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An experimental study, as well as theoretical and numerical models, are used to
®alidate a methodology to exploit con®entional geochemical data with regard to the
concentration profiles of organic components occurring naturally in hydrocarbon reser-
®oir oils. The experiment was designed to study transport of organic compounds from
bypassed oil during water injection using a homogeneous oil-filled core sample, which
was made heterogeneous by drilling a hole through its central axis and filling it with a
highly permeable material. Under the present conditions, diffusion coefficients are the
most important parameters controlling the transport, and the effect of partitioning could
be accounted for by a simple normalization. The experimental results are well described
by a simple 2-D analytical model that assumes instantaneous remo®al of solutes from
the oil � water interface. The experimental results are also well described by two numeri-
cal models, of which one is a full-featured reser®oir scale model, suitable for applica-
tions of the methodology to reser®oir-scale cases.

Introduction

The task of estimating the presence and location of by-
passed oil is highly relevant to tertiary oil recovery method-
ologies. Such methodologies are expected to become more
important as the discovery of new oil reserves starts to de-
cline. In 1996, for example, about 3% of the world’s oil pro-
duction and about 11% of the U.S. production came from

Ž . Ž .enhanced oil recovery EOR projects Taber et al., 1997 .
The obvious economic potential represented by undevel-

oped oil in existing oil reservoirs is therefore an important

Correspondence concerning this article should be addressed to O. Huseby.

motivation for studies related to the estimation and produc-
tion of bypassed oil. Undeveloped oil from bypassed regions
in mature oil fields is discussed by, for example, Watters et

Ž . Ž . Ž .al. 1999 , Montgomery et al. 1998 , and Walker 1997 . Ex-
perimental studies of mass transfer from bypassed oil have

Ž .been conducted by Le Romancer et al. 1994 , Burger et al.
Ž . Ž .1996 , and Burger and Mohanty 1997 .

In addition to the relevance for oil production, the estima-
tion of the presence and location of oil pools is also relevant
in subsurface hydrology. Increasing attention has been de-
voted to the estimation of the presence of nonaqueous phase

Ž .liquids NAPLs and remediation of NAPL contaminated
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groundwater resources. In a recent review of this topic,
Ž .Khachikian and Harmon 2000 mention the lack of efficient

NAPL location methodologies as one of the obstacles that
precludes effective deployment of NAPL recovery technolo-
gies.

Use of injected partitioning tracers is one of the tech-
niques employed to estimate the presence of undeveloped oil
or NAPL contamination. In the context of hydrocarbon

Ž .reservoirs, this is demonstrated by Lichtenberger 1991 . In
subsurface hydrology, this technique is demonstrated by Jin

Ž .et al. 1995 .
Complementary information on undeveloped oil or NAPL

contamination, compared to that generated by the injection
Žof partitioning tracers, can be obtained from the presence or

.absence of chemical compounds in fluids produced from
subsurface water or hydrocarbon reservoirs. In the case of

Ž .subsurface hydrology, Semprini et al. 2000 describe a

( ) ( )Figure 1. Geometry a and rig lay-out b of the experi-
mental case.

methodology based on the reduction of radon-222 concentra-
tion as an estimation and quantification tool for NAPL con-
tamination.

Presently, we suggest a methodology that exploits conven-
tional geochemical data with regard to the concentration pro-
files of organic components occurring naturally in hydrocar-
bon reservoir oils. To validate the methodology, a laboratory
experiment was performed, accompanied by theoretical and
numerical models for the production profiles of these ‘‘natu-
ral tracers’’ in a hydrocarbon reservoir.

The experiment was designed to mimic the bypassing of oil
occurring in heterogeneous reservoirs due to permeability
variations and nonoptimal location of injection or production
wells. A homogeneous cylindrical core sample from a North
Sea field was transformed to a heterogeneous one by drilling
a hole along its central axis and filling it with a highly perme-
able porous material, through which fluids are allowed to
pass.

The present experiment bears similarities to tests con-
Ž . Ž .ducted by Le Romancer et al. 1994 , Burger et al. 1996 ,

Ž .and Burger and Mohanty 1997 . However, whereas these au-
thors were concerned with the transport of oil from the low
permeability areas during gas injection, our objective is to
study transport of organic compounds from the immobile oil
during water injection. In our case, the oil is kept immobile
due to the small permeability of the core material.

To the best of our knowledge, no such experimental or
theoretical studies exist on the production of oil components
from immobile bypassed oil during water injection.

The rest of this article is organized as follows: First the
experimental setup and procedure are described, and physi-
cal properties of the fluids and the geometry are determined,
including the transport coefficients of the porous materials.
Then the transport equations and two models are presented
and an analytical treatment of the problem is given, as well
as a brief description of numerical codes used to model the
experiment. The experimental results are presented and
compared to the numerical and theoretical models. Finally,
the main findings are briefly summarized in the last section.

Experiment
Experimental setup and procedure

A cylindrical sample of a reservoir sandstone from the
North Sea was prepared and perforated by drilling a cylindri-
cal hole along its central axis, as shown in Figure 1a.

The experiment was carried out in a small-core flow rig,
illustrated in Figure 1b. The core was coated with epoxy, and
two stainless steel endcaps were connected to the circular
ends of the core. The endcaps have a special broken ring-
shaped pattern toward the core, in order to distribute the
entrance liquid across the entire entrance cross section, and,
similarly, to collect the exit fluid from the entire exit cross

Žsection. The liquid flow is supplied through 3.175 mm 1r8
. Žin. stainless steel tubing using an HPLC pump Beckman

.114M . The space between the hole and the valves was cov-
ered by a reticulate wire, in order to avoid the plastic spheres
escaping from the central hole. The complete core, with coat-
ing and endcaps, was placed in a Hassler cell, and an over-
burden pressure of 10 bar was applied to avoid cracking the

May 2003 Vol. 49, No. 5 AIChE Journal1086



epoxy coating. The exit fluid was directed to a sample collec-
Ž .tor Gilson Model 222 and stored in test tubes for later con-

centration measurements. The methodology used to find the
solute concentrations is described below.

Initially, the rock was dried to remove any water from the
sandstone. Air was removed from the sample, and the whole

Ž .sample including spherical packing and tubing was com-
Ž .pletely saturated with oil from a specific well Well-A3 in

the Veslefrikk field in the North Sea. The experiment was
performed by injecting synthetic formation water at the inlet
and pumping it through the system. Note that the inlet is
located at the bottom of the sample, which is important in
order to remove the oil from the central packing, since the
oil is less dense than water. For a transient period of about 2
h, the oil originally located in the packing and tubing was
produced. Afterwards, the experiment was continued for 90
h, measured from the time of water breakthrough. The ex-

Ž .periment was carried out at room temperature Ts20�C .
During the experiment, the outlet was kept at atmospheric
pressure P s105 Pa, and water was injected at the inlet at ao
constant flow rate Qs1.044 10y6 m3rh. The produced water
was sampled every hour during the experiment. Samples of
the produced water were analyzed and concentrations of
phenol, orthocresol, paracresol, and metacresol in the pro-
duced water recorded as explained below.

Geometrical, fluid, and transport properties
Geometrical Properties. The length of the sample is L sc

76 mm, its radius bs18.8 mm, and the hole radius as3.0
mm. The cylindrical hole was filled with spherical plastic par-
ticles of diameter ds0.5 mm.

The porosity of the sandstone was measured and is � ss
0.193. The porosity of the sphere packing � s0.397 was esti-p
mated by using the results of experiments and numerical sim-

Žulations of bead deposition Scott, 1960; Berryman, 1983;
.Coelho et al., 1997 .

Initially the water saturation in the sample was zero, as the
sample was completely saturated with oil after washing.

Fluid and Solute Properties. The viscosity of the oil was
Ž .measured at room temperature 22.6�C , using a viscosimeter

Ž .Physica Viscolab LC100 . Its value is � s9.6�0.3 cP.o
The oil contains phenol, o-cresol, p-cresol, and m-cresol,

which are the naturally occurring organic solutes used in this
study. Their initial concentrations were measured and found
equal to 3.9 mgrL, 6.3 mgrL, 1.8 mgrL, and 2.1 mgrL for
phenol, o-cresol, p-cresol, and m-cresol, respectively.

The composition of the injected water was estimated based
on measurements of the formation water from Well-A3 in
the Veselfrikk field in the North Sea. The analysis shows the

Ž .following chemical compounds all quantities in grL : NaCl
36.855, KCl 0.629, CaCl �2H O 3.814, MgCl �6H O 2.550,2 2 2 2
BaCl � 2H O 0.088, SrCl � 6H O 0.437, NaHCO 0.207,2 2 2 2 3
Na SO 0.046.2 4

Partition coefficients are given as ksCeqrCeq, where Ceq
o w o

and Ceq are concentrations under equilibrium conditions inw
Žthe oil and water phases, respectively Bennett and Larter,

.1997 . They were measured for salinity values 5% and 15%,
at 50�C and 100�C, and partition coefficients for salinity 3.7%
and temperature 20�C were estimated by a linear extrapola-

tion. They are

ks0.3 phenol ks2.1 m-cresol ,Ž . Ž .
ks3.8 o-cresol , ks2.3 p-cresol . 1Ž . Ž . Ž .

Adsorption of the solutes onto the rock surface was not
measured directly, but the thin sections suggest that the rock
consists mainly of quartz. Adsorption in sandpacks made from
similar sand from the same reservoir rock was investigated
and found to be negligible. Addition of 1.16% kerogen to the
sandpacks, on the other hand, seriously altered the sorption
behavior.

Diffusion and Dispersion Properties. The molecular diffu-
sion coefficients D and D of the organic solutes in wa-m,w m ,o
ter and oil were estimated using the Wilke�Chang and Hay-

Ž .duk�Mindas expressions, respectively Perry et al., 1997 . The
variations of D and D for the various solutes are lessm,w m ,o
than the �20% error of the Wilke�Chang and Hayduk�
Mindas correlations, therefore, the average values for the
molecular diffusion coefficients D s3.8�10y10 m2rs andm,o
D s7.8�10y10 m2rs are used in the following.m,w

The effective diffusion coefficient in the sandstone is
Ž .D r F � , where F , the formation factor, is the inverse ofm,o s s s

the dimensionless electrical conductivity 1rF s�r� of as 0
porous medium saturated with a conducting liquid of conduc-
tivity � . The conductivity coefficient 1rF s0.0132�0.00080 s
was computed by solving the Laplace equation in three-
dimensional numerical samples reconstructed according to
the statistical geometrical properties measured on thin sec-

Ž .tions, as described in Adler 1992 .
The longitudinal and transversal dispersion coefficients de-

pend on the Peclet number Pes®�drD , where ®� is the´ p m,w p
mean interstitial velocity. They are well described by power

Žlaws in the Peclet number range �5� Pe��300 Pfann-´
.kuch, 1963; Bear, 1972

D� s� Pe� � , D� s� Pe�H 2Ž .p� � pH H

Ž .A least-square fit of the results of Coelho et al. 1997 for
spherical grain packings yields

� s1.25, � s0.0984 3Ž .� �

� s0.698, � s0.166. 4Ž .H H

With a flow rate Qs1.044 mLrh, this gives

®�dQ p� y6® s s25.8 10 mrs, Pes s16.5,p 2 D� a � m ,wp

D� s3.27, D� s1.17. 5Ž .p� pH

Finally a permeability simulation using the reconstructed
sandstone sample was performed, which yields K f0.4 Das

Ž .for the sandstone, whereas Coelho et al. 1997 obtain K fp
110 Da for the sphere packing.

Quantification of phenol and cresols
Phenol and cresols were isolated from the oil sample, by

Ž .solid-phase extraction SPE . The procedure is described in
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Ž .detail elsewhere Bennett et al., 1996 . Briefly ca. 400 mg of
Žoil is loaded onto a C18 nonendcapped cartridge Isolute,

. ŽJones chromatography , interferents including hydrocar-
.bons are eluted with 5 mL petroleum ether. Phenol and

cresols are recovered in 5 mL 50:50 volume methanol:water,
and subsequently diluted to an accurate volume, usually 10
mL. The SPE extract is analyzed by reverse-phase high-per-
formance liquid chromatography with electrochemical detec-

Ž . Ž .tion RP-HPLC-ED . The sampled fluids aqueous , how-
ever, require little preparation and can be analyzed directly
by RP-HPLC-ED.

A Hewlett-Packard HP 1050 was used. Sample injection
Ž .20 mL volume was by autosampler. Detection was per-
formed using an Antec Decade Electrochemical Detector
Ž .Presearch UK . The detector cell was equipped with a glassy
carbon electrode and a silverrsilver chloride reference elec-
trode. The potential applied for phenol analysis was q0.6 V.
HPLC conditions were adopted from Nieminen and Heikkila
Ž .1986 . The mobile phase comprised 17% acetonitrile, 83%
aqueous 0.1 M sodium acetate adjusted to pH 11.5�11.6 with
1 M NaOH. pH measurements were monitored with an ATC

Ž .pH meter Piccolo 2 by Hanna . The column was a Hamilton
Ž .PRP-1 150 mm�4.1 mm ID with particle diameter 10 mm.

Flow rate was 2 mLrmin.
A standard stock solution of phenol and cresol used for

quantification purposes was prepared in distilledrdeionized
water and stored in a refrigerator until required. Aliquots
were taken from the stock solution and diluted to the levels
expected in the samples. Standard solutions were prepared
from the stock solution on a daily basis. A typical run se-
quence consisted of a standard, 2 samples; repeat standard, 2
samples, and so on. Quantification of phenol and cresol de-
tected in standard solutions and samples were based on peak

Žarea measurements obtained using Multichrom VG Lab Sys-
.tem running on a DEC MicroVax 3100.

The analysis of the produced fluids from the individual test
tubes was performed in random order, to avoid possible ana-
lytical bias from sample ordering.

Modeling Approaches
Two models were used to analyze the problem, one that

assumes immobile oil in the sandstone, which yields a one-
phase flow problem, and one that allows for imbibition of
water into the sandstone. Two numerical implementations
were used; one of these is applicable to both of the models,
whereas the other assumes a one-phase problem. The prob-
lem was also solved by an analytical approach to the one-
phase model.

General
The solute conservation equation in the presence of oil and

water is

	
� �� S cqkS c q
� S � © cqkS � © cŽ . Ž .w o w w o o	 t

y
 S � D�qkS � D� �
c s0, 6. . Ž .Ž .w w o o

�where © s©r�S are the fluid interstitial velocities. Here,i i i
instantaneous local equilibrium has been assumed, and oil

phase concentration, c , can be related to water-phase con-o
centration, c �c, byw

c skc. 7Ž .o

The velocities and saturations can be obtained from the solu-
Ž .tion of the two-phase flow problem Aziz and Settari, 1979 .

The boundary conditions follow from no flux at rsb and
injection of pure water at xs0 for r � a

n �
cs0 for rsb , cs0 for r � a, xs0. 8Ž .

The initial conditions are

0 if r � a
ts0: cs 9Ž .½ c rk if rGa,0

where c is the initial solute concentration in the oil.0
The dispersion tensors D� can be written asi

D�sD D�e e qD� Iy e e , 10Ž .� 4Ž .i m , i i � � � iH � �

where i denotes oil or water, and D is the solute molecu-m, i
lar diffusion coefficient. The coefficients D� and D� dependi � iH
on the flow velocity of phase i through the Peclet number´

®�di
Pe s . 11Ž .i Dm , i

Models
One-Phase Model. The experiment was designed in order

to have stagnant oil in the sandstone and flowing water in the
packing. A first idealized model was therefore formulated,
with constant saturation functions for water and oil

0 if r � aS r , x s1yS r , x s 12Ž . Ž . Ž .w o ½ 1 if rFa.

In this model, the oil-phase velocity is assumed to be zero
©� s0 in the sandstone, whereas the water phase flows witho, s
a uniform interstitial velocity ©� . This model was studiedw, p
using a two-phase flow simulator, simply by setting the rela-
tive permeability to one and sandstone permeability to zero,
and using Eqs. 6�9 directly.

Alternatively, the idealized model can be investigated us-
ing a one-phase code, using two one-phase equations, with an
additional continuity condition on the solute fluxes on the
sandstone�packing interface. This formulation is also useful
to obtain an analytical solution to the problem, which will be

Ž .given in the next section. With the assumption Eq. 12 , Eq. 6
takes simple forms in both the sandstone and the packing. In
the sandstone, the zero oil velocity and S s1 yieldso, s

	 c
�� k yk
� � D �
c s0. 13Ž .Ž .s s o , s	 t

Note that even if the water phase is absent, c is still defined,
because c sc skc. In the packing, where oil saturation isi o
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zero and water flows with a constant velocity ©�
w , p

	 c
� �� q
� � © c y
� � D �
c s0. 14Ž . Ž .Ž .p p w , p p w , p	 t

Continuity of normal fluxes yields the additional boundary
condition on the interface rsa

k� n � D� �
cs� n � D� �
c. 15Ž .s o , s p w , p

In the absence of flow, D� in the sandstone reduces too, s

Dm ,o�D s I , 16Ž .o , s F �s s

where D is the solute molecular diffusion coefficient inm,o
the oil, and F is the sandstone formation factor.s

Imbibition Model. However, depending on the wettability
of the sandstone, spontaneous imbibition is likely to have an
effect, and some oil could be produced even after water
breakthrough. Indeed, the measured concentrations could not
be explained by diffusive transport alone, and suggest that
about 6% of the oil in the sandstone was produced during
the first 15 h of the experiment. To capture this effect, a
second model was used, with linear relative permeability
curves

5r4S y1r8 if 0.1FS F0.9w wK s1yK s 17Ž .r w ro ½ 0 otherwise.

In addition, the permeability in the sandstone was arbitrarily
set to K s5 Da for a� r � ds0.55 cm and K s10y5 Das s
for d� r � b. This value of d and the critical water satura-

Ž .tion, S s0.9 K s0 for S �S , yields an amount ofwc r w w wc
0.93 cm3 oil produced from the sandstone. This oil is pro-
duced from the volumes adjacent to the water flowing in the
packing, which is consistent with the experiments by Bour-

Ž .biaux and Kalaydjian 1990 . With the choice K s5 Da fors
a� r � d, 89% of this oil is produced within the first 5 h,
97% within 15 h, and 99.9% within 25 h. After about 25 h,
the transport of solutes from the sandstone is almost purely
diffusive.

This model was studied with the help of a two-phase simu-
lator, and using Eqs. 6�9 directly.

Dimensionless Formulation. Dimensionless variables de-
noted by primes can be defined by using the characteristic

Ž .quantities c rk, D r F � , and a0 m ,o s s

c	skcrc 18Ž .0

x r
	 	 	x s , r s , 
 sa
 19Ž .

a a

D F � aF �m ,o s s s s	 �	 � �	 �t s t , D s D , © s © . 20Ž .i i p i2 D Da F � m ,o m ,os s

In dimensionless form, Eq. 6 and the boundary conditions

Ž .Eqs. 8 read

	
	 	 	 	 	�	 �	� S c qkS c q
 � S � © c qkS � © cŽ . Ž .	 w o w w o o	 t

y

	� S � D�	�
	c	qkS � D�	�
	c	 s0 21Ž .Ž .w w o o

n �
	c	s0 for r	sb	 , c	s0 for r	 �1, x	s0.

22Ž .

Ž .The initial conditions Eqs. 9 are

0 if r	 �1	 	t s0: c s 23Ž .	½ 1 if r G1.

Equations 13 and 14 read in dimensionless form

	 c	

	2 	y
 c s0 24Ž .		 t

	 c	

	 	 	 	 	�	 �	q
 � © c y
 � D �
 c s0, 25Ž . Ž .Ž .	 w , p w , p	 t

	 Žand the continuity condition on normal fluxes at r s1 Eq.
.15 yields

�p	 	 	 	�	n �
 c s n � D �
 c , 26Ž .q w , p yk�s

where 
 and 
 refer to the gradients on the outer andq y
inner sides, respectively.

This dimensionless formulation shows that the system be-
havior is determined by a single dimensionless parameter,
� rk� , in addition to the Peclet number Pe.´p s

Analytical solution
The one-phase problem can be solved analytically, based

on the assumption that the variations of c with x in the
sandstone are negligible, since the solute is washed out at
rsa. In other words

cs0 at rsa. 27Ž .

This assumption implies that the concentration field in the
sandstone is governed by a one-dimensional equation. The

Ž .problem Eqs. 21�23 then reads

	 c 	 2c 1 	 c
y q s0 for 1F rFb , 28Ž .2ž /	 t r 	 r	 r

with boundary conditions

cs0 for rs1 29Ž .

and

	 c
s0 for rsb , 30Ž .

	 r
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Figure 2. Analytical radial concentration profiles at vari-
ous times, given by Eqs. 32–34.

and initial conditions

cs1 for ts0, 31Ž .

where the primes of the dimensionless variables have been
removed to simplify the notations.

With the definition of the dimensionless time in Eq. 20
and of the quantities given in the experimental section, a unit
dimensionless time corresponds to 346,290 ss96.1 h, that is,
roughly to the total duration of the physical experiment.

ŽThe solution to Eqs. 28�31 is classic Carslaw and Jaeger,
.1959

�
2y� tncsy C J r� Y � yY r� J � e , 32w xŽ . Ž . Ž . Ž . Ž .Ý n 0 n 0 0 n 0

ns1

where

J 2 b�Ž .I n
C s� 33Ž .n 2 2J � y J b�Ž . Ž .0 n 1 n

and � are the solutions of the equationn

J � Y b� yY � J b� s0. 34Ž . Ž . Ž . Ž . Ž .0 1 0 1

Radial concentration profiles for increasing dimensionless
times, 10y2 to 10q2, are plotted in Figure 2 for the ratio
bras6.2667 in the real experiment.

The figure shows that the concentration depletion reaches
the outer boundary, rsb, at a dimensionless time larger than
unity, that is, not during the duration of the experiment. In
other words, the sample diameter is large enough so that it
behaves as an infinite medium, in the measurement time in-
terval.

Ž .The amount M t of solute remaining in the sandstone can
be derived from Eq. 32. When normalized by the initial sol-

Ž .ute quantity M sM 0 , it reads0

M t 2Ž . b
s rc r dr . 35Ž . Ž .H2M b y1 10

The solute flux J emitted per unit length to the central
channel can be derived by either of the two expressions

	 c dM
Jsy2�� sy . 36Ž .s ž /	 r dtrs1

For early times, J is well described by a power-law fit

Jf ty0.430 tF0.3 . 37Ž . Ž .

After this initial period and before M has significantly de-
Ž .creased MGM r2 , another exponent applies0

Jf1.19 ty0.301 0.3F tF10 . 38Ž . Ž .

Finally, the concentration C of the outgoing fluid can beout
estimated by a global balance, if transfer time and dispersion
along the channel are neglected. In dimensional terms

C D Lout m ,o cs J . 39Ž .
c F Q0 s

With the values D s3.8 10y10 m2rs, 1rF s0.0132, L s76m,o s c
10y3 m, and Qs1.044 mLrh, this yields

Cout y3s1.31 10 J . 40Ž .
c0

Numerical implementation
The experiment was simulated using a multiphase reservoir

simulator capable of handling reservoir cases, with complex
well operations, complex geometries, and so on. In addition,
the results from the simulations were verified using a rela-
tively simple one-phase simulator customized for the simula-
tion of the experimental problem.

In the first case, the transport equations are discretized
using a finite volume formulation using corner-point blocks.
Pressure and saturation fields are obtained for each block
from a host reservoir simulator, using an implicit saturation,

Ž .explicit pressure IMPES formulation of the three-phase flow
equations. The grid used to solve the concentration equations
is given by the corner-point blocks of the host simulator, and
the concentrations are defined in the barycenter of the reser-
voir blocks. A control volume, �, around a node in the con-
centration grid can be defined corresponding to the reservoir
blocks surrounding this node. Gradients are represented by
central differences, and concentrations are represented in the
center of the discretization volume, except in the convective
terms, where concentrations and saturations are represented
by upstream values. The code has options for explicit and
implicit solutions, but in the following simulations the im-
plicit formulation was used. The corner-point grid used in
the simulations was cylindrical, with N s72, N s10, and Nr z 
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s1, which is advantageous to exploit the radial symmetry to
reduce computational effort. To avoid complications posed

Ž .by the innermost blocks rs0 when N G1, an infinitesimal


innermost block is defined and considered inactive.
In the one-phase numerical code, the system geometry was

discretized into elementary cubic volume elements entirely
filled with either sandstone, packing, or impervious confining
material. The velocity field is here a constant vector aligned
with the x-axis, whose magnitude is deduced from the global
flow rate and the channel cross-section area. In this formula-
tion the pressure and saturation fields are assumed constant.
The solute concentration c	 is determined at discrete points
located at the vertices of the elementary cubes. The transport
equations are discretized in a finite volume formulation, with
a cubic control volume � of size � 3 defined around each
grid point, with the same representation for gradients and
concentrations as in the first case. Finally, a first-order fully
implicit scheme is applied to describe the temporal evolution
of the concentration field.

Results and Discussion
Experimental results

The concentrations of phenol, m-cresol, o-cresol, and p-
cresol in the sampled fluid from the experiment are plotted
as functions of time in Figure 3. In the linear representation
in Figure 3a they seem to decrease rapidly for the first 20 h,
and reach quasi-constant levels for longer times. However,
the logarithmic representation in Figure 3b shows a decrease
even for long times. Moreover, the concentration data are
proportional to the initial concentration, c , and collapses0
onto a single curve if C is normalized by c . This means that0
the solubility in water plays a negligible role, solute produc-
tion from the oil is controlled by the diffusive transfer in the
sandstone toward the channel.

The data collapse is a direct consequence of some of the
characteristics of the experimental setup and can be analyzed
with the help of the analytical model and Eq. 39. Fast solute

Ž .removal, that is, the approximation Eq. 27 , is valid only as
long as C is small compared to c rk. This meansout 0

C D Lout m ,o c
k sk J �1. 41Ž .

c F Q0 s

With the current parameters, this condition is always fulfilled
due to Eq. 40. However, with a length L of 10 m, whichc
might be closer to field conditions, and in a time interval

	 Ž . Ž .0.1F t F10 10�1,000 h , where J is of order 1 see Eq. 38 ,
k C rc is about 0.2 k. This means that water is nearly satu-out 0

Ž .rated in the least soluble organic species o-cresol, ks3.8
when it flows along the downstream part of the sandstone.
Similarly, if the channel is filled with a less permeable mate-
rial, for example, the same sandstone as the sample, and the
pressure drop is kept constant, the flow rate Q will decrease
dramatically, which will also induce an increase in C in theout
same proportion.

Considering that the dimensionless flux, J, is almost always
Žof order one with a time scale that depends only on the

channel radius a and on the reservoir rock characteristics,

( )Figure 3. a Measured concentrations in the produced
fluid in absolute value vs. time in linear scale,

( )and b concentrations normalized by the ini-
tial concentration in oil c in logarithmic scale.0

Ž .The full line in b is the sum of the exponential and power-
law fits defined in Eq. 43. Symbols correspond to phenol
Ž . Ž . Ž . Ž .` , m-cresol � , o-cresol � , and p-cresol 
 .

.see Eq. 20 a criterion for the diffusion limited regime is

D Lm ,o c
k �1. 42Ž .

F Qs

The experimental data can be represented by a sum of two
functions of time

Crc sC t qC t , C s0.526 eytrT with Ts1.98 h,Ž . Ž .0 1 2 1

C s0.0997 ty0.514 , 43Ž .2

given as a full line in Figure 3b. The power-law part, C , is of2
Ž .the form Eq. 38 and prevails at late times. It was obtained

from a least-square fit of the data for tG15 h. The exponen-
tial part, C , dominates at early times, and results from a fit1
of Crc yC for tF7 h.0 2
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Comparison to analytical and numerical models
Ž .In the models, the initial condition Eq. 23 is inconsistent

Ž .with the hypothesis of local equilibrium Eq. 7 . Therefore,
the initial saturations were modified by a small arbitrary value
� s10y4

s

� if r � as
S r , x s1yS r , x s 44Ž . Ž . Ž .w o ½ 1y� if rFas

in the two-phase numerical model, and in the one-phase
model the concentration at the interfacial grid points was ar-
bitrarily set to c	s1.

An average concentration based on a global mass balance

1 dMM
C s , 45Ž .out Q dt

Ž .where MM t is the total amount of solute in the whole sys-
tem at time t, was used to compare measured and simulated
concentrations. An alternative definition based on the amount

Ž .MM t of solute in the sandstone only, and directly compara-s
Ž .ble to the analytical prediction Eq. 39 , is

1 dMMs
C s . 46Ž .out, s Q dt

Normalized concentrations C rc and C rc obtainedout o out, s o
with the numerical codes and the analytical model are com-
pared for phenol in Figure 4. For small times C rc ob-out o
tained with the two numerical models yield different results,
due to differences in the initial condition. The clear peak in

Figure 4. Concentration of phenol in the produced fluid,
normalized by the initial concentration in oil
c , vs. time in hours.0

Ž .Experimental data ` are compared to the results of Cout
Ž . Ž .full lines and C dotted lines from the two numericalout, s
implementations of the model assuming one-phase flow. One

Ž . Ž .of these implementations � and � � � is a two-phase
code where the oil has been immobilized, whereas the other
Ž . Ž .y q y and � � q � � is the implementation of the one-

Ž .phase model Eqs. 13�15 . The heavy broken line corre-
Ž .sponds to the analytical solution Eq. 39 .

the result obtained with the one-phase code is due to the
solute in the initially saturated peripheral region of the pack-
ing, and occur at about 2 h, corresponding to the mean travel
time to the outlet. Since the packing is excluded from the
definition of C rc , the artifact due to the initial conditionout,s 0
is not important in this case, and the curves for C rc areout, s 0
close together from the beginning on. They join the curves
for C rc for t�10 h, simply because the two hour timeout 0
shift becomes small compared to t.

The excellent agreement between the numerical data and
Ž .the prediction Eq. 40 for C rc of the analytical model isout, s 0

due to the fact that the partition coefficient plays a negligible
role under the experimental conditions studied here. The
production of solute is controlled by the diffusive transfer in
the sandstone, and subsequent transport in the sphere pack-
ing is fast enough to consider that the solute removal is
quasi-instantaneous. This fast solute removal is precisely the
simplifying assumption necessary for the analytical deriva-
tion.

If we compare the models to experimental results for times
tG15 h, they underestimate the measurements by about 25%,
which may be explained by the error of D and 1rF , whichm,o s
are about 20% and 8%, respectively. Much larger discrepan-
cies are observed at earlier times, partly due to the initial
conditions discussed previously.

In addition to initial conditions, another possible source of
disagreement is the use of an effective transport coefficient
in a continuous transport equation for the sandstone in the
close vicinity of the interface rsa. For instance, diffusion
from the pores in the sandstone that intersect the surface
rsa is governed by the molecular coefficient D multi-m,o
plied by the fractional open area � s0.193, rather than bys
the conductivity coefficient 1rF s0.0132.s

Moreover, the plastic particles are likely to be oil wet, which
may cause some oil to be trapped in the sphere packing, with
a subsequent release of organic solute at a much faster rate
than the oil in the sandstone sample, due to a larger specific
exchange area. Small oil droplets might even be carried away
by the water flow, which would explain a few values of the
concentration that exceed the equilibrium saturation c rk. If0
T in Eq. 43 is equated to the time scale r 2rD for the sol-m,o
ute release from an oil droplet with radius r, it yields rf1.6
mm, which is consistent with the expected size of pendular
rings in a 5-mm sphere packing.

However, oil trapping, underestimated transport coeffi-
cients, and initial conditions cannot explain all the differ-
ences at early times between the numerical and experimental
concentrations. Integrating C in Eq. 43 over time yields a1
cumulated release of solute 0.526 QTc , which corresponds0
to a volume of oil close to 1 cm3. This is larger than the total
pore volume in the sphere packing � � a2L f0.85 cm3.p c

This suggests that oil production from the sandstone re-
sulting from spontaneous imbibition of water is important.
The sandstone was cleaned of oil and washed prior to the
experiment, which tends to turn the sandstone sample from
oil-wet to water-wet. If the sandstone is strongly water-wet,
spontaneous imbibition can result in large oil production from

Ž .the sandstone. Bourbiaux and Kalaydjian 1990 , for example,
find that as much as 30% of the oil is produced by sponta-
neous imbibition of water into a water-wet sandstone filled
with oil. However, in the experiment studied by Bourbiaux

May 2003 Vol. 49, No. 5 AIChE Journal1092



Figure 5. Concentrations in the produced fluid normal-
ized by the initial concentration in oil c vs.0
time in hours.

Ž . Ž .Symbols correspond to phenol ` , m-cresol � , o-cresol
Ž . Ž .� , and p-cresol 
 . Data are from the experimental mea-

Ž .surements open symbols or from the numerical simulation
using the two-phase code according to Eq. 45. For each

Ž .solute, the model assuming immobile oil � is compared to
Ž .the model where imbibition is considered � � � . The heavy

Ž .broken line corresponds to the analytical solution Eq. 39 .

Ž .and Kalaydjian 1990 , special care was taken to ensure a
strongly water-wet system. Moreover, in their case, imbibition
was aided by gravity, which was not the case in our experi-
mental setup. Therefore, 1 cm3 of oil estimated from the in-
tegration of C in Eq. 43, which corresponds to about 6.5%1
of oil in the sandstone, is probably a more realistic volume in
our case.

Results obtained with the second model, which includes
imbibition, are displayed in Figure 5 for all four solutes, and
compared to the experimental data and the first model. The
figure shows that when imbibition is accounted for, concen-

Ž .trations change significantly. For early times t�15 the
curves for C are increased by a factor of about 5 with re-out
spect to C when imbibition is neglected. For long times,out
t�50 h, C increases by about 50% if imbibition is consid-out
ered. The increase for short times is expected, and illustrates
precisely the assumed effect that solute is transported from
the sandstone together with the oil displaced by imbibing wa-
ter. For t�25, very small amounts of oil are produced, and
the 50% increase in C for longer times must be due toout
enhanced diffusion. In the model, water displaces oil in the
range a� r � d, and after 25 h, water and oil saturations reach
90% and 10%, respectively. Diffusion coefficients in water
are about two times larger than in oil, and the increase in
water saturation to 90% therefore yields an enhanced diffu-
sive transport of the solutes in this range, compared to the
case without imbibition.

A collapse of data for the various solutes onto a single
curve, due to the normalization of C by C , is apparent inout 0
the numerical results, and also in the experimental data, as

Ž .noted before see Figure 3 . For long times, however, a small
difference between the solutes persists, with an ordering that

Žcorresponds to the solubility in water. Crc for phenol ks0

. Ž .0.3 is the largest, followed by m-cresol ks2.1 , p-cresol
Ž . Ž .ks2.3 , o-cresol ks3.8 , which is consistent with the larger
diffusion coefficient in water compared to oil. However, this
trend is not clear in the experimental data. Further improve-
ment of the two-phase simulation was not pursued, since it
would require detailed knowledge of the permeability, wetta-
bility, and relative permeability of the sample.

Concluding Remarks
Production of four oil�water partitioning oil components,

with different partition coefficients, acting as natural tracers,
has been studied experimentally and analyzed with the help
of analytical and numerical models. This study is a first step
toward a methodology for estimating the location and size of
bypassed and stagnant oil in hydrocarbon reservoirs, and
NAPL contamination in subsurface water reservoirs.

In the experimental case studied here, diffusion coeffi-
cients were the most important parameters controlling the
transport, and the effect of partitioning could be accounted
for by a simple normalization. However, for other conditions,
for example, conditions closer to reservoir conditions, parti-
tion coefficients are likely to play a more important role.

As a first approximation, the experimental results are fairly
well described by a simple two-dimensional analytical model,
assuming instantaneous removal of solutes from the oil�water
interface. The analytical model gives a simple relation be-
tween the solute concentration in the produced water, size of
the oil�water interface, diffusion coefficients, and flow rate.
In cases where flow rate, diffusion coefficients and solute
concentrations are known, the analytical model may there-
fore provide an estimate of the size of the oil�water inter-
face, and thereby an estimate of the size of the stagnant oil
or NAPL zone.

A model excluding two-phase flow effects yields results in
excellent agreement with the analytical results, but underesti-
mates the experimental results by about 25%. A two-phase
model where imbibition effects are accounted for, yields a
better match to the experimental data, but includes an arbi-
trary relative permeability curve.

It would be interesting to extend this investigation to other
cases, in particular, to cases not entirely dominated by diffu-
sion. This could be done by increasing the sample length or
by decreasing the flow rate.

Finally, the investigation presented here represents the first
step toward a reservoir-scale application of the methodology.
The methodology developed here, including the verification
and successful use of a complete reservoir simulator, shows
that field-scale simulation of natural tracer transport is possi-
ble. Such field-scale simulations are in progress and will be
presented in the future.
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