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imultaneous measurement of hysteresis in capillary pressure and
lectric permittivity for multiphase flow through porous media
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ABSTRACT

We present a tool that simultaneously measures the com-
plex permittivity and the capillary pressure characteristics for
multiphase flow. The sample holder is a parallel plate capaci-
tor. A precision component analyzer is used to measure the
impedance amplitude and phase angle as a function of fre-
quency �1 kHz to 3 MHz�. The complex impedance of the
�partially� saturated sample is directly related to the effective
complex permittivity. We have conducted main drainage and
main imbibition cycles for unconsolidated sand-water-gas
�CO2/N2� systems at 8-bar pressure and at temperatures be-
tween 27°C and 28°C. Hysteresis in capillary pressure and
electric permittivity, as a result of phase distribution, is found
between drainage and imbibition for f = 3 MHz and be-
comes more pronounced at higher water saturations. Good
agreement of the measured electric permittivity with the
complex refractive index model indicates that induced polar-
ization is not observed for 3 MHz and the water saturation is
reasonably predicted. The experiments have been performed
to study the capillary pressure behavior during CO2

sequestration.

INTRODUCTION

Capillary pressure �Pc� versus water saturation �Sw� relationships
re used in subsurface flow engineering applications such as hydro-
arbon production �Delshad et al., 2003�, soil remediation �Dane et
l., 1998�, and carbon dioxide �CO2� sequestration �Plug et al.,
006�. Hysteresis between the drainage �decreasing Sw� and imbibi-
ion �increasing Sw� of capillary pressure is widely observed and ex-
ensively investigated �Morrow, 1970; Hassanizadeh and Gray,
993; Reeves and Celia, 1996�. This saturation history dependence
f Pc is related to contact angle hysteresis �Anderson, 1986�, irre-
ersible pore-scale fluid redistributions �Morrow, 1970�, and the in-
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erfacial area �Reeves and Celia, 1996; Cheng et al., 2004�. Because
Pc is an interfacial property and strongly relates to the pressure and
aturation-induced movement and distribution of the phases, the in-
erfacial area per unit volume can be used as an indicator of the ther-

odynamic energy state �Cheng et al., 2004�. This results in a
niquely defined relationship for Pc as a function of Sw and interfa-
ial area. Furthermore, the initial state of a flow process is involved
van Kats and van Duijn, 2001�. Because all these phenomena also
ontribute to the complex permittivity of porous fluid-bearing rocks,
imultaneous measurements of capillary pressure and permittivity
ay reveal the fundamental physical behavior of capillary pressure

ysteresis.
It is known that the complex permittivity may be a function of fre-

uency f . Chelidze and Gueguen �1999� distinguish two polariza-
ion mechanisms. At frequencies below 10 MHz, relaxation pro-
esses are exhibited as a result of clustering of components and in-
uced polarization occurring at the solid/fluid interface �Chelidze
nd Gueguen 1999� and at the interface between the wetting and
onwetting phase �Knight, 1991�.

The effects of the pore-scale fluid distribution on the electrical be-
avior during imbibition and drainage results in hysteresis �Chelidze
t al., 1999�. Pronounced hysteresis in resistivity is observed by
leury and Longeron �1998�, Knight �1991�, Elashahab et al. �1995�,
nd Moss et al. �1999� and can be explained by the percolation theo-
y �Chelidze et al., 1999�. Nguyen et al. �1999a� reported on hystere-
is of the real part of the permittivity. The change in electrical re-
ponse as a function of the rock’s wettability has been investigated
nd described by Knight and Abad �1995�, Elashahab et al. �1995�,
oss et al. �1999�, and Nguyen et al. �1999b�.
We conclude that different mechanisms are responsible for both

he capillary pressure and the complex permittivity behavior. Differ-
nt studies on combined capillary pressure and electrical resistivity
easurements are reported �Elashahab et al., 1995; Fleury and
ongeron, 1998; Moss et al., 1999�. The real part of the permittivity
nd capillary pressures were measured simultaneously at frequen-
ies above 100 MHz by Nguyen et al. �1999a�.
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In this study, we investigate the capillary pressure and electric be-
avior for the unconsolidated sand–distilled-water–gas system dur-
ng main drainage and main imbibition. The experiments are con-
ucted at 8-bar pressure and a temperature between 27°C and 28°C.
e have performed these experiments in the framework of the in-

estigation of capillary pressure behavior during CO2 sequestration
pplications. The capillary pressure is measured under quasi-static
onditions using the setup discussed by Plug et al. �2006�. The sam-
le holder is designed as a parallel-plate capacitor �Knight and Nur,
987; Shen et al., 1987�, where two stainless steel end pieces act as
lectrodes, and different frequencies can be applied �1 kHz to
MHz�. The advantage of this technique over �coaxial� transmis-

ion-line methods is that the sample remains intact during the mea-
urements, which is also the case for the coaxial waveguide method
Taherian et al., 1991�. Calibration of the impedance tool is done us-
ng substances with known complex permittivity values �Shen et al.,
987; Nguyen et al., 1999c� and shows a maximum error of 4.5% in
he real part. Furthermore, the experimental technique is validated
ith reproducible data, and a precision of 93.5% is found. Hysteresis

n capillary pressure and electric permittivity is observed between
rainage and imbibition at f = 3 MHz and becomes more pro-
ounced at higher water saturations. Comparison of the data with the
omplex refractive index model shows the reasonable prediction for
he water saturation. Finally, we suggest that a better description of
he capillary pressure hysteresis can be obtained from accurate per-

ittivity data than from water saturation alone.

EXPERIMENTAL METHOD AND MATERIALS

The experimental setup is based on the porous plate technique
Plug et al., 2006�. We apply quasi-static conditions �Wildenschild et
l., 2001�, i.e., small injection rates, so that viscous forces can be ne-
lected.Aschematic overview of the experimental setup is shown in
igure 1. Two syringe pumps are used and can be set to a constant in-

ection rate or a constant pressure. The gas and the water phases are
njected or produced at the top and the bottom of the sample holder,
espectively. The pressure difference between the gas and the water
hase is measured by a pressure-difference transducer �PDT, accura-
y ±0.05 mbar�, which is located at the same height as the middle of

Perspex box 
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Ball valve Needle valve 
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control 
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igure 1. Schematic layout of the experimental setup. PDT: pressure
ifference transducer; GPT: gas pressure transducer; WPT: water
ressure transducer.
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he sample. A temperature control system is used to maintain a con-
tant temperature.

The sample holder, �see Figures 2 and 3�, consists of three parts: a
olyetheretherketone �PEEK� ring, which contains the sand sample,
nd two stainless steel end pieces. Two porous plates �SIPERM R,
r-Steel basis�, with a permeability of 2�10−12 m2 and a porosity of
.32, support the sample and protect the hydrophilic membrane. Two
tainless steel plates, both with 32 perforations �Dp = 5 mm�, are
sed at the top, directly above the sample, in combination with a ny-
on filter. Concentric flow grooves in the end pieces redistribute the
hases over the sample area to avoid preferential flow. The different
arts of the sample holder are mounted together with four stainless
teel bolts at both the top and bottom.

To obtain the permittivity of the sample inside the PEEK ring, a
recision component analyzer �Wayne-Kerr, 6640A� is connected to
he sample holder �Figure 1�. The electrodes are the two end pieces
f the sample holder, including the support plates. The PEEK materi-
l is nonconductive and, hence, the sample holder acts as a parallel-
late capacitor. The impedance amplitude, �Z� ���, and the phase an-
le, � �rad�, are measured as a function of the frequency and are di-
ectly related to the effective complex permittivity ��s

*� of the sam-
le, defined by �s

* = �s� − i�s�. Here, �s� and �s� represent the real and
maginary part of the permittivity, respectively. In this study, we are
nterested in �s�, and the results are presented as a function of Sw.

DATA ANALYSIS

We define the capillary pressure as the difference in gas and water
ulk phase pressures. From the produced water volume we obtain
he water saturation. The complex capacitance C* �F� is inversely
roportional to the complex impedance Z*��� by C* = �i�Z*�−1,
here � is the angular frequency, defined by � = 2�f , and Z*

�Z�exp�i��. The capacitor configuration results in a parallel circuit

1

10

16

5

4
211

5

1213
6

3
15 14

7
8

9

igure 2. The sample holder: 1. Gas inlet; 2. Water inlet; 3. Stainless
teel end piece 1; 4. Stainless steel end piece 2; 5. PEEK ring; 6. Po-
ous medium �diameter is 84 mm, height is 27 mm�; 7. Perforated
late �diameter is 84 mm�; 8. Perforated plate �diameter is 90 mm�;
. Concentric grooves; 10. Nylon filter �pore size 210 �m�; 11. SIP-
RM plate �diameter is 84 mm�; 12. SIPERM plate �diameter is
0 mm�; 13. Water-wet filter �pore size 0.1 �m�; 14. O-rings
2.1 mm�; 15. O-rings �4 mm�; 16. Stainless steel bolts.
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or which C* is considered as the sum of the capacitance of the sam-
le �Cs

*�, the PEEK ring �CPEEK
* �, the cables �Ccables

* �, the electrodes
esign �Celectrodes

* �, and the background noise �Cnoise
* �. Under the as-

umption that only Cs
* is changing for different samples, C* can be

ritten as

C* = Cs
* + Cresidual

* =
�0�s

*As

H
+ Cresidual

* . �1�

ere, �0 is the permittivity of free space, �s
* is the permittivity of the

ample, Cresidual
* �F� is the capacitance of the residual contributions,

nd H �m� and As �m2� are, respectively, the height and the cross-sec-
ional area of the sample. We use the complex refractive index �CRI�

odel �Roth et al., 1990; Seleznev et al., 2004� to evaluate the effec-
ive permittivity of the grain-water-gas mixture, given by

�s� = �� Sw
��w� + � �1 − Sw���gas� + �1 − ����grain� �2,

�2�

here � is the porosity; and �w� , �gas� , and �grain� are the water, gas, and
orous medium permittivities, respectively. Furthermore, the
ashin-Shtrikman bounds �Hashin and Shtrikman, 1962� are used to

nvestigate the validity of the results. The Hashin-Shtrikman bounds
ut limits on the effective electric permittivity of locally noninteract-
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igure 3. Three-dimensional representation of the sample holder
not to scale�. The numbers correspond to the legend of Figure 2. For
isualization reasons, the rubber O-rings and the concentric grooves
re not shown.
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ng and macroscopically homogeneous, isotropic mixtures. Our
and samples satisfy these conditions.

CALIBRATION AND SYSTEM ACCURACY

To obtain the most accurate data for the permittivity and the capil-
ary pressure, different configurations of the sample holder are in-
estigated. It appears that the type and combination of the support
lates and the presence and number of the stainless steel bolts do not
nfluence the impedance measurements.

The value for Cresidual
* �equation 1� is obtained from air measure-

ents using �s� = 1. The capacitance C*, of the air-filled sample
older is measured in the range of 20 to 21 ± 0.05 pF for the fre-
uency range of 1 kHz to 3 MHz. A statistical analysis on 50 mea-
urements �Gorriti and Slob, 2005�, for air and six different calibra-
ion materials, �see Table 1�, is performed to determine the maxi-

um measurement accuracy. It appears that the measurements are
ery stable. The mean and the relative error for both �Z� and � of ten
roups of two air measurements are of the order of 0.1%.

The impedance tool is calibrated for f = 3 MHz using materials
ith known permittivity behavior within the range of 2 to 25. In Ta-
le 1, we present the theoretical permittivities �s,theory� , the measured
ermittivities and the absolute errors ��s� obtained from an error
nalysis, and the accuracy of the 50 measurements for each calibra-
ion sample. High accuracy and good agreement is found for a wide
ange of permittivity values.

SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURE

We investigate the capillary pressure and complex permittivity
ehavior of the unconsolidated sand-water-gas �CO2/N2� system.
or each experiment, a new sand pack is used. The average grain size
raction is 360 to 410 �m, and the porosity is obtained with helium
t room temperature. For all samples, the porosity varies from 0.37
o 0.38 ± 0.005.

After the porosity measurements, the total system is evacuated for
hour. Subsequently, the sample holder is filled with distilled water

no salinity� at a pressure of approximately 8 bar to dissolve small air
ubbles. Valve 4 �see Figure 1� is closed and the gas tubing and pump
re filled with gas. The gas booster is used to bring up the gas pres-
ure. We set a constant temperature and let the system equilibrate for
wo days. When both the water and gas pressures are equal, a con-
tant water refill rate is applied, the gas pump is set to a constant pres-

able 1. Theoretical and measured permittivity values and
heir corresponding error and accuracy for the calibration
amples at f = 3 MHz and 25�C. The theoretical values are
btained from Weast and Astle (1981).

ample �s,theory� �s� ± ��s� Accuracy of �s�

eflon 2.00 �1 MHz� 2.06 ± 0.03 99.5%

erspex 2.76 �1 MHz� 2.84 ± 0.04 98.9%

VC 3.30 �1 MHz� 3.32 ± 0.04 99.3%

-Decanol �99%� 8.10 �static� 8.49 ± 0.05 99.8%

-Butanol 17.80 �static� 18.32 ± 0.06 99.9%

thanol �100%� 24.30 �static� 24.64 ± 0.07 99.8%
EG license or copyright; see Terms of Use at http://segdl.org/
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ure, and valve 4 is opened. After the main drainage process, the
ain imbibition process starts when the water pump is set to a con-

tant injection rate.

RESULTS AND DISCUSSION

Figure 4a shows the capillary pressure as a function of the water
aturation for the CO2-water-sand and the N2-water-sand systems.
oth of the CO2 experiments are performed at 8 bar and 28°C and

how good reproducibility. The relative error for the water saturation
alculation is ±12% for Sw = 0.1 and decreases towards zero for Sw

1. For visualization reasons, the error bars for Sw are not shown in
igure 4a. High precision in capillary pressure is obtained for the sat-
ration range between 0.15 and 0.72.As a result of a power failure at
�Figure 4a�, the primary drainage data are missing near Sw = 0.9

or experiment 2. The nonmonotonic behavior of the imbibition
urve, observed at point B �experiment 1�, is attributed to summer
emperatures in the laboratory that exceeded the upper limit of the
emperature control system. Capillary pressure hysteresis is mea-
ured and is similar for both experiments. The experiment with nitro-
en �N2� is conducted at 8 bar, and a temperature of 27°C is applied.
oth the drainage and imbibition curves are slightly higher than

hose for CO2 for Sw 	0.6, and a higher residual gas saturation �Sgr

0.21� is obtained. The difference in residual gas saturation is ex-
lained by higher dissolution of CO2 in water.
In Figure 4b, �s� as function of Sw, for the main drainage processes

s shown for f = 3 MHz. The measurement data can be fitted with
he CRI �equation 2� model using �w� = 80, �grain� = 6, and �gas� = 1 for
ater, grains, and CO2/N2, respectively. This indicates that Sw is pre-
icted reasonably from the measurements. Because the sample po-
osities are between 0.37 and 0.38, the porosity used in CRI is �

0.375. From Figure 4b it is clear that the measured effective per-
ittivities satisfy the Hashin-Shtrikman bounds. This implies that

or f = 3 MHz, the system can be considered to be a macroscopical-
y homogeneous and isotropic mixture.

From the drainage data of the two CO2 experiments �Figure 4b�,
e obtain the reproducibility of the permittivity measurements. A
recision of 93.5% is determined for the water saturation range of
.15	Sw 	0.72, which is lower than the precision for the Pc curves.
his is caused by difference in sand packs.
Figure 4c plots �s� for the main drainage and imbibition processes

or the first CO2 experiment. The same input parameters for the CRI
odel used for the drainage process result in good agreement for im-

ibition. It is clear that the Hashin-Shtrikman bounds are still satis-
ed for imbibition. Comparison between the curves in Figure 4c
hows that �s� for imbibition is higher than for drainage. Similar to
he capillary pressure hysteresis, the permittivity hysteresis increas-
s for increasing water saturation.

Near Sw = 0.85, the slope of �s� in each drainage experiment shows
n abrupt change �Figure 4b�. As a result of spontaneous redistribu-
ion of the phases and percolation mechanisms, the system under-
oes a transition from trapped gas to trapped water �Knight, 1991;
helidze et al., 1999�. The clear dip in drainage, Pc at Sw = 0.85, for
xperiment 3 supports this explanation. Similar permittivity behav-
or is also observed for the imbibition process near Sw = 0.8 �see Fig-
re 4c�.

Reasons for the permittivity hysteresis can be found in the distri-
ution of the water and gas phase �Chelidze et al., 1999� as well as in
he change in interfacial area during drainage and imbibition. The
rst effect mentioned is observed in this study, the latter effect is ex-
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igure 4. Main drainage and imbibition capillary pressure curves �a�
or CO2 and N2 for a flow rate of 0.5 ml/h. The curves for CO2 coin-
ide, which clarifies the reproducibility of the method. The corre-
ponding real part of the permittivity �s� as a function of Sw for the
ain drainage experiments are shown in �b� as well as the Hashin-
htrikman upper and lower bounds. For experiment 1 �CO2–
istilled water–sand�, the real part of the permittivity is shown in �c�
or both the main drainage and imbibition process. The hysteresis in
ermittivity is clearly visible. All experiments are conducted for
ressures of 8 bar and a temperature of 27°C and 28°C for, respec-
ively, CO and N .
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ected to be more pronounced for lower frequencies. Different
echanisms, such as dipole polarization, polarization in the electri-

al double layer �Chelidze et al., 1999�, and conduction on the water-
as interface �Knight, 1991� are, therefore, considered to be the key
o improve the current knowledge of capillary hysteresis as a func-
ion of the interfacial area, especially when pronounced permittivity
ysteresis is observed at high water contents.

CONCLUSIONS

The measurements presented in this work show that it is possible
o measure the capillary pressure and the permittivity properties si-

ultaneously with a nondestructive technique. The tool is widely
pplicable and can be used for fluid-bearing rocks and soils, and the
esults are, therefore, relevant for applications in near-surface as
ell as exploration and production geophysics. Moreover, the ex-
erimentally observed hysteresis in the real part of the complex elec-
ric permittivity provides evidence that a better description of the
apillary pressure hysteresis can be obtained than that from water
aturation alone. Because the presence of water plays a dominant
ole in the permittivity behavior, low frequency measurements are
ecessary to assist in the interpretation of the permittivity hysteresis
n terms of interfacial activities.
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