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Abstract 

We report multi-speed centrifuge experiments in which local saturation were measured 
while spinning. The local saturation are deduced from the transit time of ultrasonic waves 
travelling through the sample. The precision of the measurements depends on empirical 
corrections applied on the data to take into account pressure and stress effects on the sample. 

Local measurements permitted the observation of different processes, for instance a 
quasi-spontaneous drainage at low speed of rotation and fluid redistribution at the end of 
drainage before forced imbibition. 

The measured saturation profiles are consistent with the assumptions of zero capillary 
pressure at the outflow face. We did not observe any contradiction between the direct 
determination of the PC curves and the computed ones. However, the direct determinations are 
not perfectly superimposed, due to errors of measurements and small heterogeneities. 

Local saturation measurements in multi-speed centrifuge experiments do not improve in 
practice the determination of relative permeability curves due to the high sensitivity of the 
computation to the values of capillary pressure. 

Introduction 

The centrifuge technique is the fastest and simplest method to obtain capillary pressure 
(PC) curves and a considerable amount of work has been devoted to this technique. Yet, it is 
still a subject of controversy because the PC or Kr are not directly measured but derived from a 
mathematical calculation. So far, improvements have mainly focused on the measurement of 
production and the calculation of the PC curve from these data. The difficulty induced by the 
non-uniform saturation profile can also be overcome by using local saturation measurements 
while centrifuging. 

Local saturation measurements along the sample can provide a direct determination of 
the PC curve since the pressure field is directly linked to the rotation speed (assuming fluid 
continuity in the sample). Local measurement can also provide, in principle, a better 
determination of the relative permeability (Kr) curves. The first use of local saturation 
measurements while centrifuging to obtain a drainage PC curve has been reported by Forbes et 
al. (1992). Chardaire et al. (1992) used the same ultrasonic technique to determine the relative 
permeability curves during drainage of a Berea sandstone. In this paper, we report (i) 
significant improvement of the ultrasonic technique in the centrifugation case (ii) direct 
determination of drainage and imbibition PC curves for sample of different wettability (iii) a 
comparison between Kr curves computed from production and local saturation. 

For clarity, we define the terminology used in this paper: 
- Drainage: decreasing water saturation , 
- Imbibition: increasing water saturation , 



- Forced imbibition: sample centrifuged in water. 
- Spontaneous drainage or imbibition: no pressure difference between faces is applied 

(no rotation) 
- Quasi-spontaneous drainage or imbibition: sample centrifuged at low rotation speed. 

The imposed pressure gradient is assumed to be negligible. 

Experimental set-up 

The experimental set-up is an improved version of the one used in Forbes et al. (1992). 
The number of local measurements has been increased from 3 to 5 (table 1, R1 to R5) for a 
better resolution of the saturation profiles. The transducer supports were modified for better 
mechanical and electrical behaviour. Two pairs of different core holders were built for drainage 
and forced imbibition. Both were designed for cylindrical samples 7 cm in length and 2.5 cm in 
diameter. The end piece support placed at the outer face (Rmax) is oil wet, as recommended by 
0' Meara et al., (1988). There is no support at the inner face (Rmin). For both core holders, 
the water or oil production collected in a transparent graduated tube can be read while 
centrifuging using a stroboscope with an accuracy of +O. 1 cc. 

The fluids used were brine (50g of NaCl per litre, density 1.036) and a mixture of 
refined oil, Soltrol and Albelf (density 0.822). The oil mixture has a viscosity of 15 cP in order 
to increase the imbibition time scale (see Results section). The oilbrine interfacial tension is 40 
mN/m. The initial brine saturation was performed very carefully because small traces of air (as 
small as 0.5 %PV) can generate important artefacts in the ultrasonic measurements and lead to 
wrong conclusions about the state of saturation after displacement. The samples were first 
saturated under vacuum and then put under a pressure of 100 Bar during 112 hour. This method 
was particularly useful to remove the traces of air in samples not strongly water wet. 

Table 1: characteristics of the experimental set-up. R1 to R5 are the radii of rotation of the 
local measurements. 

Local saturation measurements 

A background on the ultrasonic technique can be found in Deflandre and Lenormand 
(1993). We discuss here only the specific problems when applying this technique while 
centrifuging. The measured quantity is the transit time of compressional waves between a pair 
of piezo-electric ceramics (at a frequency of 350 H z ) .  From the size of these ceramics, we can 
consider that a 3mm thick slice of the porous sample is analysed. Saturation are derived from 
ultrasonic measurements by using a calibration curve, after correction of temperature and 
rotation effects. 

Temperature and rotation effects 
The effect of temperature is a minor source of error in our experiments. Due to the 

temperature regulation of the centrifuge, there is a fluctuation of k3.5 O C  with a period of about 
15 mn. Thus, the ultrasonic signals contain fluctuations with a similar period. The variation of 
temperature from low to high speed of rotation are checked using the twin core holder in which 
a companion plug saturated with brine is centrifuged under brine. If necessary, the signals from 



the core holder in which the drainage or the imbibition experiment is performed can be 
corrected. 

The effect of rotation, a combination of pressure on the liquids and stress on the sample, 
is a dominant source of error. Before calibration and only for the drainage experiments, we 
applied a correction of the form: 

where a is a coefficient depending on the saturation and the radius of rotation (R1 to R5). The 
proportionality to 0 2  has been observed when centrifuging a sample 100% saturated with brine 
immersed in brine (hence, there is no saturation change). There is also a dependence with the 
radius of rotation but an analytical relqtion has not been found. In practice, the coefficient a is 
estimated at So=l-Swi and at each location at the end of the experiment when the centrifuge is 
stopped. At that moment, the saturation at each location of measurement is minimum or equal to 
the irreducible water saturation Swi. These corrections are important above 1500 rpm and for 
channel 4 and 5 only (largest radii). On channel 5, the correction can be as large as 100%. 

For the imbibition experiments, the radii of rotation are larger (table 1) and the rotation 
effect is important on all channels above 1500 rpm. However, the empirical correction 
described above did not lead to consistent results, probably because the saturation dependence 
is not well described and cannot be estimated. Thus, no correction was applied for data below 
1500 rpm and data above 1500 rpm were not interpreted. 

Calibration 
From the Biot-Gasmann theory and using some assumptions about the average 

properties of the two fluids in the porous medium (Bacri et al., 1986), the oil saturation So was 
determined using a second order polynomial of the form: 

(2) So = a q 2  +bq  where q =  t - to - tc 

t 0 
From the comparison of ultrasonic with CT scan measurements, Forbes et al. (1993) showed 
clearly that a relation of the form (2) is valid with a very weak non linearity. The average 

- 

saturation So is calculated using a trapezoidal integration of the profiles at equilibrium: 
7 

where Si is the, saturation at a location xi. S 1 is the saturation at R=Rmin and S7 at R=Rmax. It 
is assumed that S1=S2 and S7=O for drainage and Sl=l-Swi; S7=S6 for imbibition. The 
coefficients a and b are calculated using all the average saturation data available at equilibrium: 
an over-determined system of two unknowns and n equations is solved, where n is the number 
of rotation steps (from 5 to 10). This calibration procedure tested on synthetic data generated 
less than 1 %PV error on the saturation. 

The accuracy, expressed in terms of variation of transit time is estimated to +15 ns. 
When the saturation varies from Sw=l down to Swi (drainage case), the transit time variation 
ranges from 150 ns up to 500 ns depending on the nature of the sample (limestone or 
sandstone) and the fluids. Thus, we have a relative error ranging from 10% to 3%, 
respectively. In the latter case, if the brine saturation varies from 100 down to 20% PV, we 
will have an absolute error of about 4% PV. Note that the error generated by the large 
corrections made on channel 5 will affect the other channels because the data are calibrated 
using average saturation measurements; a shift or error of saturation at one location will be 
compensated by opposite shifts at the other locations. 



PC curves determinations 
From the local saturation measurements, we deduce the capillary pressure curve at a 

location R by plotting the known capillary pressure at R and speed w versus the saturation 
(averaged over 15 mn) at R obtained at the end of the step at speed w. For drainage, 
P c = A ~ / ~ u ~ ( R ~ ~ ~ ~ - R ~ )  with the assumption Pc(RmaX)=O, and for imbibition 
P C = A ~ / ~ C O ~ ( R ~ ~ ~ ~ - R ~ )  with the assumption Pc(Rmin=O). 

From the production measurements, the capillary pressure curve was calculated using 
the Forbes' methods (1991). The latest version of the software includes the radial effects 
(Forbes, 1994) which are, however, negligible for our geometry (large radius of rotation and 
small sample diameter, table 1). 

Time (hr) Brine saturation 
Fig. 1: Local saturation recorded during Fig. 2: Drainage PC curves for sample S 1. 
drainage of sample S 1. Direct determinations (1 to 5) and computed 

PC curves (C). 

Results: Capillary pressure curves 

Experiments on three samples of different wettabilities are reported here. The local 
saturation measurements enable us to observe phenomena that cannot be inferred from the 
measurement of production alone, for example the fluid redistribution at the end of drainage 
when the centrifuge is stopped or the quasi-spontaneous drainage of a non strongly water wet 
sample. 

Water wet sample S1 
Drainage: 

The data recorded during drainage are shown in fig. 1. The progressive invasion of oil 
is clearlv observed. The stabilisation is faster at location 1 than at location 4 or 5 because of the - - 

differeice in relative permeability. The five PC curves deduced from the measurements are 
shown in fig. 2. Except for curve 3, there is a good agreement within the different 
determinations. For this experiment, the precision can be estimated to k2% which, however, 
does not fully explain the difference between curve 3 and the others. The curve computed from 
the average saturation agree with the direct determinations, although the number of data 
available is small (5 data points). The difference in Swi is within the errors of measurements. 

Fluid redistribution: 
After the centrifuge has been stopped, the core holders were kept at constant temperature 

and the local saturation recorded (the sample has not been moved out). The average saturation 
being constant, a fluid redistribution is expected to yield a uniform capillary pressure along the 



sample. The data recorded during fluid redistribution are shown in fig. 1 (data after 6 hr). We 
see a decrease of oil saturation on all channels but number 5 closest to the outlet face. These 
variations correspond to a displacement of water from the outlet face ('water foot') towards the 
inlet face with typical time scale of one hour. The non-uniform final saturation profile can be 
explained by the hysteresis of the capillary pressure curves. Baardsen et al. (1989) found 
similar results using CT scan. Cuiec et al. (1990) observed that spontaneous imbibition 
processes can be properly scaled by: 

This equation results of Darcy's law applied to the displacement of oil at velocity L/ti under the 
pressure gradient Pc/L, where the capillary pressure PC is approximated by OK. For the 
present case, we found ti= 0.6 hour in good agreement with the observations. This time scale 
was also valid for the spontaneous imbibition on this sample. 
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Time (hr) 

Fig. 3: Local saturation recorded during 
drainage of sample S2. The full sequence of 
rotation steps is: 179, 245, 387, 565, 836, 
1023, 1246, 1777,2097 and 2430 rpm. 
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Fig. 4: Saturation profiles at equilibrium 
during drainage of sample S2. A quasi- 
spontaneous drainage is observed at low 
speed. The saturation at the faces (Rmin 
and R,,) are not measured. 

Intermediate wet sample S2 
Drainage: 

This reservoir sample was cleaned by flooding several pore volumes of methanol, 
toluene and methanol. This is a strong cleaning , which should yield a water wet sample 
(Cuiec, 1991). However, a quasi-spontaneous drainage was observed at low speed of rotation 
(fig. 3). When increasing the speed of rotation stepwise from 179 to 565 rpm, we saw a change 
of saturation at all locations and in particular at location 5, closest to the outlet face. This effect 
is due to the wettability of the sample. As a result, we obtain a nearly uniform profile in the 
sample (fig. 4). Above 565 rpm, the sample behaves like a water-wet sample: oil is penetrating 
gradually the sample from the inlet to the outlet face. 

The PC curves (fig. 5) reflect the wetting tendency of the sample. PC values are close to 
zero down to a saturation of about 0.9. The air water porous plate measurements (PP in fig. 5), 
performed on a companion plug, cannot indicate that tendency. There is a general agreement 
between the computed and direct measurement of the Pc curves. 

Forced imbibition: 
Only the recordings below 1250 rpm were interpreted because of calibration problems. 

During forced imbibition, a variation of oil saturation can be observed at all locations (fig. 6) 



but is larger at location 5 (closest to the inlet face). At 237 rpm, about 15 hours are needed to 
reach equilibrium. For the three last rotation steps (394, 681 and 1222 rprn), equilibrium was 
clearly not reached after 2 hours although most of the oil is produced. These equilibration time 
are much larger (an order of magnitude) than typical time scale inferred from (4) or observed 
during drainage. Although no microscopic analysis is available, long equilibration times would 
be consistent with the existence of thin films as described by Radke et al. (1992). 

There is no disagreement between the computed and direct determination of the PC 
curves (fig. 7). However, for the direct determinations, a higher saturation is obtained for a 
small radius of rotation, even at small capillary pressure. Such a trend can be explained by the 
non uniform initial saturation profile in the sample at the beginning of the experiment. The 
exact initial profile is difficult to obtain with the ultrasonic measurements because the sample is 
moved into a different core holder. 
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Fig. 5: Drainage PC curves for sample S2. Fig. 6:  Local saturation recorded during 
Direct determinations (2 to 5), computed imbibition of sample S2. The fluctuations 
curve (C) and air-water porous plate curve on channel 5 from 5 to 22 hr is due to 
(PP>. noise. 

Oil wet sample S3 
This reservoir sample provided an example of a natural oil wet sample. During 

drainage, the water saturation decreased from 1 to 0.51 PV for a capillary pressure smaller than 
3 mbar. The drainage PC curve (not shown) has a L shape indicating a strongly oil wet system. 
For the forced imbibition experiment, fig. 8, the data indicate basically water entering the 
sample at the outer face (at Rmax) and gradually displacing oil toward the inner face as the 
speed of rotation is increased. In this experiment, only three channels were available because of 
the small length of the sample. There is a threshold pressure (about 28 mbar or 419 rpm). The 
equilibrium times are quite large (about 5 hours), due to the low permeability of the sample (10 
rnD).The forced imbibition PC curve (fig.9) is similar in shape to a drainage PC curve of a water 
wet sample. For the range of pressure covered, the computed and direct determinations of the 
PC curves agree (fig. 9). The residual oil saturation is low, as expected for an oil wet system. 

Results: Relative Permeability Curves 

The measurement of local saturation was expected reduce the uncertainties on the 
determination of relative permeability (Kr). Firoozabadi et al. (1986) showed that production 
data can be fitted with very different sets of relative permeability using Corey and Chierici 
power law descriptions. Nordtvedt et al. (1993) used spline functions to represent Kr curves, 
providing sufficient flexibility with a limited number of parameters. They showed that the 
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Fig. 7: Imbibition PC curves for sample S2. Fig. 8: Local saturation recorded during 
Direct determinations (2 to 5) and computed imbibition of sample S3. (oil wet reservoir 
curve (C). sample). 

confidence interval can be large when Kr curves are inferred from production data. Using for 
the first time local saturation measurements, Chardaire et al. (1992) found a good agreement 
between Kr curves obtained from unsteady state and centrifuge technique. However, the 
comparison between measured and simulated local saturation was not satisfactory. We focus 
here on the comparison between Kr curves obtained from local and average saturation 
measurements in order to highlight the specific problems arising when using local saturation. 
The average saturation was not measured continuously but was calculated from the integration 
of the instantaneous local saturation profiles (eq. 3). 

The case considered is the drainage of the reservoir sample S2 of intermediate 
wettability described before. The data recorded during the quasi-spontaneous drainage (the nine 
first hours) were removed because the (negative) capillary pressure curve is not known in the 
saturation range covered (0.9<Sw<l). The problem is to identify the relative permeability 
curves in the saturation range [0.3 0.91 with an initial uniform saturation of 0.9. The numerical 
model used is a one dimensional two-phase incompressible model based on Darcy's law, as 
described in Chardaire et al. (1992). An error function, the sum of the squared difference 
between measured and simulated data, isminimised as described in Chardaire et al. (1992). 
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Fig. 10: comparison of simulated (dashed 
line) and measured production data using 
the production Kr curves from fig. 13. 
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Fig. 9: Imbibition PC curves for sample S3. 
Direct determinations (3 to 5) and computed 
curve (C). 



The Kr curves were computed using 
a) the cumulative production (fig. lo), 
b) each local saturation separately (fig. 11). In this case, we obtain three sets of Kr 

curves from channel 2 to 4, 
c) all local saturation measurements (fig. 12), as in Chardaire et al. (1992). 

A good fit can be obtained from the computation a) and b) (fig. 10 and 11). In these 
computations, we used respectively the computed and local PC curves slightly modified in order 
to reproduce the equilibrium saturation. The calculations are very sensitive to the capillary 
pressure curve due to the fact that the derivative dPc/dS actually used in the calculation may not 
be well estimated from the measured or computed curves. Especially where dPc/dS is small 
("plateau"), a small increase of pressure generates a large variation of saturation. In 
computation c), we determined first the best PC curve and then the Kr curves. However, the fit 
is poor (fig. 12) because the saturation at equilibrium at each location cannot be reproduced 
satisfactorily using a single PC curve. This is due to errors of measurements and to weak 
heterogeneities of the sample. As a result, the error function is dominated by the saturation 
differences at equilibrium and the transient saturation values are not and cannot be properly 
exploited. Hence, even if the solution may be correct numerically, it is not convincing. In 
addition, such a situation may contain more local minima. 

The five different Kr curves are compared in fig. 13. We used piece-wise linear 
segment to represent the curves with very large bounds for the first derivative (we identify the 
derivative of Kr in a range that can be chosen). No constraint on the second derivative is 
imposed contrarily to the spline representation. Such a representation is the most flexible one 
and certainly too flexible because fine details cannot be obtained from the data, even when local 
saturation are used. In fig. 13, we plotted the actual results (10 points per curve, values at 
Sw=l are imposed) and a smooth average curve. The choice of the more appropriate curve is 
not obvious. When using local saturation measurements separately, there is a problem of 
averaging whereas, when all local measurements are used, the solution may be biased by the 
problem of unicity of the PC curve. Thus, we conclude that local saturation measurements do 
not improve the determination of Kr curves. For "perfectly homogeneous sample", it can be 
demonstrated mathematically (Zhang, 1994) that the use of local saturation is better than 
production. Indeed, on synthetic data the error band around the identified Kr curves as well as 
the coupling between parameters is smaller. In practice, this is not confirmed by the above- 
described example and the advantages are not straightforward. 
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Time (hr) Time,(hr) 
Fig. 11: comparison of simulated (dashed Fig. 12: comparison of simulated (dashed 
line) and measured saturation data at location line) and measured saturation data at 
2 to 4 using the local Kr curves from fig, 13. location 2 to 4 and using the all channels Kr 

curves from fig. 13. 
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Fig. 10: drainage Kr curves computed using all the local measurements together (All ch.), 
each measurement separately (ch. 2 to ch. 4) and the production (Prod). 

Conclusions 

The measurement of saturation while centrifuging is very useful to study the kinetic of 
displacement processes. However, the method is difficult to calibrate because others parameters 
than saturation can influence the speed of sound in the porous medium. In particular, the effect 
of rotation is not well estimated and can be as large as the effect of saturation. 

We did not observe any contradiction between the direct determination of the PC curves 
and the computed ones, for any of the sample studied (from water wet to oil wet). Quasi- 
spontaneous processes that can take place at low speeds of rotation do not influence 
significantly the calculation. The measured saturation profiles are consistent with the 
assumptions of zero capillary pressure at the outflow face. The PC curves obtained at the 
different locations were often different, although the samples used were not particularly 
heterogeneous. To avoid the problem of averaging, the computed PC curve is more appropriate 
to characterise the sample, rather than a direct determination based on the measurement of the 
saturation in a thin slice of that sample. 

Because the multi-speed centrifuge experiment is very sensitive to capillary pressure and 
weak heterogeneities, the local saturation measurements do not improve the determination of 
relative permeability curves. On one hand, very different sets of Kr curves are found locally 
using a simulator in which homogeneity is assumed and the choice of the more appropriate 
curves is difficult. On the other hand, characterising the heterogeneities of the sample for the 
simulator would probably be too complex. Thus, a precise recording of the average saturation 
(production), when properly analysed, should provide the information necessary to determine 
Kr curves with a reasonable confidence interval, as done for example by Nordtvedt et al. 
(1993). 
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Nomenclature 
a,b 
Kr 
K 
L 
PC 
R 
Rmin, Rmax 
s w  
So 
Si 
t 
to 
tc 
ti 
Xi 
Po 
a 
Q 

W 

calibration coefficient 
relative permeability (fraction) 
absolute permeability 
sample length 
capillary pressure (oilbrine pressure difference) 
radius of rotation 
radii of rotation of the faces of the sample 
brine saturation 
oil saturation 
oil saturation at location xi 
transit time 
transit time taken as reference at Sw=l 
correction of transit time for the rotation effect 
characteristic time for an imbibition process 
distance from Rmin 
oil viscosity 
correction coefficient for the rotation effect 
oilbrine interfacial tension 
speed of rotation 
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