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Abstract. In a drainage experiment the water satu-
ration is measured with a nuclear tracer method as
a continuous function of time in two points on the
core. The differential water pressure with respect
to the outlet is measured at the same two points. It
is shown how the pressure gradient can be derived
with great accuracy, and how this result can be used
to find the relative permeabilities as functions of
the saturations by an explicit use of Darcy’s equa-
tion. The relative permeabilities are also derived
by an implicit method where a simulator is used to
find relative permeabilities which give optimal fit
to the experimental data.

INTRODUCTION

The relative permeabilities are important parameters
in the theory of multiphase flow in porous media. Sev-
eral methods have been introduced to determine the pa-
rameters experimentally, but a satisfactory method is
still not developed. The JBN - method (Johnson et al.,
1959) is correct, except for the exclution of the cap-
illary pressure, but since the detailed knowledge of
the saturation distribution and the pressure in the
fluids is not used, one is neglecting information that
is important for the full understanding of the flow.
The steady state method is mixing drainage and imbibi-
tionand is therefore not a sound method, though the re-
sults may still be very useful. Several attempts have
been made to determine the relative permeabilities in
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two phase flow where the saturation distribution has
been used(Islam et al.,1986;Chardaire ef al.,1989).

Amajor difficulty in the different approaches has
been the measurement of the pressure gradient, which
has usually been taken as the pressure difference be-
tween two points on the core divided by the distance.
This is a very bad approximation for the pressure gra-
dient, which can been seen quite easily from pressure
calculations in a simulator (Kvanvik,1989). The pres-
sure is varying very rapidly around the front and care-
ful measurement of the gradient is necessary to yield
acceptable results. The relative permeabilities are
of course inversely proportional to the pressure gra-
dient and the errors will consequently be transferred
to these.

In the present paper we will determine the two phase
relative permeabilities from a drainage experiment.
The saturation distribution in the core is measured,
and we will show how the pressure gradient of the wet-
ting phase may easily be determined to a very high de-
gree of accuracy. From the saturationdistribution the
fractional flow of the two phases may be found. The
Darcy’s equation is then used to find the relative per-
meabilities. Thismethod iscalled anexplicit method.

We will also determine the relative permeabilities
from an implicit method. Here, we assume the relative
permeabilities to be known in a few points. These val-
ues are used to determine the relative permeabilities
as continuous functions of the saturation by a poly-
nomial interpolation. The two phase flow may now be
simulated and the results may be compared to the exper-
iments. The chosenvalues for the relative permeabili-
ties are then varied until maximum overlap between ex-
periment and simulation is achieved.

THE EXPERIMENT

At the flowrigat the University of Bergen one nay study
multiphase flow in long porous samples at reservoir
conditions (Lien et al.,1988). The fluids are marked
with radiocactive tracers which may be detected from
the outside of the core vessel by a germanium detec-
tor. In the present experiment laboratory conditions
are used and only one phase, the waterphase, is marked.
As tracer radioactive 22Na is used. The positron emis-
sion to %2Ne gives a gamma ray of 0.5 MeV by annihila-
tion. This is energetic enough to penetrate the rock
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and the steel vessel around the core and soft enough so
that the lead collimator functions properly. By moving
the detector one can scan over the core, and the water
saturation can be found as a function of position and
time. The experimental set up is shown schematically
in Figure 1.
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FIGURE 1. Schematic illustration of the flow-rig

and connected equipment.

The statistical error of the measurement is propor-
tional to the inverse of the square root of the number
of disintegrations and will therefore be reduced with
a long counting time. However, the slit inthe collima-
tor is 4 mm, and the counting time should therefore be
shorter than the time it takes for the fluids to move
this distance. Otherwise the image will be smeared
out. We have found 2 min. to be a good compromise with
an injection rate of 0.4 cm?. The count corresponds to
the water saturation of a 4 mm thick slice of the core.
Scanning over the whole core wastes time by scanning
areas which are unaffected by the front motion. An al-
ternative would be to try to follow the front, but this
proves to be difficult. Experience has taught us that
the most efficient counting is to count in two points
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separated by a finite small length. We therefore mea-
sure the water saturation at two points A and B, 31.1cm
and 41.2 cm from the inlet, as a function of time. At
the same two points we also measure the wetting phase
pressure as a function of time. The pressure is also
measured at the inlet. All pressures are measured as
differential pressures with respect to the outlet.

Before the experiment the core is imbibed, drained,
and imbibed again in order to study the residual sat-
urations in the core under different conditions. The
residual water saturation and the corresponding rel-
ative permeability for the oil phase prove to be very
dependent on the injection rate. The results are shown
in Figure 2.
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FIGURE 2. Maximum oil saturation and the corre-
sponding relative permeability for oil at different
injection rates, Q.

The chosen injection rate, 0.4 cmd, gives a resid-
ual water saturationsS, ;,=0.3. This is not the minimum
water saturation one can reach, but this is the final
water saturation with the chosen injection rate. No
efforts have been made to determine the relative per-
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meability for oil at a lower water saturation in this

drainage experiment. Table 1 shows the basic parame-
ters of the experiment.

TABLE 1 Basic data.

Core material: Clashack sandstone
Core length: 77.8 cm

Core diameter: 5.16 cm
Transducer position: 0, 31.1,41.2 cm
Permeability: 0.952 Darcy
Porosity: 0.183
Viscosity oil: 1.31 cp
Viscosity water: 1.07 cp
Maximum water saturation: 0.65

Minimum water saturation: 0.30
Injection rate: 0.4 c1113/111in

The experimental data are shown in Figures 3 - 5.
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In Figure 3 the experimental water saturation in
point Aand B is drawn together with a smoothed curve de-
termined by a spline fit. The spline fit is constructed
by third order polynomials through some chosen spline
knots. By a least square fit one may optimize the con-
struction, but as no criteria may be given for the sat-
uration profile, the fit is eventually based upon eye-
sight. The curve and the two first derivatives are
continuous. The initial water saturation Su mer €quals
0.65 and the final water saturation Sw.min €dquals 0.30.
From the data we find that the time for a certain value
of the water saturation to move from A to B is constant
for all 0.33 < S, < 0.63. For values closer to the end-
point saturations the experiment can not decide. We
will use a constant average saturation velocity vg =
0.0067 cm/sec throughout.

The measured pressures in the three transducers, Ty
at the inlet, T, and Tp at points A and B, are presented
in Figure 4.
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transducers at the inlet and at points A and B.
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We note that the pressure drop per unit time in the
three transducers eventually reaches a final common
value. The rate of change of the pressure in Ty is just
the difference between the pressure drop over a length
V. with watersaturation S, .., at the inlet minus the
pressure drop over a length v, with watersaturation
Swmaz @t the outlet, where v,, and vy are the front ve-
locities of the minimum and the maximum watersatura-
tion. When the front has passed the other transducers
theywill register the same rate. Thus asymptotically:

APl AP, APp dPs 9P

Suman Sw,AMax 1

dx + Vi Jx

= = —Unp

At T AL At

In transducer Tz we see that the pressure is con-
stant until the front reaches point B when it rises to
a maximumuntil it again falls until the rate of change
has reached the asymptotic value.
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at point B. The scale is blown up to show the variation
in the pressure when the front passes.
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In Figure 5 the pressure in transducer Tz is shown
in a blown up scale. The transducer T, shows similar
behavior, but due to some inhomogeneities in the core
the measurements here do not correspond to the expected
results from an assumed homogeneous core.

The saturation and the pressure measurements rep-
resent the experimental data for the analysis.

EXPLICIT METHOD

The basic equatiocn of motion for the problem is the
Darcy’s equation.

k Ky _aﬂ 9
pi Oz

u; =

The quantities we want tocalculateare therelative
permeabilities. Unknown quantities in the equation
are the fractional flow rates and the pressure gradi-
ents. The fractional flow rates are trivial to find
when the saturation is known as function of time at the
two neighbouring points A and B. The same oil satura-
tion is measured inpoint x and x+A x at times t and t+At.
Thus:

So(z + Az, t + At) = Sy(2,1) 3
or.:
AS, = S,(z + Az, t + At) — So(z,1) =0 4
but:
95, S,
ds, = oz dz + —aT(lt 5

and to first order:

s, a8,
AS, = o Az + T

Combining equations 4 and 6 we find:

At 6

as, __8SO_A_£__650
8t~ dz At ax”

(S.) 7

From the equation of continuity we then find:
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L Bu, L s, L 35,
/z 32 dz = - | d:::—<1>/r v(So)a—zd:c—

— Uape P(So(2,t) — So(L, 1)) = uo(L,t) — uo(z, ) 8

The main approximation is to introduce an average
velocity for the front. From previous analyses, where
we have compared integration over the saturation, we
know that the approximation is good.

Amajor difficulty in the determination of the rel-
ative permeabilities is the measurement of the pres-
sure gradient. By measuring the pressure and the sat-
uration in two points A and B a distance Ax= 10.1 cm
apart, we know the pressures for equal saturation in
the two points. This corresponds to the two times t;=t
and to=t+At.

AP, = P3(z+Az,t+At) — P3(z,t) 9

AP, is determined experimentally for all times and
all saturations.

opP oP

To first order we may write:

opP opP
AP = EA:!?—*— WAt 11

Combining equations 9,10, and 11, we find:

P,  P3(z+Az,t+At) — PS(z,1) _ 0P At
8z Az ot Az

where all quanteties on the right side are known. i

If the front is approximately stationary, then the
only difference in the physical situation for the two
fronts is a column of water of length Az =v;, ,, At at the
outlet. Thus the pressure difference for two points
with equal saturation is the pressure drop over this
water column. Thus:

13

AP, = PS5(z+Az,t+At) — Pf(z,t):—% Az 9
rSwrm

giving an alternative expression:
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8P, Uy JP At

br k kr Suar ot Az 14
where At is the time it takes for the water saturation s,
tomove fromtransducer A toB. This way of measuring the
pressure gradient is tested against several simulated
experiments and has proved to be very accurate even for
very rapidly changing pressures. For the oil phase the
capillary pressure must be included. We have measured
this before the experiment as function of water satu-
ration and the gradient of the capillary pressure may
therefore easily be added to the water pressure gradi-
ent. All quantities in the Darcy’s equation needed for
the evaluation of the relative permeabilities are then
known.
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FIGURE 6. The 0il and water relative permeabili-
ties as calculated with the explicit method.

Figure 6 shows the resulting curves. There is one
serious problem in the measurements. The response in
the transducers when the front reaches the transduc-
ers is immediate, but the rise in the pressure and the
fall as the front passes is delayed. This is a feature
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which is encountered also elsewhere, the response of a
pressure change is translated slowly. We have changed
the time scale of the pressure measurements so that the
asymptotic value for the pressure drop coincides with
maximum oil saturation. If this is not done the cross-
ing point of the o0il and water relative permeability
will be lowered and moved towards higher oil satura-
tion.

IMPLICIT METHOD

In the explicit method the relative permeabilities are
found directly from Darcy’s equation. They are pro-
portional to the inverse of the pressure gradient and
proportional to the fractional flow. All uncertain-
ties in the measurements are directly transferred. In
the implicit method we use a simulator to simulate the
experiment. The simulator used is developed by Guo
(Guo,1988) .The relative permeabilities are input data
that may be varied to give an optimal overlap between
calculated results and experimental data. Tradition-
ally the comparison between simulator and experiment
has been restricted to effluent data(Archer and Wong,
1988 ,Watson et al.,1986) . More recently saturationdis-
tribution has been included, which gives a much better
comparison(Chardaire et «l.,1989). However, the sat-
uration distribution is mainly sensitive to the end
point relative permeabilities. Of course, this means
that the reservoir flow is also mostly dependent on
these. When three phase flow is to be studied, however,
it will be necessary to know the relative permeabili-
ties also for intermediate saturations. Fortunately
the pressure gradient is sensitive to these. When the
front passes the transducer the pressure gradient will
show a maximum for minimum combined mobility of the
phases. This is shown clearly if we add the Darcy’s
equations for the two phases:

kyw OPy | ky o 0P,
= Yu; = —k(—— : 1

“ “ (/Lw Oz + o 89:) b

In regions where the capillary pressure may be ne-

glected, small S,, this becomes:
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kr,w + kr,o)an
Iy to = Oz

16

In the optimalization procedure some values of the
relative permeabilities are chosen as initial input
data. From the requirements that the relative per-
meability curves and the derivatives must be contin-
uous the whole curve is found by piecewise to inter-
polate with a third order polynomial, a spline pro-
cedure (Nordtvedt,1989). The simulator calculate the
saturation distribution, the pressures, and the pres-
sure gradients. These Values are compared with the ex-
perimental data through a chi-square procedure, and
the initial values for the relative permeabilities are
changed tominimize the chi-square values.

LEGEND

—— Case 1

©c o o o
- RN
o o v &

Relative Permeability
o
)

0.05

e Ly o bersr b s bl b

0.00 IIl)|lll\]!l[1]lrl||-;I‘I‘I\\|I_\lll]llrl
0.30 035 0.40 045 050 055 060 0.65

Wetting Phase Saturation

FIGURE 7. Three different oil and water relative
permeability cuxves used for testing the sen51t1v1ty
of the optimalization with respect to pressure varia-
tions.

The procedure is inprinciple straight forward, but
great care must be taken when the least square method
is used, otherwise one may find that the optimaliza-
tion is only sensitive to data that are dependent on
trivial information as flow rates and absolute perme-
abilities. For example,in a piston like displacement
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the arrival time of the front to the measuring point is
given by trivial data and can be calculated. If this
does not coincide with the measurements, this must be
due to inhomogeneities in the core, and corrections
should be made.

The end point relative permeabilities are measured
before and after the experiment and these are there-
fore kept fixed. If we concentrate the optimalization
routine on the shape of the saturation distribution we
find a strong dependence on the values of the perme-
abilities near the end point values. This is fortunate
since this is where the explicit method is most uncer-
tain.
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and pressure with the three different relative perme-
abilities.

If the optimalization routine is concentrated on
the pressures and their gradients, we find the method
tobe sensitive to the intermediate regionwith low to-
tal mobility. This is a region which is very little
studied and where studies of the saturation distribu-
tion can not give the answer.

In figure 7 we show three sets of relative perme-
ability curves that are used in the simulator to test
the sensitivity of the pressures. The end point per-
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meabilities and the variation near the end points are
kept fixed.In figure 8 the resulting water saturation
in point A and B, and the differential pressure in the
same two points are shown as function of time. We see
clearly how sensitiv the pressure inpoint Bis tovari-
ations in the lowest total mobility.

Finally figure 9 shows the relative permeability
obtained with the explicit method together with the
best fit from the implicit method.
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FIGURE 9. Comparison of the relative permeabil-
ities calculated with the explicit and the implicit
methods.

CONCLUSIONS

In this work we have studied the two phase relative per-
meabilities using an explicit and an implicit method.

In the explicit method the relative permeabilities
are found directly from Darcy’s law. This method is
dependent on good measurements of the pressure gra-
dients, and special care has been taken to determine
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these. A simple and efficient method has been devel-
oped to measure the pressure gradients to a high degree
of accuracy. It is noticed, however, that the response
in the pressure measurements are delayed, an experi-
mental fact that one must overcome in order to trust
the method fully. The capillary pressure is included,
but as no additional information is given by this, we
have not discussed the capillary pressure explicitly.

Inthe implicit method the comparisonbetweena sim-
ulator and the experiment is used to find the relative
permeabilities through an optimalization procedure.
The simulator is not built for this method and the anal-
ysis is therefore time consuming. We have consequently
concentrated the work on finding the regions of sen-
sitivity for the relative permeabilities. The method
proves to be very good. The optimalization procedure,
when carefullyused, is sensitivetodifferent areas of
interest, and can be focused on problems of interest.
More work is now done on building out the simulator and
the optimalization routine.

The methods we have used are developed for long
cores where the pressures may be studied before break-
through at the outlet. We are convinced that also
for shorter cores, pressure data will prove to be of
greater importance for studies of multiphase flow in
porous media.
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