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Experimental Investigation of the
Enhanced Oil Recovery Process
Using a Polymeric Solution

Enhanced oil recovery methods are becoming an important source of oil production of
wells that have already been explored and, by these methods, of increase of the total
volume of oil extracted. An important example is the injection of polymeric solutions after
the injected water has reached the breakthrough point. In the present work an
experimental apparatus was built in order to test the ability of enhanced oil recovery of
polymeric solutions, composed by Xanthan Gum (XG) dissolved in distilled water. This
apparatus consists of an idealized porous media made with small spheres inserted in a
cylindrical cell and then filled with oil with the same viscosity as the petroleum found in
Campos Basin (Rio de Janeiro, Brazil). As displacing fluid, we tested polymeric solutions
of different concentrations of Xanthan Gum and these non-Newtonian fluids were
characterized using a rotational rheometer. The resulting characterization has shown that
increasing the concentration, not only the level of viscosity, but also the elasticity of the
fluid increases. The shear-thinning behavior of the solution can be well captured by a
power-law model. For higher concentrations the shear-thinning feature of the Xanthan
Gum solution is more pronounced. We conducted an experimental procedure to mimic
enhanced oil recovery process by first injecting water until the breakthrough point.
Increasing the polymer concentration, the extra amount of oil recovered also increase.
Theoretical and heuristic analyses show that in the shear dominated regions, the Xanthan
Gum polymeric solutions do not increase pore efficiency, but increase sweep efficiency,
while the extensional character of the polymeric solution seems to indicate that In
extensional dominated regions the polymeric solutions play an important role on the ail
recovery efficiency from both perspectives: pore and sweep efficiencies.
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25250-020 Duque de Caxias, RJ, Brazil

Introduction

In the oil production activity, after a first tedhjne to extract oil
from a reservoir is used, the volume of oil that stmains inside
this reservoir can be very significant, achieviadues of 40% of the
total original volume. In order to continue to puoe oil there is a
need for different techniques that can be appliedsuccessive
stages. A first stage occurs when a free path it from the
reservoir to the surface and then, there is a abpuessure gradient
that pushes the oil to the producer wedge. Aftat, thenerally, it is
necessary to inject another material that takespthee of the oil
inside the porous space. In a secondary stage,eapcfiuid is
injected. Most of the times this is done with watgnce this fluid
has a low degradation process, and is generalijaale, easy to be
introduced, and therefore, the opportunity costaafinit of water
injection is favorable (Craig, 1980). This wateis@metimes saline,
since the sea constitutes a rich source. Genesdélgn water is the
injected fluid the fingering phenomenon that tagkxce avoids the
possibility of high sweep efficiency. The sweefaéhcy is low for
several reasons: the mobility ratio is below ote 6il that is in
contact with the porous surface has high adhesicce$, presence
of natural fractures, etc. (Satter et al., 200&dsd, 2006). Because
of that, the production of oil requires some metbb&nhanced oil
recovery. This has been done in several countrigsseme success
(e.g. China, see D-K. Han et al. (1999)), but stéeds scientific
investigation for a proper analysis and processrobrAn important
review on the subject can be found in BabadaglD®0

One of these methods is related to the use of ctarfes (e.g.
Ayirala and Rao (2004)) to induce the reduction inerfacial
tension and alteration of wettability. Another pbagy is to use
thermal effects, mainly with heavy oils (e.g. Bahgld (2003)),
generally to decrease the viscosity of the fluid eeduce the pump
power to extract the oil. A third possibility is toject a polymer,
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where the Xanthan Gum is one of the most used paigm
solutions, as reported by D-K. Han et al. (1998).shear-thinning
behavior and the fact that it has some elastiaufeatimprove its
sweep efficiency. For some remarks on the frictagses of power-
law fluids in expansions and contractions, the eeas referred to
the works of Pinho et al. (2003) and Kfuri et @011).

Analyses of processes involving non-Newtonian nmaterare
becoming more and more important in the petrolemaustry.
There are mainly two reasons for this status chabge reason is
that the evaluation of income flux in oil compangeds more
accurate calculations. Therefore, doing the calmra assuming
that a complex fluid is Newtonian can lead to digant differences
on the final result which can impact financial dgmns in the
Petroleum industry. Hence, in most of the casesose mealistic
rheological description is necessary to accurgbeddict processes
involving non-Newtonian materials. The second reasaelated to
the complexity of these materials. Since they cembit features
that are not present in Newtonian fluids such asugsplasticity,
viscoplasticity, elasticity, thixotropy, traditioh@grocesses where
Newtonian fluids are used can be optimized by tielligent use of
these non-Newtonian features.

In particular, in the imbibition oil recovery prae= a fluid is
injected in the reservoir to produce oil. This isather complex
problem and can be approached in different waysa Imugh
manner, this problem can be divided into micro-scahd meso-
scale approaches. In the first type, the one prohtesolved for
one pore and the results obtained are translatedh® whole
porous media. Some recent examples of fluid-flugpkhcement,
involving non-Newtonian liquids, when the capillapyessure is
important, can be found in Sousa et al. (2007),nibson et al.
(2010), Freitas et al. (2011) and the referencemreth. An
interesting algorithm for the upscaling problem da found in
Sochi (2009). One of the few investigations dealingh the
relation between capillary flow in a tube and thawf through a
porous media can be found in Soares et al. (2009).
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One of the pioneering works concerning the invesign of
influence of concentration of polymeric solutionstbe oil recovery
in a porous media was conducted by Kabir et alBQ)19The porous
media cell of the experiment was a consolidated ovith
permeability of 766 mD. Initially the cell was sedted with refined
oil and the polymeric solution was injected at astant flow rate of
8.9 ml/s. Their results showed a decrease in theilityoratio
accompanied by an increase of oil recovery from 58%4%. In a
more recent work, Wang and Dong (2009) investigétedecovery
of oils with viscosity values between 430 and 5680 by means of
injection of polymeric solutions with effective weissities varying
from 3.6 to 359.3 cP. The experiment was conduasialg a porous
cell of 7100 mD of permeability. Initially the pars media was
saturated with water and after that with oil. Tirstfinjection was
done using water at a constant flow rate (16/gjmuntil a half of
the porous volume. After that the polymeric solatigas injected.
They found an increase of oil recovery up to aatenpoint where a
higher concentration did not bring oil recoveryi@éncy. Zhang et
al. (2010) used a procedure of alternative injesticfirst water,
second polymeric solution, and then water againeyThsed a
polymeric solution with a viscosity of 29 cP to eger oil with a
viscosity of 707 cP. The injection of the polymesmution gave an
addition of 13% of oil recovery.

One serious drawback of the analyses found ifititure is
the lack of a full characterization of the rheolaafythe polymeric
solution. Hence, the explanation of the increasalirecovery is not
provided or is given in terms of a constant appaséear viscosity
of the injected fluid.

The objective of the present work is to investightav the
different concentrations of Xanthan Gum on watéuence the oil
recovery efficiency of the two-stage procedure coseg by: a)
injection of water till the breakthrough point abginjection of the
polymeric solution considered. We also try to clate the results
obtained with the rheology of the injected fluid

The rest of the article is organized as followsséttion 2 the
experimental procedure is described. This inclubesxperimental
setup, with particular emphasis on the porous ted, rheological
characterization of the displaced and displacingdd and the
experimental methodology used to capture the mesulthe
following section describes the results obtained g@novides a
discussion of the main aspects, given heuristidaggtions based
on the shear and extensional dominated regionallfziin the Final
Remarks, the conclusions are given.

Nomenclature

A = cross sectional area, n?
g = gravity acceleration, m/s’
G’ = storage modulus, Pa

G” = loss modulus, Pa

G* = complex modulus, Pa

k = specific permeability, mD

K = consistency index, Pas*

L = length of the media, m

M = mobility, cP/mD

n = exponent index, dimensionless
p = effective pressure, Pa

Q =flowrate, m’/s

R = mean radius of curvature, m
ry, = characteristic radius, m

characteristic advancing velocity, m/'s
v = velocity vector, nmv/s

Greek Symbols
AP = pressure drop, Pa
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Y = shearrate, s*
H = shear viscosity, Pas
M = dynamic viscosity, Pas

ne = extensional viscosity, Pas
o = interfacial tension, N/m
y1 = first normal stress coefficient, Pas’

yo = second normal stress coefficient, Pas’®
o = density, kg/m®
Subscripts

w = relativeto water
k =reativetofluid

Experimental Procedure

Experimental setup

A sketch of the experiment used to simulate theaeobd
recovery process is shown in Fig. 1. Below we makérief
description of each component of the experimempheatus.
(1) Air compressor
(2) Manometer
(3) Filter and air dehumidifier
(4) Pressure regulator
(5) Manometer
(6) Sphere valves
(7) Tank containing the injected fluid
(8) Sphere valves
(9) Nail valves
(10) Manometer
(11) Nail valves
(12) Tank containing drained fluid
(13) Porous cell
(14) Nail valves
(15) Tank containing the fluid taken from the pa@ell
(16) Nail valve
(17) Vacuum recipient
(18) Vacuum pressure transducer
(19) Vacuum pump

Figure 1. Scheme of the experimental apparatus.
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The compressor (1) is responsible for pumping @ithe tanks
containing the injected fluid (7). Before owingttee tanks, this air
passes through the dehumidifier (3) that dries aimein order to
avoid contamination of water in the injected fluidiiter that, the
dried air passes through the pressure regulator widich is
responsible for keeping constant the pressureeaiththat feeds the
tanks (7).

The sphere valves (6) allow selecting the numbaresérvoirs
that are pressurized. On the other side, the spladves (8), placed
at the end of the tanks, enable one to order tmedfieach injected
fluid. This mechanism allows one to make alterriajections, for
example: water-polymeric solution-water, or threéffecent
polymeric solutions of increasing concentration.

The nail valve (9), placed at the entrance of thps cell (13),
allows the injected fluid to enter the cell. Whée nail valves (9)
and (14) are closed, one can remove the cell flmmapparatus in
order to clean it or to change the porous medi@é&Vhen the nail
valve (14) is opened, the outcome fluid is colldcie a graduated
tank (15).

At the beginning of the injection process, is fuméatal to fill
up all lines, removing completely the air inside thjection circuit.
To this end, one keeps valve (11) opened and \8lvelosed, and
does the purge of the injection system, with theged fluid being
collected by tank (12).

After the end of the experiment, the sequencedaic valves,
in order to avoid the return of the fluid, obeye flollowing order:
valves (14), (9), (8), and (6).

Porouscell

The porous cell employed is a cylinder with lerigth 180 mm and
diameter D = 44 mm. Figure 2 shows the porousirtéi$ dismounted
form. The description of these components is ghelaw:

A — Fixing nuts and washes

B — Cover flanges

C — Elastic sealing ring

D — Flanges

E — Fixing screws from cover flange

F /J - Inlet/ outlet connections

G — Disc with a 1.0 mm diameter hole (outlet)

H — Inlet fluid diffuser

| — Acrylic cylinder where porous media is confined
K — Steel rods to withstand the tensile stresses

Figure 2. Porous media cell, exploded vision.

It is filled with sand grains of diameters withirrange of 0:3 mm
to 0:6 mm. The granulometry measurements obey trazilin
Association of Technical Rules and the respectiigriloution is
depicted in Fig. 3.
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Figure 3. Granulometry results.

Per meability and porosity

In order to determine the permeability of the perovedia, oil
SAE 90 was injected at different pressure levels.dBing this we
could calculate the relation between the pressuadignt and the
mean velocity. In Fig. 4 we can find that the rielatbetween these
variables is very close to a linear behavior, siad@ear hypothesis
gives an excellent curve fitting. This result alkowhe use of the
approximation of the Darcy's law, and, therefore, @an use it to
determine the permeability through the well knowxpression
given by

k=—Q H (1)
p+oL A

wherek is the specific permeability of the porous medjais the
flow rate, pis the density of the fluid, g is the gravity alecation,
is the dynamic viscosityl, is the length of the media amdis the
cross sectional area.
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Figure 4. Measured linear interpolation of the gradient hydraulic as

function of the specific discharge.

The effective porosityg, was obtained through the difference in
weight between the porous cell after and befoeertiedia was saturated
with oil SAE 90. The results weke= 4636.82 mD andp= 43%.
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Rheological characterization

A rotational rheometer AR-G2 (TA instruments) witlonical
(40mm and 2) and concentric cylinder was used to charactefiee
fluid rheology. Figure 5 shows a comparison betwtbenviscosities
of a sample of petroleum taken from Campos Basid commercial
oil used in the automobile industry, SAE 90, asrecfion of the shear
rate. We can see that their viscosities are vemjasi, which justifies
the use of SAE 90 in our experiments. The advardégsing this oil
is related to easier cleaning procedures and tiol @eorosion.
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Figure 5. Viscosity as function of the shear rate. A comparison between
petroleum taken from Campos Bay in Brazil and oil SAE 90.
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Figure 6. Viscosity as a function of the shear rate for different
concentrations of the Xanthan Gum.

The fluid used in the enhanced oil recovery experitrwas
prepared with a solution of the polymer Xanthan Gandistilled
water. The Xanthan Gum was provided by PROQUIMIQA. S
The experiments were conducted with four polymedtutions of
XG in distilled water with concentrations of 250 1000, and
1500 ppm (parts per million). These solutions wabeed for 4 hours
by a 500 rpm mixer and taken to rest for more 24rfioThe
rheological characterization was provided by steadg oscillatory
tests. An important material function to be detewedi is the shear

viscosity,z, as a function of the shear raﬁé, This is depicted in Fig.

6. This figure shows the viscosity shear-thinnirghdwvior of the
polymeric solutions tested. We can see that thaehin the log-log
graphic presented, and, therefore, a traditionalgodaw model of the

form n = K}'/n'l, whereK is the consistency index andis the

power-law exponent, can fit very well the data. inge linear
regression leads to Table 1 for different solutions

| Campos Basin is one of the biggest sources of petroleum in Brazil. Its main
activities are controlled by PETROBRAS.
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Table 1. Consistency and exponent indexes for the fitting of the power-law
model to solutions of Xanthan Gum in water.

Xanthan gum Consistency index k Power-law exponent
(ppm) (Pa ) n
250 0.05335 0.5437
500 0.12415 0.4780
1000 0.34191 0.3918
1500 0.66790 0.3203

It can be seen that for higher concentrationshef golymeric
solutions the fluid becomes more shear-thinningh viower-law
assuming lower values.

In the case of the oscillatory tests, a previass was conducted
in order to determine the linear viscoelastic rarsge Fig. 7. In the
case the frequency of oscillation is fixed while tstress amplitude
varies linearly with time. The linear viscoelastinge is bounded by a
critical value of the stress amplitude below whitie complex
modulus does not change with respect to this gyamti this case,

this value is§ = 0.35 Pa. Once the critical value is known, we
perform oscillatory test in the linear tests, ie finear viscoelastic
limit, for a wide range of frequency values to gatves correspondent
to the storage modulus (G’) and the loss modului3, e Fig. 8 and
Fig. 9, respectively. As it can be seen by the deramodulus (G*)
curves, shown in Fig. 10, the elasticity of theusoh increases also
with the increase of the concentration of Xantham gn the solution.
This can be verified by noticing that, as the payrmoncentration
increases, the magnitude of the Complex Modulusrbes more and
more similar to the magnitude of the storage mazlulu
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Figure 7. Determination of the limit between linear and non-linear
viscoelastic ranges.
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Figure 8. Dynamic test for the polymeric solutions of Xanthan Gum in
distilled water. Storage modulus.
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Figure 9. Dynamic test for the polymeric solutions of Xanthan Gum in
distilled water. Loss modulus.
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Figure 10. Dynamic test for the polymeric solution of Xanthan Gum in
distilled water. Complex modulus.

Experimental methodology

The experiments are conducted at a temperature6¥g, 2a
relative humidity of 79% and atmospheric pressdiré6® mmHg.

The porous cell is filled with sand grains sedelcin accordance
with ABNT (NBR NM 248/2003) norm with a size diddttion as
depicted in Fig. 3. Before its use, the grainsveashed and dried in
an oven at 10WC. At each turn when a volume of 40 tiw filled,
the sand is compacted and the cell is weighted.Whe cell is
completely filled with the sand grains, this poronedia is saturated
with oil SAE 90. Oil is introduced in the poroudidey means of a
vacuum pump with a pressure 100 mmHg. The process of
saturation is conducted in a carefully and slownmer, taking six
hours to be completed, after which the cell is mgegighted. From
the difference between this value and the weigtthefempty cell,
the porosity is determined.

After the porous cell is saturated with oil, warsthe imbibition
oil recovery process using water as the injecta@lflA constant
level pressure of 0:5 Kgf/chis imposed.

The mixture of oil and water taken from the porced is kept
at rest for twenty four hours and then the fluids separated, using
a density separator, and each volume is measured.

When the produced fluid is almost composed solglywater,
we start an enhanced oil recovery process usindisptacing fluid,
a XG polymeric solution. We tested four solutiongmely 250,
500, 1000, and 1500 ppm, one at a time. The predsuel of this
enhanced process is kept at the same level as dter mjection

J. of the Braz. Soc. of Mech. Sci. & Eng.
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process, i.e. 0:5 Kgf/chh The subsequent steps follow the same
procedure described in the secondary stage wheter waas the
injected fluid.

The polymeric solution preparation for the injeatitollowed
the same procedure of the samples that were chawt by the
rheometer, i.e. the solution was made of Xantham Gudistilled
water, with concentrations 250, 500, 1000, and 106 and mixed
for four hours with a mixer at 500 rpm. After thtite solutions are
kept at rest for twenty four hours.

Results and Discussion

Results

Due to the inherent complexity of the random disjoer of pores
and solid material, the path the injected liquids#s to follow when
displacing the fluid inside the porous media vagesn for the same
procedure. Figure 11 shows this fact for watengsted fluid. These
curves were obtained with the same methodologyciefind also a
range limited by the two vertical lines where bthadugh takes
place. The term breakthrough is used here in theesthat a great
amount of injected fluid is being produced.
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Figure 11. Different realizations of water injections with the same
procedure. Vertical lines correspond to a range of breakthrough.
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Figure 12. Qil recovery for different concentrations of Xanthan Gum, after
injection as a function of the pore volumes injected.

Figure 12 presents the volume of oil produced witvo
injection stages. The first one, a water injectimkes place at the
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beginning of the process. The second one, the plgrinjection, is
performed when the oil production has achievedrg hosv value.

When water is being injected, initially only oil pgoduced. At
approximately 8% in volume of occupancy of the lismg fluid,
the oil being recovered drops drastically, reachifigimum values
when= 40% in volume of the porous cell is occupied. Wit tpoint,
the volume of oil produced is10%, what means that90% of
water is being produced. As pointed above, theedifices between
the curves, until this point, indicate the stocitastature of the
problem, showing different percentages of oil resgvwith the
same procedure and injected fluid. These differestlts are due to
the fact that different paths are chosen by thplaiéing fluid at a
time, even when the procedure is carefully repeafenksoy and
Bagci (2000).

This is the optimum point to inject the polymerialigion of
Xanthan Gum, when almost all the produced flui¢dsposed of
water. As shown in Fig. 12, there is a substarntiatease in the
produced oil, except from the 250 ppm solutiorsHbuld be noted
that when the volume of injected fluid #480% of the porous cell
volume, the quantity of oil recovered is maximurohiaving 70 to
80% of the volume produced. After this point, tleeqentage of oil
produced starts to decrease and achieves its mimiamound 150%
of porous volume injected with a percentage of@ilovery varying
between 8% and 20%.

504
. WATER
X 401 | g 250 ppm
_| 500 ppm
O 304 | E=2 1000 ppm
> (I 1500 ppm
i
> 20‘
(@]
B 10
W 10-

0 4

Figure 13. Percentage of oil recovery. The values obtained for the
polymeric solutions are after the injection of water.

The percentage of oil recovery for different cortcations is
depicted in Fig. 13. The values shown in the figare an average
value for the percentage of oil recovery using lyoheater and the
percentage of oil recovery using each of the sohgiof Xanthan
Gum after water was used. The partial values @e6P6 for the
average percentage of water, 17:80% for the pgratentage of
250 ppm of XG in water, 28:41% for the 500 ppm &ohy
37:16% for 1000 ppm solution, and 49:00% for thé®@%Hpm
solution. The comparison between the first and ¢aftmn in the
graph shows clearly the enhancing capability ofatidition of the
polymers on a water solvent. From pure water to5801ppm
solution there is an increase of more than 100%s Hlso clear
that a very-diluted polymeric solution, such as Zfin of XG
does not lead to an enhancement in oil recoverg.tétal amount
of ail produced, including a first stage of waterafluid injector
is depicted in Fig. 14, where the evolution of dileproduction is
shown as the injection proceeds. Reproducibilityttod results
obtained in this graph, as well as an estimatehefdispersion is
verified by data contained in Fig. 15, where twéfetent set of
tests are necessary to ensure the reliability ef pimocedure.
Figure 14 shows an important feature of the practss three
active polymeric solutions have a region, betweénahd 1.0 pore
volumes injection, where the curves are more os Esncident.
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After a certain point, the less concentrated sofutietaches from
this curve. A bit further, the second solution dats from the more
concentrated. This fact shows that the increasthercapability of

displacing a larger amount of oil by a more conet solution

happens along the process and does not start aetiening of it.

The final values of oil recovery are shown in Table
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Figure 14. Cumulative oil recovery including the stage of water injection.
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Figure 15. Cumulative oil recovery including the stage of water injection.

Two different tests: hollow squares and circles and their average value:
black triangles. A) 250 ppm; B) 500 ppm; C) 1000 ppm; D) 1500 ppm.

Table 2. Final value of percentage of oil recovery for each concentration of
Xanthan Gum on water.

Xanthan gum Oil recovery
(ppm) (%)
250 30.65
500 52.08
1000 58.79
1500 67.90

Reproducibility and an estimation of the standdediation of
mobility tests are illustrated in Fig. 16 where thebility of the oil
SAE 90 was calculated for a number of realizatitds.can see that
the mobility of the water is one order of magnitddgher than the
mobility of oil.

Figure 17 shows the mobility of the different cbogs fluid-
porous-media. In the contest where the Darcy laidshothe
mobility is defined as:
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M = Q/A )

AP/L
whereP = p +ggh is the modified pressure, simply givenMy= k/
M. In this case permeability, a feature of the permoedia, and
viscosity, a feature of the fluid, are decouplechet the fluid is
non-Newtonian, the features of the porous mediathedluid are
combined in a more complex way, and so, the mgbikt the
reciprocal of the resistance of the coupling flpmtous-media.
Figure 17 shows that the mobility decreases asdhgion becomes
more concentrated.
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Figure 16. Mobility of the Newtonian fluids involved in the experiment:
E) water; F) oil SAE 90.
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Figure 17. Partial mobility of the inject polymeric solution.

Discussion

The results depicted in Figs. 12 and 13 show a eehance of
the capacity of Xanthan Gum to displace the oit thas present in
the porous media. The rheological measurementsucbed! in the
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present work and the results largely reported @eliterature show
that Xanthan Gum exhibits shear-thinning elastiatfees and,
therefore, these features are probably relatechéoenhanced oil
recovery process. It is worth mentioning that iasieg the
concentration of the polymer used, the displaceneéfitiency of
the polymeric solution is also increased.

There are mainly two reasons for the increase o th
displacement efficiency of higher concentrationstieé Xanthan
Gum solution: the first one is an increase of thveep efficiency,
i.e. the ability of the fluid to invade pores whiahe still occupied
by oil; the second, is the ability of the fluid leave a thinner layer
of oil near the solid, in the considered pore. 8itfus is a complex
flow, it is hard to separate the different effectslasticity, normal
stress difference in shear and extensional viscokibwever, we
will analyze the tendency of the different manifgsins of the
polymeric solution from the two classical perspezsi namely
viscometric and extensional flows.

General displacement analysis

A scheme showing the injected fluid advancing iedide pore
cell is shown in Fig. 18. The local displacemergide a pore is
depicted in Fig. 19.

INJECTED
POLYMERIC
SOLUTION L
oo se
X
3
PORE CELL
FILLED WITH SPERES
DISPLACED
FLUID
Figure 18. Scheme of the porous cell.
POROUS WALL
FLUID B

FLUID A

—

FLUID-FLUID INTERFACE

Figure 19. Scheme of the local displacement inside the pore.

The continuity and momentum balance equations fache
phase, assuming steady state, are given by
V.Vy=0 3)

o (Vi VV ) = V. T +pi 9 ) (4
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where the subscrik = A; B define the respective flui¥y is the

velocity field in each fluid ok is the density of each fluid i is the
total stress and is the gravity acceleration. We will call Fluidthe
displacing fluid, in our case the polymeric solatiand Fluid B the
Newtonian displaced solution.

Assuming that the two fluids are immiscible, themtinuity and
balance of forces at the interfaces are given by

Va=Vg (5)

n. (T T)—Un (6)
-Ua=Tle)="7""
R,

where g is the interfacial tension between the liquidg, is the

mean radius of curvature, afdl is the unit vector normal to the
interface (see Fig. 19).
Equation (6) states that there is a normal stjesgp at the

Rangel et al.

2
Va -9 ©)
—_ + A —_ =
pA pB 3 (‘/’1 wZ) Rm
which represents the normal stress jump at thefaute and
Mg yB_”Ay:O (10)

which represents the shear rate jump at the imerfAs shown by
our measurements, an increase on concentratioolpfmpr in the

polymeric solution increases viscosity and nornbadss differences
due to elasticity. Thompson and Soares (2012) haeoently

analyzed the role of increasing the power-law \sgtgoof the

displacing fluid. They found, based on a dimenssslanalysis of
Eq. (10) that increasing this viscosity inducesimtrease on the
fingering effect inside the pore and therefore, reases
displacement efficiency at each pore. From Eqw@®)also see that
concerning the elastic effects captured by norrimaks differences,
since it is known that the first normal stressatiéhce is one order

interface proportional 0 _and that the tangential-to-the-interfaceof magnitude higher than the second one and thendenormal

Ry

stresses are continuous through the interface.

For the present analysis, we can consider thatiahand body
forces are negligible. We will also consider the interface tension
between the fluids does not change significantlgmvhompared to
other changes.

Shear dominated regions

When interface between the two fluids is moreredid to their
bulk velocity, the flow can be approximated to @ahflow. In this
case, the stress in fluid A, the polymeric solutioan be given in
matrix form by

~Pa +é (2//1 +¢/2) T yA 0
[Tal = | p ™
1A Va ~Pa _EA (¢’1 _wz) 0
0 0 ~Pa _é (41/1 +2/’2)

where P, is the mechanical pressuré/; and {/, are the first
and second normal stress coefficients of the smiuf xanthan gum
in shear, and}, is its shear-thinning viscosity. The matrix forin o

T is such that direction 1 is the direction of then, direction 2 is
the shear direction (variation of velocity) andedtion 3 is the
neutral direction. Stress in the oil is simply by

“Pa Hp VB 0
[Tel = Mg yB ~ P 0 )
0 0 ~ Pg

Hence, the general Eq. (6) can be decomposed timo
following two equations:
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stress difference in viscoelastic fluids is, mdsthe times, negative,
the normal stress difference effects act to deerdas displacement
efficiency at each pore. Therefore, it seems thlayrperic shear
effects inside the pore are not able to explain itimease on
displacement efficiency found by the experiments.

The other possible explanation that can come feorahear
analysis concerns the sweep efficiency. Here wer ddf heuristic
explanation to show that the more shear-thinningaber favors
the displacing fluid to seek for pores which aré gled with oil
and, therefore, are strongly correlated to the ecing oil recovery
efficiency. Let us suppose that the preferred mditbsen by water
has a characteristic radius (where water flowsy of Then, the

characteristic advancing velocity is given gy = Q , whereQ is
w 2

w

the flow rate. The representative shear r,érte; Yy , can be obtained:

w

Now, with the injection of the polymeric solutiomhen it starts
flowing throughr,,, the viscosity/;, behaves like

n =K.
T

Hence, when n decreases the viscosity through liosen path
increases and then the injected fluid tends toesbte different
paths. By this phenomenon, the characteristic sagjuincreases
and therefore, the mobility of polymeric solutiomgth higher
concentrations increases still more.

Extension dominated regions

Porous media are known to produce flows with a ngfro
extensional character. This happens due to vamiatiothe cross
section area the fluid experiments. If we consttierspecial case of
uniaxial extension, the stress tensor in the pofigneolution and
the oil are now given by
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2 .
~Pa +§’7E 3 0 0
[Tal = 0 - Pa —;lyE £ 0 (11)
1 .
I 0 0 ~Pa _§I7E 5_

where Ne (g) , the extensional viscosity of the polymeric salati

is a non-decreasing function of the extensional rgt, and

~ Pg + 244 £ 0 0
[Tel = 0 —Ps s £ 0 (12)
0 0 ~Ps M€
Hence, equilibrium at the interface is now given by
: g
Pa— Ps +28(Us _O?E)za (13)

Here we can see explicitly that the enhancementthef
extensional uniaxial viscosity acts to increase thigplacement
efficiency inside the pore. Moreover, when the kant gum
solution finds a throat whose pore is still fillég this fluid, the
resistance associated to the penetration of thi® p® higher,
making the polymeric solution to avoid this porel aa find another
one filled by oil. This process increases the swaffipiency.

Final Remarks

An experimental apparatus to test enhanced oil viergo
efficiency was constructed. The injected fluids evesolymeric
solutions with different concentrations, from 2%0 1500 ppm of
xanthan gum (a widely used polymer in the petroléndustry), in
water. The procedure adopted here was to inject pthlgmer
solution after a first stage of water injection,asoto reproduce more
real conditions. The fluid characterization has vamothat the
solutions exhibit shear-thinning behavior. As tlenaentration is
increased, not only the viscosity of the solutidyt also its
elasticity increases, for the range of deformatate tested.

The experiments have shown that increasing theerdration
of the polymeric solution tested increased thecifficy of the oil
recovery process. Another important result is ttta¢ higher
concentration of polymeric solutions increases rtheicovery
efficiency after a certain amount of pore volumégedtion,
suggesting that the polymeric solutions shouldripected at stages,
increasing the concentration from one stage tméx¢ one.

Our analysis was based on splitting the effecth@frheological
functions into two parts: a shear and an extensioaatribution.
The equations are easier to analyze from the petrspeof the pore
efficiency. The analysis of the sweep efficiencynisre heuristic.

The shear rheological effects, viscosity and normakss
differences, seem to indicate that the increas¢henoil recovery
efficiency is not related to the efficiency insitte pore, but to the
sweep efficiency. The extensional flow analysisidates that from
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both perspectives the extensional viscosity enhariceecovery
efficiency. Not only inside the pore, but also frafme sweep
efficiency perspective, an increase of the exteraiwiscosity is
favorable to the oil recovery process.
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