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Abstract

Measuements of eedricd condudivity of core sanples as dunction of s&duration
are usualy combined with porous-plate type cepillary pressure neasurements. Other
methods for changing the sduration of the sanple (centrifuge, flooding) have proven
difficult to interpret due to the extreme seditivity of the dedricd measuwements to the
sauraion profile. We popose amethod deived from porous-gdate expetiments for
measuring the resistivity index curve of a sample (Ir) independently of the capill ary pressure
curve (Pc). In esence this method has some similarity with the continuous injedion
technique but differ fundamentaly in the way of measuing resstivity: (i) the radal
resistivity measurement is much less sensitive to non uniform saturation profiles (i) the
entire sample is investigated during the electrical measurement.

We dow expeimentaly that the order of magnitude of the time requred to
measure aantinuous Irversus Sw cwe, vary from afew hoursto afew days depeading
on the permedability of the sample (from 2000 awn to 100mD respetively). The dranage
expeaiments are performed on small sanples (2.5 am long and 4 an in diameter), with a
rada measuement of redstivity and one seni-permeable filter atthe outlet face. The
procedure is similar to aporous-plate type experiment in which diff erent presaure steps are
imposead and the average sauration and regstivity are measued smultaneoudy. However,
capillary equilibrium is not needed and one to three presare steps are successvely
imposed.

The numericd dmulations of the ‘porous pate’ disgdacement proces and the
resistivity measurements confirm that the method is not sensitive to saturation profile in
intermediate to low water saturation. The behaviour at high water saturation is not well
predcted becaus the disgacement is dominated by a perolation process viich cannot be
represented by a nodel based on Darcy’'s laws. Influence of permeability and Pc curve of
the sanple, membrane thickness, stauration exponent n, imposed pessue step are also
gualitatively studied by numerical simulations.

Introduction

Resstivity index measwements on plugs ae necessey to accuately edimate waer
sauration from log daa. Therefore, obtaining afast aad accuate technique for regstivity
index determination has been the objedive of many reseachers in the pasten yeas. Inthe
laboratory, three techniques are mainly involved in this determination, i) a technique for
resstivity measuement near the frequeicy of the logging tool to be cdibrated i) a
tedhnique for de-saturating a sample iii) a technique for measuring the saturation in the
volume invedigated by the regstivity measwement. There ae seeral combinations
possble and a ppular combination is to usemulti-sanple ar-water ‘porous pate’ de-
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sauration tednique, atwo-eledrode resstivity measwement technique ad a smple
cdcuation of averag sduraion by weight difference. This appoadc has poven to be
strongly inaccurde and too dep@dent on the qudity of the manipulation (De Wad et al.,
1991} it is dow and it doesnot takeinto acount possble wetability effed. However, the
cost is low and drainage capill ary presaure curves are obtained. To improve accurag (not
at constant cost) using the same principle, different solutions were found :

* perform measurements separately on individual samples to better control capillary
equilibrium and therefore obtain uniform saturation profiles

* use a 4 electrode technique to avoid overestimation of resistance

* use a ontinuousinjedion techniqueto speed uphe expeliments when only the Ir curve
Is needed (De Waal et al., 1991)

* optimize the duraion of the de-sturaion processby usng micropore membrane and by
decreamg the length of the sanples (Longeron et d., 1995, Fleuly and Longeron,
1996).

However, when the Ir measurement is linked to the determination of capillary pressire

curves, the duration of the experiments is very difficult to decrease.

Other de-sauration tedhniques sud asthe catrifuge ca be séeded and opeated
in asmilar way as inthe multi-sample ‘Porous Plate’ method described above. However,
the use of the cantrifuge has dso been proven to be inaccuate dueto the accmulation of
two important problems related to the saturation profile and contad resistance It is not
recommended by Sprut et al. (1990). Durand and Lenormand (1997) usedhe centrifuge
technique wth rada redstance measuements while spnning in a very different way;
however, the measuements must be crreded atintermedate speeds, ral the wrredion
method is linked to the accuracy in the capillary pressure curve determination.

Due to the Archie rdation between Ir and Sw (Ir=Sw'), measuements ae very
sendtive to sduration, an advantage for logging tools that can also be turned to an
advantagein the laboratory, but atthe expensesof cost. Indeed,one can aso determine the
sauraion profile (eg. duing aflooding) and shorten the expeimental time by usng in situ
local saturation monitoring with multiple electrodes (Jing et al., 1993, Gray et al., 1992).

We propose here to return to smplicity with a new method which does not need
expensive measurements such as in-situ saturation nmonitoring while still being fast and
accurate.

Experimental set-up

General description

The expelimenta sd-up (Figure 1)is mainly composedof a spei@l core holder cdl
in which eedrodes ae implemented aound the sample, a high preasion produdion
measuement system, a 4 éedrode ®mplex impedance meter, a daa acqusition system.



The spe@ core holder is desdbed in the next sedion. The produdion measuement
system is alow cost capaitive based deedor with a predsion of 0.05 cc ad arelution
of 0.01 cc. (for details, see Fleuty et d., 1997). The RLC meter measureshe red and
imagnary pats of the mmplex impedance of the sanple. For dl the experiments preseaited
here, the imagnary pat (related to capative dfeds) was avays nedigible compared to
the red part (regstance) exceptat the highest frequency available (100 kHz). For dl the
expetiments, we scan and reord the wmplex impedance at 4frequencies (01, 1, 10 ad
100 kHz). For the presat work, the resstance R atvarous sauraion, Sw, is deduced
from the red pat of the sgna at 1 kHz ad the regstivity index Ir=R/Ro where the
resistance measured in the cell at 100 % saturation, Ro=R(Sw=1).

N2 buffers '
Oven
RLC meter : Oil vessel
HP 4362/
2900 ; Fluid level
. detector
Coreholder (brine)

Figure 1: Schematic of the epeimenta sd-up. @mplex impedace at seeral
frequencies, fluid level (brine produdion), oil and brine pressure, ral temperdure are
recorded using a data acquisition system. The oven temperature is regulated within 0.2°C.

The CAPRIWET cell

The cdl used can measure smultaneoudy capillary pressure and resistivity index
curves. It cumulates two designs :

* arada resstivity measuement system composedof 6 dedrodeslocaed around the
sanple (Figure 2). This desgn has been validaed etensively in Fleury and Longeron
(1996). The 6 dedrodes aranoldedinto the deeve and aremadeof monel. They are
conneded to a 4-éedrode type impedace meter (Figure 1), viere two pars are
conneded together (C- and C+, Figure 2). The dedrodes are squarehaped vith a
height of 10 mm to minimize $ort-cut dfect occuing at the faces of the sanple, as
discussedn Fleuty and Longemn (1996). The extension of the dedrodes aound the
sanple is not exceedng 90 for a par of current dedrodes. h addtion, the high radal
confining pressurg60 Bar) provides agood dedricd contact between the dedrodes
and the sanple. Hence,in normal conditions, mntactredstance ae usudy of the sane

order of magnitude asthe regstance of the sample to be measwed atlow water
saturation.



a cell with a U-shaped confining deeve where membranes or ceramics can be inserted
between the end-pieces and the sample (Figure 2). In the method presented here, we do
not measure the capillary properties although the cell has such a capability (see Fleury et
a., 1997). However, semi-permeable filters are still necessary to provide a particular
saturation profile in the core sample, as described below. An advantage of semi-
permeable filters is adso that the average saturation is easily determined and is weakly
dependent on the dead volumes of the end-pieces. This is of importance because the
sample is small (40 mm in diameter and 25 mm in length) and pore volumes are of the
order of 10 cc only.
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Grid and
Oil-wet
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Water-wet
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P >
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Figure 2: Schematic of the cell used. The size of the sample is 40 mm in diameter and 25
mm in length. A confining pressure of 60 Bar is applied. The six electrodes are molded
into the sleeve. The cell is connected to a high precision volume detection system and to
an impedance meter. Thick ceramics can also be mounted using different end-pieces.

The cell can be equipped with different types of semi-permesable filters (membranes
and porous ceramics) and the use of membranes is not essential in the method presented
here, as explained later. For determining the Ir curve in drainage, it is necessary to have a
water-wet filter on the water side and for usual samples, a high entry pressure is not
necessary. Indeed, the Ir curves is mainly determined by the variation of saturation in the
plateau region of the capillary pressure curve and the variation of saturation in its
asymptotic part does not provide much additiona information. There are however some
particular cases where the saturation exponent may increase at low water saturation due to
oil wetting tendency or to complex porous structure (e.g. Herrick and Kennedy, 1996).



Experim ental results

Experimental procedure

The expeaiments peformed ae oil-water pressue imposed dsgdacanent processes
which are very smple to operate. However, the repaation of the sanple mustbe caefully
execued and is a key for successl expeliments when membranes are used. nipaticular,
the faces of the sample mustbe asflat and paalel as pssble and prepaed with aturning
madhine. Once the fully saturated sample is nstalled in the cdl and al the tubes and end-
pieces sturaed with oil or brine, amembrane leaktestis performed during 12 hours at 4
Bar and the temperatuiestabilizel during 12 hours.

The wder pressures maintained ®nstant at dout 2 Bar &ad the oil pressures
increased upo the desred value (déining a pressuretsp dewoted Ps). We correct the
sauraion daa for the small deadvolume (about 0.1 cc)of the giid between the end piece
and the sample on the oil Sde. We dso @rrect the resstance of the sample at 100%
sauration becausethere is a snal variation of regstance when the oil is injeded at the
upperfaceof the sanple. These precdions avoid any shift of the Ir curve near the origin
(Sw=1, Ir=1).

Results

We show two membranes experiments performed with two samples of very diff erent
permedbili ties (a V osges sandstone of 80 mD and a synthetic core of 2400mD). The fluids
useal are brine (20gl NaQ) and Soltrol 130. For the first sanple, three pressuretaps were
successyely imposad (Ps=100, 200 ra 500mBar) but equli brium was only obtained at
the first 4ep, asndicaed by the produdion cuive (Figure 3, upper p®&l). For thistype of
sample, the caoill ary presaure of the plateau region is lbocaed around 100 mBar. When the
resstivity index is dottedversusthe average sauraion (Figure 3, lower panel), we obsewve
that the continuous cuwe obtained is dosdy fitted by an Archie type rdation over the
whole saturation range covered. Nea Sw= 0.45, the fad that cagoillary equilibrium is
readed has no effecton the Ir curve. The locd deviation from a pwer law ae best seen
when the locd dope n=-In(Ir)/In(<Sw>) is plotted & a function of saturaion (Figure 3,
midde pandl) : nis dightly overesimatedin the range 0.6-0.9 where the produdion is very
fast.
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Figure 3: A continuous resistivity index curve for a sandstone (K = 80 D) is determined
in about 42 hours. Three pressuretaps were succassly imposed (100, 200 and 500
mB), asindicated by the breaksin the piodudion curve (upper pael). The locd dopenis
defined by -log(Ir)/log(Sw) (middie panel). The resistivity index curve (lower panel) is best
fitted by n=2.05.

In the seond example (Figure 4), the duraion of the expeliment is much shorter (2
hours) due to the high permeability of the sample. We aso applied only one step of
pressure (Ps=450Bar), comparedto the first case, Ps much higher than the pressureof
the plateau regon (around 30 mBar). Again, the Ir cuve is wdl descibedby a pwer law
over the whole sauraion rangefrom Sw=1 dwnto 0.18 (Figure 4,lower panel). The plot
of thelocd dope (Figure 4,midde panel) indicae an underesimation of nin the high water
saturation region (Sw=0.6 to 1).

The expeimental resuts indicate that the regstivity index measwements can be
performed in a very short time, from hours upto tens of hours depading on the
permeadility of the sample, without the need for capillary equilibrium. Ir curve are
determined with a high predsion and are suprisingly insengitive to the sauration profiles
in most of the sauration range. A strong sngle pessue dep yield more deviation than 2
or 3 steps at high water saturation but still provide a good accuracy at low water saturation.
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Figure 4: Sane asFigure 3but for a g/nthetic porous medum (2400 mD). The duraion
of the experiment is reducel to about 2 hours. A dngle pressuretsp of 450 mD was
apdied and the breakin the piodudion cuive (upper padl) is dueto a déa acqusition
problem with no effect on the Ir curve. The resistivity index curve is best fitted by n=2.08.

Interpretation

We performed numericd simulations to understand the virtual insensitivity of the
resstivity measwements to non-uniform sduration profiles. There ae two types of
simulations :

* one dimensona numericd smulations of ‘Porous Rate’ disgacement processesto
cdculate the saturation profile for a given set of cegillary pressure and relative
permedbility curves. The smulator used was developed spedficdly for ‘Porous-Plate
type epetiiments and has been used by Lenormand and Delagace (1996) to
demonstrate that relative permeability curves are poorly determined when using ‘ Porous-
Plate’ production data,

e three dmensional smulations of the dedricd field to reproduce the variation of
resstance between different profiles. Basedn the analogy between eledric field at low
frequency and incompressble monophasic flow, we used a reservoir simulator (SARIP)
in the same way asin Fleuty and Longeron (1996)to cdculate resstivity index. Current
eledrodes are repressted by 4 wdls with the adequiee number of peirforations working
at an imposed pressureifflierence (2 poducers ad 2 injedors) and their geometry is as
close as psshle to the expelimental dtuaion (Figure 2). h addtion, the high



condudivity at the lower faceof the sanple dueto the waer-wet membrane, axd the
small condudivity of the upperfaceof the sanple dueto the presace of ail (or the oil-
wet membrane) is aso reproduced by high and small permeabilities respedively. The
total number of cells used is 20x20x40 respectively in the x-y-z directions.

For the smulations presated in Figure 5, the following oundary conditions or
parameters were imposed:

* asample permeabyitof 100 mD

e acagillary presaure taken from other measurements on companion plugs (Figure 5, right
panel)

e an arbitrary set of relative permeability curves of the Corey type with both oil and water
exponent equal to 3, and Kro(Swirr)=0.8

* a water wet membrane located at z=2.5 cm (Fi§udé thickness 0.1 mm and

e permeability 0.1 mD (typical values taken from tests)

* oil is injected at z=0 at three different pressures (165, 1000 and 2000 mBar)
* a saturation exponent n=2.
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Figure 5: Simulations of the piodudion curve (eft upper pael), sduraion profiles (eft
middle panel) and sauration exponent n usng dfferet modds (eft lower pael) during a
‘Porous Rate’ disdacement. For the left lower pael, cross:ns modd in seies,circle: np
model in paralel, squares. n3D from 3D simulations. The right panel indicate the capill ary
pressure cwe usedin the smulations. Al is injeded at z=0, a water wet membrane is
present at z=2.5 cm.

For a given saturation profile (numbered 1 to 13), three saturation exponents

n=-In(R/Ro)/In(<Sw(z)>) are calculated :

* np(modd in padld): eat point of the sauration profile Sw(z) is a regstance with a
value Rz) = SwWz)"; the average redstance in paald is R = B = 1/<1/R2)> =
<Sw(z)' > ; this model should describe the measurements using radial electrodes



« ns(modd in seiey: the averageresstance in segiesis R=Rs=<Rz)> = 1/<Sw(z)" >;
this model should describe measurements from face to face.

* n3D (3D adogue reervoir modd) : the resistivity index Ir=Qo/Q where Qois the
reference flow rate cdculated for a wniform sauraion Sw=1. Qis cdculated for a
permeability profile K(zF Sw(z)' .

When analyzing the sauraion profiles §igure 5), two domains should be
distinguished :

e a domain at high water sauraion (roughly in our case Sw=0J upto 1) where the
simulations indicae that the oil has not readed the membrane. This domain is more
dominated by a permlation proces which cannot be repoduced vith a smulator based
on Darcy’s law.

» adomain atintermedate and low water saurdion (Sw<Q7) wherethe oil sauration can
be larger at the outlet exd (membrane sde, z=25 am) than at the inlet z=0 (e.g.
saturation profile 12). This effed is due to the low presaure drop of the membrane
alowing afast desduration nearthe outletand is dso depadent on the doice of Kr
curves.

From the simulations, we conclude that:

e by comparing rs, npand 8D (Figure 5), aresstivity measuement desgn sensitive to
the paralel mode is much lessinfluencedby non-uniform sauration profiles. Becausef
the rada eedrode g@metry, thisis essatialy the casen our measuements. The 3D
cdculations indicae the sane trends: n3D is very close to the input value n=2 for
Sw<0.8.

it isimportant to measue the regstance of the aitire sanple; indeed,for alarge number
of profiles, ns and np are ¢ose because 1/<Sw(z)"> or <Sw(z)"> ae not very
different from Sw(z)". Therdore, usuh overesimation of n (Lyle, 1989) a& not
observed.

e at high water sauration (Sw>08), the smulations indicae amuch greder sesitivity to
sauraion profiles:n3D is decredsg from 2 down to 1 (Figure5) far from the parallel
modd and in contradction with measurenents. There aretwo explanations: i) the
eledricd field is severdy modified by the sauration profile and the pardel modd cannot
be apfliedii) the smulations donot reproduce the permlation proces occuriing at high
Sw and fingeling feaures are more represetative of the three dmensiona oil
distribution in the porous medum; therefore, the cdculated sauraion profiles ae not
relevant.

Effect of i mportant parameters
When non equilibrium measurements are performed, the results are potentially affected by:

* the n value: when n is doserto 1 (clay rich sample, complex porous structure), the
parallel mode compensates even nore for non uniform saturation profiles; at the limit
n=1, np=n for any profile. When n is ncreasing above 2 (oil wettability effed), the small
effect of non uniform saturation profiles will be amplified,



* the choice of the pressue geps:basedon numericd smulations and experiments (not
shown), it appeas that two presaure steps should be an optimum to minimize the
duraion of the expeliments while keepng suficient accurag. When usng membranes,
the first pressue step ca be dosen so that the sauration that would be obtained at
equilibrium lie in the plateau region; such a presaure can be deduced from mercury
injedion measwements. A continuousincreaseof pressuie geps does not provide more
accurag in less time.

e K and Kr vaues. these parameters will influence esentialy the duration of the
experiment and to a smaler extent the saturation profiles. However, the usual link
between capillary presaure and permeaility yields aduration roughly proportional to K
Y2 "when pressure steps are scaled to capillary pressure.

* the wettability of the sample: there isno particular effea related to wettability. In the
case of spontaneous drainage (strong oil wettability), the pressure steps should be
decreased to avoid strong non uniform profiles
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Figure 6 : same as in Figure 5but using a ceramic filter of thickness 2 mm msteal of a
membrane. A single pressuretepis apflied at 50 mBar. In these conditions, the duraion
of the experiments is similar without loss of accuracy.

* the thicknessof semi-pamedle filter: adud membrane pesswe breakhroughs ae
limited compared to porous ceramic and therefore, it is of interest to test the effed of
thick ceramics. With a smilar breathrough pressire, ceramics will increase
considerably the experimental time mmpared to membrane for the sane pessue gep.



However, Ps ca beincreasedo compensée for the larger pressue drop of the ceramic.
This is shown in Figure 6 where the smulations predict that neither the duration nor the
accuray of the expeliment will be altered under these conditions. Indeed, np is close to
the input value of 2 in asimilar way than in Figure 5. Note that the larger pressure dp
of the ceramic modifies the $ape of the sduration profile to a more wiform one
(expected smoothing effect).

Conclusions

A new method (FRIM) for measuring resistivity index curves in drainage is
presated. It requres a speca cdl with a radal dedrode implementation and the
measuements of the arerage resstance and sduration of the sanple. We dow
experimentally and numerically the following aspects:

- acontinuous resstivity index curve in drainage ca be measued accuately in a dort time
(about 2 days for atypicd 100mD sandgone). Thisislessthan the typicd durdion in the
continuous injection technique (15 days) or other methods,

- the method is not linked to capillary pressure equilibrium,

- desyite the fact that non uniform sauration profiles are prese during the measurenents,
their impad is negligible. This is due to a combination of i) the radiad resstivity
measurement tedhnique ii) the presence of semi-permeddle filters at the outlet end, iii) the
fact that the ettire sanple volume is invedigaed by the eledricd measwements (this is
verified when the sample diameter is larger than the length).

Future work will focus on the resistivity index curve during imbibition and the study
of the effed of frequency. For imbibition, preliminary tests indicae that the Ir curve can be
obtained by imposing a single pressure step down to negative Pc value in similar
experimental time than in drainage.
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Nomenclature

Ir resistivity index R/Ro

n local saturation exponent such as I'=S

np saturation exponent np=In(Ir)/In(<Sw(z)>) where Ir=Rp/Ro

ns saturation exponent ns=In(Ir)/In(<Sw(z)>) where Ir=Rs/Ro

n3D saturation exponent calculated with 3D electrical field simulations
Q, Qo flow rate, référence flow rate

Ps pressure step, imposed pressure difference between oil and brine
Rp  average resistance in parallel, Rp=1/<1/R(2)><Sw(z} >

Rs  average resistance in series, Rs=<R(@)% /<Sw(z)' >

Sw local water saturation, function of z
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