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flux-independent behavior,
4) Pressure drop associated with the flow of brine and oil.
Shuler [9] conducted a series of studies on improving
polymer injectivity. Results showed that for a single-layer
radial flow model where each polymer and brine slug was
assumed to move in a piston-like displacement, at any instant,
the total pressure drop may be expressed as the sum of:
1) The pressure drop of oil/brine zone ahead of the polymer
zone,
2) The pressure drop across the polymer zone,
3) The pressure drop caused by skin effects.
These models assume that the flooding process is
piston-like, while none of them consider the actual oil
saturation distribution in reservoir. Hall’s method has a
smoothing effect on the data, data acquisition for Hall plot is
inexpensive, but it could not calculate the injectivity of
polymer solutions under variable injection rate and therefore
is not suitable for situations where short pre-water flooding
happens.
This paper develops a polymer injectivity prediction
model that accounts for oil saturation distribution, multilayer
injection capacity and fluid dynamic characterization. The
model improves the accuracy and efficiency in polymer
injectivity prediction, and especially for deep offshore field
that have been exposed to early polymer injection. To some
extent, this model is more like a simplistic numerical
simulator which can output dynamic polymer injectivity
information with just a few extra field data input. Thus, it’s
efficient and cost saving during field tests.

Abstract—Early polymer injection has become an effective
way to improve oil recovery in deep offshore fields. Since the
reservoir will still be high in oil saturation during this process, a
detailed description of water-oil two-phase flow is required to
accurately predict polymer injectivity of the reservoir. A
polymer fractional flow model was first derived by including
polymer rheology effects and two phase flow resistance factor.
Water saturation profile was then proposed as four
self-sharpening fronts to describe the detailed fluid saturation
distribution. The polymer injectivity prediction model for both
monolayer and multilayer reservoirs was finally established by
separating the pressure drop into several parts based on the
saturation profile. Results showed the new model improved the
accuracy and efficiency of injectivity prediction in early
polymer injection. This model is more like a miniature
numerical simulator for early polymer injection that can output
the dynamic polymer injectivity with the input of only a few
pieces of field data that can be acquired easily.
Index Terms—Polymer injection, fractional flow theory,
injectivity model, multilayer reservoir.

I. INTRODUCTION
Polymer solutions are widely used in chemical EOR
processes such as polymer flood and surfactant/polymer
flood. Polymer injectivity is a critical factor to evaluate
polymer-flooding applicability in field conditions.
The complex physics of polymer rheology in porous media
has been the subject of intensive research [1], [2]. Seright [3]
presented a series of studies on polymer adsorption, polymer
rheology and polymer mechanical degradation in which
xanthan and HPAM were the two specific solutions of their
study. During most polymer floods process, injecting
polymer solutions at a designed injection rate based on the
above observations may cause above formation-parting
pressure and may induce fractures or fracture-like features
[4]-[8].
To obtain a better estimate of the polymer injectivity,
many researchers acquiesced to the common practice of
dividing the total pressure drop in the reservoir into several
parts.
1) The “entrance pressure drop” associated with polymer
mechanical degradation at the sandface,
2) The pressure drop associated with dilatants or
viscoelastic polymer behavior near a wellbore,
3) The pressure drop associated with polymer solutions
flowing at low fluxes and exhibiting a Newtonian or

II. POLYMER INJECTIVITY MODEL
A. Fractional Flow in Polymer Floods
Characteristic velocity: Based on the classic
Buckley-Leverett theory [10], the continuity equation for
water phase of one dimensional linear system can be written
as:

Sw q df w Sw

0
A dS w x
t

The characteristic velocity of a displacement front with
constant saturation is

q df w
 x 
  
 t  Sw A dS w
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The characteristic velocity of water and polymer are equal
[11] at the front of polymer flooding:
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The pressure drop in any region has the same form

(3)
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where Dp is the polymer retardation factor.
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Injectivity prediction for multilayer reservoirs: Fig. 3
illustrates the multilayer reservoir schematic model of this
study. The reservoir consists of two or more independent
layers, each having the same outer radius but different
geological properties such as permeability, thickness,
porosity and skin. Each layer is assumed to be homogeneous
and isotropic, and is filled with slightly compressible fluid.
The reservoir is initially at a uniform pressure and the total
injection rate is measured at initial reservoir conditions.
Gravity and capillary pressure effects are negligibly
insignificant.

Fig. 1. Fractional flow curves for the water and polymer floods.

Based on (3), water saturation Sw3 at the polymer shock
front can be obtained graphically by drawing a line segment
from the point (-Dp,0) tangent to the polymer fractional flow
curve. This straight line intersects the water fractional flow
curve at point (Sw3, fw(Sw3)). Similarly, water saturation at the
flood frontal Sw1 can be obtained by drawing a straight line
from the point (Swc, 0) tangent to the water fractional flow
curve Fig. 1.
Saturation Profile: The saturation profile of the simplified
polymer flooding can be illustrated in Fig. 2. There are four
self-sharpening fronts in the water phase saturation profile
compared with the single shock front of Buckley-Leverett
theory.

Fig. 3. Idealized multilayer reservoir model.

Here, we define flow rate qi for a single reservoir layer.
The total flow rate is the summation of flow rate of all
reservoir layers.
m

Q   qi

(7)

i 1

For convenience, we define flow resistance Ri, the inverse
of injectivity, for a single reservoir layer.

Pi  qi Ri  qi / Ii

Assume the reservoir is initially at a uniform pressure and
we have

Fig. 2. Water saturation profile of early polymer flooding.

q1 : q2 ...: qm 

B. Injectivity Model
Injectivity index: Injectivity index is defined as the
injection rate divided by the injection pressure drop

I  Q / P

1 1
1
: ...:
R1 R2
Rm

(9)

Combining (19), (20) and (21), the injection rate for every
layer is

(4)

qi 

According to literature, the injection pressure drop can be
divided into several parts based on division of regions in
Fig. 2. For 1-D radial flow, the injection pressure drop is
given by

P  Prw 4  P43  P32  P21  P1R

(8)

1/ Ri
m

1/ R
k 1

Q

(10)

k

Model Solving Process: Time and spatial discretization is a
must to solve this mathematical model.

(5)
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considered as a constant.
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Fig. 4. Calculation flow chart.

As shown in Fig. 4, during each iteration of each time step,
four steps needs to be taken care of in succession for each
layer of the reservoir:
1) Calculate their current cumulative injection volume,
2) Calculate their water saturation profile,
3) Calculate their flow resistance based on step 2,
4) Calculate the injection rate of every layer according to
the ratio of flow resistance of neighboring layers.
To guarantee accuracy, temporal and spatial steps should
be small enough to make sure that both pressure field and
saturation field are numerically stable within a specific time
step.
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(b)
(a) Pressure drop and (b) water cut at the outlet for sand pack flooding
Idealized multilayer reservoir model.
Fig. 5. 2079 mD sand pack, porosity = 0.29, length = 50cm, diameter = 2.5cm,
water viscosity = 0.5 mPa·s, oil viscosity = 70 mPa·s, Fr = 22, Frr = 1.1.

IV. MODEL APPLICATION
The single-well polymer-injection pilot was implemented
there with a basic well pattern of standard five-point well
pattern which includes four production wells and one central
injection well. The average distance between oil well and
water well is 250 meters. A1 well, a former production well,
was later transformed into an injection well according to the
pilot plan. At the beginning of polymer injection, the
composite water cut of the pilot test area was about 50%.

III. MODEL VALIDATION
We apply the injectivity prediction model developed
above to estimate the injectivity of AP-P4 solution during
linear core flooding. AP-P4 is a high molar mass
hydrophobic association polymer. Prediction results will be
compared with experimental results of steady-state polymer
flooding involving sand pack. The injection pressure drop for
linear system is given by

8

(11)

Wellhead Pressure (MPa)

P  P04  P43  P32  P21  P1L

An unconsolidated sand pack was used to validate the
injectivity prediction model. The injection rate was first set to
be 0.1 mL/min. When the water cut at the outlet reaches 0.8,
the polymer solutions AP-P4 with 1750 ppm in a salinity of
5855 mg/L were forced into the sand pack for 0.3 PV.
Polymer viscosity was 10 mPa·s at zero shear rate after
shearing pretreatment.
Fig. 5 (a) shows the observed and calculated pressure drop
during the polymer flooding. The calculated results match the
observed results reasonably well except for the injection
volume of 0 ~ 0.3 PV due to unsteady-state pressure in the
sand pack. Fig. 5 (b) shows the change of water cut at the
outlet. The largest discrepancy lies in decrease part of the
water cut. There are two factors contributing to this
discrepancy. First, all fronts have been calculated as a sudden
shock in the model. Second, the saturation of oil bank is

600

7

500

6
400

5
4

300

3

200
WHP,Mpa

2

Injection rate,m3/day

1
0

100
0

0

100

200

300

400

500

600

700

800

900

Time (days)

Fig. 6. Wellhead data of A1 well.

Fig. 6 shows the change of injection rate and wellhead
pressure of A1 well. After transformed to injection well, A1
well injected water for the first month at the rate of250
m3/day and then injected polymer for the second month at the
rate of 350 m3/day along with the wellhead pressure rising
from 2.7 MPa to 6.9 MPa. Then the wellhead pressure
maintained at 6 MPa with the 4 MPa pressure rise caused by
245
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polymer injection.
Pressure drop (MPa)

2

TABLE I: PHYSICAL PROPERTIES OF EVERY LAYER
Layer
1
2
3
4
5

Thickness / m
6.4
4.7
7.5
4.4
2.0

Porosity
0.31
0.32
0.31
0.33
0.31

Permeability /mD
1652.9
1423.2
5523.3
4508.8
501.0

1.6
1.2
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The physical properties of all water-absorption layers are
listed in Table I, the total thickness of all water-absorption
layers is 25 meters, average permeability is 3187 mD, water
phase viscosity is 0.5 mPa·s, and oil phase viscosity is 60
mPa·s.
The effect of polymer injection occasion: From the water
flooding simulation of layer 5, the change of outlet water cut
is displayed in Fig. 7 (a). The water cut increased sharply
when total injection volume reached 0.075 PV, indicating
water breakthrough. Fig. 7 (b) reveals the pressure change of
water flooding with varying injection volume. With the
increase of outlet water saturation, average water saturation
of the whole model increased, flow resistance of the
two-phase flow decreased, and flow pressure difference of
the reservoir reduced.
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Fig. 8. (a) Pressure drop vs. PV injected. (b) Injectivity index vs. PV injected.

Wellhead Pressure: Wellhead pressure (WHP) Pw is

Pw  P  Pe  PH

(12)

where Pe is the reservoir pressure; PH is the hydrostatic
column pressure difference in the wellbore caused by gravity,
P is the injection pressure difference which is exactly the
pressure difference between flowing bottomhole pressure
and reservoir pressure. The dynamic change of WHP is
influenced by average reservoir pressure, injection pressure
difference and hydrostatic column pressure difference. The
hydrostatic column pressure difference in the wellbore can be
assumed to be constant if we ignore the polymer influence on
the density of water phase. Average reservoir pressure is
greatly affected by injection-production ratio. The
injection-production ratio of well pattern A1 is equal to one
so that the average reservoir pressure is remained unchanged.
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Fig. 7. (a) Outlet water cut vs. PV injected. (b) Pressure drop vs. PV injected.
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The effect of water saturation on the polymer injectivity
was considered in this study. The polymer injectivity changes
were simulated separately with respect to different polymer
slug size. Fig. 8 (a) showed that the pressure drop rose up to
almost the same value of 1.6 MPa for different polymer
injection occasion. But for the polymer injectivity, the later
polymer flooding happened, the greater the injectivity
decreased Fig. 8 (b). For well group A1, the average water
cut was around 50% and the total injected PV of water
flooding was 0.088 in the following analysis.
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Fig. 9. Match of well head pressure using polymer injection model
(PV1=0.088, RF=80, S=1.3).

Compared with water injection, the biggest difference of
polymer injection lies in the injection pressure difference.
We arrive at the conclusion that the change in WHP is almost
equal to that of the injection pressure difference. As shown in
Fig. 9, we calculated the WHP when the injection pressure is
increased by 2.5 overall and compare the pressure change
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VI. NOMENCLATURE

before and after polymer injection. During the WHP match
process, water injection PV number is equal to 0.088,
resistance factor is 80 and skin factor is 1.3. Results show that
the calculated WHP change correlates well with the solution
injection volume. The WHP and the calculated WHP share
the same reservoir pressure rise trend around 4 MPa after the
polymer solution injection. Limited by the assumptions
above, it is acceptable that the calculated WHP cannot
completely fit with the field WHP.
Injection profile: Since the wellhead pressure can be
obtained much more easily compared with bottom hole
pressure drop, apparent injectivity index showed in (13) is
more convenient and practical for analyzing the single well
injectivity.

I a = Q /(hPw )

A cross-sectional area
f w fractional flow curve
f wp polymer fractional flow curve
h thickness
I injectivity index
I a apparent injectivity index
K permeability
krα relative permeability of phase α
Pe average formation pressure

Pw wellhead pressure
ΔP pressure drop
ΔPij pressure drop between location i and j

(13)

ΔPH hydrostatic column pressure difference
ΔPs additional pressure drop

As shown in Fig. 10, apparent injectivity index for both
water flooding and polymer flooding were calculated by
injectivity prediction model. Results showed that the
apparent injectivity index of well A1 has declined to 2.2
m2/day/MPa from 3.8 m2/day/MPa through polymer injection.
For single layers, their changes are rather significant,
especially layer 3 which has the highest permeability. Thus,
polymer injection has a certain even effect on the injection
profile.

PV1

the size of blank water flood
PV2 the size of polymer slug
PV3
the size of post water flood
q injection rate of layer i
Q injection rate of well
r radial distance
rw well radius

R
Ri

Apparent injectivity index
(m 2 /day /M Pa )

10.0
8.0
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8.0

S skin factor
Sα saturation of the phase α
t time
T total time
Δt time step
φ porosity for polymer solution
Subscripts:
α phase ( α = w for water, α = o for oil)
i, j location number or layer number
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Fig. 10. Comparison of apparent injectivity index (PV1=0.088, RF=80,
S=1.3).
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