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Abstracl A technique for measurement of waler/oil relative permeabil-
ity by using a combination of unsteady—state flooding and centrifuging
is described. Both oillloods on strongly water—wet and waterfloods on
intermediate wet sandsione samples have been investigated.

The method consists of an unsteady-state flooding to obtain relative
permeability ol boll phases and, therealter, continuing the drainage
process in a centrifuge. Compared 1o the flooding displacement, one will
normally gel a higher differential pressure across the core in a centrifuge
and, thereby, achieve relative permeability values over an extended sat-
uration range for the produced phase.

The results show for both weliability systems that the relative per-
meability values hased on the centriluge technique are in good agreement
with Lhose from the flooding rests, provided that Lhe looding displace-
menl is correctly scaled, [n the case of a strongly water—wel system an
adequale scaling technique is to use the Rapoport & Leas scaling factor.
However, this scaling lactor is nol appropriate for Lhe intermediate wet-
ted syslem. A scaling technique which simply locuses on the differential
pressure across Lhe core plug is proposed. Analysis of Lhe results showed
that by staying above a minimum value of the differential pressure, a
good agreement between the flooding and the centrifuge technique was
achieved.

INTRODUCTION

Two widely used techniques for measuring oil/water relative permeability
are the unsteady—stute and the centrifuge method. In some instances il is
argned that the centrifuge method should be preferred since the unsteady-
state techoique norrually will be influenced by capillary effecls. llowever,
there is scepticism for 1he use of centrifuge Lechnique since the foree applied
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on the core plug in a rolating centrifuge is not representative for the forces
in a reservoir and consequently Lhe resulis may not be reliable. In this study
we wanted o combine these two methods by starting with the unsteady-
state Lechoique and then continue the drainage process in the centrifuge. In
addition o giving an adequale comparison between the two methods this
procedure would also produce relalive permeability data over an extended
saturation range compared Lo the unsteady-state technique alone. The ad-
vantage of finishing the drainage process in the centrifuge is related to its
ability to create a high differential pressure across the core plug. Many of the
interpretation techniques of an unsteady-stale displacement, e.g, the Jones
and Roszelle [5) rechnique, assume that the capillary forces are negligible.
This is believed 1o be fulfilled at and a certain period after breakthrough
provided the experiment is correctly scaled. Towards the conelusion of the
displacement process, however, this assumption will be increasingly incor-
rect and finally there will be a balance belween the capillary and the viscous
forces. Techniques like that of Jones and Roszelle will interpret this as the
relative permeability of the produced phase to be zero, but it might still
have & certain mobility which can be proved by using a higher displacement
rate or as is shown in this study by the use of centrifuging. '

Twa rock-{luid systems have been investigated; primary drainage process
on a strongly waler—wel and waterflood on an intermediale wetted system.
The experiments were in bolh cases performed at ambient conditions,

EXPERIMENTAL PROCEDURES

Berea sandstone was used in the primary drainage experiments. The core
plugs were cleaned by Dean-Stark extraction with Loluene/methancl. The
core material used in the waterfloods was taken from a North Sea sand-
stone reservoir. To avoid inhomogencities the actual preserved sealed cores
were scanned by a X-ray computer tomograph before the final selection was
done. These core plugs were trealed as preserved cores, je. flushed with
synthetic brine, excepl core plug Al which was mildly cleaned, ie. Aushed
wilh approximately 10 pv of toluene and methanol at ambienl conditions.
All the experiments were conducted at ambient conditions, with a fuid sys-
Lemn consisting of refined laboralory oil and 5% NaCl solution in the primary
drainage experimenls and synthelic brine in the walerlloods. Experimental,
core and lluid data are shown in Table 1,
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Table 1 Experimental and Core data
Core | Type of ex-| L [H] © |50 | Kpasell fale L]J.TJ Core Ho | Hw
plug | periment ‘,] cam | €m % mD ml/haur malerial
D33 w4+ C G.49 |3.76 | 225 M 1.92 0.1z Berea 2.48 |0.92
D51 W+ C G637 |3.76 | 21.8 a8s 50.4 1.2 Berea 2,60 |0.97
Dsa W+ C 611 |3.76 | 21.7 3Gl 361.0 8.62 Berea 1.52 | 0.94
Al W4+ C |s92(375|165 | 850 13.7 | 0.12 | Reservoir | 2.66 | 1.02
W+ C B42 115.8 1.06 rock 1
W 862 3518 1233
A2 W 6.47]2.71]18.0 1 1220 21.5 0.21 | Reservoir | 2.66 | 1.03
W+ C 1191 117.0 I.16 rock 1
W+ C 1109 185.4 1.88
Ad Amoll 4,70 |3.73 | 22.8 1730 Renrack 1
Bl W 6.6 |2.741 24.3 | 017 247 12.0 0.12 | Reservoir | 2.66 | 1.03
W 0.17 244 24.0 0.24 rock 2
W 0.7 246 58.0 0.60
w4+ C 0.18 231 100.0 1.04
B2 Amoll 4,85 |2.75) 23.6 214 Renrack 2
Ci W+ C 6291374 2.8 |0.23 115 6.0 0.06 | Rescovoir | 2.66 [ 1.03
W 0.21 100 0.0 0.31 rock 3
W+ O Q.22 103 240.0 2.48
c2 Amoll 4.71 374 ) 4.7 a2 Res.rock 2
1' Pore valume calculaled from S;_, =1- Swi - So,-
1 Primacy deninages Wpgse = f{'5u=] Walerlloods: fpgee = R o S
',] \W: waterflood C: Ceuntriluging

Primary Drainage Experiments

The core plugs were oriented vertically and oil was injected at constant rate
from the top. Afier the unsteady—staie looding the core plug was lelt for
several days to ensure a complete redistribution ol the phases. Finally the

core plug was mounted in a Beckman JGB centrifuge and rotated at 3500
rpm, outer radius of 16.69 cm. As expected this lead in all cases to increased
production which was interpreted by the method of Haggort [7] to give the
relative permeahility of the drained phase.
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Figure 1 Scheme of experimental prograin on reservoir rock

Waterfloods on Intermediate Wetled Caore Plugs

The reservoir core plugs were dralned 1o 5y by centrifuging in an argon
almosphere at a speed ol 3000 rpm belore saturating Lhem with oil. A main
purpose was Lo perform several unsteady-stale displacements with different
water injection rates on the same core and in some selected cases Lhe drainage
process was coutinued in a centrifuge.

This procedure would be valid il the wetlability and the KNo(Sy:) val-
wes did nol chenge duving the program. As can be seen from Figure 1,
tests of reproducibility were performed Lo eheck Lhese assumptions. The
unsteady—stale experiments were perlormed with the cores oriented verli-
cally and water injected [rom the bottom. Qil permeability av irreducible
water saturation, i (S} was measured prior to every waterllood and used
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as the base permeability. When Ule drainage process was continued in the
centrifuge, Lhe rotalion speed was set to 3000 rpm, inner radius 13.15 cm.

RESULTS AND DISCUSSION
Woettabilily

Berea sandstone is known Lo be strongly water—wet and, therefore, no wetla-
bility test was carried out. However, on the preserved cores wettability tests
were performed according Lo Lhe Amott [4] procedure at ambient conditions.
These tests were conducled on core plugs neighbouring those used in the
waterfloods, The resulls are shown in Table 3.

Table 3 Aot wetlability tests on the reserveir rock

Core Ty T WI
plug
Al 0.3 0.14 -0.01

B2 0.9 012 0.07

C2 016 0.14 0.02

The Amolt Lesis show mixed wetlability character, since bolh water and oil
were spontaneously imbibed.

Test of Reproducibility

Two Lests were performed to check reproducibility during the experimental
program outlined in Figure 1. First the base permeability, K,(8,i), was
measured before every waler injection. The second reproducibility test re-
quired that an experiment performed at the begining of a test program was
repeated at Lhe end of the same program, see Figure 1. These tests have
been discussed earlier by 1laugen [G]. The conclusion was that neither the
wettability clharacter nor Lhe base permeabilily altered significantly during
the experimental prograw which included several walerfloods on Lhe same
core.
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Relative Permeability to Water from Primary Drainage Oilflood
combined with Centrifuge Drainage

Figure 2 summarizes the relalive permeability curves, &,,,, from three tests
combining unsteady-state and the centriluge technique. Three main ob-
servations can be made [rom this figure. The data for ,y, from all three
centrifuge experiments fall nearly in the same curve, the data for &, [rom
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Figure 2 Primary drainage on Berea Sandstone.

the unsteady-state experiment DS04, which according to the Rapoport and
Leas criterion [1], Lger > 1~ 3, was correctly scaled, coincide very well with
the centrifuge data. While a considerable discrepancy is observed Lelween
the unsteady-state and Lhe centrifuge data in case of experiments D503 and
D501, none of them correctly scaled. The discrepancy is found to increase
with decreasing value of Lhe scaling factor Luv. Finally, a close look reveals
that the first centrifuge data point follows the last unsicady—state data by
only a few saturation percent. It should also be noted that the first centrifuge
data fell upon Lhe assumed correct k., curve immediately, Lhare is no sign
of any hysteresis effect.
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Relative Permeability to Qil from Waterfloods combined with Cen-
trifuge Drainage

Figure 3 to 6 suinmarize the k-, results from tests on the four reservoir core
plugs. Core plug C1 had the lowest permeability, 107 mD in average. An
excellent agreement with respect 10 k., is found between the two centrifuge
experiments and also between these and the &, data from the unsteady-
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TFigure 3 Results on care plug Cl, average permeability of 107 mD.

state experiment with injection rate 240.0 ml/hour. The intermediate injec-
tion rate, 30 ml/hour, produced k,, dala thal was not or only to a minor
degree allected by capillary effects. An injection rate of 6 ml/hour, however,
gave k,, dala inflluenced by capillary eflecis especially at the end as could
be expectled.

The next core plug, Bl, had an average permeability of 244 mD. The
result from Lhe centrifuge experiment is in excellent agreement with the
cotnbined waterflood experiment with an injection rate of 100 ml/hour. An
injection rate of 58.0 ml/hour probably gave correct data while the two
waterflood experiments with the lowest injeclion rates are observed to be
influenced by capillary effects.
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Two combined experiments were performed on core plug Al and now a clear
discrepancy is observed between Lhe two Lechnigues. The first &, data from
Lhe centrifuge Lechnique are sighificantly higher compared to those obtained
al 1he conclusion of Lhe waterfloods. Even the high—rate experiment at 361.8
ml/hour cannol natch the centrifuge data. The agreement between the two
sets ol centrifuge dala remains good.

T'his discrepancy is even more noticeable in the case of core plug A2, the
onc with the highest average perineability of 1148 mD. All the waterllood
experiments seem to be influenced by capillary eflects, i.e., not to be correcily
scaled. The centrifuge data do again show excellent agreement.

Interpretation

In the case of the prinary drainage experiments a good agreement was found
beltween Lhe unsteady-stale and centrifuge techniques, provided that the
unsteady-state experiment wis correctly scaled and the scaling criterion Lo
Rapoport and Leas, Lpue > 1 - 3, proved to he adequate in this respect.
When il comes 1o walerfloods on inlermediale welted core malerial, the
observed discrepancy is found Lo be a funclion of absolute permeability and
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Table 4

Care !\'O(Sw,-] Rate {AFP .4 Correct
mD mi/hoor{ kPa | kro?

C1 115 G.0 1.8 1o
100 30.0 15.9 yes?
103 240.0 94.5 ye§

Bl 247 12.0 1.1 no
244 24.0 11.0 no
246 58.0 15.9 yos?
231 100.0 24.1 yes

Al 300 13.7 1.4 no
812 115.8 5.5 no
862 361.5 12.4 no

LY 1220 21.5 2.1 no
1191 117.0 1.1 no
1109 185.1 5.5 no

t  JIudged by visual cantrol of I'igures 3 to G

therefore the scaling eriterion Luyv > 1 — 5 will not be uselul. Insicad the
observations suggest rather that focus should be put on diflerential pressure
across the core plug since there is proportionalily between this parameter
and absolute permeability. In Table 4 the diflerential pressure across the
core plugs at the conclusion of the walerfloods are given. Column 5 indicates
whether the experiment was regarded to give correct, &, or in other words,
if the experiment was correctly scaled. This judgment is based on visual
consideration of Figures 3 Lo G, see discussion above,

An experiment will then, according to this approach, be correctly scaled
when AP, > 17 — 21 kPa. This can be achieved by vsing a sufficiently
highly injection rate which for highly permeable cores may be so high that it
is not desiruble for other reasons, c.g., the danger of an unstable displacement
Haugen [6], Peters [3] or a non-representative flow regime, Heaviside et al
[2]. This means that, in such a case and [or a given rock/fluid system, the
anly way Lo scale Lhe experiment correctly will be te increase Lhe core length.
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It should be stressed that these conclusions are primarily relevant when
using interpretation methods that are based on the assumption of negligible
capillary eflects like the Jones and Roszelle technique.

CONCLUSIONS

1. It is demonstrated that by applying the centrifuge technique afler an
unsteady state displacement it is possible to obtain relative permeability
data for Lhe drained phase over an extended saturation range.

2. There is excellenl agreement between the ihe unsteady—state and the
centrifuge relalive permeability data provided that the unsteady-state
experiment is correctly scaled.

3. In the case of a drainage process on a strongly wetted system, the scaling
criterion, Lpv > I — 5, suggested by Rapoport and Leas proved to be
adequate.

4. Ou intermediate wetied core material, a scaling criterion is proposed
which states Lhat the differential pressure across the core at the conclusion
of an unsteady—stale displacement should be higher than a critical value.
This crilical value may depend on the wetiability, but was [ound to be in
Lhe order of 17-21 kPa for the reservoir rock in this study, which according
to the Amott wellability test showed typically mixed wel character.

NOMENCLATURE
D core plug diameler
s =1 water perineability on cleaned core
N buse base permeabilivy

Ky (5¢:)  oil permeability al irreducible waler saluration

ke relative permeabilily Lo water

key relalive permeabilily Lo oil

L core plug length

Ly scaling faclor

AP 4 dilferentiual pressure across the eore at Lhe conclusion of the waterflood

Py pore voluine
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oil displaced by water unbibition

To oil displaced by {waler imbibition + centrifuging)

- _waler displac_ed_ bv‘o'fl _iml)ihilion _
waler displaced by {oil ilmhibition + eenlriluging)

Sy normalized water saturation

Sor residual oil saturalion

Sui irreducible waler saluration

Wi Amott wetlabilily index

L2 porosily

I viscosily
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