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Abstract

In this paper we illustrate the possible effects of saturation history in enhanced oil recov-
ery through water and polymer flooding. We present scenarios under which the flow history
might have a drastic impact on the flow and efficiency prediction. Favorable recoveries can

be achieved via adjusting the preinjection conditions of reservoirs.
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1 Introduction

For rocks exhibiting strong wettability preference for a specific phase, experiments have shown
that flow characteristics depend on whether the wetting or nonwetting phase saturation is in-
creasing. The flow is called drainage or imbibition in reference to saturation change of the
wetting phase. The flow dependence on saturation direction is contributed largely to nonwet-
ting phase entrapment and lead to developing flow properties for imbibition as well as drainage

flows.



For determining the flow characteristics, appropriate cycles of drainage-imbibition or imbibition-
drainage processes should be conducted to obtain relations for possible intermediate flows. These
relations are essential for more accurate flow prediction through mathematical models. Mathe-
matically, this results in flow functions which are not only functions of current fluid saturation
but also of saturation history.

One of the flow characteristics that plays a crucial role in flow prediction is the relative
permeability. Relative permeability relations should reflect the saturation direction effects for
imbibition and drainage flows. As a result, relative permeability should be a function of satura-
tion as well as saturation history that describes the way that saturation is approached.

In (Furati, b) the author analyzed and solved a history dependent three-component two-phase
model for polymer flooding. In (Furati, a) we considered a more general model for the history
dependence of relative permeability and constructed the Riemann problem for the conservation
law describing the immiscible two-phase flow in porous media. Although the saturation profile
for the flow In (Furati, a) is monotone, we found that the flow history has a notable impact on
breakthrough times and compositions for displacement processes.

In this paper we investigate the flow history effects on polymer flooding. In particular,
we focus on conditions under which the predicted saturation profile is nonmonotone and gives
rise to oil banks. We present examples that illustrate the further structural changes in fluid
distribp@ion. In addition, we show the possible effects of flow history on efluent history and oil
recovery efficiency.

In Section 2 we describe brieﬂy the history dependent mathematical model. In Section 3
we interpret the model for oil recovery by polymer flooding. In Section 4 we examine the
monotonicity of the saturation profile. In Section 5 we look at the efluent history and recovery

efficiency. In Section 6, we present examples for flow history effects.



2 Mathematical Model

In this section we summarize the work done in (Furati, a) and (Furati, b). Polymer flooding can
be modeled as a two-phase three-component flow. The two phases are the aqueous and the oleic
phase. The components are water, polymer and oil. The polymer coexists only with water.

A one-dimensional immiscible two-phase flow with a constant total velocity can be described

mathematically under reasonable assumptions by the following dimensionless conservation laws

3tS <+ aa:F = 0’ (1)

8(CF)+ 8,(CF) =0,

where S and F are the saturation and fractional flow function, respectively, for the aqueous
phase. The variable C is the polymer saturation.

To derive (1) we assume that the porous medium is homogeneous and the phases are incom-
pressible and in local equilibrium. We consider the aqueous phase viscosity to be an increasing
function of polymer concentration while the oleic phase viscosity to be constant. Moreover, we
assume that diffusive forces and gravity effect are negligible. For more details on the derivation
of (1) and physical assumptions see (Pope, 1980).

In any part of the porous medium, we consider the flow to be primary if the displacement
process corresponds to coptinuously displacing a phase completely fills the pores initially. If the
displaced phase is the wetting phase we call the flow primary drainage. However, if the displaced
phase is the nonwetting phase we call the flow primary imbibition.

If a flow reversal occurs during a primary flow, we call the flow a secondary flow. This
includes the secondary drainage of a primary imbibition (¢d) and secondary imbibition of a
primary drainage (di). We denote the critical saturation at which the flow reversal occurs by
Sh, where h = id, di, indicates the relevant flow cycle for the secondary flow.

In this study we consider the aqueous phase as the wetting phase. Accordingly, the history



dependent fractional flow function F of the wetting phase takes the form

F?(5,C) for primary flow,
Fh(8,8,,C) for secondary flow.

(2)

Please see (Furati, a) for typical fractional flows. Note that adding polymer to the water
increases water viscosity. Thus, the fractional flow function is a decreasing function of the
polymer concentration C.

The conservation law (1) requires initial data at each point in space. We consider the

Riemann initial conditions

S+, SE,CY) z <0,
(S, Sh, C)(,0) = (85,50, C) = 3)
(SR, SR,CR) z >0,
h

where, for the primary flow, the initial condition (3) reduces to values for S and C only, since
Sn = S. If the flow is secondary, then the conservation law (1) can be closed by adding the
constraint 8;S, = 0 for the reversibility assumption. The solution of (1)-(3) describes the
saturation distribution and history at each point of space and time.

Solutions of the Riemann problem for the system (1) consist of self-sharpening fronts (shocks),
expansion waves (rarefactions) and contact discontinuities. These waves can be associated with
the appropriate waves families of each type of flow.

For the primary flow, there are two wave families. The first one is associated with the
characteristic speed dsF? and consists of rarefactions and shocks. This family is in general not
genuinel.y nonlinear and across the corresponding waves the polymer concentration C is constant.
The second wave family is linearly degenerate and associated with the particle velocity F?/S.
Thus, this family consists only of contact discontinuities that travel with speed equals to F?/S.

For the secondary flow case, there are analog wave families. Across the waves of these families
the history value Sj, is constant. Moreover, the solution may start with a stationary contact
discontinuity from the left state across which the fractional flow is constant. This stationary

contact discontinuity is an outcome of the reversibility assumption on the flow (8,5, = 0).



Physically, this discontinuity acts as an adjustment for the saturation to keep the same rate of
flow for two adjacent parts of the porous medium with different histories.

Graphically, the solution of the Riemann problem can be found by constructing a horizontal
line from the left state, appropriate hulls for the related fractional flow functions, and chords
from (0,0) to some states. These components are controlled by the compatibility condition for

the waves speed.

3 Oil Recovery

The Riemann problem for system (1) can be used to predict flows that occur in water and
polymer flooding techniques used in enhanced oil recovery. In polymer flooding, oil-free polymer
sélution is injected into the oil reservoir to drive out oil.

The particular stage in the producing life of a reservoir determines the preinjection saturation
and history of the reservoir. There are three stages for oil production: primary, secondary and
tertiary recovery. Primary recovery is oil recovery by natural drive mechanisms. Secondary
recovery refers to techniques whose purpose, in part, is to maintain reservoir pressure. Water
injection is an example of secondary recovery. Tertiary recovery is any technique applied after
secondary recovery.

We denote the preinjection fluid composition in a porous medium by (S’,S§,C’). The
initial saturation history S; depends on the sequence of events to which the porous medium
was exposed or through which it went. As in (Furati, a), we consider two scenarios for the
preinjection flow in a porous medium.

The first scenario is to assume that the porous medium has been undergoing either a primary
drainage or imbibition. In this case the saturation value and the critical saturation for the history
are equal, i.e., §7 = S]. The preinjection flow characteristics in this case are extracted from the

primary fractional flow curve.



The second scenario is to assume that the porous medium under consideration was exposed to
an event of flow reversal at some saturation S{. In this case the preinje;tion flow characteristics
are determined by the secondary fractional flow curve associated with Si.

Note that the injected fluid is aqueous and thus the injected saturation is high. We assume
that for the injected state the Buckley-Leverett speed is slower than the particle velocity, i.e.,
0sF < F/S. Moreover, we assume that the reservoir preinjection composition is polymer free.

For water flooding, as in (Furati, a), the saturation profile is monotone. As a result, at
any location in the reservoir between the injecting and producing well, there are three possible
displacement flows that might take place during the flooding. The flow might be completely
primary, completely secondary or secondary then becomes primary.

For polymer flooding described by imbibition-drainage fractional flow curves the same behav-
ior occurs depending on the preinjection flow in the porous medium. If before the flooding, the
porous medium went through primary imbibition that resulted in the irreducible oil saturation,
then the flow caused by the flooding at any position in the reservoir is secondary. Otherwise, the
flow during the flooding at any position is either primary, or secondary then becomes primary.
This is the case whether the saturation profile is monotone or not as shown in (Furati, b).

For polymer flooding described by drainage-imbibition fractional flow curves, let S9 be
the saturation such that the chord from the origin to (9, F4(S9,0)) is tangent to the curve
F%(S,89,C’) at some point. Else, let S? be the saturation such that the chord and the curve
intersects only when F = F’ as shown in Figure 1. The existence of S9 follows from the
continuity of the functions. If thé preinjection saturation is greater than S9 and a result of
primary drainage then the flooding produces an oil bank and the flow at any position starts
as primary then switches to secondary. Otherwise, the flow is secondary even if the saturation
profile is nonmonotone. Please see Figure 10 and 11.

To sum up, flows predicted by the history dependent model (1)~(3) may result in monotone

or nonmonotone profiles which may or may not be accompanied by flow type change. Therefore,
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Figure 1: The critical states for drainage-imbibition flow.

the primary and appropriate secondary curves are needed for the flow prediction. Otherwise,
one set of the curves is sufficient to describe the flow.

Note that the saturation profile has a jump that corresponds to the polymer solution front.
Behind the front (upstream) the aqueous phase contains polymer of concentration C’. Ahead

of the front (downstream) the aqueous phase is polymer free.

4 Saturation Profile Monotonicity

Typically, the reservoir initial aqueous phase saturation is low and close to the irreducible satu-
ration after primary recovery. However, the initial saturation can be higher for those reservoirs
that had already been waterflooded for secondary recovery. The high level of the preinjection
aqueous phase saturation in polymer flooding may lead to nonmonotone distribution of the fluids
during the recovery process even if the history effects are not considered.

To illustrate the possible oil displacement scenarios we define several critical states associated
with the injected composition U’ and the initial composition U’. Let UT = (S7,S87,C"),

U® = (5%,5%,0) and U™ = (S™,S™,0) be the states shown in Figure 2. Note that SZ can be
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Figure 2: The critical states for polymer flooding.

remarkably high for some fractional flows and S™ can be low for others.

When §7 < S% the saturation profile is monotone as shown in Figure 3. In this case
the saturation at any fixed position in the reservoir increases with time. Therefore, only one
direction fractional flow curves set is needed for predicting the flow. On the other hand, if the
initial saturation of an oil reservoir, S’, exceeds S® then the saturation profile is not monotone.
For such a displacement, secondary fractional flow curves for the appropriate flow reversals are
needed. When history dependence is not taken into account, there are two possible nonmonotone

profiles resulting in two interesting scenarios:

1. Oil Bank Profile (S% < S’ < §M)

When S7 lies between S® and $™, the flow develops a polymer-free region of high oil saturation
followed by a polymer solution front. In petroleum engineering literature, this is called an oil
bank. Please see Figure 4. This flow is preferable since a substantial amount of oil is recovered

in a relatively short time.



1
J
T ]
2 g
[
1 %
i é
B
I B
0+ !
0 Saturation 1 0 Saturation

1

Saturation

Polymer
Solution

Distance / Time

Figure 3: Monotone profile.




Fractional Flow

Concentration

Saturation

1

) =~

® ™~

Saturation

Saturation

Polymer

Solution

Distance / Time

Figure 4: Oil banks profile.

10




Fractional Flow
Concentration

Saturation Saturation

1

Oil-Polymer
Bank d

P

Saturation

Distance / Time

Figure 5: Oil-polymer bank profile.

2. Oil-Polymer Bank Profile (S¥ < §7)

When S exceeds the critical saturation S, the polymer solution front takes over the oil bank.
This leads to the formation of a region of high oil saturation coexisting with polymer solution.
We use the term oil-polymer bank to refer to such a region. An oil-polymer bank is shown in
Figure 5. Note that this flow is less desirable for two reasons: low oil bank saturation and

polymer solution existence.
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5 Effluent History and Recovery Efficiency

There are two predictions that are helpful in designing an oil recovery process: effluent history
and recovery efficiency.

Effluent history is the oil saturation at the producing well as a function of time. Note
that for the two flows with banks described above there are two important events: oil bank
and polymer solution breakthrough. After the oil bank breakthrough, the well produces the
maximum possible amount of oil. After the polymer solution breakthrough the well produces
some of the solution being injected. We mark the breakthrough times as follows:

t% = oil bank breakthrough time,

(4)

t** = polymer solution breakthrough time.
We use the subscript h to refer to the same incidents for the history dependent model. For
efficiency, we would like to conduct the displacement so that t°® is as small as possible and tP*
is as large as possible.

The recovery efficiency at time ¢, E(t), is defined in (Lake, 1989) by

Amount of oil displaced

~ Tnitial amount of oil in the reservoir’ (5)
For the oil recovery process described by (1) and (3) the the recovery efficiency reduces to
E@t) = [1- S’i:gl—— S(t)] _ Sit)_-‘-g;S'” (6)
where S (t) is the average aqueous phase saturation in the reservoir at time t,
1
5(t) = /0 S(z, ) da. )

Recall that the speed of any traveling jump in a saturation profile is equal to the slope of
the chord connecting the adjacent states. Therefore, the position X7 of a jump connecting a left

and right state at time ¢ is given by

. FR___FL
xi={Gg | ®)
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In a rarefaction (spreading) part of the flow all the flux variables are constant except sat-
uration. Thus, along rarefactions we have ,F = 8sF8,S. Moreover, the position of an
intermediate saturation S(t) at time ¢ is given by ¢ 9sF(S(t)). Similarly, at any fixed position,
we have 6, F = 9gF 0;S during rarefactions.

From the above, given a saturation profile S(z,t) for a Riemann problem solution of (1),

then
b ' .
/ S(z,t)dz = bS™ — ¢ §™ + ¢ [F'™ — Fou], ©)
where the superscripts correspond to the flow in and out of the segment (a,b). In particular,
S(t) = §°(2) + ¢ [F7 - F(2)). (10)

The rate of change of the recovery efficiency is given by

D:E(t) = 1 - ¢dsF) D,S°¥(t) + F — Fo(t)]

1
e
- 5 [P - F) >0

since t dsF = 1. This shows that E(¢) is an increasing function and is linear for constant outflow

saturations. Also, during the outflow of a spreading saturation profile, E(t) is concave since

DuE(t) = (-0sF 8,8)/(1 - §%) < 0. (12)

6 Flow History Effects

To illustrate the saturation history effects on the flow and recovery efficiency prediction, consider
the examples depicted in Figures 6-9 for the imbibition-drainage model.

Figure 6 shows the case when the initial reservoir saturation S’ lies between S2 and ST.
Note that for the history dependent model the oil bank is faster but with lower oil saturation.
Moreover, ignoring the history dependence underestimates the recovery efficiency.

Figure 7 corresponds to the case ST < S’ < SM. Note that the saturation history produces

13



a wider bank but with lower oil saturation. This improves the recovery efficiency in the short
run.

Figures 8 and 9 describe the flooding of reservoirs with high initial water saturation, $™ < $7.
As shown in Figure 5, the flow develops an oil-polymer bank. However, saturation history has
two remarkable impacts on the flow prediction. First, it increases the oil saturation of the bank
while shortening its recovery time as in Figure 8. Second, saturation history might delay the
polymer solution breakthrough and advances the oil bank breakthrough as in Figures 9. As a
result, a polymer-free oil bank develops. Again, the recovery efficiency is higher for the early
stages of the recovery.

Finally, similar effects are observed for the drainage-imbibition model as shown in Figure 10
and 11. Note that for the case in Figure 10, ignoring the flow history results in overestimating

the recovery efficiency.
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