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ABSTRACT

In this paper, an improvement of the centrifuge method is presented. It consists of continuous determination
of the local saturation, at three locations along a core, while centrifuging.

Usually, the centrifuge method only leads to a measure of fluid production, (i.c. average saturation) in a core at
different rotation velocities. Then, the data are used to compute capillary pressure curves. But this transformation
requires physical assumptions and mathematical procedures, which can generate large crrors.

Our approach consists in (i) recording transit times of ultrasonic waves through three parts along the core,
during the rotation, and, (ii) deducing local saturation by a spccific and simple calibration. For oil-brine drainage in
Vosges sandstone samples, the correspondence betwecen transit times and saturation has been checked against CT
Scanner analysis and imaging.

Using this approach, direct determinations (i.c. without any mathematical treatment) of capillary pressure
curves arc presented. These curves are in agreement with those obtained by the standard centrifuge method and by
mercury injection. They are more accurate (higher number of measurements, Pc, S) or can be obtaincd more rapidly (for
the same number of measurements) .

The main assumptions for the centrifuge method arc cvaluated. It is found that their failure is possible more
often than usually reported.

To conclude our method lcads to reliable local saturation measurements which are very uscful for capillary

pressure curve determination and for physical investigation of the centrifuge method as well.
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The centrifuge method is a powerful tool for the determination of capillary pressure and relative permeabilitics
versus the local saturation of fluids in core samples (Hassler and Brunner, 1945 ; Slobod ct al., 1951 ; Hagoort, 1980;
Firoozabadi et al., 1988, 1986). However this technique usually involves the measurecment of the total fluid recovery
only, leading to an average, and not local, saturation in the samplc. The determination of the local saturation during
centrifuging is thus rclated to a mathematical problem of inversion, itself related to assumptions on the local fluid
distribution in the sample.

The mathematical problem, i.e., how to calculate the saturation profile or the capillary pressure curve from the
production curve, has been extensively studied using simple, but approximate, analytical solutions or exact solutions
usually related to complex and long numerical treatments (Hoffman, 1963 ; van Domsclaar, 1964 ; Bentsen and Anli,
1977 : Meclrose, 1986 ; Rajan, 1986 ; Nortvedt and Kolltveit, 1988 ; Skuse ct al, 1988 ; Ruth and Wong, 1988, 1990;
Ayappa et al., 1989 ; Glotin et al., 1990 ; King et al., 1990 ; Hermansen et al., 1991 ; Jaimes, 1991). Forbes
addressed this problem and proposed a new accurate, rapid and simple solution (Forbes, 1991).

The most important physical hypotheses concern the outflow boundary condition, continuity of fluid
pathways, hydraulic equilibrium and absence of cavitation (O'Meara et al., 1988 ; Hirasaki et al., 1988) . Following
Hassler and Brunner (1945), these assessments arc used 1o cvaluate the capillary pressure (Pc) along the core as a
function of the rotation velocity. The boundary condition, i.c. 100% of wetting fluid saturation at the outlet core face,
leads to Pc=0 at the outlet face (Fig. 1). The fluid continuity and hydraulic equilibrium give the pressure gradient in

each phase, dP/dr =p 02 r, where p is the phase density and () the rotation velocity. Intcgrating in each phasc along

the radius r and subtracting the pressure of the non wetting phase to the pressure of the wetting phase : Pc=

(pweuing'p;()n—wctting) 2 (r2 ot

max2 ), at distance r from the centriluge axe. Finally, this expression is used to

calculate the capillary pressure curve from the cumulative {luid production.

The validity of both mathematical and physical assumptions can be investigated with the measurement of the
saturation profile in the sample. This has been done by freezing one of the fluids while centrifuging and then
measuring the saturation profile (O'Meara et al., 1988 ; Baardsen et al., 1989). Another method consists in using a
colored epoxy resin as the wetting fluid, in solidifying the cpoxy while centrifuging and finally in imaging and
quantifying the fluid distribution from thin sections of the solidificd sample (Wunderlich, 1985). Such methods lead to

local saturation mecasurements but are time consuming and cannot be used with standard {luids.
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A powerful improvement, which will preserve the quickness of the centrifuge method, is the measurement of
the saturation profile during the centrifugation. Such an improvement has been proposed by Vinegar ct al., 1987, based
on an apparatus of X-ray imaging during centrifugation. However we do not know any published result from this
technique. For the same purpose, we adapted an original, non time consuming technique, based on ultrasonic waves.
Using this technique, we obtained local saturation values while centrifuging and used these values to calculate the
capillary pressure curves and discuss the physical problems.

In a first part, we present (i) the experimental device, (i) the study of ultrasonic signal variations due
to other causes than changes in fluid distribution, (iii} a procedurc to correct signals for these effects and
finally (iiii) variations due to changes in fluid distribution. In a second part, we propose (i) a rapid
calibration method and (ii) the application to direct capillary pressure curve determination. Finally, we
show how the technique can be used (i) to discuss the centrifuge method and (ii) 1o develop further

applications.

EXPERIMENTAL BACKGROUND

The principle of the method is to emit an ultrasonic wave which passes through an oil-brinc saturated core and
to receive this wave on ceramic transducers (Bacri and Salin, 1986 ; Soucemarianadin et al., 1987 ; Hoyos et al., 1990 ;
Aas ctal., 1990 ; Lenormand et al., 1990 ; Bacri ct al., 1991). The time between emission and reception in a given
part of the core, transit time or time of flight, is measured and the corresponding fluid saturation is deduced. At the
present time we measure ultrasonic transit time at 3 locations along centrifuged sample. The temperature in the
centrifuge bowl is recorded (Fig. 1). The core is coated with a sleeve and is supported by 2 end-picces which exactly fit
the inner part of a holder. That allows an accurate positioning and repositioning of the core. The ultrasonic transducers
are hold in 2 PTFE pieces which fit specific holcs in the core holder. The whole device is placed in a common
aluminium centrifuge core holder. Such a device reduced the volume allowed to be centrifuged to about 7 cm in length
and 2.5 cm in diameter.

To calibrate the correspondence between ultrasonic signal and fluid saturation, we deduced saturation from CT
scanner and gamma ray measurements. The accuracy of CT scanner analysis is given at +/- 2% for absolute error on
saturation value. We compared the CT scanner oil saturation and the average oil saturation from our different drainage
experiments (obtained by material balance from thc measurement of the water production volume). The correspondence

1s satisfying and agrees to the accuracy of +/- 2 % in saturation. Conversely the statistical error of the gamma ray
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technique is very large in our conditions (fluids are refined oil and synthetic brine without dopant) and we mainly
operated by CT scanner analysis to investigate the relation of ultrasonic signal and {luid saturation.
In order to focus on the variation due to saturation changes only, we first studicd how to prevent or correct

thosc due (o other causes.

VARIATIONS DUE TO OTHER CAUSES THAN CHANGES IN FLUID DISTRIBUTION

Temperature variations and rotation can affect the ultrasonic signals.

Effect of temperature variation

During cach cxperiment the temperature variation is measured using a platinum gauge. The ultrasonic signal is
obtained from transducers of the sample in the centrifuge core holder and {rom transducers of a reference sample, fixed in
the centrifuge bowl (one phase saturated sample).

Correspondence between the relative transit time variation (Ayto) and the temperature variation has been
studied for Vosges sandstone samples (GV2, GV4, Table 1). The same trend has been obtained for small or large
temperature variation as well, with a ratio (At/to)/AT of about 0.002 °C-! (in the rangc 25- 40°C). That is to say that a
variation of +/- 2°C (usual accuracy in the centrifuge devices) induces a transit time variation of +/- 0.4 % which
corresponds (sce below) to an apparent absolute variation of +/- 8 % (or more) for the fluid saturations.

This demonstrates the need of a control and correction for temperature cffect on ultrasonic measurement in a
common centrifuge device. Figure 2 presents recordings of the temperature as controlled by the centrifuge, of transit
time variations through the reference sample and of transit time variations through a rotating core (at 3 locations and
for different rotation velocities, sample GV1). Oscillations are duc to thermal regulation (20°C+/- 3°C) and large
variations 1o saturation changes. It can be noted that the thermal equilibrium between the thermal gauge and the
samples is not always obtained for such a centrifuge thermal control, while it is better between the reference and the
rotating samples. Therefore a thermal correction can be made preferentially from the recording of the signal through the

reference sample.

Effect of rotation

We assessed effect of rotation velocity in the centrifuge on the ultrasonic signal for a range of 0-3500 RPM
which is the usual range for standard centrifuge (i.e. for Pc from 1 to about 13 bars). We centrifuged a sample, (GV4
Vosges sandstone, Table 1) at different speeds (0 to 3500 RPM). This sample was saturated with the oil contained in

the core holder. Therefore no saturation variation was possible (Soil = Const.=100%). The correction for temperature
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variation cffect was made with the recording from the refercnce sample and the GV4 sample was not removed (rom the
core holder during the experiment. In such a case, the resulting ultrasonic signal is expected to represent the effect of
rotation only. That effect appears to be small. The induced (At/to) value is lower than +/- 0.0005 between 0 and 2000
RPM and increases to +/- 0.002 between 2000 and 3500 RPM. In the experiments described below the same effects can

be obtained for absolute saturation changes of +/- 1% and +/- 4 % respectively.

Signal Correction

At that point, we noted that the thermal correction is the main correction to be taken into account. However it
is possible to simply obtain a global correction (thermal, pressure, clectrical effects......) from the recording of one of
the signals from the rotating sample itself. This gives the more accurate correction. It consists in using the ultraso.ic
signal measured in a part of the rotating sample , where the saturation is known to be constant.

For instance, during the early stage of drainage experiments, the water saturation remains constant (100%) in
the outlet part of the sample, while, during the late drainage stage it is constant (Swi) in the inlet part of the sample.

Signal variation in these parts are due to other effects than saturation change and have been successfully
subtracted to correct signals from other parts. This is illustrated on Figure 2. Recordings from the middle (No.2) or the

bottom (No.1) can be used as references for correction until 830 RPM and 865 RPM respectively.

VARIATIONS DUE TO CHANGES IN FLUID DISTRIBUTION

Method of measurement

The relative transit time variation is measured during centrif uging, then the centrifuge is stopped and another,
static, method (CT Scan mainly) is used to measure the corresponding saturation. To validate such an approach we had
to show that saturation changes are small during the time between the two measurements which therefore closcly
correspond to the same sample state.

Firstly we studied the possibility of such saturation changes by recording the ultrasonic signal when the
centrifuge is stopped and after (Fig. 3). For an early drainage stage, Figure 3a presents the relative transit time variation
(At/1o) in a Vosges sandstone sample (GV4) which has been centrifuged at different velocity steps, 700, 750 and 850
RPM, and kept static (0 RPM) after the two last steps. It can be scen that the si gnal varies just when the centrifuge is
stopped or started. However, there is no significant variation during the static period even over several hours (Fig. 3a).
For an advanced drainage stage, Figure 3b shows the signal variation after the sample GV 1 has been rotated at 1000

RPM and then stopped. Again, only slight variation arc recorded over more than one hour. Conversely, for a late
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drainage stage (1500 RPM, Figure 3b) we observe a rapid change in the signal for the lower point ol measurement
(sample bottom). It can also be noted that this change is partly preserved when the sample is rotated again at the same
vclocity (1500 RPM, Figure 3b).

Secondly, to confirm and quantify these obscrvations in terms of oil saturation, thc experiment has been
reproduced by centrifuging samples at diffcrent velocity steps, stopping the centrifuge, measuring and imaging the
saturation distribution in these samples over one hour or more after cach velocity step. CT scanner or Gamma Ray
attenuation techniques have been used for Vosges sandstone and Berea sandstone samples respectively. Figure 4 shows
the saturation evolution, versus time, after two steps of rotation speed (GV6 sample, Table 1). The saturation values
arc the average values for each slice of core in front of the 3 couples of ultrasonic transducer (sce Figure 1). The same
obsecrvations than those previously done with the ultrasonic recording can be made :

-for carly or advanced drainage stages the saturation variations arc small except for long time (24 hours, Fig. 4a),

-for a latc drainage state significant variations specifically occur in the bottom of the sample (Fig. 4b).
In Figure 4c, we present saturation profiles at the beginning of a CT scanner analysis after the 800 RPM and 1020
RPM steps and, at 3 different moments during the CT scanner analysis after the 1500 RPM step. It is noted that the
oil-water front is sharper at advanced and late drainage stages. This induces higher saturation gradient and then higher
discquilibrium as soon as the rotation is stopped. It could explain the more rapid variation of saturation in the front
zone of the late stage, i.e. in the bottom of the sample (No.1) after the 1500 RPM step. The 100% water saturation
zone does not exist at sample end face , 6 minutes and 20 seconds after the centrifuge was run at 1500 RPM and
stopped, (boundary condition, Fig. 4c). However we cannot know whether that lace was fully water saturated or not
while centrifuging. Changes in fluid saturation can be duc to redistribution during deceleration or after. The oil phase
could imbibe from the outlet face in the casc of a thin water film at that face.

To conclude, our successive measurements of the ultrasonic signal and saturation can be related to very
similar sample states, excepted in a late drainage stage for the measurcments in the sample outlet part (bottom). In this
last case, the oil saturation could be significantly over-cstimated, otherwise small variations only are obscrved during
the first 5 minutes after the centrifuge was stopped. Such effects have to be minimized by making the time between the
centrifuge stop and the saturation measurements as short as possible. In our study we measured the saturation, using

the CT scanner device, between 2 and 6 minutes after the centrifuge stop.



1992 SCA Conference Paper Number 9215

Variation of transit time due to changes in saturation

In order to obtain "transit time versus saturation” relationships we performed scveral experiments at different
velocity steps. The experiments consist of drainage on different Vosges sandstone core samples of 2.5 ¢m in diameter,
about 7 ¢cm in length, 23 % porosity and 500-600 mD for air permeability (Table 1). That sandstone is known to be
homogeneous with some spots of iron-oxydes cement. Fluids are brine (50g/1 NaCl) and refined oil (mixture of Albelf
and Soltrol 130) with 15 cp viscosity at 20°C. Interfacial tension is 40 mN/m at 20°C (Table 1). In the centrifuge core
holder, the end face of the sample (rmax) is at 15.6 cm from the rotation axis. Transducers (ultrasonic measurements)
are located at 50, 29 and 8 mm from the end face to the axis and labelled by top, middle and bottom respctivdy Fig. 1)

The duration of each velocity step is chosen in order to obtain an apparent cquilibrium, i.e. we decide to stop
the centrifuge when the water production volume and the ultrasonic signals seem to be constant. Afier stopping the
centrifuge and the signal recording, the inner core holder ,with the sample, is removed and the total {luid production is
measured. The local fluid saturation is then measurcd using CT Scanner analysis at the locations of the transducers
which are used to measure the ultrasonic signal. In order to check the consistency of measurements, the average
saturation is also measured and compared to the total fluid production.

The inner core holder is then replaced in the centrifuge and is run again at the prcvious velocity while the
recording is restarted. Then the rotation speed is increased to the next step and the same procedure is applied.

Finally, for each location along the sample, we plotted the CT scanner saturation as a function of transit time

variation at apparent equilibrium for the different velocity steps.

Figure 5a gives an example of recording of the rclative transit time variation (At/to) versus time for the 3
locations along core samples during centrifuging. Vertical dashed lines indicate changes in rotation velocity step.
Blanks between the lines represent the stop for CT scanner measurements of saturation. The relative transit time
variation has been corrected as previously mentioned (sce "signal correction”). Figures 5b, 6 and 7 are the plots of CT
scanner oil saturation values against values of corresponding relative transit time variation for different experiments and
different velocity steps.

The following comments can be made :

« (i) the ultrasonic recordings arc as expected, i.c. they show that the water-oil front goes from the

inlet face to the end face of the core, from top (N0.3) to bottom (No.1) couples of transducers.
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« (ii) when the rotation speed increases, relative transit time variations for the 2 upper locations
increase approximately to the same plateau value. This corresponds to a uniform irreducible water saturation and a
homogeneous effect of the saturation on ultrasonic signals.

« (iii) the plots "oil saturation / rclative transit time variation” show quasi-lincar behaviors until the
residual water saturation is reached. According to error duc to correction (thermal, rotation, pressure.... effects), to
possible changes in the fluid distribution before CT scanncr analysis and to the possible problem of rcpositionning, a
lincar behavior seems to be the most simple and realistic conclusion at the present time.

« (iv) from a location to another, in a given sample, and from a sample to another, the calibration
lines are close and about : S,;= a (At/t0), with a= 19 10 23 (GV1 to GV6 Vosges sandstone samples for drainage
experiments in our device).

» (v) when the residual water saturation is reached or almost reached, variation of saturation is expected
to be small but significant variation of ultrasonic signals can be observed (no more or low water production) (Fig. 5a,
3000 RPM ; Fig. 8d, 2200 to 3500 RPM ). That is uncxpected under the assumptions for the centrifuge method. It is
noted that such variations occur first in the outlet part of the core (bottom, No.1), then in the middle and finally in the
inlet part of the core (top, No.3) (Fig. 8d). The signal valucs arc in reverted order with higher signals from the bottom
(No.1) and lower signals from the top (No.3) parts of thc corc. On the "oil saturation / relative transit time variation”
curves, it leads to a more or less flat part (Fig. 11b to 13b) which is not rclevant for the drainage experiment under

effective Hassler and Brunner assumptions.

The (iii) and (iv) observations can be retained in order to obtain a very rapid calibration procedure for any
drainage cxperiment. We now assume that the linear correspondence between oil saturation and "relative transit time
variation" may be a good approximate behavior. Similar lincar behavior is supported by data from Bacri and Salin

(1986) or Bacri et al. (1991) for displacement drainage in sandstone saturated with oil and brine.

RAPID CALIBRATION

Assuming a lincar relationship between oil saturation and "relative transit time variation”,

wc only need one point {SO ; At/to}, in addition to the point {0 ; 0}, to obtain the correspondence between SO and

(At/to). This single point can be obtained easily for homogencous sample as follows :
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When centrifuging a homogencous sample, at a high cnough rotation speed, the saturation
becomes close to the irreducible water saturation in a large part of the sample. The common measurement of the total
water production leads to the average saturation which is thercfore close to the local saturation value.

The measurement of the plateau value for ultrasonic transit time variation (constant value
for different rotation velocities) gives the corresponding At/to value.

For instance, when running the Vosges sandstone GV1 at 3000 RPM (Fig. 3b) we obtained
a water production which corresponds to 71.4 % for the average oil saturation and measured for the plateau value (At/to)
= 0.0325. That is to say S= 22 (At/to) as obtained previously from a much longer procedurc (CT Scanner
measurements).

We also note that it is not necessary to centrifuge at high rotation speed to obtain the (At/to) which
corresponds to irreducible water saturation, because this platcau value is obtained for low speed in the inlet part of the
sample. In the case of the Berea sandstone sample BA1 (Table 1, residual water saturation = 34.7%) we observed a
platcau at (At/to)= 0.0178 for velocities higher than 1200 RPM on the measurement at sample top and a plateau at
(At/to)= 0.0175 for a velocity higher than 1620 RPM in the middle of the sample. This directly leads to Sy = 37
(At/1o) (Berca sandstone in our device). The linear correspondence between oil saturation and "relative transit ime
variation" is an hypothesis which has been herein only evidenced for Vosges sandstone samples. However this

hypothesis also leads to realistic results for Berea sandstone (scc below).

CAPILLARY PRESSURE CURVE DETERMINATION

To obtain a capillary pressurc curve we first applicd the current method. The sample is run at different
velocity steps and, at each step, an apparent equilibrium is waited for. The inlet face capillary pressure and the average
saturation are obtained (by measuring the water volume production). The data {inlet facc capillary pressurc - average
saturation} are then used to reconstruct the capillary pressurc curve (Forbes, 1991).

In the present case we recorded in addition the transit time variation at the locations of the transducer
couples. The local oil saturation values are obtained dircctly from the transit time step values. The corresponding
capillary pressurc values are calculated at the same location, exactly as the inlet capillary pressuare in the classical

method, i.c. assuming fluid equilibrium, the boundary condition and the continuity of fluid pathways (Pc=0 at end face;

PC_(pwaler'poil)

5 2 (12 - rmaxz ) at distance r from the axis).
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The recording allows also
-to check if the fluid equilibrium is actually near to be reached or not (platcau shape on the

steps of ultrasonic recording) when the water production has apparently stopped and,

-to partly check the boundary condition (the boundary condition S_;,=0, Pc=0 at end face is

oil

certainly verified when S =0 at the lower location of recording, No.1).

The capillary pressure curves have also been independently obtained on twin samples from the
classical mercury injection method. Then, the current scaling procedure (Leverett, 1941) has been applicd for
comparison to those obtained from the centrifuge. That has been done for the Vosges sandstone sample GV3 (Figures
8, 9 and Table 2). The capillary pressure curve obtained by the standard interpretation of centrifuge data (dashed line,
Fig. 9}, the curve obtained by mercury injection (Fig. 9) and the capillary pressure / saturation values directly
obtained from ultrasonic device are in agreement. The boundary condition is cffective up to, at least, 1220 RPM (Fig.
8b). Figures10 and Table 3 show results of an experiment performed on the Vosges sandstone sample GV1. The same
good agreement between the different methods used to obtain capillary pressure curves is noticed, except for onc curve
(bottom recording, No.1). That has also been done for a Berea sandstone sample (Table 4, Fig. 11). The capillary
pressure curve obtained by the standard interpretation of centrifuge data (dashed line, Fig. 11) and the capillary pressure /
saturation values directly obtained from ultrasonic device arc again in agreement.

It is concluded that ultrasonic measurement and assumption of a lincar relationship with saturation lead to
rclevant saturation measurements and that capillary pressurce curves can be obtained more accurately (higher number of

mcasurcments) or more rapidly (lower number of velocity steps) than in the conventional method.

DISCUSSION ON THE CENTRIFUGE METHOD

Ultrasonic measurements arc very sensitive to gas occurrence and have been successfully used to detect gas
bubbles (Hoyos et al., 1991). They can be considered as an cfficient ool to evidence cavitation. In our experiments,
regular variation of signals indicate that no cavitation occurred. Theoretically, cavitation is expected to mainly occur in
gas-liquid system (Hirasaki et al. 1988). We confirm herein, that it is not the main limitation when centrifuging a

liquid-liquid system in core sample.
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Equilibrium time

As previously said the continuous recording of the ultrasonic signal allows to adapt the duration of a rotation
velocity step in oder to wait for an "apparent” hydraulic equilibrium. "Apparent” means that, over one to few hours,
local saturation values seem constant at the different locations of recording. Of course, actual cquilibrium is not cxactly
reached and measured signal values could be few percent lower that the true equilibrium values. This could finally lead
1o errors of the same magnitude in the capillary pressure curve because we construct the curve directly from the local
measurements.

In the standard centrifuge method, when only the cumulative fluid recovery is recorded, we have to usc a
mathematical or / and numerical treatment to reconstruct the capillary pressure curve (calculation of inlet face
saturation). That reconstruction is known o be ill-conditioned (Forbes, 1991 ; Hermansen ct al., 1991; Ayappa ct al,,
1989; Linz, 1969, 1982). It increases considerably the uncertaintics of recovery valucs which Icad to large errors in the
capillary pressure curve. That explains that in the standard centrifuge method errors duc to the failure of hydraulic
equilibrium could be important and that some authors have proposcd methods to assess the equilibrium recovery value
from the recording of non equilibrium data (O'Mecara ct al., 1988 ; King et al., 1990).

In the present case, we directly obtain the local saturation valucs, no ill-conditioned procedure has to be used
and uncertainties are not enlarged. When the occurrence of equilibrium is checked by local recordings, we belicve that
saturation values are very close to the true equilibrium valucs. Consequently, the ‘cquilibrium time' limitation is not of

prime importance in our device, providing it is checked from ultrasonic recording shapes.

Boundary and continuity of fluid pathways conditions.

As previously mentioned significant variations of ultrasonic signals can be observed at the end of experiments
while no, or low, water production is observed (Fig. 11a, 12a, 14d). As far as these variations propagate from the oulet
to inlet face of the core, changes in the local fluid distribution occur, firstly and strongly at the end face of the sample.
It indicates that the capillary pressurc regime changes (oil breakthrough, failure of the boundary condition for instance)
or that the capillary pressure concept vanishes (failure of the fluid phase continuity). In both cases the conditions for

(pwatcr'poilz
2

assuming the capillary pressure is Pc= M2 (12 -, 2, are no morc cffective and the centrifuge

max

method fails.
For sample GV3 (Figures 8, 9 and Table 2), the conditions arc no morc cffcctive above 2200 RPM when

inverted signals are evidenced (Fig. 8d). In the case of sample GV1, however, the failure has not been clearly evidenced

11
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whilc the ultrasonic recordings from the different locations do not lead to the same final platcau values. It occurs at, or
below, 1840 RPM as far as we observe a continuous increase but no more jump in the signal when increasing the
velocity to higher values. That could explain that capillary pressure curve constructed for the bottom location (No.1)
docs not correspond to other curves because it mainly involves measurements at high velocity (after the possible failure
of Hassler and Brunner conditions, Fig. 10).

From thesc experiments, it is noted that the failure of the conditions could occur for rotation speed of about
1800-2200 RPM. This corresponds to inlet face capillary pressure of about 650-1000 mbar . This value is significantly
lower than values usually considered for the failure of the boundary condition (4 to more than 10 bar ; Wunderlich,
1985 - Melrose, 1988). The failure of the centrifuge method is therefore possible in very common conditions although
it is reported that the failure of the boundary condition occurs only in unusual circumstances (Mclrose, 1988 ; O'Mcara
ct al., 1988 ; Donaldson et al., 1991).

Baardsen ¢t al. (1991) also reported the loss of the 100% water saturation at quite low pressure, by CT scanner
imaging of centrifuged samples, but this loss was not clearly related to the failure of the boundary condition or Lo some

fluid redistribution during deceleration (exactly as in our Figure 10).

Finally, for the usc of centrifuge method in a liquid-liquid system, the boundary condition or continuity of
fluid pathways (used to calculate the capillary pressurc along core) appear o be the conditions which could fail the more
casily. They are of prime importance by comparison with other assumptions as absence of cavitation or cffective
hydraulic equilibrium. They have to be carcfully checked. At the moment the best way is probably to compare, using
the same cxperiment, capillary pressure curves as obtained from local saturation measurements and as reconstructed
with production data according to usual centrifuge method (Fig. 9, 10, 11). If these curves are in agreement, cither the
diffcrent assumptions for use of the centrifuge method are effective, or , if they fail, the failure is not significant
cnough to largely change the results.

This emphasizes the advantage of this easy and rapid method to determine if the physical assumptions of the

centrifuge method are valid or not.

FURTHER APPLICATIONS
To obtain the capillary pressure curve, we used ultrasonic signals to deduce saturation distribution at (or near)

cquilibrium for different rotation velocities. The variation, versus time, of signals at a given location along the core is
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used unly to check the effectiveness of equilibrium. However, this device is much more informative as it Icads also o
local saturation changes in transicnt regimes (unsteady states), which highly depend on relative permeability values.

In the near future, transicnt variations of saturation (and pressure), along the core, will be simulated using a
onc-dimensional, two-phasc incompressible and immiscible model based on Darcy's law (Chardaire-Rivicre ct al., in
prep.). The next step will be to couple this resolution to an adjustment procedure to obtain simultancously the relative
permeability and capillary pressure curves (Chardaire ct al., 1989, 1990). Recently, numerous methods 1o estimalte
relative permeability curves from centrifuge or displacement measurements have been proposed (O'Meara and Crump,
1985 ; Nordtvett et al., 1990 ; Chardaire ct al., 1989, 1990 ; King et al., 1990 ; Munkvold and Torsacter, 1990 ;
Grattoni and Bidner, 1990 ). Such a development is linked to a lot of new procedures, history matching schemes, for
cstimating relative permeability and is also linked to some new measurement techniques which allow the collection of
non cquilibrium production data while centrifuging (O'Meara and Lease, 1983 ; Munkvold and Torsacter, 1990). The
fact is that the limitation ariscs in the way to obtain relevant data and not in the way of their interpretation in terms of
relative permceability. At the moment most of the interpretations are made from production data only, i.c. only from
cumulative global fluid rccovery or flow rate measurcments. It could lead to insufficient constraints for the relative
permeability determination whatever the accuracy of the interpretation procedure. For instance, Firoozabadi and Aviz
(1986) have demonstrated that actual recoveries could be closely matched with several and very different sets of relative
permeability curves.

From that point of view, our method, leading to local saturation variation values during transicnt regimes and
in several locations along the sample, will highly increasce the quality (local rather than average) and the number of data

to be matched. Singleness of interpretation in terms of relative permeability is actually expected from such kind of data.

CONCLUSION

A technical device and procedurc for ultrasonic measurements while centrifuging which operates with
3 locations of measurement along core samples has been designed.

From local saturations measurcd by CT scanner analysis, the type of relationship between ultrasonic
signal and saturation has been studicd for drainage on Vosges sandstone samples with refined oil and synthetic brine. A
lincar relationship is proposed and a simplificd procedure of calibration (without CT scanner measurement) is described.

Applying that procedure and ultrasonic measurements, relevant capillary pressure curves have been

obtained for both Vosges and Berea sandstonc samples with refined oil and brine. Presently, the method appears to be

13
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reliable to measure local saturation while centrif uging at Icast for drainage experiments on sandstone, with refined oil
and brine, and in the range 0-3500 RPM for the rotation velocity.

It has been also used qualitatively to evidence any change, or absence of change, in fluid distribution
while centrifuging and therefore to study physical assumptions for the centrifuge method. Usual hypotheses, as
boundary or continuity of fluid pathways, arc found to be the main hypothescs by comparison with other usual
assumptions (cavitation, hydraulic equilibrium). The failure of such hypotheses is shown to be possible in more
common circumstances than usually reported.

Further applications of our method will consist in the determination of relative permeability curves
by numerical matching of local saturation recordings during transicnt regimes while centrifuging. The method is
expected 1o increase the quality and the number of data to be matched and therefore to significantly increase the accuracy

of relative permeability curve determination.

14



NOMENCLATURE

Latin r

'min
I'max

Pc

Sw

RPM

Greck p
At
AT
®
(&}

0

Subscripts

w

wetting
non-wetting
mercury
vapor

max
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Radial distance from the centrifuge axis o a point in the centrifuged core

r at the inner core face
r at the outer core face
Capillary pressure
Phase saturation
Water saturation

Oil saturation

Transit time (or time of flight) of ultrasonic waves

Initial transit time
Tempcrature
Celsius degrec

Rotation per minute

Phasc density

Difference between transit time values
Differcnce between temperature values
Centrifuge angular velocity

Interfacial tension

Contact angle

Refers to oil

Refers to water

Refers to wetting phase
Refers to non-wetting phase
Refers to mercury

Refers to mercury vapor
Refers to the outer core face
Capillary

Refers to initial value

15
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TABLE 1 : CORE SAMPLES AND FLUIDS CHARACTERISTICS

CORE SAMPLES

Vosges sandstonc | diameter Length porosity Kair
m m mm %o md
GV1 25 69.5 23.6 618
GV2 25 69.5 24.7 --
GV3 25 71.0 23.4 513
Gv4 25 --- ---
GV5 25 69.5 24.0 --
GVo6 25 69.5 23.9 - -
Berca sandstonc | diamecter | Length porosity Kair
m m mm % md
BA1 25 73.5 19.0 143
FLUIDS
density viscosity superficial tension
(glee) (cp) (mN/m)
temperature _ (°C) 20 20 20 30
0il (Albelf+Soltrol) 0.822 15 26.7 25.5
Brine (50g/1 NaCl) 1.036 - - 70.2 - -
Mercury 480 (cos B8 =-0.76)

Interfacial tension O oil/water: 40 mN/m (20°C)

35 mN/m (30°C)

Corrective factor for mercury injcction capillary pressure curves (20°C):

Goil/water
40 =0.1097

T 480x0.76°
o) mercury/vapor€0s
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FIGURES CAPTIONS 1992 SCA Conference Paper Number 921

Figure 1 : Scheme of the experimental device : 1 Function generator ; 2 Amplifier ; 3 Channel scanner ; 4
Amplifier ; 5 Oscilloscope ; 6 Counter timer ; 7 Computer ; 8 Split ring assembly ; 9 Centrifuge bucket and
core holder, sample to be centrifuged, ultrasonic transducers ; 10 Static reference sample ; 11 Thermal gauge ;
12 Digital thermometer ; 13 Centrifuge (modificd commercial centrifuge). As reccived signals arc very low, it
is necessary to design devices having a very good clectrical quality. This is obtaincd by adding amplifiers (2),
(4) and by reducing electrical noiscs (we use coaxial wires and we earth some wires specifically).

Figure 2 : Simultaneous recordings during a centrifuge experiment (drainage of GV1 Vosges sandstone sample). In
the lower part of the figure : (1) recording of the temperature as controlled by the centrifuge (thermal
gauge) and, (i1) recording for a standard sample, i.c. a non-rotating, oil saturated sample
fixed on the centrifuge bowl.

In the upper part of the figure, recordings for the rotating sample for different rotation velocities, at three
locations along the core (see Fig. 1), bottom (No1), middle (No2) and top (No3). Vertical lines represent
changes in the rotation velocity. Oscillations are due to thermal regulation (20°C+/- 3°C) and large variations to

saturation changcs.

Figure 3 : Test for the possibility of saturation changes when the centrifuge is stopped and after. Figure 3a :
recordings of relative transit time variation (At/to) in a Vosges sandstone sample (GV4) at different velocity
steps, 700, 750, 850 RPM , i.e. at carly drainagc stages. The centrifuge has been stopped after the two last
steps and kept static for several hours afier the last one. Figure 3b shows the signal variations after the sample
GV1 has been rotated at 1000 RPM (advanced drainage stage) and at 1500 RPM (late drainage stage) and
stopped during each step. Vertical lincs represent changes in the rotation velocity. The sample was initially

fully brine saturated and was centrifuged in oil.

Figure 4 :Test for the possibility of saturation changes when the centrifuge is stopped and after. Figure 4a and 4b
show CT Scanner measurements of saturation, versus time, alter a Vosges sandstone sample (GV6) has been
centrifuged at 1020 RPM (advanced drainage stage) and 1500 RPM (late drainage stage) respectively. Saturation
values are the average values for cach slice of core in front of the 3 couples of ultrasonic transducers (scFig 1),

Figure 4c¢ presents saturation profiles along the corc (i) at the beginning of a CT scanner analysis, 4 minutes
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15 secondes after the 800 RPM and 2 minutes 30 secondes1020 RPM sicps and, (ii) over the CT scanner

analysis, 6 minutes 20 secondes to 54 minutes after the 1500 RPM step. Vertical bars present locations of

ultrasonic transducers along the profile.

Figure 5 : Figure 5a : recordings of relative transit time variation (At/to) versus time for the 3 locations along GV6
Vosges sandstone core sample during centrifuging. The sample was initially fully saturated with brinc
progressively replaced by oil during the experiment (sce Table 1). Vertical dashed lines indicate changes in
rotation velocity step (800 to 3000 RPM). Blanks between the lines represent stops for CT scanner
measurements of oil saturation values. At each rotation step, these values are measured for the core slices at the
same locations of ultrasonic transducers. Figure 5b is the plot of these oil saturation values versus the
corresponding plateau values for relative transit time variations, at the 3 locations of recording and for cach
rotation step. The dashed line represents our interpretation of "oil saturation / relative transit time variation"

dependence.

Figure 6 : Plot of oil saturation values (CT Scanncr meausrements) versus the corresponding platcau values for
relative transit time variations, at the 3 locations of recording while centrifuging and for different rotation steps.
Data are related to a drainage experiment for GV1 Vosges sandstone (Table 1) and for rotation velocity steps at
640, 750, 860, 950, 1060, 1350, 1500, 1750, 2100, and 3000 RPM. The dashed line represents our

interpretation of "oil saturation / relative transit time variation" dependence.

Figure 7 : Plot of oil saturation values (CT Scanncr meausrements) versus the corresponding plateau values for
relative transit time variations, at the 3 locations of recording while centrifuging and for different rotation steps.
Data are related to a drainage experiment for GV2 Vosges sandstone (Table 1) and for rotation velocity steps at
760, 920, 1100, 1300, 1500, 1700, 2200 and 2500 RPM. The dashed linc represents our interpretation of "oil

saturation / relative transit time variation” dependence.

Figure 8 : Recordings of relative transit time variation (At/10) versus time for the 3 locations along GV3 Vosges
sandstone core sample during centrifuging. The sample was initially fully saturated with brinc progressively

replaced by oil during the experiment (see Table 1). Vertical dashed lines indicate changes in rotation velocity
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step (from 560 to 3500 RPM). Note that the bottom of the sample is fully saturated with brine at least until

1220 RPM ( no ulirasonic transit time changes for the Nol location of recording).

Figure 9 : Capillary pressure curves for oil / brinc drainage in GV3 Vosges sandstone sample (see Table 1). The
unfilled squares represent average saturation data as obtained in the standard centrifuge procedure. The dashed
line is the capillary pressure curve as computed from these data (method by Forbes (1991) has been used). The
dots are values directly obtained from our device : (1) the local oil saturation values arc obtained dircctly
from the transit time plateau values for each romlién velocity step, when assuming a linear correspondence
between oil saturation and relative transit time variation (sce text),

(ii) the corresponding capillary pressure values are calculated at
cach location of measurement assuming fluid cquilibrium, the boundary condition and the continuity of fluid
(pwater'poil)

pathways (Pc=0 at end face ; PC=—2—-— 2 (12 - rmaxz ) at distance r from the axis, current hypotheses

in the classical method).
Mercury injection data have been obtained independently on a twin sample and have been scaled with the usual

procedure (Leverett, 1941 ; see Table 1).

Figure 10 : As in Figurc 9 but for GV1 Vosges sandstone sample (see Table 1). The unfilled squares represent
average saturation data as obtained in the standard centrifuge procedure (40 velocity steps from 390 1o 3500

RPM have been performed, Table 3).

Figure 11 : As in Figure 9 but for BA1 Berea sandstone sample (see Table 1). The unfilled squarcs represent average
saturation data as obtained in the standard centrifuge procedure (11 velocity steps from 520 to 2100 RPM have

been performed, Table 4).
Table 1 : Core samples and fluids characteristics.

Table 2 : Centrifuge experiment results for oil/brine drainage capillary pressure curves of GV3 Vosges sandstone (sce
Table 1 and Figures 8 and 9). Capillary pressure values are calculated at inlet face and at each location of

recording assuming fluid equilibrium, the boundary condition and the continuity of fluid pathways (Pc=0 at end

( -Poir)
face ; PC:_Bw_gL@_r_F_)_Qi w2 (r2 -T 2 ) at distance r from the axis, current hypotheses in the classical
2 max p
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method). Corrected saturation and pressure for the standard interpretation are obtained following Forbes (1991).
Local saturation values, at No 1, 2, 3 locations, arc obtained dircctly from the transit time platcau valucs for
each rotation velocity step, when assuming a lincar correspondence between oil saturation and relative transit
time variation (se¢ text).

Table 3 : As in Table 2 but for GV1 Vosges sandstone (sce Table 1 and Figurc 10).

Table 4 : As in Table 2 but for GV3 Vosges sandstone (sce Table 1 and Figure 11).
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65% T oil saturation (%PV) from CT Scan measurement
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