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a b s t r a c t

This study compares two methods of mobility-control design for chemical enhanced oil recovery
processes. Method 1 matches the total relative fluid mobility upstream and downstream of the shock
front. In method 2 the viscosity of the displacing agent is selected such that the total mobility at the
shock water saturation is equal to or less than the minimum mobility across the saturation range. The
two methods are based on fractional flow analysis of one-dimensional flow and they are validated
against two-dimensional simulations of flow through heterogeneous permeable media. Our results
emphasize the key role of the water/oil relative permeability curves for the design of mobility control
in polymer and surfactant/polymer flooding. The polymer viscosity obtained by setting the shock-front
mobility ratio to one (method 1) is the minimum viscosity to ensure a stable displacement front. Design
by method 2 results in a larger viscosity than method 1. This shifts the shock water saturation to larger
values and hence more oil is displaced. Moreover, we find that for surfactant-polymer (SP) solutions
with ultra-low interfacial tension (IFT) reduction (Winsor type III), the required polymer viscosity is
always greater than the oil viscosity (at low shear rates). However, for Winsor type I solutions, for
oils with medium and large viscosity the non-linear shape of the relative permeability function leads
to polymer viscosities that are less than that of the oil. For light oils the viscosity of the ASP solution
should be significantly larger than the oil viscosity.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Efficient extraction of oil from subsurface formations depends
on (1) the displacement or microscopic sweep efficiency (deter-
mined largely by the mobility ratio between the displacing agent
and the in-situ fluids and reductions in the interfacial tension)
and (2) the macroscopic sweep efficiency, which for a homo-
geneous medium, depends on the stability of the displacement
front (Bedrikovetsky, 1993; Lake et al., 2014). The mobility ratio
is defined as the relative mobility (the quotient of the relative
permeability and viscosity of the phase) of the injected or dis-
placing fluid divided by that of the displaced fluid (Dake, 1978;
Lake et al., 2014). For an immiscible displacement, when the
capillary length is negligible compared to length of the system,
an ‘‘abrupt’’ interface (or so-called shock front) separates two
regions of large and small saturation of the displacing fluid. For
any given time, the position of the shock front depends on its
specific velocity, which equals the slope of the tangent line to the
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fractional-flow function originating from the initial saturation in
the porous medium (see Fig. 1, left).

The overall balance of the forces acting on the interface,
i.e., viscous, capillary, and gravity forces along with dispersion
govern the stability of this front. In general, when the destabi-
lizing forces (e.g. viscous forces) dominate the stabilizing forces
(e.g. the capillary and dispersive forces), the microscopic per-
turbations caused by small-scale heterogeneities, can lead to
development of fingers, and thus bypassing of the oil in place
(Chouke, 1959; Homsy, 1987). When viscous forces dominate, the
mobility ratio is used to evaluate the front stability. But the phase
mobility depends on its saturation, so the saturation at which this
ratio is evaluated could be very important.

The total (relative) mobility is defined as

λT (Sw) =
krw(Sw)

µw

+
kro (Sw)

µo
(1)

In this equation, krα is the relative permeability and µα is the vis-
cosity of phase α. Throughout this paper the displacing and dis-
placed fluids are denoted by w and o, respectively. The solid line
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in Fig. 1 (right) shows the total mobility (defined by Eq. (1)) cor-
responding to the saturation profile obtained from the Buckley–
Leverett solution. Behind the shock front starting from point A,
the total mobility increases continuously towards the injector
(point C) for the case of λo<λw. The magnitude of the change
depends on the relative permeability and the viscosity ratio of
the phases. The general consensus is that for the shock front to
remain stable, the total mobility upstream of the front should be
less than that of downstream of the front, i.e.,

λT
(
SAw

)
≤ λT

(
SBw

)
or

λT
(
SAw

)
λT

(
SBw

) ≤ 1 (2)

In other words, the mobility ratio across the shock should be
less than one. The stability condition in Eq. (2) applies strictly to
the front. As long as the mobility ratio at point C (the injection
point) is larger than unity, fingers will be initiated and propagate
within the region behind the front. However, for immiscible dis-
placement, the growth of these fingers might not be fast enough
to affect the front stability (Farajzadeh et al., 2016).

Fig. 2 shows simulation results of water displacing oil, for a
case where the mobility at point A is twice that of point B, i.e., for
a shock mobility ratio of 2. As expected, once water is injected
into the medium, fingers are initiated and then grow relative to
the average speed of front (Riaz and Tchelepi, 2004, 2006) until
they reach the producer at the right side. In Fig. 3 we choose the
relative permeability parameters such that the total mobility’s at
points A and Bmatch, i.e., the mobility ratio across the shock front
becomes one. For this case, the front remains stable; however,
because the end-point mobility ratio (the ratio between the rel-
ative mobility of the displacing fluid at the injection point and
the relative mobility of the oil at irreducible water saturation) is
still greater than 1 fingers are initiated within the bank behind
the front, but they do not reach the front, most likely because
their growth is relative to the speed of the saturations within the
finger, which propagate slower than the shock-front saturation. In
fact the so-called Buckley–Leverett tail (or rarefaction solution) is
a form of instability behind the shock front; however, the growth
of these instabilities are not fast enough to overtake the front
(Riaz and Tchelepi, 2004).

Injection of water into reservoirs containing oils with small
mobility (large viscosity) can suffer from instabilities and conse-
quently poor sweep efficiency. Hence, polymer is usually added
to increase water viscosity and reduce the mobility ratio between
the aqueous and oleic phases in the reservoir (Hirasaki and Pope,
1974; Sorbie, 1991; Mishra et al., 2014; Samanta et al., 2012). The
magnitude of the viscosity increase depends on the amount of the
added polymer (or its concentration in the solution), which has a
major impact on the economics of chemical enhanced oil recovery
(EOR) projects. Moreover, an increase in the injectant viscosity
reduces the well injectivity (maximum injectable flowrate for a
given pressure drop), which can increase the life of the project
(Glasbergen et al., 2015). Mechanical entrapment of the polymer
molecules also increases with increasing polymer concentration
(Farajzadeh et al., 2016; Lotfollahi et al., 2016). Therefore, the
viscosity of the polymer solution should be designed such that the
targeted oil is produced in a short time at a small cost. Although
the addition of even small amounts of polymer will lead to an
increase in oil recovery, compared to water or polymer solution
with low viscosity, for maximum utilization of the injected poly-
mer the displacement front should remain stable. To stabilize the
displacement front minimum amount of polymer concentration
(or polymer viscosity) is required.

The objective of this paper is to discuss this topic and review
the available methods for designing the mobility control in chem-
ical EOR processes. We focus on the design based on the shock
mobility ratio and the method proposed by Gogarty et al. (1970).

In the latter, the total mobility at the shock saturation is matched
to the minimum total mobility in the reservoir (see Fig. 4). In
both approaches the total mobility should be known at the front,
which can be determined using fractional-flow theory, explained
next. We neglect the effect of relative permeability hysteresis in
this study.

2. Determination of the shock water saturation using
fractional-flow theory

Fractional-flow theory is a useful one-dimensional tool in un-
derstanding the underlying physics of many EOR processes in-
cluding polymer and surfactant flooding (Pope, 1980; Bedrikovet-
sky, 1993; Lake et al., 2014). In the absence of capillary and
buoyancy forces, the fractional-flow function is

fw =
1

1 +
λo
λw

=
1

1 + ( krwkro
)( µo

µw
)

(3)

where, λα = krα/µα is the relative mobility of phase α. The
displacing and displaced phases are denoted by w and o, respec-
tively. A Corey-type function (Lake et al., 2014; Dake, 1978) is
used to calculate the phase relative permeabilities:

krw = kerwS
nw
wN and kro = kero (1 − SwN)no

with SwN =
Sw − Swc

1 − Sorw − Swc
(4)

The effect of the injected EOR agent is represented by an ad-
ditional fractional-flow function constructed by modifying the
input parameters to the original water–oil fw function. For poly-
mer flooding this change is usually represented by increasing the
viscosity of the displacing aqueous phase, while for surfactant
flooding (SP and ASP) the relative permeability curves change
because of the reduction in the interfacial tension. Fig. 4 shows
an example of the fw vs. water saturation, Sw , and an ensuing
water saturation profile for a polymer EOR process. The graphical
solution of this problem consists of four steps: (1) identify injec-
tion point (J) and initial condition at the start of the EOR process
(I) on the fw curves, (2) draw the tangent line originating from
point (−Ds,0) to the polymer/oil fw curve to obtain point A. The
slope of this line gives the specific velocity of the chemical front,
vcF , (3) determine the intersection between the tangent line and
water/oil fw to obtain point B, and (4) connect point B to point I
(the velocity of the oil-bank front, voB, is the slope of line BI). The
retardation factor or the frontal delay caused by adsorption of the
injected chemical can be calculated from the measured data:

Ds =
1 − φ

φ

ρS

ρw

ΓS

cinj
(5)

where, φ is the porosity, ρS is the rock (grain) density, ρw is the
density of the polymer (or surfactant) solution, ΓS is the adsorbed
chemical on rock measured in the unit of ( µg

gr rock ) and cinj is the in-
jected concentration of chemical expressed in ppm. The inclusion
of adsorption in the calculations changes the positions of points
A and B on the fractional-flow curves such that the velocity of the
chemical front decreases resulting in delayed propagation of the
chemical front.

As can be seen from Fig. 4 there are two fronts during the
chemical EOR process: the oil-bank front, behind which initial
water in the system (including the chemical slug denuded of
chemicals because of adsorption) displaces oil, and the chemical
front behind which the injected chemical pushes the oil towards
the outlet. The stability of the oil-bank front depends on the initial
conditions of the reservoir (especially the initial oil or water
saturation, which is frequently not constant in a real reservoir) as
well as the (drainage) relative permeability parameters. However,
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Fig. 1. An example of water fractional-flow function as a function of the water saturation and the constructed 1-D Buckley–Leverett saturation profile at tD = 0.12
PV. The total relative permeability profile is obtained from Eq. (1).

Fig. 2. Displacement of oil by water for a case with shock mobility ratio of 2.

this is inherent in the process and cannot be easily modified
externally. Therefore, the design of mobility control only concerns
the stability of the chemical front. The stability of this front is
governed by the viscosity ratio between the injected chemical and
the oil, the (original and modified) relative permeability parame-
ters, and adsorption. In fact, any parameter in the fractional-flow
function that changes positions of points A and B in Fig. 4 has
an impact on the stability of the chemical front. The initial water
saturation (point I in Fig. 4) is not relevant for the stability of this
front.

In summary, to ensure a stable displacement, the mobility
of the chemical (polymer or surfactant polymer) slug should be
smaller than that of the oil bank that precedes it. To satisfy this
condition, the total mobility at the shock water saturation (λA

T )
should not be greater than the total mobility at intersection point
B (λB

T ). This is method 1 in the paper. The design suggested by
Gogarty et al. (method 2) is more conservative and requires λA

T be
less than that of the minimum total mobility across the saturation
range (λT ,min).

It is usually assumed that the presence of polymer does not
alter the original water/oil relative permeability function; there-
fore, for the polymer flooding the main design parameter is the
small-shear rate viscosity of the injected solution. However, for
surfactant flooding, where the reduction in the interfacial tension
(IFT) between the oil and water leads to an increase in the
relative permeability or mobility of both phases, the viscosity
and interfacial tension can be simultaneously modified to warrant
a stable front. The design based on method 1 is the minimum
requirement of the front stability.

Finding the polymer viscosity to satisfy the stability condition
in Eq. (2) is an iterative process because the position of both
points A and B depend on the polymer/oil fractional-flow curve
which in turn requires the polymer viscosity as an input parame-
ter. For method 2, since the saturation at point B is fixed, one only
needs to obtain the saturation at point A from the fractional-flow
curve, which is also an iterative process. For both methods the
convergence is quite fast, if the initial guess is close to the final
value. The Solver functionality in Microsoft-Excel can be used.
Next, we provide some examples and discuss the ensuing results.
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Fig. 3. Displacement of oil by water for a case with shock mobility ratio of 1.

Fig. 4. The fractional-flow function vs. water saturation (top) and the con-
structed water-saturation profile and total mobility as function of water
saturation (bottom). The adsorption is assumed to be zero here.

3. Case I: Polymer flooding, no adsorption

We consider the design of polymer-flooding an oil with viscos-
ity of 90 cP. It is assumed that the water-oil relative permeability
remains unchanged during the oil displacement by polymer. The
relative permeability parameters are in Table 1. Following the it-
erative procedure explained in the previous section the minimum
polymer viscosity required to guarantee a stable displacement
front is calculated to be 8.0 cP (method 1). The design based on
method 2 gives polymer viscosity of 12.0 cP. Using these values,
the corresponding fractional-flow curves, and water saturation
and total mobility profiles (after 0.25 pore volume of polymer
injection) are plotted in Fig. 5. The total mobility upstream of the
chemical front (point A) is larger than that of the downstream
(point B) for method 2, which results in a shock mobility of 0.84.
For method 1 these points lie on top of each other by design.
Moreover, the different polymer viscosities result in different
saturation profiles: the shock water saturation rises from 0.52
in method 1 to 0.55 in method 2, which implies a larger dis-
placement efficiency for method 2. The increase in the polymer
viscosity, shifts point A closer to point 1-Sorc , which is desirable in
terms of oil recovery. However, one should evaluate the cost and
consequences of injection of larger polymer concentrations and
compare it to the additional oil obtained. For shock water satu-
ration to equal 1-Sorc , extremely high viscosities are required, for
example, for the parameter considered here one should increase
the polymer viscosity to more than 5000 cP, which is far from
practical.

4. Case II: Polymer flooding, effect of adsorption

When adsorption is considered, the tangent line to the poly-
mer/oil fw curve originates from (−Ds,0), see Eq. (5). Ds, the
retardation factor (or frontal advance loss) defined by Eq. (5),
is the additional pore volume of the polymer solution needs
be injected to satisfy the rock adsorption. It results in different
chemical front and oil-bank saturations (and velocities). Basically,
adsorption delays propagation of the chemical front (and to a
lesser degree the oil-bank front). The change in the positions of
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Fig. 5. The fractional-flow curves, and water saturation and total mobility profiles: matching the shock mobility ratio (top) and using Gogarty et al. method (bottom).
The input parameters are in Table 1. The profiles are plotted for dimensionless time of 0.25 PV.

Table 1
Relative permeability parameters and viscosity of the fluids.
nw 3
no 2
krwe 0.25
kroe 0.85
Sori 0.5
Sorw 0.25
Swc 0.10
µw 0.65 cP
µo 90 cP

points A and B results in different fluid mobilities at the shock
front and the oil bank. Fig. 6 illustrates the effect of adsorption
(Ds = 0.3) on the saturation and the mobility profiles. The same
parameters as in Table 1 are used here. Using method 1, the
minimum viscosity for the front stability is calculated to be 6 cP,
which is smaller than the no-adsorption case. This is because the
shock and the oil-bank water saturations increase from 0.52 and
0.23 to 0.54 and 0.28, respectively. The change in both saturations
leads to greater total fluid mobility at the polymer front and the
oil bank for adsorption case. Moreover, when polymer adsorbs on
rock, a larger volume of water displaces the oil. Using method 2
results in a different scenario. With inclusion of adsorption, when
the polymer front is matched to the minimum total mobility,
more polymer should be used in the flood. In the case considered,
the polymer viscosity should be increased from 12 cP to 16 cP.
Accordingly, the water saturations at the chemical and oil-bank

Fig. 6. The profiles of total fluid mobility for the cases with and without
adsorption (Ds = 0.3). All the profiles are plotted after 0.25 PV of polymer
injection.

fronts increase from 0.55 and 0.23 to 0.61and 0.27, respectively.
Note that in method 2, the denominator in Eq. (2) is fixed and
adsorption only affects the mobility in the nominator. Also, in
this scenario, behind the chemical front the total fluid mobility
for the case of adsorption is less than that of the no-adsorption
case (see Fig. 6). However, the oil bank has higher mobility in the
adsorption case, similar to method 1.
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Fig. 7. The original and scaled relative-permeability curves for an ASP displacement with ultra-low IFT of less than 0.005 mN/m (a); water saturation and total
mobility profiles for µASP = 120 cP (b) and µASP = 125 cP (c) obtained using method 1 and method 2, respectively. The fractional flow function vs. saturation using
µASP = 120 cP (d).

5. Case III: Surfactant flooding

The modelling of surfactant flooding using fractional-flow
theory requires simplifying assumptions. Firstly, the formation
of Winsor type III microemulsion phase is ignored to allow
the description of the process by only two phases. The mi-
croemulsion phase generally has a larger viscosity than the oil.
Secondly, the properties of the surfactant-polymer (SP) or the
alkali-surfactant-polymer (ASP) slug are assigned to the displac-
ing aqueous phase. In the simplest form, the solubilization of oil
in water and swelling of oil by water droplets are also neglected,
although the inclusion of these mechanisms is possible (Larson
and Hirasaki, 1978). Finally, the only mechanism of oil recov-
ery is the increase of the capillary number (the ratio between
the viscous and capillary forces), mainly by reduction of the
interfacial tension between oil and water (γow). Consequently,
the original water/oil relative permeability parameters depend
on capillary number or γow . Here, we use the scaling method
proposed by Liu et al. (2010) to construct the ASP/oil fractional-
flow curves. It is assumed that when γow > 1 mN/m surfactant
will have no effect on the oil recovery and hence the original
water/oil relative permeability parameters are used. When γow <
γ crit
ow = 0.005 mN/m, the capillary number becomes very large

and surfactant has a 100% displacement efficiency. Therefore,

nwc = noc = 1, Sorc = Swcc = 0, kerwc = keroc = 1

for γow < γ crit
ow = 0.005 mN/m (6)

For γ crit
ow ≤ γow ≤ 1 the following relations hold:

nwc = nw +
1
6
log 10 γow, noc = no +

1
6
log 10 γow

Sorc = Sorw(1 +
log 10 γow

2.3
), Swcc = Swc(1 +

log 10 γow

2.3
) (7)

k0rwc = k0rw +
(
1 − k0rw

) (Sorw − Sorc)
Sorw

,

k0roc = k0ro +
(
1 − k0ro

) (Swc − Swcc)

Swc

Using these relations, we explore the requirements of the
mobility control in the SP or ASP projects in this section. In the
first case we assume that the ASP solution is injected at optimum
conditions, i.e., the interfacial tension is well below γ crit

ow =

0.005 mN/m. The relative-permeability curves then become two
straight lines, as illustrated in Fig. 7a. Again, the parameters listed
in Table 1 are used in the calculations. When the phase relative
permeabilities are straight lines, the end-point mobility ratio be-
comes 1. Then, it is generally assumed that matching the ASP and
oil viscosity guarantees a stable displacement. However, using
both methods for this case ensues ASP viscosities that are larger
than the oil viscosity. This is because of the smaller mobility of the
oil bank (point B) compared to the mobility of the chemical front
(point A). Also, in this case the mobility at point B is close to the
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Fig. 8. The original and scaled relative permeability curves an ASP displacement IFT of 0.01 mN/m (a); water saturation and total mobility profiles (at tD = 0.25 PV)
for µASP = 55.5 cP (b) and µASP = 63.5 cP (c) obtained using method 1 and method 2, respectively. The fractional flow function vs. saturation using µASP = 55.5 cP
(d).

minimum total mobility across the saturation range. Therefore,
the results obtained from the two methods are not significantly
different (120 vs. 125 cP).

The second case considers injection of a Winsor type I ASP
solution with γow = 0.01 mN/m. Since the interfacial tension
is not ultra-low, the scaled relative permeability curves are not
straight lines, as shown in Fig. 8a. The curvature in the relative
permeability function is an indication that the capillary forces
are still significant (although smaller than the original capillary
number). It is notable that, when γow is not ultra-low, less poly-
mer is required to obtain a stable displacement front. This is
because of the stabilizing effect of capillary forces, manifested in
non-straight relative permeability curves. Similar to the polymer
injection, when method 2 is used the ASP solution should be
injected with higher viscosity (∼64cP). Once again, the economic
trade-off between more oil (in the case of ultra-low IFT) and
large amounts of polymer required to stably displace the oil bank
should be considered.

Fig. 9 illustrates the effect of oil viscosity on the design of
mobility control in the ASP process. The water/oil relative per-
meability parameters in Table 1 are scaled using Eqs. (6) and (7)
depending on the value of γow . It appears that for Winsor type
III injection (ultra-low IFT), the polymer viscosity is the ASP slug
should be always larger than the oil viscosity. For the under-
optimum or Winsor type I ASP solution, for oils with medium and
large viscosity the required polymer viscosity is smaller than that
of the oil due to beneficial effects of the relative permeability on
the front stability. The difference between method 1 and method

2 is marginal for oils with low viscosity (light oils). Remarkably,
for light oils the required polymer viscosity is significantly larger
than the oil viscosity. For example, for the oil with viscosity of
2 cP, the viscosity of the ASP solution should not be less than
5 cP for γow = 0.01 mN/m or 7 cP for γow = 0.001 mN/m. This
has major (economic) consequences for the application of the ASP
process for the light oils.

6. Polymer utilization

The 1-D calculations of the fractional-flow theory provide an
estimate of the displacement efficiency of the processes. Upscal-
ing of the results to field scale requires knowledge on the extent
of the spatial heterogeneity of the reservoir. To investigate the
implications of the outcome of this study, the modified Koval
approach is used to obtain an approximate oil-production his-
tory for polymer and ASP injection. The modified Koval method
assumes that both the chemical and oil-bank fronts are spread
out because of the heterogeneity of the porous medium or the
adverse mobility ratio and gravity effects (Mollaei and Delshad,
2011; Jain and Lake, 2013). The extent of non-ideality or deviation
from the results of the 1-D analytical method is quantified by
two Koval factors, KoB for the oil bank and Kc for the chemical
front, which are functions of the Dykstra–Parsons coefficient and
(possibly) the mobility ratio between the displacing and dis-
placed fluids (Lake et al., 2014; Farajzadeh et al., 2012). The main
consequences of the non-ideal displacement are (much) earlier
breakthrough of the oil and chemical fronts, smaller oil cuts, and
elongated production times (red curves in Fig. 10).
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Fig. 9. Effect of oil viscosity on the design of viscosity of an ASP solution. The
original water/oil relative permeabilities summarized in Table 1 and the scaling
relations in Eqs. (6) and (7) are used in the calculations.

Fig. 11a depicts the history of the upscaled oil recovery factor
for the polymer flooding with viscosity of 8 cP two ASP floods
with γow = 0.01 mN/m and γow = 0.001 mN/m. In all three cases
a Koval factor of 5 is used for the oil-bank front. For the polymer
flood, the Koval factor for the chemical front, (K c) is assumed to
remain the same since the viscosity is small. For the ASP floods,
KcF = 4 and KcF = 3 is assigned for polymer viscosity of 56cP
and 120 cP, respectively to account for the positive impacts of
the higher injection viscosities on the performance of the flood.
The oil recovery for ASP with ultra-low IFT is the highest because
of its better displacement efficiency and for the polymer injection
is the lowest. To compare the results, a Polymer Utilization Factor
(PUF) is plotted for the three cases, Fig. 11b. The PUF is defined as
the volume of the produced oil per mass of the injected polymer
(bbl/kg polymer) it is be used as proxy for more lengthy economic
calculations. From available data, to prepare polymer solutions
with viscosities of 8, 56, and 120 cP, polymer concentrations of
600, 1300, and 2500 ppm should be used. In the ASP calculations,
other chemicals are ignored (even though surfactant unit costs
usually surpasses that of polymer). The calculated PUFs in Fig. 11b
agree well with the PUFs reported for field application of polymer
flooding, which on average are 2–3 bbl/kg polymer (Sheng et al.,
2015). Fig. 11 indicates that the PUF is the largest for the polymer
injection even though the oil recovery is the lowest. In contrary,

for the ASP flood with ultra-low IFT, despite the large oil recovery,
the PUF is the lowest. The main difference between polymer and
ASP is the recovery of the capillary trapped oil, which can add oil
volumes to the reserves.

7. Conclusions

This study compares two methods of mobility-control de-
sign for chemical enhanced oil recovery processes. Method 1
matches the total relative fluid mobility upstream and down-
stream of the shock front. In method 2 the viscosity of the
displacing agent is selected such that the total mobility at the
shock water saturation is equal to or less than the minimum
mobility across the saturation range. The two methods are based
on fractional flow analysis of one-dimensional flow and they are
validated against two-dimensional simulations of flow through
heterogeneous permeable media.

The following conclusions are made:

• Accurate measurement of the water/oil relative permeability
curves is key for the design of mobility control in polymer
and surfactant/polymer flooding.

• The polymer viscosity obtained by setting the shock-front
mobility ratio to one (method 1) is the minimum viscosity
to ensure a stable displacement front. Injection of a polymer
solution with a viscosity less than this will result in fingering
and bypassing of oil.

• Design by method 2 results in a larger viscosity than method
1. This shifts the shock water saturation to larger values and
hence more oil is displaced.

• When polymer adsorption is considered, a small polymer
viscosity is required to stabilize the front based on method
1. This is the result of the lost polymer in the region ahead
of the delayed polymer front, which increases the total
mobility of the oil bank (because of changes in saturations).
Therefore, less polymer is required to displace the oil bank.

• Inclusion of adsorption does not affect the minimum mobil-
ity across the saturation range but increases the shock mo-
bility. Consequently, a larger polymer viscosity is required
to satisfy the conditions of method 2.

• The straightening of relative-permeability functions during
alkali-surfactant-polymer (ASP) or surfactant-polymer (SP)
flooding leads to increased polymer viscosity in the main
and chase slugs.

• Injection of Winsor Type I, or under-optimum surfactant so-
lutions, which cause moderate reductions in the interfacial
tension, reduces the polymer viscosity required for stable
displacement.

Fig. 10. The 1-D oil cut and oil recovery histories obtained from fractional-flow theory compared to the upscaled histories using modified Koval approach with
KoB = KcF = 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Upscaled oil recovery histories for the three cases considered (left) and the calculated polymer utilization factor history (right).

• For ASP solutions with ultra-low interfacial tension (IFT)
reduction (Winsor type III), the required polymer viscosity
is always greater than the oil viscosity (at low shear rates).
However, for Winsor type II solution, for oils with medium
and large viscosity the non-linear shape of the relative per-
meability function leads to polymer viscosities that are less
than that of the oil.

• For light oils the viscosity of the ASP solution should be
significantly larger than the oil viscosity.

• Despite lower ultimate oil recovery, for the same slug size
of polymer and ASP slugs, the polymer utilization factor
(i.e. the volume of oil produced per unit mass of polymer
injected) is greater for polymer flooding compared to the
ASP flooding.
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