due to numerical dispersion
in the simulation. This demonstrates that Eq. 8
can be used to calculate the relative permeabilities
for the traveling wave part of the saturation pro-
file. More examples including calculation of relative
permeabilities are given by Helset et al®

2026

2024

2022

2020

p, (kPa)

2018 Lo

12 14 16 18 20 22 24
time {min)

Figure 5: Water pressure vs. time measured at x =
10 cm, i.e. at core halfl length. Also shown is the
pressure curve calculated from Eq. 8.

In a short core, or when the profile has a large
spread, the front of the profile may reach the end
of the core before the whole profile has passed the
measurement point. Fig. 6 shows the water pres-
sure vs. time measured at x = 17 cm, ie. 3 cm
from the core outlet. This illustrates using a 6 cm
core and taking measurements at core half-length.
Results from run 1 and run 2 are shown. The the-
oretical curve calculated using Eq. 9 is shown for
comparison. When calculating relative permeabil-
ities, the gradient dp;/dt is used. Before approxi-
mately 24 min, corresponding to the breakthrough
time for the traveling wave, all three curves have
the same gradient. After 24 min, both simulated
curves deviate from the theoretical curve. When
the front reaches the end of the core, oil and water
have to redistribute in order to be produced at dif-
ferent exits. There is a significant pressure rise due
to this redistribution of fluids, and the gradient is a
factor 3 too large, leading of course to large errors
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Figure 6: Water pressure vs. time for run 1 and
run 2 measured at = = 17 em, i.e. 3 em from the
outlet end of the core. Also shown is the pressure
curve calculated from Eq. 9.

in the calculated relative permeabilities.

There is also a difference between the pressure
curves from run 1 and run 2. In run 1 the pres-
sure difference between the oil outlets and the water
outlets is set equal to the capillary pressure corre-
sponding to the saturation at the outlet. The pres-
sure at the water outlet is kept constant, while the
oil outlet pressure is varying with time. In run 2
all outlet pressures are equal and constant. Water
pressure in run 1 is also affected when oil pressure
is increased. The steps in the pressure curve corre-
spond to changes in oil outlet pressure. A smoother
variation in outlet pressure will lead to a smoother
pressure curve. After a transition period from 24
min to 27 min, the gradient of the pressure curve
from run 1 is close to the theoretical gradient, while
the gradient from run 2 differs significantly from
the theoretic gradient. The same effects are seen in
the oil pressure curve, also having an extra pressure
increase in the period where the fluids are rearrang-
ing. Using data from this transition period will give
errors in calculations of relative permeabilities.

From Fig. 4 we see that the end effect is al-
most eliminated when using the membrane. We
compare calculations of relative permeabilities at
steady state from run 1 and 2, and also from a sim-
ulation when no membrane is used. The fractional
flow of water is fi = 0.45 in all three simulations.
The average saturation in the y-direction is differ-



ent for the different outlet boundary conditions,
and the total average saturation in the core will
also be different. The relative permeabilities calcu-
lated at steady state are shown in Fig. 7, together
with the true relative permeability curve. Reduc-
ing the core length will increase the influence of the
end effect on the average saturation in the core.

Q run i
o run 2
4 no membranss
k. trus

0.1 . i i
0.42 0.45 048 05

0.52

Figure 7: Calculations of relative permeabilities at
steady state with different outlet boundary condi-
tions, compared to the true relative permeability
curves. “

Discussion

A method to calculate relative permeabilities from
the traveling wave part of the saturation profile
has been presented. In-situ measurements of sat-
urations and phase pressures are needed. To be
able to make good measurements of saturation and
pressure over the traveling wave part of the satura-
tion profile, the traveling wave must be sufficiently
spread out. This can be controlled by lowering the
injection rate. The spread of the profile can be es-
timated from Eq. 11, or from simulation. In either
case, an initial guess of relative permeabilities and
capillary pressure is needed, giving only a rough
estimate of the true saturation profile.

When capillary effects are strong, or when us-
ing short cores, the front of the traveling wave will
reach the end of the core before the whole travel-
ing wave has passed the measurement point. Be-
cause of the end effect, saturation and pressure pro-
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files will be disturbed, and measurements taken af-
ter breakthrough cannot be interpreted. It is also
seen from simulation that it takes a finite (however
small) time for the traveling wave to stabilize, de-
pending on the ratio of viscous to capillary forces.
Measurements should therefore not be taken too
close to the core inlet.

In order to minimize the end effect, the use of a
combined water-wet and oil-wet membrane at the
outlet was studied by simulation. The membrane
allows both phases to flow out of the core, and there
are only minor accumulations of the phases. Best
results were obtained when using a pressure differ-
ence between the water and oil outlets correspond-
ing to the capillary pressure inside the core.

The geometry of the outlet endpiece plays an im-
portant role, as can be seen from figures of the sat-
uration field close to the outlet end of the core.
Water is accumulated at the oil exits, while oil ac-
cumulates at the water exits. From having a uni-
form saturation distribution in a core cross-section
in the center part of the core, the phases are sep-
arated when the saturation front reaches the end
of the core. The saturation averaged in the y-
direction is relatively close to the saturation profile
from 1D calculations, both at transient and steady-
state conditions.

However, the pressure vs. time data show an ex-
tra increase in phase pressures due to the separa-
tion of the phases at the outlet. The effect of the
separation can be minimized by constructing the
membrane of several regions that are alternately
water-wet and oil-wet. However, it might be dif-
ficult to completely eliminate the effect of phase
separation at the outlet. Increased understanding
of the separation process close to the core outlet is
therefore needed. However, to model the separa-
tion, and thereby fully account for the extra pres-
sure build-up might be very difficult. This means
that only measurements performed before break-
through can be interpreted properly to calculate
relative permeabilities for the traveling wave. The
measurements of phase pressures should therefore
be ended when the tip of the traveling wave reaches
the end of the core. The membrane will in this case
only serve to suppress the extent of the end effect.



Conclusion

A method for calculating relative permeabilities
from the traveling wave part of the saturation pro-
file in a displacement experiment has been derived.
In the analysis, capillary pressures are included.
From this analysis, relative permeabilities from dis-
placement experiments can be determined for the
whole saturation range, in contrast to the tradi-
tional JBN method which is not valid at the satu-
ration shock. Using the new method, it is also pos-
sible to perform the experiments at low flow rates
corresponding to realistic reservoir rates. The ex-
perimental data needed are in-situ measurements
of saturation and phase pressure. The equations
for determining the relative permeabilities for each
phase are decoupled, meaning that the determi-
nation of relative permeability of one phase only
depends upon the saturation and pressure of that
Phase.

The traveling wave profile can be distorted by an
end-effect. The consequences of using a combined
water-wel and oil-wet membrane at the core outlet
end to suppress the end-effect have been studied by
21) simulation. The main conclusions are:

¢ The combined membrane allows both phases
to flow out of the core.

e The saturation distribution is non-uniform
close to the membrane. Water accumulates at
the oil outlets, and oil accumulates at the wa-
ter outlets.

¢ The average saturation in a cross section of the
core is close to the saturation from 1D calcula-
tions. At steady state the average saturation
deviates only 1-2 % from a uniform saturation
throughout the core.

o Using a pressure difference between the water
and oil outlets corresponding to the capillary
pressure inside the core reduces the end effect
more than having all outlet pressures equal.

e The phases are separated close to the core
outlet to flow through different regions of the
membrane. The separation of phases leads to
increased flow resistance and increased pres-
sure in the core. Only in-situ pressure mea-
surements taken before breakthrough can be
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interpreted to calculate relative permeabilities
for the traveling wave.

Nomenclature

C = constant of integration, dimensionless
fractional flow, dimensionless
permeability, L?, m?

length of the core, L, m

pressure, m/Lt2, Pa

saturation, dimensionless

time, t, s

Darcy velocity, L/t, m/s

we /u, dimensionless

velocity of traveling wave, L/t, m/s
spatial coordinates, L, in

length of traveling wave, L, m
mobility, L3t/m, m?/Pa-s

fluid viscosity, m/Lt, Pa-s

porosity

traveling wave coordinate, L, mn

=
MAET >™Me B & 8 o -
nn

Subscripts

capillary
dimensionless
horizontal

fluid phase; i =1,2
relative, residual
vertical

i

I

@ 4 e > Tn
Il

Il

Superscripts

+

il

right state of a shock
left state of a shock

I
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