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ABSTRACT

Polymer and low salinity water flooding are methods to improve oil recovery from both
sandstone and carbonate reservoirs. Combining these two methods is of interest for at
least two reasons. Firstly, this improves both the macroscopic and microscopic sweep
efficiency at the same time, and secondly less polymer is needed when it is mixed with a
low salinity brine. The last point is important since it reduces the amount of produced
chemicals, which has both financial and environmental benefits. However, polymer
molecules are large compared to the ions in the brine, and even large compared to the
typical pore sizes. The polymer molecules may therefore flow at a completely different
speed than the ions. This could be of particular importance in fractured carbonate
systems.

In this paper we investigate the rheological behavior of a polymer solution in a system
where the full pore system is accessible for ionic transport, while not for the polymer
molecules. We have designed a novel experimental setup that allows for electric
resistance measurements along the porous media. From the resistivity measurements,
information about the porosity and ionic concentrations within the sandpack was gained.
A low salinity polymer solution was injected into a dual porosity sandpack saturated with
a higher salinity brine. The viscosity of the effluent fluid was monitored with a capillary
tube rheometer, and the apparent viscosity in the porous medium was derived from the
differential pressure across the column. The flooding experiments showed viscoelastic
behavior, i.e. by increasing shear rates, the apparent viscosity increased dramatically due
to elongation of the polymers molecules. Most importantly, the experimental results
clearly show that the polymer front moves at a higher speed than the salinity front. As a
result, the polymer solution mixes with the high salinity brine and the viscosity decreases.
These effects are important to take into account when designing polymer floods in dual-
porosity systems.

INTRODUCTION
In order to increase the oil recovery, waterflooding has been a successful recovery
technique for many oil reservoirs during the last decades. However, in some reservoirs,
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waterflooding may lead to early water breakthrough and low oil production rates.
Polymer flooding is considered as a very promising technology in enhanced oil recovery
(EOR) processes. If polymers are added to the injection water they increase the water
viscosity. This can lead to a favorable mobility ratio between oil and water. Depending
on the heterogeneities in the reservoir, the change in mobility ratio could greatly impact
the macroscopic sweep efficiency and enhance oil recovery. However, polymer solutions
are non-Newtonian fluids and hence, the rheological properties are sensitive to shear
forces.

In field operations, hydrolyzed polyacrylamides (HPAM) are the most common EOR
polymers [1]. These synthetic polymers show viscoelastic properties when flowing
through a porous media [1-9]. At low fluid velocities, a Newtonian or near-Newtonian
behavior is reported by Seright et.al. [9], while Heemskerk et al. [8] and Delshad et al.
[10] reports shear thinning behavior. Both Chauveteau et al. [11] and Stavland et al. [1]
demonstrate that the polymer solutions tested exhibit shear thinning behavior with lower
viscosities than bulk viscosity because the polymer does not flow through the entire pore
volume. At increasing shear rates, the polymer molecules get elongated and contracted
due to the pore structures of the porous media. Consequently, the apparent viscosity of
the polymer solution increases dramatically (usually named a shear thickening behavior).
If the polymer solution is exposed to very high stresses, the molecules may rupture and
degrade [1]. This could easily happen when the polymer is injected, if care is not taken.

The properties of polymer solutions are affected by the molecular weight, polymer
concentration and salinity. Polymers are polyelectrolytes, i.e. the molecules have multiple
charges distributed along the chain, hence, in low salinity brines the molecules expand
due to mutual repulsion of charges along the molecule chain [12]. This repulsion
increases the viscosity of the solution, and consequently less chemicals are needed to
obtain the targeted viscosity. In recent years, it has been observed that the salinity of the
injected fluid in itself can increase the microscopic sweep efficiency of oil reservoirs
[13]. By mixing polymers in low salinity brines, it is possible to obtain an increase in
both macroscopic and microscopic sweep efficiency. However, the polymer molecules
and ions move with different speeds in the porous media, mainly because the polymer
molecules are larger than the ions. This could have the effect that the polymer molecules
leave the low salinity brine behind and consequently mixes with the formation water, and
part of the benefit with injecting polymers in low salinity water is lost.

To shed some more light on this phenomenon, we have flooded polymer solutions with
different salinities through a sandpack column. This column consisted of silica grain,
where the grains themselves are porous. This system has to our knowledge not been used
to study the flow of polymer flow before. Every individual grain consists of consolidated
micro silica, thus there is a macro porosity between the grains and a micro porosity
within the grains. As a consequence of the macro and micro porosity the full pore volume
was accessible for ionic transport but not for the polymer molecules. Electric resistance
was measured along the column to track ionic concentrations during the flooding
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experiments. The effective polymer rheology was measured in the sandpack, and a
capillary tube rheometer, at the outlet of the sandpack, monitored the effluent polymer
rheology.

THEORY
In bulk, the polymers have a shear thinning behavior. The viscosity, n, decreases with
increasing shear rate, y, and the behavior is well described by a Carreau model [14],

) =N + (Mo — No) - [1 + (A, )*] D/, (1)

where n, and 1., is the polymer viscosity at zero and infinite shear rate, respectively, 1,
is a time constant representing the critical shear rate at which the fluid deviates from
Newtonian behavior, and n is the flow behavior index. For a shear thinning fluid, n < 1
and n typically ranges from 0.4 to 0.7 [15]. The tuning parameter, x, is used to improve
the viscosity match.

Viscous flow in capillary tubes
A capillary tube was used to measure the effluent viscosity. In order to allow for a simple
interpretation of the measured pressure drop across the capillary tube and the imposed
flow rate, it is important to choose a tube with a diameter much larger than the polymer
molecules to ignore wall effects, and a long tube to avoid entrance and exit effects. If an
appropriate tube is chosen, the flow is well described by the Hagen-Poiseuille equation.
In such a flow, the shear stress, , is given as

APy’

T—T, (2)

where AP is the differential pressure, ' is the radius, and L is the tube length. For a
Newtonian fluid, the shear stress is related to the shear rate through t = ny. Here, the
shear rate, y, is defined as
dv(r")
— 3
4 dr’ "’ ®)
where v is the flow velocity along the tube. Assuming a power-law shear rate, i.e.
ignoring 1., and assuming A,y > 1, the viscosity of the polymer solution in the capillary
tube follows a simple power law, n = n,(4,7)" . Combining the two equations above,
solving for v(r"), and then integrating over the cross section of the tube with radius R, we
get the flow rate, g. We can then express the apparent shear rate, y,, in the tube and
apparent viscosity, n,, as
. _3+1/n 4q q 4 TR*AP
Ya= "4 "zrs % AT 30 T8l

respectively. The (3 + 1/n)/4 term is known as the Mooney-Rabinoswitch-Weissenberg
correction factor that takes into account the effect of the change of shape of the velocity
profile when non-Newtonian fluids flow through capillaries under laminar conditions.
For Newtonian fluids (n = 1), equation (4) reverts to the usual Hagen-Poiseuille
equation.

(4)
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Apparent viscosity in porous media

The viscosity of the polymer solution cannot be measured directly in flooding
experiments. Due to the complex network of pores and channels in the porous medium,
the shear rate and thus the viscosity will vary within the medium. In this work we will
extend the formulation developed in the previous section by introducing an average

radius defined by the Kozeny-Carman relationship k = ¢>8r72 (t. is the tortuosity):

4q
A8k

Here A is the cross-sectional area, k is the permeability, ¢ is the porosity of the porous
medium, and « is an empirical parameter used to match viscosity measured in bulk and
porous medium, normally set equal to 2.5 [1]. The arguments for a« > 1 are that the
permeability to the polymer is lower than to water and that the polymer velocity is higher
than to water. The advantages of using this model is its simplicity and clarity, but clearly
it has its limitations due to the dual-porosity of the system. We have therefore used the
macro porosity (¢ = ¢mac), Since the polymer molecules are too large to flow in the
narrow micro pores.

: (5)

The apparent viscosity is estimated from the Darcy equation,

Ak AP
Na = 7 AL (6)

Since the effective shear rate is proportional to the flow velocity, several models have
been suggested for the viscosity as a function of flow rate and properties of the porous
medium. Based on the Carreau model, Stavland et.al. derived a model for the apparent
viscosity of polymers in porous media where the apparent viscosity is the sum of the
shear viscosity and elongation viscosity multiplied by a degradation term [1]:
§-1/2
Napp = N + [(770 - 7700) (1+ (/11]/)“) + (AZY)S] 1+ (/13]/)x]T (7)
The first part of equation (7) represent the bulk viscosity matched with the Carreau model
(1). The next term, (1,7)%, represents the elongation viscosity, which increases
dramatically by increasing the shear rate. The elongation exponent, ¢ > 0, depends on
molecular weight of the polymer. As we see from the expression, this elongation term is
increasing for shear rates higher than 1/4,, and the onset of elongation depends on the
porous medium,

1 1— ¢\ 6a,/1,
= Npe (5 2) 25 ®)
Az ¢ Z)

where Np, is the Deborah number describing the liquid-like behavior of the polymer. The
last term in equation (7) represents the degradation of polymers, where the time constant

A3 represents the onset of shear degradation and x is a tuning parameter used to improve
viscosity match.
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Chemical concentrations and resistivity

In this work we use resistance measurements to track concentration fronts in the
sandpack. The resistivity, p, is the inverse of the conductivity, o, and the relationship
between resistivity and resistance is

L
=P ©)

where r is the resistance, L is the length and A is cross-sectional area of the porous
media. The total resistance of a fluid-filled porous media, r, can be represented by the
parallel resistance relationship, and since most rocks are non-conductive, the total
resistance of a fluid-filled porous medium is related to the brine resistance (1t = r,). A
fluid’s ability to conduct electric current depends strongly on its ionic concentration. The
most common approach to link resistance to concentration is to use Archie’s law [16],
1

Oy = FO'W. (10)
Here, a,, is the conductivity of the brine, g, is the conductivity to the fluid-filled porous
medium, and F is the formation factor, F = ¢~™, which is related to the total porosity
via the cementation exponent m. The total porosity, ¢, of the sandpack is

¢T = ¢mac + ¢mic ’ (ll)

where ¢ac 1S the macro porosity and ¢.,;c IS the micro porosity. Here we use the
following generalization of Archie’s law for a dual porosity medium [17]:

Op = ¢m_1(¢maco_w,mac + ¢)micaw,mic)- (12)

In the case where the conductivity of the two domains are equal, oy, mac = wmic = Ow,
equation (12) reduces to (10). From our experiments, conductivity versus salinity is,

Ow = A CNacl + b, (13)

where cyaq is the salinity of the brine in [g/cm®]. From our experiments, a = 1463
mS.cm?/g and b = 2.03 mS/cm.

MATERIALS AND METHODS

In the experiments, two brines were used, 35 g/L NaCl (B35) and 10 g/L NaCl (B10),
where the latter was the polymer make up brine. The brines were filtered using a 0.45 um
HAWRP-filter from Millipore. The polymer was Flopaam 5115SH, a synthetic acrylate-
ATBS polymer with medium anionicity and high molecular weight, delivered by SNF. A
5000 ppm mother solution was prepared by gently adding the polymer in the brine under
high rate mechanical mixing, thereafter overnight low rate mixing. Dilution to 1000 ppm
was performed using a magnetic stirrer. Bulk viscosity was measured using an Anton
Paar Physica MCR 301 rheometer at 20 °C and variable shear rates from 0.1 s™* to 500 s*
using a cone and plate geometry. Viscosities were measured at both increasing and
decreasing shear rates. Due to better accuracy in the measurements, the viscosities
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obtained at decreasing shear rates were used. In Table 1 and Table 2, the fluid properties
and the conductivity of the NaCl brines is shown.

For the sandpack column, Silica Gel 63-200 um was used as sand. In Figure 1, Scanning
Electron Microscope (SEM) images of the grain structure are shown. The micro structure
is clearly visible; each individual sand grain is porous as the grains are consolidations of
multiple micro silica grains. The size of a micro grain is approximately 80 nm with a pore
size of 6 nm. The density of Silica is 2.65 g/cm®. From the supplier, Sigma-Aldrich, the
pore volume of the macro grains was reported to be 0.8 cm®/g rock, thus the micro
porosity was estimated to 38 % (36.3-41.3 %) and the macro porosity to 44 % (39.2-
46.6 %), based on 12 sandpacks. The properties of the column sandpack are shown in
Table 3.

The column used was an 80 cm long construction of 6 glass cylinders and metal joints as
illustrated in Figure 2. The dimensions of the glass cylinder were D = 1.6 cm and L = 10
cm. This construction allows for measurements of electric current along the sandpack
during flooding. An automatic RCL meter was connected to the column by 7 electrodes
on the metal joints, which measured the 6 sections (Z1-Z6).

Experimental procedure

A schematic drawing of the experimental set-up is shown in Figure 2. Several sandpack

columns were flooded with P10 during this work. All experiments were performed at

ambient temperature. To control the pressure in the system, a backpressure regulator, set
to 3 bars, was set up at the end of the system. To measure the viscosity of the effluent
during flooding, a capillary tubing acting as a rheometer was connected to the outlet of
the column. The capillary tube rheometer was 100 cm long with an inner diameter of

0.0762 cm. The flooding process was as follows:

1. Assemble the column. Successful packing was achieved by filling sand from the
top of the column while the outlet was connected to a vacuum pump. Vibration
during packing was not an option due to the glass construction.

Saturate the sandpack with brine B35 at the injection rate 1 ml/min.

3. Measure the porosity from the sandpack saturation (pore volume injected), and
from mass measurements of the sand grains.

4. The effective brine permeability was determined by varying the injection rates
and using the corresponding differential pressures across the column in equation
(6).

5. In one separate sandpack/experiment, B10 was injected for evaluating ion
dispersion in a brine-brine displacement experiment. The effluent ionic
concentration was estimated by measuring CI” content.

6. In the following experiment, the polymer solution P10 was injected at a constant
rate of 0.3 ml/min. This injection rate corresponds to the shear rate of ~60 s in
the sandpack and ~115 s in the capillary tube rheometer.

7. Measure the pressure drop across the sandpack at different injection rates for
estimating the apparent viscosity of the polymer solution within the sandpack.

N
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8. Measure fluid effluent viscosity by measuring the pressure drop across the
capillary tube rheometer connected to the outlet of the column. The injection rate
was altered and effluent viscosity was recorded at stable differential pressure.

9. During all flooding experiments, the electrical resistance over 6 section (Z1-Z6)
was continuously measured to track chemical concentration profiles.

RESULTS AND DISCUSSION

As the sandpacks comprises of porous silica grains, the total porosity is high,
approximately 80 %. The total porosity, ¢, includes the macro porosity, ¢y,ac , and the
micro porosity, ¢mic , See equation (11). We clearly see the effect of the micro and macro
porosity in Figure 3. In Figure 3, the effluent concentration is shown from one
experiment where B35 was displaced by B10 at the injection rate of 2 ml/min. Effluent
samples were collected to determine the ion concentration, where the CI” concentration
was determined by titration with AgNOs. Injection of at least 2.5 pore volumes of B10
was required to displace all initial ions, which we interpret as being caused by the dual-
porosity structure. A possible explanation could be that the time it takes to flow through
the macro pores is shorter than the time it takes to exchange ions from the micro pores.
Consequently, a long concentration tail is observed. The electrical resistance
measurements along the sandpack also support this, as can be seen in Figure 4. In this
figure, the measured resistance has been calculated to NaCl concentration by the relation
in equation (13). When the initial high salinity brine B35 is displaced by either the low
salinity brine B10 or the polymer solution P10, the electrical resistance increases for
every section as the front propagates though the sandpack. In Figure 5, the measured
resistances for the 6 sections are plotted versus pore volume injected of P10, along with
simulated values. As the front propagates there is an increasing lag before the resistivity
reaches the expected plateau value.

In our view, the most interesting results is when the polymer solution was injected in the
system. In Figure 6, the bulk properties of the polymer solutions are shown. There is a
clear effect of the salinity of the make up brine. As seen, the measured viscosity for P10
and P35 are well matched with a Carreau model, where the shear thinning exponent n is
0.72 and 0.83 for P10 and P35, respectively. In Figure 7, the results from the capillary
tube rheometer in 3 different sandpacks is shown and we see that there is a good match
between the bulk measurements and the capillary tube rheometer. The viscosity of the
low salinity P10 solution was higher than the viscosity of P35. At low salinities, the
polymer molecules can expand due to electrostatic repulsion between the anionic groups
along the polymer chain [15]. This results in a higher viscosity for the low salinity
polymer solution. When the salinity is increased, the repulsive forces are reduced. This
decreases the polymer chain and hence, the viscosity is decreased.

In Figure 8, the pressure drop across the capillary tube rheometer and the corresponding
resistance measurements are shown when the low salinity polymer solution, P10,
displaced the high salinity brine, B35. At PV = 0.58, the polymer breaks through, as seen
by the increased differential pressure across the capillary tube rheometer. The apparent
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viscosity of effluent between 0.58 and 1.0 pore volume injected is ~4.5 cp at the shear
rate 115 s™. This apparent viscosity is close to the P35 bulk viscosity of 5.5 cp at 115 s™.
The resistance measurements along the sandpack show that the salinity front lags behind,
and from the resistance measurements in the last section (Z6) of the column, the salinity
is high when the polymer leaves the sandpack. At approximately 1 PV injected, the low
salinity water breaks through. When this happens, we see an increase in the resistance,
and more importantly a second increased pressure drop occurs across the capillary tube.
The apparent viscosity of the effluent after 1 PV injected is ~6.2 cp, which is close to the
bulk viscosity of 7.0 cp at 115 s™ for P10. This clearly demonstrates the different flow
paths taken by the ions and the polymers through the column. The fraction of the macro
pore volume to the total pore volume is 0.58, and because of this, uygymer/Unact = 1.72.

A second run in the same column was performed to determine if there was any effect of
polymer retention, see Figure 9. In Figure 9, the pressure drop across the sandpack is
shown together with the pressure drop across the capillary tube rheometer at the outlet of
the column. Within the experimental limits we could not observe any retention.

In Figure 10, the apparent viscosity in the column given by equation (6), is shown
together with the estimated viscosity from the capillary tube rheometer when the polymer
solution P10 was injected through the sandpack at various flow rates. All the
experiments/sandpacks show the same trends: By increasing the shear rates, shear
thickening behavior was observed and the apparent viscosity increased from a shear rate
of 100 s™. This behavior is caused by elongation of the polymer molecules in the pore
structure of the sandpacks. This elongation effect is well-known and well documented in
the literature [1, 8, 9]. A further increase in shear rates could have ruptured the
molecules, but shear degradation was not observed due to pressure limitations in the
system. The results were well matched with the Carreau-based apparent viscosity model
given in equation (7), by adjusting the shear elongation term. We were also able to match
the experiments at Sy, = 1 - S, see Figure 11.

CONCLUSION

The rheology behavior of the synthetic acrylate-ATBS polymer solution is affected by
ionic concentration and shear. In bulk measurements, the polymer solution shows shear
thinning behavior, while in the sandpack both shear thinning and shear thickening was
observed. As the shear rates increases, the apparent viscosity increases dramatically due
to elongation of the polymer molecule. The apparent viscosity is dependent on the
effective porosity and permeability of the porous medium.

In a dual porosity system, the polymer molecules flow with higher velocity than the
salinity front, i.e. the polymers flow in the macro pores, while the ions are transported
(mainly by diffusion) in the entire pore volume. The polymer front mixes with the initial
brine, hence the viscosity of the front decreases. When the initial ions are fully displaced,
the viscosity of the polymer solution increases.
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The difference in flow velocity is important to consider when evaluating the EOR
potential of polymer flooding on field scale, e.g. in highly inhomogeneous reservoirs. The
reservoir formation water is typically more saline than the injected water, which usually
is seawater (on the Norwegian Continental Shelf). Thus, if the flow velocity of polymers
is higher than the velocity of the salinity front, the polymer will mix with formation water
and consequently the viscosity will be decreased. This does not mean that there is not a
potential benefit by combining polymer and low salinity flooding. We have not at all
considered the effect of low salinity water on the microscopic sweep efficiency which
can be substantial.
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Table 1 Overview of fluids Table 3 Average properties of the sandpack. The

Brine B10 10 g/L NaCl values are estimated from 12 sandpacks.

B35 35 g/L NaCl _
_ P10 1000 ppm, 10 g/L NaCl Properties of sandpack column

Polymer solution | a5 | 1000 ppm, 35 g/L NaCl E?Zr%t:ter IL) 182 o
Grain size dmacro 63-200 pm
Micro grain size Amicro 80 nm
Table 2 Conductivity of NaCl brines at 22.5°C Pore size 6 nm
Surface area 500 m%/g
Concentration [g/L] Conductivity [mS/cm] Total porosity Drotal 82 %
10 16.84 Macro porosity Bmacro 44 %
15 22.79 Micro porosity Dmicro 38 %
20 31.90 Permeability k 6.835D
25 39.50 Formation resistivity factor F 1.8626
30 45.60 Tortuosit 1.529

35 53.60 Y ! '
Cementation factor m 1.0

\ =4 S (] ; ==
Figure 1 The Silica Gel grains. a) Overview of the sand grains, b) the surface of one grain, the size of the
micro grains is 80 nm and the fracture measures 126 — 200 nm, c) the micro structure close-up, every
grain is a rigid network of silica grains consolidated together. The pictures are taken with SEM at UiS.
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Injection of low salinity
polymer solution

Quizix
Pump
Brine

RCL meter

Resistance measurements
over 6 sections along column

Salinity profiles (Z1-Z6)

Capillary rheometer

100 cm
Backpressure

- Effuent
regulator

For online viscosity measurements

Figure 2 The experimental set-up, the sandpack was flooded from the top. The electric resistance was
measured over 6 glass sections, and a capillary tube rheometer connected at the outlet of the column was
used to measure the viscosity of effluent fluid.
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Figure 3 Displacing B35 by B10. Effluent salinity
concentration profile.

Figure 4 Effluent and calculated concentrations
from resistance measurements
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Figure 5 The electric resistance in the 6 sections
along the sandpack during P10 injection at 0.3
ml/min. The circles are experimental data and the
solid lines represents simulated data.

Figure 6 Bulk rheology of polymer solution P10

and P35 in rheometer (plate and cone).
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Figure 7 Bulk measurements and effluent viscosity
from capillary tube rheometer of P10 at various
injection rates in 3 different experiments.

Figure 8 The pressure difference over the capillary
tube rheometer and the corresponding resistance
measurements along the sandpack column during

P10 injection at 0.3 ml/min.
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Figure 9 The pressure difference across the
sandpack and across the capillary tube rheometer
during P10 injection at 0.3 ml/min. [1] and [2]
represent the first and the second injection.
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Figure 11 The apparent viscosity of P10 in-situ and
in the capillary tube rheometer versus shear rates
when oil was present in pores (Sy, = 75 %).

Figure 10 The apparent viscosity of P10 in-situ and
in the capillary tube rheometer versus shear rates.
The apparent viscosity in-situ is shear thickening,

while the effluent is shear thinning.




