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ABSTRACT

A fast and accurate method, based on multipoint electrical measurements, is used to
monitor the hydrocarbon mobilization/dissolution in a porous medium, during the rate-
controlled injection of a surfactant solution. The residual n-C;y remaining in a soil
column after a fast drainage and a slow imbibition step is flushed by an aqueous
solution of NaCl (17.5 g/L) and anionic surfactant SDS (4.9 g/L). The transient response
of the water saturation averaged over five successive segments of the soil column is
monitored by transforming the electrical resistance between five pairs of electrodes to
water saturations with the aid of a non-Archie equation. The sequential mobilization and
entrapment of n-Co ganglia in the various segments are fast processes observed during
the first stages of the flushing test, while the n-C;( dissolution in aqueous and SDS
micelle phases is a slow process observed mainly during advanced stages of the test. A
mathematical model of surfactant enhanced hydrocarbon dissolution and mobilization is
developed. Based on the experimental data, an effective dissolution rate (EDR) is
determined explicitly over each soil column segment. The EDR is the sum of the actual
n-Cjo dissolution rate and the net rate of n-C;o mass outflow through the soil segment.

INTRODUCTION

Surfactant-enhanced oil dissolution and mobilization belongs to the well-promising
methods of (1) enhanced oil and condensate gas recovery, and (2) soil remediation
(Khachikian and Harmon, 2000). Surfactants combine a characteristic structural group
that has a strong attraction for oil together with a hydrophilic group which has a strong
attraction to water (Zhou and Zhu, 2004). Surfactants are primarily used either to
enhance dissolution of oil into aqueous phase or reduce the interfacial tension between
oil/water. In the one case the mixture of oil and water is received as a single phase
(Zhou et al., 2000) while in the second case the oil is mobilized as a separate phase
(Chrysikopoulos and Vogler, 2006). At surfactant concentrations higher than the CMC
(critical micelle concentration) the solubility of oils in the aqueous phase increase since
oil molecules are captured and trapped (solubilized) into micelles (Prak et al., 1999).
For ionic surfactants where the micelles and oil drops repel, it is generally accepted that
oil molecules dissolve and diffuse away from the interface, subsequently being
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incorporated into micelles either during their traverse through the diffusion boundary
layer or after they reach the bulk solution (Pena and Miller, 2006). From kinetic studies
of n-Cy solubilization by micellar solutions of sodium dodecyl sulfate (SDS) it was
found that the solubilization rate was dictated not by the diffusion of oil molecules in
the water solution but rather by the resistance to incorporate decane molecules from the
bulk solution into the micelles (Todorov et al., 2002). Despite the up-to-date research
advances on the experimental investigation and numerical modeling of hydrocarbon
recovery with surfactant flushing (Mulligan et al., 2001; Sahloul et al., 2002), there is
still an ambiguity concerning the interactions of oil dissolution with oil mobilization
(Chrysikopoulos and Vogler, 2006) and their individual contribution to the global oil
recovery efficiency under conditions favoring both mechanisms. The present study is an
attempt to elucidate the interactive effects of oil dissolution and mobilization into a
porous medium by (i) monitoring the transient evolution of n-C,y saturation along five
successive segments of a soil column and dissolved n-C;y concentration in water
effluent, (ii) formulating a mathematical model of surfactant enhanced hydrocarbon
dissolution-mobilization and (ii) determining explicitly the effective n-C; dissolution
rate over each soil segment..

METHODSAND MATERIALS

Experiments were performed on a long vertical soil column (Table 1) equipped with
electrodes along its length (Aggelopoulos and Tsakiroglou, 2007, 2008). First, the
column was evacuated and filled with brine (aqueous solution of NaCl, Cn,ci=17.5 g/L).
Then, the soil column was flushed downwards at constant influx rates with (i) n-Cj
(drainage, flow rate Q,=3ml/min), (ii) brine (imbibition, flow rate Q,=0.5ml/min) and
(ii1) brine mixed with SDS (surfactant flushing, Cnaci=17.5 g/L, Csps=4.9 g/L, flow rate
Qs=0.5ml/min). It was confirmed that the SDS had negligible effect on the electrical
conductance of brine. The drainage and imbibition resistivity index curves were
constructed by recording the transient changes of electrical resistivity across five
successive segments of the column with the aid of electrodes, and measuring the
transient variation of water saturation from the total injected volume and effluent weight
(Aggelopoulos et al., 2005; Aggelopoulos and Tsakiroglou, 2007, 2008). The resistivity
index curves were furthermore employed to determine the transient variation of brine
saturation (and consequently of residual oil saturation) across five successive segments
of the soil column during the various steps of the experiment. The imbibition resistivity
index was used to produce the water saturation as a function of time for the SDS
flushing step. The transformation of resistivity index to water saturation was done by
using the non-Archie equation (Aggelopoulos et al, 2005)

Ig =aS,, " +(1-a)S, " (1)
with the fitting parameters shown in Table 2. In order to eliminate the noise that is
embedded into the electrical measurements and hence into the calculated water
saturation profiles, the transient response of <S> in SDS flushing test was denoised
with multi-level wavelets (Daubechies, 1992).

Moreover, effluent samples were collected at various times from the column
outlet and the n-Cjy concentration in the aqueous phase was measured with Gas
Chromatogrphy-Flame Ionization Detector (GC-FID) coupled with solid phase micro-
extraction (SPME). Initially, the dissolved n-C;y was adsorbed on a fiber that was sunk
in the aqueous solution and agitated for 0.5 hr under constant rotation speed.
Afterwards, the fiber was transferred to the GC, where the n-C,o was desorbed under
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high temperature and its quantity was measured from the peak area with comparison to
the peak area of a standard n-C, solution.

RESULTSAND DISCUSSION
The non-uniform water saturation in the lower segments of the soil column, at the end
of drainage, can be attributed to the capillary end effect (Fig.2a). Although the axial
water saturation profile has the tendency to be homogenized during the imbibition step
(Fig.2b) some differences in saturation still remain mainly because the transient
displacement pattern is governed by capillary forces and frequent bypass of oil-occupied
regions occurs (Tsakiroglou et al., 2003a, 2003b). The surfactant flushing experiment
was interrupted after the injection of ~63 PV (pore volumes), when no important change
of electrical conductance (and hence of residual oil) was detected any more (Fig.3a). At
the beginning, oil trapped on the top of the soil was mobilized, and transferred gradually
from the upper to the lower layers where it might be trapped again. This is reflected in
the initial reduction and subsequent increase of water saturation in each segment of the
soil column (Fig.3a). Afterwards, the water saturation starts increasing slowly (Fig.3a)
since the dissolution of n-C;¢ in aqueous phase is a slow mass-transfer process governed
by the rate of n-C;¢ diffusion in a boundary layer surrounding the oil/water interface and
rate of n-C;¢ molecules incorporation into the micelles (Todorov et al., 2002). As it was
noticed earlier, because of the anionic nature of SDS, first the n-C;o molecules dissolve
in aqueous phase and diffuse in the bulk and then they are captured by micelles. The
increase in apparent n-Cj, solubility in the presence of micelles is due almost entirely to
n-Cjo partitioning into the micellar core, so that the amount of n-C; dissolved in the
aqueous phase is essentially unaffected by the presence of surfactants so long as there is
any excess of hydrocarbon present. By introducing the GC-FID measurements of n-Cjo
concentration (Fig.3b) into simple mass balances, it was found that only ~0.6% of the
initial residual n-C, saturation was dissolved in the aqueous phase. It is reasonable to
assume that only a fraction of the total n-C, (that has been dissolved in the aqueous and
micelle phases) was extracted with SPME, given that the final variation of water
saturation was ~9.6 %. Therefore, most of n-C;y withdrawn from the oil phase was
transferred either in the micelles or in the oil phase displaced from the porous medium.
The n-C10 dissolution/mobilization in SDS micellar solution is modeled by
formulating 1-D mass balances for n-Cj¢ in the two-fluid system (oil and aqueous
phase) and single-fluid system (aqueous phase) Locally, the water flow rate is not
constant because of the flow of mobilized oil phase. Instead of using the classical
formulation of Darcy’s law and relative permeabilities, the local oil flux (q, /@A) was

regarded as a dispersive term by using the approximate relationship
o S,
do0 __p ,F0 2
oA mob ox (2
where D, is a mobilization coefficient depending on the local flow field, and spatial
fluid distribution (oil ganglia sizes, shapes, etc) (Payatakes and Dias, 1984), ¢ is the
porosity, A is the cross-sectional area, and S, is the oil saturation. On the other hand,

the global oil dissolution rate (including oil solubilization by micelles) was given by the
relation (Grinmberg et al., 1995)

Jais = K0 (Cy = C) 3)
where K is the observed mass-transfer coefficient, a; is the n-C;o/water total specific

interfacial area, C, is the n-C10 apparent solubility (maximum concentration of n-Cjo
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in aqueous and micelle phases), and C is the actual n-C;( concentration in aqueous and
micelle phases. After some manipulation the following system of coupled non-linear
PDEs was obtained

S, o 8S,) Ko
_Y%1p  DPo | Ddis%i (-« 4
ot GX( mob axj Po (s ) ()
oC 8 oC] Q, aC 3S, oC B 8s
1-8, )= =2 D (1-8, )= |-=Z_p_ 20T o2 D, —2 |+
( °)at 8x{ v J@x} oA ox ™ ax ox ax[ mob 8x] -

Kdisai[l—i](cs -QC)

0o

where Dy is the longitudinal dispersion coefficient (Aggelopoulos and Tsakiroglou,

2007) and the interfacial area is given by o; = GOSOB .

The aforementioned system of equations coupled with the adequate initial and
boundary conditions could be solved and fitted to experimental data to estimate the
various parameters involved. Because of the uncertainties embedded into such multi-
parameter estimation procedures, the following simplifying approach was adopted. The
volume averaging of the n-C,( continuity equation,Eq.(4),over each soil segment yields

M = _[<Fij> + poA(P(uo,jSo,j —UgiSo,i )] =—EDR) i ©

where Lj; is the length of segment ij, the term pOA(p(uO’jSO’j —uO,iSO’i) expresses the

AgL;p,

net rate of n-C;p mass outflow (and is equal to the change of the n-C;y mobilization
rate), the term (Fj;) is the actual dissolution rate averaged over the segment ij , whereas

(EDR);; is the effective dissolution rate averaged over each segment ij. Based on

Eq.(6), the time derivative of the water saturation averaged over each segment (Fig.3a)
was calculated explicitly and the corresponding <EDR> was determined (Fig.4). At
early times (t<100min) the process is dominated by relatively slow and non-uniform
mobilization, and is reflected in high <EDR>;; values particularly with reference to the
upper segments (Fig.4a). At late times (t>200min), n-C,, dissolution becomes dominant,
n-C10 ganglia may be mobilized at low rates only over the lower segments, whereas in
the upper layers the n-C10 ganglia are stranded (Fig.4b).

CONCLUSIONS

An experimental technique was developed to monitor the transient evolution of the axial
water saturation profile in a soil column during the dissolution/mobilization of
hydrocarbons by surfactant aqueous solutions. An aqueous solution of NaCl and anionic
surfactant SDS at concentration higher than the CMC, as well as n-C;o were used. A
multi-point resistivity meter was used to record continuously the resistivity index of five
successive segments of the soil column and a non-Archie equation was employed to
transform the resistivity values to water saturation. Because of the partition of dissolved
n-Cj in aqueous and micelle phases we were unable to dictate the total concentration of
dissolved n-Cjo by coupling SPME with GC-FID. The effective n-C, dissolution rate
<EDR>j;, calculated explicitly over each soil segment by employing the experimental
data is a fingerprint of the competitive mechanisms and indicates that oil mobilization is
dominant over the upper segments at early times while oil dissolution in aqueous and
micelle phases is evident throughout the soil column at late times.
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Table 1. Properties of soil column

Soil S1
Porosity, ¢ 0.40
Permeability, k 252D
Formation factor, F 3.97
Soil column length, L 29 cm
Diameter, D 4.75 cm
Mean grain size, <d,> 2x10™ cm

Table 2. Fitting parameter values of resistivity index model

Electrode a m n
pair Drainage | Imbibition | Drainage | Imbibition | Drainage | Imbibition
12 0.708 0918 7.48 6.73 2.02 0.844
13 0.964 0.961 8.54 3.43 0.084 0.128
14 0.943 0.952 12.64 3.68 0.287 0.203
15 0.933 0.955 15.72 3.11 0.299 0.137
16 0.919 0.965 17.84 2.80 0.391 0.0
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Figure 1. (a) Experimental setup. (b) Schematic diagram of soil column with electrodes
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Figure 2. Transient response of water saturation profile during (a) drainage, (b) imbibition steps
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Figure 3. (a) Transient variation of water saturation averaged over five successive segments of the soil
column. (b) Transient variation of dissolved n-C,y concentration measured with SPME and GC-FID.
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Figure 4. Transient response of the <EDR>;; in each segment at (a) early times, (b) late times



