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Abstract

With the perspective of long term CO, storage, thermodynamic data are necessary for the simulations of CO,
injection in aquifers of depleted oil reservoirs. We focus here on the determination of the resistivity and viscosity of
aqueous NaCl solutions with dissolved CO ,. It is well known that dissolved CO , increases slightly the water density.
Recently, Bando et al. (2004) measured the viscosity of CO, saturated brines and found an increase of viscosity with
increasing amount of dissolved CO,. For resistivity, no data is available to our knowledge.

We evaluated the effect of dissolved CO, simultaneously on the resistivity and viscosity of three NaCl solutions
covering the range of salinity usually encountered in potential CO, storage geological formations. At a constant
temperature of 35°C, we show that the variation of resistivity and viscosity are proportional to the amount of
dissolved CO,. For viscosity, our data are in agreement with previous observations. The observed variations are
small, at maximum of the order of 10%. The increase of viscosity is well correlated with the variation of
conductivity because ions are moving in a more viscous solvent and th erefore conductivity decreases. For the
temperature dependence, we used the Arps model to describe the measured variation of conductivity as a function of
temperature. W e propose a simple model to take into account the small modifications of conductivity and viscosity
as a function of the dissolved CO, fraction and temperature. Finally, we examine two potential impacts of these
findings.

((© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

Dissolved acid gases have specific physical properties due to their interactions with the solvent that are difficult
to predict. For CO ,, a peculiar behavior is the increase of viscosity when dissolved into water [ 1]. Even though only
a small mole fraction ofCO, can be dissolved at elevated pressure (i.e. about 2%), the viscosity can increase by
10% whereas the density only increases by 1%. Since viscosity, ionic conductivity (and diffusion) are closely
linked, such behavior motivated us to study simultaneously the conductivity and viscosity of aqueous NaCl solutions
doi:10.1016/j.egypro.2009.02.094
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containing dissolved CO,. For conductivity, we expect to find a decrease of conductivity but the complex ions
hydrodynamical interactions [2] at high salt concentrations is rather difficult to predict. We first present the
simultaneous measurements of the variation of conductivity and viscosity for three NaCl brine of salinity 20, 80 and
160 g/L, (respectively 0.342, 1.369 and 2.738 mol/L), representative of the range of salinity encountered in
geological formation. Then, we discuss some practical impact in terms of resistivity monitoring and convective
motions.

2. Experimental technique

The variations of viscosity n and conductivity k¥ were deduced from the measurements of the variations of
pressure drop dP when flowing CO, s aturated solutions across a porous medium, and the measurements of the
variation s of resistance R of this porous media (Figure 1). From the Darcy's and Ohm's laws, we have:

SK 1
= —dP K=
LQ fce]l R

where L and S are respectively the length and surface area of the porous medium, Q is the flow rate, K is the
permeability, f.q is a geometric cell factor [m]. If all these factors are kept constant, the variations of dP and R can
be used to characterize the variations of viscosity and conductivity. The resistance R depends essentially on the
porosity, while permeability depends essentially on the connections between pores.
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Figure 1: Schematic of the experimental set-up. A porous ceramic was used to measure the variation of pressure drop and resistance when
flooding with NaCl solutions with and without dissolved CO2.

The resistance of the porous media was measured using a set of six electrodes located radially around the sample
(Figure 1); two pairs of large electrodes are used to inject the current (500 mV, 1 kHz) and the small electrode pair
is used to measure the voltage drop. The electrodes are molded in a Viton sleeve which is also used to apply a
confining pressure on the sample. The electrodes are connected to an impedance meter (Agilent 4263) and the
resistance is determined from the real part of the measured complex impedance. T herefore, we avoid contact
resistance, and hydraulic flow and electric current injection are separated and do not interact each other.

The aqueous NaCl solutions were prepared using de-ionized water. To dissolve a given amount of CO,, the
solutions were placed in a high pressure Hastelloy container filled at mid-level. Then, CO, was injected at the top
and the pressure imposed at a value varying from 1.0 up to 8.0 MPa in order to obtain variable amounts of dissolved
CO; into the brine. To insure thermodynamic equil ibrium, the container was agitated several times. Then the excess
CO, is removed, the pressure increased up to 8.5 MPa (for all experiments) and the solutions injected through the
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porous media. To obtain a sealing between the sample and the sleeve, the con fining pressure was fixed at 13.5 MPa
for all experiments, the temperature of the flooding cell fixed at 35 °C (in a temperature regulated oven) except for
the measurements performed at variable temperature described later. The exact amount of dissolved CO, was
measured after the resistance and pressure drop measurements. This was performed for each experiment on 5 liquid
samples using volumetric brine and gas measurements after a flash and separation at ambient pressure and
temperature. The conversion from gas volume to mole fraction xco, takes into account the measured temperature.

The procedure for both resistance and pressure drop measurements is as follows: the brine without CO, is first
injected at a constant low flow rate of 1 am’h! through the p orous ceramic to determine a reference resistance and
pressure drop. Then the brine with dissolved CO, is injected and the variation of resistance and pressure drop
recorded. Finally, the initial brine is injected again to verify that no modification of th e porous ceramic occurred
during the CO, flooding. This procedure is repeated for every experiment when varying the dissolved CO, mole
fraction. Due to the appropriate choice of the porous ceramic both in terms of permeability and porosity, the
variations of resistance and pressure drop are easily measured using standard equipment (up to 20 Q for R and up to
7x10* Pa for dP). The source of uncertainties is mostly due to the baseline fluctuations, a result of the slight
modifications of the porous media. The measurements at variable temperatures were performed using a continuous
increase of the oven temperature while keeping the pore and confining pressures constant.
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Figure 2: Relative variation of conductivity k and viscosity 1 at35 °C for three salinities; * 20gL; A80 g/L ; m 160 g/L. .

3. Results

We found a linear relationship between the relative variation of resistance and the measured mole fraction xcq, of
dissolved CO, ( regression coefficient 0.99, Figure 2):
Ax
—=-6.0 xco» (2)
K
Note that d espite the formation ofadditional ions due to the dissociation of CO, in water ( H ¥, HCO7 ), conductivity
decreases. However, these ions represent a very small fraction relative to NaCl. Indeed, assuming a pH of 3, the H"
concentration will be about 10~ mol/L (by definition), while the NaCl concentration will be more than hundred
times larger (0.342 mol/L for 20g/L). Similarly for viscosity, the relative variation of the differential pressure is also
related linearly to the amount of dissolved CO, (regression coefficient 0.97, Figure 2):
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An
—=4.65 Xco2 3)
n
For comparison we plotted a few data points from the work of Bando et al. [1]. They are in agreement with our
observations. Note that there is no salinity dependence. However, the amount of dissolved CO, is smaller for the

highest salinity (0.01 for 160 g/L instead of 0.025 for 20g/1), as expected from dissolution studies.

For the temperature dependence, we tested the formulation currently used for resistivity (Arps empirical formulae
[3]). F or the 20 g/L NaCl solution, the evolution the conductivity with and without dissolved CO, can be fitted with
the following relationship (Figure 3):

T+19.5
ks(T) = kg (Ty) ——— 35 °C< T'<100 °C 4
s(T) =ks(Ty) To+195 4

The value 19.5 in the above equation was first adjusted t o the data without dissolved CO,. Using the same value
with dissolved CO,, the fit is slightly less accurate (largest deviation of 1.9 % instead of 0.4%). For viscosity, the
same law can be applied because the variations of differential pressure were linearly related to the variation of

resistance when increasing the temperature (not shown).
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Figure 3: Deviation of measured conductivity Kexp from calculated conductivity Kcalcusing the Arps formulation , without dissolved CO , (left)
and with dissolved CO; (right, x c0,=0.011). Cyac1 = 20 g/L, pressure 8.5 MPa . The temperature was varied continuously between 35 and 100 °C.

Finally, combining the temperature and dissolved CO, dependences, we can propose the following relationships
describing the effect of dissolved CO, on electrical conductivity k and viscosity n:

T+19.5) )

Ks(xco2,T) = k5(0,Ty) (1-6.0x _—
s (xco2,T) = Kk5(0,T5) ( co2) (To 95
(6)
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4. Practical impact

We discuss here two applications in which the decreas e of conductivity and the increase of viscosity may have an
impact. The conductivity of brine is important for the interpretation of the resistivity of a porous media saturated
with a conductive fluid (brine) and a non conductive fluid (hydrocarbons, CO,). During CO , injection in any state
(gas, supercritical), a thermodynamic equilibrium will rapidly take place behind the front and a fraction of CO, will
be dissolved in water, therefore changing slightly its resistivity. When measuring in-situ resistivity using logging
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tools or permanent sensors [ 4] with the objective of determining saturation, the simplest approach to calculate the
saturation Sw is to use the Archie's laws:
1/n

-m
a® Rl " (7

Sw =

1

where R, is the measured resistivity, ® is porosity, Rw is the brine resistivity (inverse of conductivity) and a, m and
n are parameters that can be measured in the laboratory. The exponents m and n take values around 2 and typically
vary in a range [1.5 —2.5]. The sensitivity to the brine resistivity is easily derived:

dSw 1 dRw

@Lw__aw (8)

Sw n Rw

Hence, a relative variation of 10% of the brine resistivity will generate a relative variation of saturation of 5% when
taking n=2. If this effect is not taken into account, saturation will be underestimated by 5%.

For viscosity, the increase of viscosity during dissolution of CO, will impact the time scale of convection due to the
slight density difference between the formation brine and brine containing dissolved CO, [ 5]. If we consider a
porous layer of thickness H and porosity @ in which a gradient of dissolved CO, concentration exists, a k ey
parameter for describing the stability of the system is the Darcy -Raleigh number defined as:
gAp KH
noDbD

where g is gravity, D is diffusivity, K is permeability and Ap is the density difference due to the dissolved CO,. The
dissolved CO, being at the top of the layer, a density -driven convection can occur. But this density difference will

fade away by molecular diffusion, and the speed of convection will depend on viscosity. Furthermore, following Xu
et al. [5] in their stability analysis, the minimum time needed to develop an instability (or start convection) is given

by:

Ra = ©

2
@) D (10)

g Ap K
This time depends on the square of viscosity and therefore may increase with increasing viscosity. However, the
diffusivity may also decreased as a function of CO, concentration and partially compensate the viscosity effect.

Z‘C

5. Conclusion

The effect of dissolved CO, on the resistivity and viscosity of aqueous NaCl solutions is small and can be
modeled using a simple linear function involving the mole fraction. The experiments have been performed on three
NaCl solutions covering the range of salinity usually encountered in potential CO, storage geological formations. At
a constant temperature of 35 °C, w e show that the variation of conductivity and viscosity are both proportional to
the mole fraction of dissolved CO,. The relative variation of viscosity is slightly larger than the relative variation of
conductivity. We propose a simple model to take into account the effect of both dissolved CO, and temperature. For
resistivity to saturation conversion using the Archie's laws, a systematic underestimation of saturation of about 5%
may be present if the slight increase of conductivity is not taken into account. Concerning viscosity, the time scale
for the onset of convection may be underestimated if the increase of viscosity is not taken into account.
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