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Abstract

Above a critical temperature, thermo-thickening associative polymers (TAPs) have a superior ability to decrease the mobil-
ity of the water phase, compared to traditional polymers for enhanced oil recovery. The ability to decrease the mobility,
will be amplified at low flow velocities, and by the presence of salt, and is much higher in porous media than would be
expected from bulk viscosity. In this work, we have examined TAPs ability to reduce the mobility, i.e., to increase the
resistance factor. We have studied the effect of increasing the associative content, changing the porous media, changing
the salinity, and scaling up the size of the porous media. How the resistance factor evolved, was studied as a function
of temperature, velocity, and time. We found that a critical associative content or critical concentration of polymer was
needed to achieve thermo-thickening in the porous media. As expected, thermo-thickening increased by increasing the
salinity. For the relative homogenous clastic porose media investigated here, ranging from ~ 1Darcy sandstone to multi-
darcy sand, type of porous media did not seem to have a significant impact on the resistance factor. Time and amount
of polymer injected is a critical factor: The buildup of thermo-thickening is delayed compared to the polymer front. For
our tests with the weaker systems, we also observed a breakdown of the associative network at very low injection rates,
possibly caused by the formation of intramolecular association.

Article highlights

Key findings from our tests of thermo-thickening associative polymer for enhance oil recovery operations:

e At high temperature, the polymer solutions mobility in e This will mean good injectivity and superior sweep,
porous media is much lower than expected from vis- compared to a traditional polymer for enhanced oil
cosity recovery

o At low temperature, the flow behavior is like that of a
traditional synthetic polymer
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1 Introduction

In polymer enhanced oil recovery (EOR) operations, poly-
mer is added to the water phase to increase the viscosity
and thereby reduce the mobility of the displacing fluid.
When the mobility ratio of the displacing fluid (water) to
the displaced fluid (oil) is decreased, sweep is improved,
water break through is delayed and oil production is
accelerated. A detailed description of the mechanisms
improving the sweep can be found in Sorbie [31] and has
been revised by several authors, including Standnes and
Skjevrak [32] in their literature review, reporting 50 years
of polymer pilots and field cases.

According to Sheng et al. [30], polymer flooding is
the most widespread method for enhanced oil recovery
by chemicals. Standnes and Skjevrak [32] inform that of
the 72 projects described in the literature, only 6 were
deemed discouraging. Despite their proven success, tra-
ditional synthetic EOR-polymers have their drawbacks:
Sorbie [31] state that high molecular weight is needed
for high viscosity and Stavland et al. [33] report that low
molecular weight is desired to minimize mechanical
degradation and ensure injectivity. As for most fluids,
viscosity of traditional polymer solutions decreases with
increasing temperature [14, 23]. Furthermore, viscosity is
reduced in the presence of salt, and so is the mechanical
stability [2, 22, 34]. Polymeric solutions for EOR are non-
Newtonian fluids, and shear-thinning. In porous media,
above a critical elongation rate, synthetic polymers tend
to become shear-thickening and at an even higher shear
rates, the polymer molecules are irreversibly degraded
(seee.g.[2,19,22,27,33]).

An ideal polymer candidate for EOR would be one
with a low resistance to flow at the high shear rates
close to the injector and a high resistance to flow at
the in-depth shear rates. The concept of reversible
thermo-thickening associative polymers, first described
by Hourdet et al. [14], and elaborated by L'Alloret et al.
[16], Durand and Hourdet [10], Durand and Hourdet [11]
seems to possess many of the properties favorable for
polymer EOR.

Thermo-thickening associative polymers (TAPs) are
co-polymers composed of a water-soluble main poly-
mer and a low fraction of relatively small segments of a
polymer with lower critical solution temperature (LCST)
in water. Polymers with LCST will, when they are not
part of a TAP, have a solubility that, contradictory to the
common behavior, decreases with increasing tempera-
ture. That is, the polymer changes from a hydrophilic to
a hydrophobic polymer as temperature increase. Below
its LCST, the polymer will be completely miscible in water
and above it will start to phase separate.
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Due to the hydrophilic to hydrophobic transition of
the incorporated segments as temperature increases, a
TAP will, at low temperature, behave like the water-sol-
uble main polymer and at higher temperature it will act
as a hydrophobically associating polymer. Interactions
between the now hydrophobic segments on different
polymer molecules, will form a weak gel-like structure with
increased resistance to flow. That is, the viscosity of the TAP
will increase with increasing temperature. L'alloret et al.
[16] and Zhu et al. [38] report that the thickening effect is
strongly shear-thinning.

As of today, over 70 non-ionic polymers with LCST have
been identified. Examples and chemical structure can be
found in Cao et al. [5] and L'Alloret et al. [16]. According
to L'Alloret et al. [16] conceptually, all these thermosen-
sitive polymers can be incorporated as segments into a
water-soluble polymer as block-units or side chains to
create a TAP. And, as stated by Lalloret et al. [16], Durand
and Hourdet [10] and Durand and Hourdet [11] the on-set
of thermo-thickening will be dictated by the thermody-
namical behavior of the incorporated segments. Several
authors, including Lalloret et al. [16] and Grinberg et al.
[13] report reduction of LCST with increased salinity and
according to Du et al. [7] the salt depression of LCST fol-
lows the Hofmeister series. Consequently, the temperature
for onset of thermo-thickening for a TAP will decrease with
increasing salinity. Reichenbach-Klinke et al. [26] report
that the magnitude of thickening in porous media is also
improved by salinity.

In this work we have studied porous media behavior of
one type of TAP with varying amount of the LCST-polymer
(i.e. varying associative content) at different temperatures
and salinities. Because, even if it is possible to measure
thermo-thickening of TAPs in bulk by measuring rheo-
logic properties (shear dependent viscosity, elastic prop-
erties, etc.), for a true demonstration of the potential for
enhanced oil recovery, experiments in porous media must
be performed. The experiments reported only consider
flow of one phase (i.e., the water phase with or without
polymer added), and the expected improvement in mobil-
ity ratio can be deduced from the mobility reduction (see
Eq. 1), but the possible chemical influence of the presence
of oil on the associative resistance to flow is not consid-
ered in this work. However, Lohne et al. [20], Reichenbach-
Klinke, et al. [25] and Askarinezhad et al. [1] reported that
the presence of oil did not significantly alter the improve-
ment in mobility ratio.

As demonstrated by Leblanc et al. [18] and Reichen-
bach-Klinke et al. [26], a higher concentration is needed
in bulk than in porous media to detect thermo-thick-
ening, and in porous media the resistance to flow will
be much higher than what one would expect from bulk
viscosity measurements. Reichenbach-Klinke et al. [25]
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reported resistance factor, RF matching the power law,
RF = Ay~ + RF,, where y is the shear rate, for a range of
TAPs.

Why the thickening effect of TAPs and hydrophobically
associating polymers is enhanced in the porous media
compared to in bulk is not fully understood. In bulk,
Hourdet et al. [14] state that a critical concentration is
needed for intermolecular association to dominate over
intramolecular association. At low shear rates Zhong et al.
[37] noticed that associative polymers can be shear-thick-
ening. This is not in contradiction to the more commonly
observed shear-thinning referred above; after the initial
shear-thickening at low shear rates, these polymers also
experienced shear-thinning.

Shear-thickening for associating polymers was also
observed by Bokias et al. [3]. Both Zhong et al. [37] and
Bokias et al. [3] attributed the shear-thickening to insuf-
ficient deformation at low shear rates favoring intramo-
lecular associations whereas deformation as shear rate
increases favors intermolecular associations, as was also
noted by Seright et al. [28]. During porous media flow,
the polymers will constantly change their conformation.
This can possibly explain why the thickening of associative
polymers is more effective in porous media compared to
in bulk.

A delayed response in reaching steady state resistance
factor in core floods for associative polymer is well docu-
mented (see e.g. [26]). The extent of delay before reach-
ing stable resistance factor varies with polymer properties
and conditions. A delay of around 10 pore volumes is not
uncommon.

Seright et al. [28] attributed the delay to chromato-
graphic separation of an associative enriched fraction of
the polymer solution and Dupuis et al. [9] similarly attrib-
uted it to adsorption/retention of a minor fraction of the
polymer solution. In addition, it is a feature of polymers,
that when they are subjected to changes in confined
space, reaching equilibrium will be a very slow process.
Israelachvili [15] reports a typical increase in time to reach
equilibrium by a factor of 10'°.

The delay effect was successfully modelled by Lohne
et al. [20] for a TAP described by Reichenbach-Klinke
et al. [25], by dividing the polymer into two fractions, one
behaving as a regular polymer and one small fraction
behaving as a hydrophobic polymer. The model was also
upscaled to a synthetic field case and demonstrated a sub-
stantial increase in oil recovery and injectivity efficiency
by using a low concentration of associative polymers,
compared to a higher concentration of a traditional poly-
mer. This was attributed to low resistance to flow in the
low temperature and high rate injection areas and high
resistance in the low rate and high temperature area of the
main parts of the reservoir. The efficiency was reported as

barrels of incremental oil per kg polymer injected and was
reported to be 2.00 for 300 ppm TAP, 1.47 for 500 ppm TAP
and 0.58 for 500 ppm regular polymer.

In this work we have studied how resistance to flow,
time to reach steady state, and shear rate-effects were
influenced by temperature gradient, type of porous media,
associative content, polymer concentration, salinity, and
up-scaling from 7 to 76 cm.

Due to their many favorable trades, thermo-thicken-
ing associative polymers should be ideal candidates for
enhanced oil recovery, as they will have a low resistance to
flow in the often cooled down, high rate injection area and
high resistance to flow in the high temperature, low rate
main part of the reservoir. Thus, a lower molecular weight
polymer can be used, which has a smaller risk of mechani-
cal degradation. They can presumably also be designed to
fit reservoir conditions (temperature, temperature gradi-
ent, permeability, and salinity) by incorporating different
thermosensitive polymers onto the main polymer.

2 Theory and definitions

In this work, we performed core floods and derived resist-
ance factor for cores and capillary tubes from differential
pressure readings. The role of polymer in enhanced oil
recovery is to reduce the mobility ratio, M, defined as
M= Adisp/acing/ﬂ ‘ , Where A is the mobility.

displaced

To quantify a polymeric solutions ability to reduce M
in polymer core flood experiments, it is normal to report
the resistance factor, RF, also commonly referred to as
the mobility reduction, which is the ratio describing how
much the mobility ratio, M is improved by polymer com-
pared to water. From Darcy’s law in cylindrical cores the
porous media resistance factor, RF,,,, is given by:

A p kw APP

RF. = - _r
Mk, AP, (M)

w
pm =
Ap
where 7 is the viscosity, k is the permeability and AP is
the differential pressure. The subscripts, p and w, are for
polymer solution and water, respectively.
Correspondingly, the resistance factor, mobility reduc-
tion in the capillary tubes, RF; is defined as:

APp
RFer = (2)

AP,

Using the Hagen-Poiseuille equation for laminar New-
tonian flow, and assuming it also holds for polymer solu-
tions, the capillary tube resistance factor, RF, is equal to
the relative viscosity;
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Then, a capillary tube can be used as an in-line viscome-
ter, while the apparent viscosity (= RF,,,) derived from a
porous media, also contain the term ’;—W known as the resid-

ual resistance factor, RRF. Retention opf polymer because of
adsorption, precipitation and gel formation are the main
reasons why k, < k,,.

The viscosity of polymer solutions is shear dependent and
the viscosity of the solutions used in this work can be fitted
to the Carreau model:

n-t
2

() = ny + (10 =y ) [1+ (47)°] (4)

Here, 1, is the zero shear rate viscosity (also known as the
Newtonian viscosity), n(7) is the viscosity at the shear rate, 7,
nis the power law index, and A is the relaxation time which
is essentially the invers of the shear rate at which a Carreau
fluid becomes shear-thinning.

In capillary tubes for a Newtonian fluid, the shear rate
at the wall, 7, can be calculated from Hagen-Poiseuille
equation. According to Sorbie [31], a correction factor, %,
(where nis the power law index), must be applied for power
law fluids. In this work, with values of n resulting in correc-
tion factors below 1.1, we neglect the correction factor
when calculating the shear rate in capillary tubes and use
the equation as presented:

_ v _4Q

Vet R - ﬂR?’ (5)

Here,(v) = Q/xR?is the mean velocity and the shear rate
is proportional to the flow velocity.
Equation 5 can also be the basis for calculating shear rate,

in a porous media with porosity ¢, by assuming that the

Vo
¢ 8

porous media is a bundle of capillary tubes, so that R? = "
This approach is analogue to Chauveteau and Sorbie [6],
Cannella et al. [4], and Teeuw and Hesselink [35]. To account
for the facts that the porous media is not a bundle of capil-
lary tubes and that the polymeric solution has non-Newto-
nian flow behavior a correction factor, a is introduced. In this
work we used the correction factor, « = 2.5, reported for
sand packs by Chauveteau and Sorbie [6] and later used in
works by e.g., Stavland et al. [33] and Reichenbach-Klinke
etal. [25].

4av 4aQ

j/m_ -
N - T (©)
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3 Materials and methods

The flow behavior of the polymer solutions was studied
in cylindrical cores and sand packs. Two different brines
were used to make the polymer solutions. The first brine,
Synthetic Sea Water (SSW) had sea-water-like salinity,
with 28 g/I NaCl and 8.0 g/l CaCl, x 2H,0 as the salts. The
high salinity brine (3xSSW), had 3 times the concentra-
tion of SSW, that is 84 g/l NaCl and 24 g/l CaCl, x 2H,0.
Brines were filtered through a 0.45-micron Milipore filter
before use.

The salinity effect on the viscosity in mixing brines
is computed using molar weighted contributions from
individual salts obtained from CRC’s Handbook of Chem-
istry and Physics, 63rd edition [36]. The relative viscos-
ity increase is computed at 20 °C and the temperature
dependency is assumed to follow that of pure water. The
calculated viscosity of SSW is 1.060, 0.494 and 0.375 cP,
and 1.194, 0.556 and 0.423 cP for 3xSSW at 20 °C, 60 °C
and 80 °C, respectively.

Before mixing in the polymer, all brines were purged
with pure nitrogen (99.999%), as oxygen can induce
chemical degradation of synthetic polymers [12, 29].

The thermo-thickening associative polymers tested in
this work were obtained from BASF and are of the type
described in Langlotz et al. [17]. Three different polymers
were studied: A06, A08 and A10. The relative viscosity
of the polymer solutions, as calculated from bulk rheol-
ogy measurements at 20 °C (see Eq. 3) can be found in
Fig. 9 and Fig. 10. The water-soluble main polymer was a
25 mol-% AMPS - acrylamide copolymer with a molecu-
lar weight of 5-8 million Dalton (AMPS =2-Acrylamido-
2-methylpropane sulfonic acid). The relative associative
content differed and was 0.6 and 0.8, relative to A10 for
A06 and A08, respectively.

The ready-to-use polymer solutions were prepared
from pre-made 1 wt.% (10 000 ppm) stock solution. The
stock-solutions were mixed by standard method, using
a Heidolph RZR 2021 mixer. After mixing for 0.5 h at
300 rpm, the speed was lowered to 200 rpm, and mixing
and hydration commenced overnight. During mixing,
the solution was covered. During storage, the solutions
were covered with a nitrogen blanket, capped, and kept
in a refrigerator.

The diluted solutions were mixed just prior to use, on
a magnet stirrer while purging with pure nitrogen. The
diluted solution was stirred and purged for at least 0.5 h,
before it was swiftly transferred to the pump-reservoir
for immediate use. Foam was generated during purg-
ing and mixing. The viscosities of the polymer solutions
were measured as a function of shear rate by a cone and
plate geometry with an Anton Paar MCR301 Rheometer
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Fig. 1 Sketch of the experimental set-up/flooding rig with 3 cores
and capillary tubed is series. The injection direction is from left to
right, from low to high temperature. T1 was 20 °C in all the experi-

ments. T2 was 60 °C and T3 was 80 °C, in all but the first experiment
(Experiment 1a), where they were 30 °C and 60 °C, respectively

Table 1 Overview of

Experiment 1 to 6. The brine Exp Polymer Conc. ppm Core type T1°C T2°C T3°C
was synthetic sea water (SSW) 1a A06 1000 Bentheimer 20 30 60

1b AO6 1000 Bentheimer 20 60 80

2 AO6 2700 Bentheimer 20 60 80

3 A08 1000 Bentheimer 20 60 80

4 A10 1000 Bentheimer 20 60 80

5 A10 1000 Sand 20 60 80

6 A10 1000 Berea 20 60 80

(at 20 °C). No prefiltering of the polymer solutions was
performed, but the inlet core at 20 °C, where no thermo-

Table2 Overview of Experiment 7 to 9, conducted with a 76 cm
long unconsolidated sand pack in steel tube

thickening takes place, will act as a filter, rendering the  Exp  Polymer  Conc.ppm  Core  Brine T°C
results in the following cores unaffected by any lack of
pre-filtering. A10 1000 Sand  SSW 80
Two different flooding rigs were used. In the first (see A10 1000 Sand  3xS5W 80
9 A10 1000 Sand 3xSSW  Temp-steps

Fig. 1), three cores of the same type of porous media
were mounted in core holders with overburden pres-
sure of 50 bar. For the unconsolidated sand, thin slices
(~0.5 cm) of Bentheimer were mounted on each side of
the sand packs and satisfactory packing of the dry sand
was ensured by vibration.

Pore volume was measured, and we derived permeabil-
ity from rate steps and measured base line pressure drops
for the capillary tubes at 20 °C.

The core holders were coupled in series, each placed at
a different temperature. Injection was performed from low
to higher temperature to imitate the effect of a reservoir
with a cooled down injection area.

Each core holder was connected to two differential pres-
sure transmitters (one with a high resolution, and one with
a broad range). The pressure transmitters were Fuji and

Honeywell transmitters. The capillary tubes (see Fig. 1) had
internal diameter of 1.01 mm and length of 1 m and were
used to derive viscosity and polymer break through time. A
back-pressure of 10 bar was applied. The cores were 7 cm
long and had a diameter of 3.8 cm. In Experiment 1 to 4,
Bentheimer cores with a permeability of approximately 2
Darcy were used as the porous media. The same cores were
used in all four experiments and no cleaning was performed
between experiments. In Experiment 5 unconsolidated
sand cores with a permeability of 8 Darcy were used. And
in Experiment 6, Berea cores of 0.7 Darcy were used. For
an overview of Experiment 1 to 9 see Table 1, 2. For more
details on core properties, see Table 3.

Table 3 Length, diameter, pore

: Core # Bentheimer Berea Sand

volume, porosity, and absolute

permeability of the cores used 1 2 3 1 2 3 1 2 3

in Experiment 1to 6
Temperature, °C 20 60 80 20 60 80 20 60 80
Core length, cm 6.98 6.97 6.94 7.04 7.04 7.05 7.90 743 7.13
Diameter, cm 3.78 3.78 3.78 3.78 3.76 3.76 3.79 3.78 3.78
Pore volume, ml 16.13 16.22 16.17 17.85 17.99 1767 2697 24385 2473
Porosity 0.207 0.208 0.208 0226 0.229 0226 0326 0326 0.346
Permeability, Darcy  1.96 1.92 1.73 0663 0.680 0691 7.39 8.32 8.49
Experiment # 1bto 4 6 5
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Fig.2 Sketch of the experimental set-up (flooding rig) with a 76 cm long sand pack in a steel cylinder used in Experiment 7 to 9. The dashed
blue rectangle shows what is inside the heating cabinet. The blue lines show the capillary tubes (CT)

Table 4 Length, diameter, pore volume, porosity, and absolute per-
meability, for each of the section and the entire pack, for the Sand
pack used in Experiment 7 to 9

Total Section 1 Section2 Section3 Section4

Length, cm 7585 18.96 18.96 18.96 18.96
Diameter, cm 5.36 5.36 5.36 5.36 5.36
Pore volume, 592.34 148.09 148.09 148.09 148.09
ml
Porosity 0.346 0.346 0.346 0.346 0.346
Absolute 11.78 11.37 13.20 11.65 11.04
permeabil-
ity, Darcy

Length, pore volume and porosity for each section were calculated
from the total values

In the second set-up (see Fig. 2), a 76 cm long steel-
cylinder with internal diameter of 5.36 cm was packed
with the same type of unconsolidated sand, as used in
Experiment 5. Satisfactory packing of the dry sand was
ensured by vibration. Glass sinters were placed on each
side of the sand pack. Pore volume and permeability were
determined as for the first set-up.

Test conditions of the three experiments performed in
the sand pack are shown in Table 2. The same sand pack
was used in all three experiments and no cleaning was per-
formed between experiments. The sand pack had a perme-
ability of 12 D (for more details on sand properties see
Table 4). The higher permeability compared to the sand
pack in the core holders is due to the lack of overburden
pressure in the steel cylinder. The cylinder was equipped
with pressure ports enabling pressure drop readings over
4 equally spaced sections of the sand pack. As for the set-
up with the core holder, two pressure transmitters were
connected to each of the sections. The capillary tubes had
the same dimensions as in the first set-up. The steel cylin-
der was mounted vertically in a heating cabinet with injec-
tion from the top. A back-pressure of 10 bar was applied.

The pump reservoir was equipped with a nitrogen blan-
ket and a cap with a gasket for the tubing to the pump,
ensuring an oxygen free environment. To avoid negative
pressure, which may induce some noise in the pressure
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readings, we made sure that the reservoir was not running
low on polymer solution.

4 Results and discussion
4.1 Serial mounted cores

The purpose of Experiment 1 to 6 was to tune tempera-
ture and study the effect of temperature gradient, total
polymer concentration and increasing associative content.
When a system with satisfactory response was achieved,
it was tested in both high permeable sand (Experiment 5)
and Berea cores (Experiment 6), to investigate the effect
of the nature of the porous media. The response (RF,,,and
RF7) is plotted as a function of pore volume (PV) injected,
where pore volume injected is related to the pore volume
of the first core. The properties of the cores and sand packs
used in Experiment 1 to 6 are listed in Table 3. The stated
properties of the sand are without considering the thin
slices of Bentheimer at the inlet and outlet.

4.1.1 Bentheimer cores

In experiment 1a, 74.3 PV of 1000 ppm A06 was injected
at a volumetric flow rate, Q of 1 ml/min, then the flow rate
was reduced to 0.2 ml/min. According to Eq. 5 and 6, the
flow rate of 1 ml/min corresponds to shear rate of 165 s™'
in the capillary tubes and 83-88 s™' in the Bentheimer
cores. Differential pressure across cores and capillary tubes
as a function of pore volumes injected are plotted in Fig. 3.

As expected, the differential pressure decreased with
temperature and injection rate. To investigate if this is
merely an effect of the viscosity’s temperature depend-
ence, the RF,,, and RF¢; (as calculated from Eq. 1 and 2)
are plotted against pore volumes injected in Fig. 4. RF,,
at the same flow rate were essentially equal, and slightly
higher than the RF . This is consistent with the behavior
anticipated for a regular polymer, where the higher resist-
ance factor in the cores is caused by decreased polymer
permeability (kp < k,,, see Eq. 1) due to retention of poly-
mer molecules. The increase in resistance factor when the
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Fig.3 Experiment 1a. 1000 ppm A06 in SSW in Bentheimer. Dif-
ferential pressure across cores and capillary tubes as a function of
pore volumes injected in Core 1 (C1 at 20 °C), Core 2 (C2 at 30 °C),
Core 3 (C3 at 60 °C). Number of pore volumes injected is calculated
from the pore volume of Core 1

Pore volumesinjected

Fig. 5 Experiment 1b. 1000 ppm A06 in SSW in Bentheimer.RF as a
function of pore volumes injected in Cores and capillary tubes (CT).
T1=20°C,T2=60 °C and T3 =80 °C. The volumetric injection rate is
1 ml/min for from 77.6 to 145 pore volume and 2 ml/min from 146
to 169 pore volumes and is thereafter decreased to 0.2 ml/min
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Fig.4 Experiment Ta. 1000 ppm A06 in SSW in Bentheimer.RF ., as
a function of pore volumes injected in Core 1 (C1 at 20 °C), Core 2
(C2 at 30 °C), Core 3 (C1 at 60 °C), and RF; for the capillary tube 1
(CT1 at 20 °C, upfront Core 1), capillary tube 2 (CT2 at 30 °C, upfront
Core 2), capillary tube 3 (CT3 at 60 °C, upfront Core 3), and capillary
tube 4 (CT4 also at 60 °C, but after Core 3). The volumetric injection
rate is 1 ml/min for 74 pore volumes and is thereafter decreased to
0.2 ml/min for 3 additional pore volumes

rate was decreased is consistent with the shear-thinning
behavior for regular polymer. It is thus concluded that no
thermo-thickening was observed in experiment 1a.

Then, after injecting 77.6 PV of polymer solution, the
temperatures were increased to 60 °C in Core 2, and to
80 °C in Core 3, for experiment 1b. As seen in Fig. 5, the
1000 ppm A06 polymer diluted in SSW did not yield
thermo-thickening, even at 80 °C.

For Experiment 2, the concentration of the A06 polymer
was increased from 1000 to 2700 ppm. The dilution brine,
temperatures and cores were the same as in the previous
experiment (1b) and the response (see Fig. 6) is plotted as
a function of the cumulative volume of 2700 ppm polymer
solution injected. The injection rate was 1.0 ml/min for 81

0.0

0 30 60 90
Pore volumesinjected

120 150 180

Fig.6 Experiment 2, 2700 ppm A06 in SSW in Bentheimer. RF as a
function of pore volumes injected in Cores and capillary tubes (CT).
T1=20°C,T2=60 °C and T3=80 °C. The volumetric injection rate is
1 ml/min from 0 to 81 pore volume, 2 ml/min from 81 to 99 pore
volumes, 0.5 ml/min from 99-131 PV and is thereafter decreased to
0.2 ml/min from 131-189 pore volumes

pore volumes, 2.0 ml/min for the next 18 PV, 0.5 for the
next 32 PV and 0.2 ml/min for the last 58 PV.

The 2700 ppm AO06 solution in SSW clearly demon-
strated thermo-thickening in the porous media at 60 °C
and 80 °C, while no thermo-thickening was observed at
20°C. At 1 ml/min, RFpm reached 82 in the core at 80 °C and
42 in the core at 60 °C. Doubling the flow rate, resulted in
a reduction of the RF,,, by almost a factor 2, to RF,, =45
at 80° and RF,,,,=27 at 60 °C. A similar trend was observed
when the rate was reduced to 0.5 ml/min, resulting in RF,,,
of 122 and 57 for 80 °C and 60°, respectively. This agrees
with observations made by Reichenbach-Klinke et al. [25],
who reported a nearly constant differential pressure for
flow rates varying two orders of magnitude for a similar
TAP (with higher molecular weight and associative content
at lower concentration). Further, it is worth mentioning
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that due to the delayed effect, discussed below, stable
condition may not have been reached at 2 ml/min.

Figure 6 also reveals thermo-thickening in the capil-
lary tubes at 60 °C and 80 °C. Thus, the concentration of
2700 ppm was above the concentration at which this poly-
mer demonstrates bulk thermo-thickening. However, the
effect was significantly lower than the one observed in the
cores.

A delay in reaching steady state resistance factors of
approximately 20 PV and 39 PV for Core 2 and Core 3,
respectively was observed at the initial injection rate. In
contradiction to what is usually observed for more diluted
solutions, the RFpm started to increase in Core 3 before it
reached steady state in Core 2, indicating that a fraction of
the polymer, not sufficiently associating to thermo-thicken
at 60 °C, moved through Core 2 at the velocity of the poly-
mer front, and thermo-thickened at 80 °C.

After injecting 131 PV, the injection rate was lowered
from 0.5 ml/min to 0.2 ml/min. The initial response was
an increase in the RF,,, both in Core 2 and Core 3, shortly
followed by a gradual decline in Core 2, which after
approximately 5 PV was at the level expected for a regular
polymer. The decline in Core 2 was accompanied by an
increase in Core 3, reaching its transient maximum just
as Core 2 reached regular polymer behavior. This could
be explained by release from Core 2 of an associative-rich
fraction, which is in a state where it is not sufficiently asso-
ciative to form resistance to flow at 60 °C, but is at 80 °C.
The state will then be the released fraction’s conforma-
tion, hydrophobic content, strength of hydrophobic inter-
action or combination of these. The development of the
RF,,in Core 3 was even more intriguing. First, there was a
build-up to the transient maximum followed by a decline.
After the decline period of approximately 10 PV the RF,,
approached the level expected regular polymer. It is also
interesting to see that the breakdown of the associative
resistance to flow was accompanied by fluctuations in the
CT3 and CT4 resistance factors (the CT before and after
Core 3 at 80 °C). Both CT3 and CT4 declined as the resist-
ance to flow broke down in Core 2, while CT4 increased
again as resistance broke down in Core 3. The transient
maximum in RF,,, for Core 3 at 0.5 ml/min was also accom-
panied by a minimum RF - in CT4.To sum up: The thermo-
thickening increased with decreasing shear rate, up until
a very low shear rate where the associative resistance to
flow, after a transient increase, broke down and the poly-
mer solution behaved as a regular polymer. This can be
explained by the formation of intramolecular association
which is not sufficiently disturbed at low shear rates to
form new intermolecular association thus terminating the
gel-like flow behavior.

In experiment 3 we tested if a polymer with a
higher associative content could give a more robust
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thermo-thickening response in the Bentheimer cores. A
concentration of 1000 ppm of A08 in SSW was used as the
polymer solution. Figure 7 shows the evolution in RF,,, as
a function of pore volumes of A08-solution injected. The
injection rate was 1.0 ml/min for the first 122 PV. Thereafter
the flow rates were varied as depicted in Fig. 7.

Overall, the response in the cores was very similar to
the response observed for 2700 ppm A06 in experiment
2. Thermo-thickening was achieved at 60 °C and 80 °C,
the effect was significantly delayed in terms of volume
needed, the resistance factor, RFpm increased with decreas-
ing shear rate, and at very low shear rate, breakdown of
the associative resistance to flow occurred.

In this experiment RF,,,, at 60 °C was somewhat higher
than with 2700 ppm A06 at 60 °C, and at 80 °C it was the
opposite; the RF,,, was higher for 2700 ppm A06. The slope
in the decline in RF 2 and RF 3 during breakdown is less
steep in this A08 experiment than in the 2700 A06 experi-
ment, indicating that 1000 ppm A08 is more robust than
2700 ppm A06.

In terms of the delay, the number of pore volumes
needed to reach stable resistance factor at the initial injec-
tion rate were approximately 43 PV and 92 PV for Core 2
and Core 3, respectively, twice the delay of experiment 2
which has twice the concentration of associative content
(polymer concentration x associative content).

We also noted that Core 1 did not cause a delay in Core
2, strongly indicating that the mechanism that links the
behavior of Core 2 and Core 3, is not at play when the poly-
mer is in its purely hydrophilic state. This may seem obvi-
ous, but will be important for field implementation, where
a delay caused by the areas with no effect would increase
the time and volume needed for a response.

In experiment 4 we tested if a polymer with an even
higher associative content could give a more robust
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Fig.7 Experiment 3, 1000 ppm A08 in SSW in Bentheimer. RF,,
as a function of pore volumes injected. T1=20 °C, T2=60 °C
and T3=80 °C. The volumetric injection rate is 1 ml/min
(Fom ~ 8557, 7 = 16557) from 0 to 122 pore volume, 0.5 ml/min
from 122-150 PV and 0.2 ml/min from 150-239 pore volumes
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thermo-thickening response in the Bentheimer cores. A
concentration of 1000 ppm of A10in SSW was used as the
polymer solution. Figure 8 shows the evolution in RF,,, as
a function of pore volumes of A10-solution injected.

Overall, the response was faster (fewer pore volumes
to reach plateau) and RF,,,, higher than with the A08 poly-
mer. A delay in reaching steady state resistance factors
of approximately 15 PV and 26 PV for Core 2 and Core
3, respectively was observed at the initial injection rate.
This is a much faster response then for the A08 with lower
associative content with a delay of 43 PV and 92 PV, but
the lack of cleaning between the experiments, makes it
difficult to quantify the effect.

As mentioned above, the cores where not cleaned
before changing polymer solution. Consequently, polymer
solution from the previous experiment was still present in
the cores at start of the injection This is probably the rea-
son why RF in Core 3 was not equal to RF in Core 1 during
the first 15 PV. Like the previous experiments, the resist-
ance factor increased with decreasing shear rate. The pre-
viously observed breakdown of the associative network at
the lowest shear rate, was, within the time of the experi-
ment, only observed at 60 °C, but assuming a breakdown
would follow the same trend as in experiment 3, probably
at least 35 more pore volume should have been injected,
that is, injection should have continued for 2 more days,
to conclude that the resistance factor was truly stable at
80°C.

The results from the Bentheimer experiments can be
summed up by plotting the resistance factors in the cores
and in the capillary tubes as a function of shear rate.

Figure 9 shows the resistance factor in the cores and
capillary tubes for experiment 1b, 1000 ppm A06 in SSW
revealing no thermo-thickening for this system for temper-
atures up to 80 °C. The RF were practically equal to the
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Fig.8 Experiment 4, 1000 ppm A10 in SSW in Bentheimer. RFom
as a function of pore volumes injected. T1=20 °C, T2=60 °C and
T3=80 °C. The volumetric injection rate is 1 ml/min from 0 to 91
pore volumes, and 0.5 ml/min from 91-147 PV and 0.2 ml/min from
147-176 pore volumes
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Fig.9 Experiment 1b.RF, and RFr and as a function of shear rate
in the Bentheimer cores and capillary tubes (CT) for 1000 ppm A06
in SSW. Blue markers are used for 20 °C, red for 60 °C and green for
80 °C. The markers for the cores are filled diamonds and the mark-
ers for the capillary tubes are open circles. The dashed line shows
the relative viscosity of 1000 ppm A06 in SSW from the Carreau
model (Eq. 4) fitted to measurements performed with Anton Paar
Rheometer at 20 °C

relative viscosity, demonstrating the validity of using the
capillary tubes as in-line viscometers for tracking potential
degradation and breakthrough of polymer solution from
the cores.

For Experiment 2 to 4, where thermo-thickening was
observed, the resistance factor in the cores and in the cap-
illaries are plotted in two different figures. Figure 10 show
the results for the cores. The measured values after break-
down of the resistance to flow at the lowest shear rates
are plotted as larger open symbols. The dashed lines show
the Carreau modeled relative viscosities of the 3 polymer
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Fig. 10 RF,,, as a function of shear rate in the Bentheimer cores
in Experiment 2 — 2700 ppm A06, Experiment 3 - 1000 ppm A08
and Experiment 4 — 1000 ppm A10, all in SSW. Both the maximum
RFom (filled symbols), and RF ., after breakdown (open symbols)
are plotted. The squares are used for Experiments 4, triangles for
Experiment 3 and circles for Experiment 2. Blue markers are used
for 20 °C, red for 60 °C and green for 80 °C. The dashed lines are the
relative viscosities from the Carreau model (Eq. 4) fitted to meas-
urements performed with Anton Paar Rheometer at 20 °C
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solutions. The magnitude of the mobility reduction with
1000 ppm A10 and A08 are virtually equal.

Thermo-thickening in the cores was observed with all
3 polymer solutions at 60 °C and 80 °C. Resistance factors
up-to 100 times higher than expected for a regular poly-
mer were measured. The thermo-thickening resistance
factor’s shear dependence was also evident.

Figure 11 compares the relative viscosities of the 3 dif-
ferent polymer solutions to the resistance factor measured
in the capillary tubes in Experiment 2, 3 and 4. For the
1000 ppm solutions at all temperatures and the 2700 ppm
at 20 °C, the RF; were as expected from viscosity meas-
urements performed with the Anton Paar Rheometer. At
60 °C and 80 °C the 2700 ppm solution displayed signs
of thermo-thickening in the capillary, which is consist-
ent with statements that a high concentration of TAPs is
needed to observe thermo-thickening in bulk.

After having injected over 12 L (780 PV) of polymer
solution, we started injecting brine at 1 ml/min. After
injecting ~450 PV of brine, the residual resistance factor
(RRF) was 2.4 in Core 2 and 1.9 in Core 3 (and still declin-
ing). In Core 1, where a slight increase in resistance to flow
was already seen during the last part of the polymer injec-
tion, the resistance to flow increased dramatically to an
RRF of around 50. This can perhaps be partly explained by
the large throughput of polymer during the test.

4.1.2 High permeable unconsolidated sand

Experiment 5 was performed with the same polymer solu-
tion as Experiment 4, 1000 ppm A10 in SSW, to investi-
gate the porous media’s influence on the system’s ability
to thermo-thicken. Except for the porous media, the test
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Fig. 11 RF; as a function of shear rate in the Capillary tubes (CT)
in Experiment 2 — 2700 ppm A06, Experiment 3 - 1000 ppm A08
and Experiment 4 - 1000 ppm A10, all in SSW. The squares are used
for Experiments 4, triangles for Experiment 3 and circles for Experi-
ment 2. Blue markers are used for 20 °C, red for 60 °C and green for
80 °C. The dashed lines are the relative viscosities from the Carreau
model (Eq. 4.) fitted to measurements performed with Anton Paar
Rheometer at 20 °C
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conditions were the same. The resistance factors in the
cores as a function of pore volumes injected are plotted
and depicted in Fig. 12. The injection rate was 1.0 ml/min
Fpm ~ 4057, 7, = 16557 for the first 83 PV. Thereafter the
flow rates were varied as shown in Fig. 12.

The lower RF,,, at 80 °C than at 60 °C for the first two
injection rates, is presumably because the volume injected
was too small to reach a plateau. This claim is supported by
the slow build-up in Core 3 at 0.2 ml/min, and the higher
resistance factor reached during the second (compared
to the first time) injecting at 0.5 ml/min in the third core,
where it reached over 400 and was still increasing when
polymer injection was terminated.

The behavior in the sand cores was similar to the behav-
ior of the same polymer solution in Bentheimer in that,
at the initial rate, the increase in RFpm in Core 3 started as
it reached steady state in Core 2, and that, at the lowest
rate, RF,,, broke down in Core 2. Increasing the rate dem-
onstrated that the breakdown was reversible. The longer
delay in the sand then in Bentheimer in reaching stable
RFpm is more likely to be an effect of starting with clean
sand, possibly combined with the lower shear rate, rather
than an effect of different porous media. The higher RF,,,
at 60 °C, is mainly an effect of lower shear rate in the sand
than in the Bentheimer, as will be demonstrated later.

4.1.3 Berea

Experiment 6 was performed with the same polymer solu-
tion (1000 ppm A10 in SSW) as Experiment 4 and Experi-
ment 5, (made from a new batch of polymer powder).
Except for the porous media the test conditions were the
same. The resistance factors for the cores as a function of
pore volumes injected are plotted in Fig. 13. The injection
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Fig. 12 Experiment 5, 1000 ppm A10 in SSW in unconsolidated
sand cores. RF,,, as a function of pore volumes injected. T1=20 °C,
T2=60 °C and T3=80 °C. The volumetric injection rate is 1 ml/min
(7pm ~ 40s™", 7 = 165s7") from 0 to 83 pore volumes, and 0.5 ml/
min from 83-109 pore volumes, 0.2 ml/min from 109-154 pore vol-
umes and 0.5 ml/min from 151-173 pore volumes
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rate was 0.5 ml/min (y,,,, ~ 6757, 7., = 82.557") for the first
128 PV. Thereafter the flow rates were varied as shown in
Fig. 13.

In contrast to what was observed in sand and Ben-
theimer, the build-up of the resistance factor in the Berea
cores happened in Core 2 at 60 °C after it increased in Core
3 at 80 °C and was lower at 80 °C then at 60 °C. Whether
this is a measuring artifact, a consequence of a new poly-
mer batch or representative for this polymer in Berea, is
not yet fully understood.

4.1.4 Comparing Berea, sand and Bentheimer

As discussed above, the resistance to flow of TAPs is
strongly shear-thinning. To compare the results in the dif-
ferent porous medias it is thus appropriate to present the
RF,n as a function of shear rate in the porous media. Fig-
ure 14 shows the resistance factor as a function of shear
rate for 1000 ppm A10 polymer solution in three different
porous media at 20 °C, 60 °C and 80 °C. The dashed lines
areRF = Ay~ + RF , with A=11,a=0.1 and RF =1 for the
blue line representing the trend at 20 °C and with A=3800,
a=0.9 and RF_ =1 for the red line, representing the trend
at 60 °C.

Disregarding 20 °C in Experiment 4 (due to high
through-put) and the two lowest shear rates at 80 °C
in Experiment 6 (because steady state presumably not
reached), plotting RFpm as a function of shear rate reveals
that this polymer solution was thermo-thickening at 60 °C
and 80 °C, but not at 20 °C. It is also shown that in term of
RFpm vs. shear rate, the behavior in the different porous
media was equal. Also, increasing the temperature from
60 °C to 80 °C had little effect on the magnitude of RFpm,
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Fig. 13 Experiment 6, 1000 ppm A10 in SSW in Berea cores. RF,,
as a function of pore volumes injected. T1=20 °C, T2=60 °C
and T3=80 °C. The volumetric injection rate is 0.5 ml/min
(Tpom ~ 6757, 7 = 82.5s™") from 0 to 127.5 pore volumes, and
0.2 ml/min from 127.5-157 pore volumes, 0.1 ml/min from 157-211
pore volumes and 0.5 ml/min from 211-220 pore volumes
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Fig. 14 RF,, with 1000 ppm A10 in SSW as a function of shear rate
in the Bentheimer cores in Experiment 4, Sand cores in Experi-
ment 5 and Berea cores in Experiment 6. Only the maximum RF
are plotted. The squares are used for Experiment 4, diamonds for
Experiment 5 and circles for Experiment 6. Blue markers are used
for 20 °C, red for 60 °C and green for 80 °C. The dashed red line rep-
resents the trend at 60 °C and the dashed blue line represents the
trend at 20 °C. Note that the y-axis is from 5 to 1500 and the x-axis
is from 5t0 150 5™

but as indicated earlier, the temperature may have an
impact of the resistance to breakdown at low shear rates.

4.2 Sand pack in steel cylinder with pressure ports

Experiment 7 was performed with the same polymer solu-
tion (1000 ppm A10 in SSW) as in Experiment 4 to 6. The
objective was to investigate whether core length had any
impact on the thermo-thickening. The temperature was
80 °C and the properties of the unconsolidated sand are
listed in Table 4.

Figure 15 shows the resistance factors, in each of the
four sections and in the capillary tubes, as a function of
pore volumes injected (calculated from the pore volume of
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Fig. 15 Experiment 7, 1000 ppm A10 in SSW in Sand column.
RFom and RFcr as a function of pore volumes injected in the sec-
tions. T=80 °C. The volumetric injection rate is 3.0 ml/min
(Tpm ~ 40571, 7 = 495s57") from 0 to 262 pore volumes. The black
dots indicate when the polymer solution reservoir was refilled
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one section=148.09 ml). The injection rate was 3.0 ml/min
(Tpm ~ 40s7', 7., = 495s7") for the duration of the experi-
ment, from 0-262 pore volumes.

In the first section, thermo-thickening began imme-
diately and started leveling off after injection of 19 PV,
immediately followed by onset of thermo-thickening in
Sect. 2. Onset of thermo-thickening in Sect. 3 started at 65
PV. Within the time frame of this experiment, no thermo-
thickening was observed in the fourth section. In Sect. 1,
RF,, peaked at 300, which is comparable in magnitude
with the results shown in Fig. 14.

The RF; in the front capillary tube (CT1) was slightly
higher than the effluent RF~; (CT2). One may see this as
an indication of degradation but comparing the RF; in
the capillary tubes to the relative viscosity of the polymer
solution at 495 s~ reveals that it is the resistance factor in
CT1 that is higher than expected and not RF-CT2 that is
lower. The difference in capillary tube resistance factors
may therefore be an indication of bulk thermo-thickening
atinlet (CT1) and not at outlet (CT2). This interpretation
is supported by the lack of thermo-thickening in Sect. 4
(and will be further supported by observations made in
the next experiment).

The black dots in Fig. 15 indicate when the reservoir
was refilled with fresh polymer solution. The viscosity of
the different solutions varied, the Newtonian viscosity at
20 °C was 5.04 + 0.25 cP and this viscosity variation can
explain some of the fluctuations in resistance factor with
pore volume. However, the resistance factor in both Sect. 1
and 2 declined by volume injected. At the same shear rate
in the 7-cm long sand pack, (q=1.0 mI/min in Experiment
5) no decline was observed.

Since no thermo-thickening was detected in Sect. 4
after injecting 262 PV (for close to 9 days), we increased
the salinity 3 times (3xSSW) for Experiment 8. The poly-
mer concentration was kept fixed at 1000 ppm of A10.The
motivation was to achieve a more pronounced thermo-
thickening effect induced by higher salinity. The tempera-
ture was maintained at 80 °C. The RFpm, in each of the four
sections and RF; in the capillary tubes, as a function of
pore volumes injected are plotted in Fig. 16. For the first
199 PV, the injection rate was 3.0 ml/min.

The increased salinity triggered thermo-thickening
in all four sections. As expected, the increased salinity
resulted in higher RF,, (approximately 800 compared to
300 in the SSW case). The response also seems to be faster.
Thus, in addition to temperature and polymer properties,
the salinity can also be used to tune thermo-thickening.
Figure 16 shows that the RF; in the second capillary tube
(CT2) increased and approached RF - (CT1). This can be
interpreted as thermo-thickening in the effluent capil-
lary tube, substantiating the claim that the lower effluent
resistance factor compared to the injected in Experiment
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Fig. 16 Experiment 8, 1000 ppm A10 in 3xSSW in Sand col-
umnRF ., and RF as a function of pore volumes injected. T=80 °C.
The volumetric injection rate is 3.0 ml/min from 0 to 198 pore vol-
umes. The black dots indicate when the polymer solution reservoir
was refilled
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Fig. 17 Relative viscosity as a function of shear rate for 1000 ppm
A10in 3xSSW for the sample refilled at 146 PV and 176 PV in Experi-
ment 8. The dashed line represents the Carreau model for the aver-
age of all 1000 ppm A10 in 3xSSW samples mixed

7 (see Fig. 15) was due to lack of thermo-thickening, rather
than degradation.

As for the previous experiments, the viscosity of the
different mixes of polymer solution varied. The dip in sec-
tion resistance factors, accompanying the refill at 176 PV
in Fig. 16, is probably linked to the lower viscosity of this
sample of polymer solution. Figure 17 shows the rela-
tive viscosity as a function of shear rate for the polymer
mixes refilled at 146 and 176 PV, and the Carreau model
(see Eq. 4) fitted to the average measurements for all the
mixed solutions.

An alternative presentation of the results that are
shown in Fig. 15 and Fig. 16, is to plot the cumulative
resistance factors as a function of the corresponding pore
volume, i.e, the resistance factors, RF ., reported in Fig. 18
and Fig. 19 are across the first ¥4, ¥, 3 and the entire sand
column. As seen in Fig. 18, the RF,Dm declined with increas-
ing core length, while Fig. 19, for the 3xSSW case, shows
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Fig. 18 Experiment 7, 1000 ppm A10 in SSW in 76 cm sand column.
Cumulative RF,, as a function of pore volume cumulated over the
corresponding length. The volumetric injection rate is 3.0 ml/min
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Fig. 19 Experiment 8, 1000 ppm A10 in 3xSSW in 76 ¢cm sand col-
umn. Cumulative RF,, as a function of pore volume cumulated
over the corresponding length. The volumetric injection rate is
3.0 ml/min

that the resistance factors nearly overlap. Thus, making
the 1000 ppm A10 polymer more robust (here by increas-
ing the salinity) nearly eliminated the length effect. This
addresses the importance of applying a robust polymer
design when upscaled to in-depth thermo-thickening at
field conditions.

Finally, in Experiment 9, we varied the temperature
during injection of the 1000 ppm A10 in 3xSSW. The
flow rate was 0.6 ml/min (j/pm ~ 8s7"). The temperature
steps are shown in Fig. 20. Firstly, we confirmed that RF,,
increased by decreasing the shear rate. At shear rate of
8571, the resistance factor in the 4 segments increased to
2500. At 60 °C, the resistance factor dropped to approxi-
mately 2000. Note that the initial decline in RF, which can
be interpreted as a response to altering the steady state
conditions, was followed by a build-up. As for the previous
experiments, the build-up in one of the sections did not
start before the subsequent section has reached steady

Fig.20 Experiment 9, temperature steps, 1000 ppm A10 in 3xSSW.
RFpm as a function of pore volumes injected. Volumetric injection
rate is 0.6 ml/min from 198.2 PV. T=80° to 203.9 PV. T=60 °C from
203.9 to 240.1 PV, T=40 °C from 240.1 to 437.6 PV, where up on
temperature was lowered to 20 °C

state. A somewhat similar trend was observed when the
temperature was reduced to 40 °C. In the first section,
RFpm steadily declined, while in the other sections, RFpm
approached 1200. As RF,,,, in Sect. 1 reached RF,, expected
for a regular polymer solution, a similar decline of RF,,
began in Sect. 2. Thus, if larger volumes had been injected
one may expect decline also in Sects. 2 to 4. The interpre-
tation is, that for this system, the critical temperature for
onset of thermo-thickening is above and close to 40 °C.
When the temperature was lowered to 20 °C, the resist-
ance factor in Sects. 2 to 3 dropped significantly. However,
to reach steady state required large volumes.

During subsequent brine injection, RRF decline slowly.
After injecting nearly 300 PV of 3xSSW brine, RRF was 5.7,
4.7 and 10.1 in Sects. 2, 3 and 4, respectively.

5 Concluding remarks

When discussing the nature of and the reason for the slow
reaction to changes in condition of the TAP system, there
are several considerations one should keep in mind.

The polymer molecules are not equal, that is, they are
not of the same molecular weight. The molecular weight is
distributed around the weight average molecular weight,
usually with a tail at high molecular weight. Since they
are randomly co-polymerized, they will neither have the
same content of the thermo-sensitive polymer. This could
mean that only a fraction of the molecules has the attrib-
utes needed to form the associative resistance to flow, and
a certain amount of this fraction must be injected before
steady state is reached. From the strong coupling of the
behavior of neighboring cores/sections it seems that all
of or close to all of this fraction is consumed during build-
up off the associative network/gel. From the viscosity in
the capillary tubes, which is not delayed, it does not seem
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likely that the attribute is linked to the molecular weight
of the polymer.

A well-known feature of polymers in confined spaces is
the long time it takes to reach equilibrium, compared to
the time it takes when space is not limited, inducing time-,
history- and hysteresis-effects in these situations [15]. In
the porous media with on-going flow, the space available
to the individual polymers is restricted and constantly
changing, narrowing, and expanding, which does not only
change the space available, but also the forces exerted on
the polymer molecules by the flow field. The time to reach
steady state, whether it is as a response to flow rate, tem-
perature or injected fluid will depend on several factors, all
which will be influenced by changes in external conditions
and need time to reach steady state. We therefore expect
that the following factors will be important:

e The balance between adsorption and desorption.

e The conformation of the adsorbed molecules, which
may change with time from a weakly adsorbed coil to
a flat structure with more anchoring points [15].

e The adsorbed molecules’ability to associate with mol-
ecules in the solution.

e The relative amount of the different conformation
of polymer molecules in solution (stretched, coiled,
associated), and the different conformations activity
towards adsorption and association.

e The nature and strength of the association: Are the pol-
ymer molecules associated with themselves (intramo-
lecular association) or with one, a few or several other
polymer molecules?

o The strength of the association compared to the exter-
nal forces applied by the flow.

Regarding the enhanced thickening effect in porous
media compared to in bulk, we see 3 possible, maybe not
mutual exclusive, explanations. It could be due to adsorp-
tion of polymer molecules acting as anchoring points for
the associative gel. It could be because the associative gel
is continuous in the pore network and has to be strongly
deformed or disrupted to move (or maybe it does not
move at all, but fresh polymer molecules have to move
through the gel-network constituting a secondary porous
media, by reptation). Or it could be because in porous
media flow, the conformation of the polymer molecules is
changing and extended, exposing the associative groups
(hydrophobic stickers) to part-take in intermolecular asso-
ciation as opposed to intra-molecular association. This will
lead to a dynamic associative network, where associa-
tion is continuously being formed and disrupted so that
new associative binding can be formed. The associating
groups can be seen as weak sticker on ropes being pulled
over each other in different directions, when one sticker
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is forced out of contact with another sticker, it will stick
to the next it comes in contact with. The strongly shear-
thinning nature of the resistance factor is then caused by
the ease of breaking the intermolecular association at high
flow rates, and the breakdown of resistance to flow at very
low shear rates would be due to the formation of intramo-
lecular association when the polymer molecule coils up
on themselves.

The large volumes need of the tested polymer solu-
tions to reach steady state, represents a considerable chal-
lenge with regards to field implementation for traditional
EOR-purposes. Understanding the polymer-polymer and
polymer-porous media interactions will provide valuable
information when attempting to design a thermo-thicken-
ing polymer system more suitable for this purpose. Future
pore net-work modelling, as described for complex fluids
by for instance Didari et al. [8] and Lopez et al. [21] and
pore scale molecular dynamics simulations of polymer
chains in confined spaces as described by Palmer et al. [24]
may reveal valuable information in this regard.

6 Summary and conclusion

By investigating the transport of thermo-thickening asso-
ciative polymers with varying associative content in cap-
illary tubes (of fixed dimensions) and porous medias of
different properties and dimensions, the following conclu-
sions could be drawn:

e As expected, thermo-thickening was much stronger
in the porous media than in the capillary tubes and
increased with increasing content of the associating
polymer, salinity, and total concentration. For the TAP
with the lowest associative content, the A06-polymer
the lack of ability to thermo-thicken at a concentration
of 1000 ppm was restored by increasing the total con-
centration to 2700 ppm.

e For those of our system where thermo-thickening
was observed, the onset of thermo-thickening was
below 60 °C and above 20 °C. The temperature steps
for the 1000 ppm A10 system in 3xSSW revealed that
thermo-thickening occurred between 40 and 60 °C. As
it is believed that higher salinity decreases the onset
temperature, it is reasonable to believe that the onset
temperature for the weaker systems will also be above
40 °C, but closer to 60 °C than 3xSSW-systems.

e For three of our systems (2700 ppm A06 in SSW, and
1000 ppm A10 in SSW and in3xSSW) signs of weak
thermo-thickening was also detected in the capillary
tubes.

e The build-up of the associative resistance to flow to
steady state resistance factor was delayed compared
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to the polymer front by several pore volumes. One
may suspect that the delay is linked to the concentra-
tion of associative polymer spices (polymer concen-
tration x associative content), that is; either higher
concentration or higher associative content will give
a faster response. This agrees with Reichenbach-
Klinke et al. [25], who reported that the impairment
front (x[PV delay]™), increases with increasing con-
centration, associative content and molecular weight,
an effect which was later successfully modelled by
Lohne et al. [20]. The absence of cleaning the cores
between experiments in the current work prohibits a
strong conclusion in this regard.

e The resistance to flow increased with decreasing
shear-rate, but for the weak system, the associative
resistance to flow broke down at very low shear rate,
possible through the formation of intramolecular
association which was not sufficiently disturbed at
low rates to form new intermolecular association.

e When the core length was increased, from 7 to 76 cm,
a system with a more pronounced thickening ability
was needed to achieve a homogenous response over
the entire core length. This was achieved by tripling
the salinity of the brine for 1000 ppm A10 polymer.

e Both the build-up of resistance to flow, the return to
traditional polymer behavior when the system was
cooled down and clean-up time with brines were very
slow processes, where the behavior in neighboring
sections were strongly coupled.

e Using a front core, below the temperature for thermo-
thickening, demonstrated that there is no consump-
tion of the ability to create resistance to flow, when
the polymer is not hydrophobically associating.

The work shows that by replacing a regular EOR poly-
mer by an associative polymer it will be possible to (ii)
significantly alter the mobility ratio and sweep efficiency,
and (ii) achieve low mobility reduction and good injec-
tivity through the cold injection area. This work also
shows that thermo-thickening is not an in-let filtration
effect but indeed takes place in-depth. To achieve the
same in-depth mobility reduction by using regular EOR
polymers, the polymer concentration (and cost) is to be
increased significantly — with negative impact on the
polymer injectivity.
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