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Abstract A set of scaling criteria of a polymer flooding reservoir is derived from the gov-
erning equations, which involve gravity and capillary force, compressibility of water, oil, and
rock, non-Newtonian behavior of the polymer solution, absorption, dispersion, and diffusion,
etc. A numerical approach to quantify the dominance degree of each dimensionless parame-
ter is proposed. With this approach, the sensitivity factor of each dimensionless parameter is
evaluated. The results show that in polymer flooding, the order of the sensitivity factor ranges
from 107> to 10° and the dominant dimensionless parameters are generally the ratio of the
oil permeability under the condition of the irreducible water saturation to water permeability
under the condition of residual oil saturation, density, and viscosity ratios between water
and oil, the reduced initial oleic phase saturation and the shear rate exponent of the polymer
solution. It is also revealed that the dominant dimensionless parameters may be different
from case to case. The effect of some physical variables, such as oil viscosity, injection rate,
and permeability, on the dominance degree of the dimensionless parameters is analyzed and
the dominant ones are determined for different cases.

Keywords Polymer flooding - Dimensionless parameter - Sensitivity analysis - Multiphase
percolation

1 Introduction

Most of the oil fields in China have been developed by water flooding, but the recovery effi-

ciency is presently very low and the water cut is over 80% (Han etal. 1999). Only 30-40%
of the original oil reserves can be recovered after completing the primary and secondary
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22 Y. Bai et al.

recoveries (Shen 2003). The residual oil remain in the strata as an oil film on the surface of
the pores and stagnant oil in the blind ends, throats and some places is not swept by water
flooding. The forces holding the remaining oil include interfacial tension among oil, water,
and gas phases and viscous force, etc. (Wang etal. 2000). To enhance oil recovery, polymer
flooding as a major enhancement method is widely carried out in China. On the one hand, the
addition of polymer to the water flooding increases the viscosity of the aqueous phase to adapt
the oil viscous force. On the other hand, the polymer solution reduces the permeability of
the aqueous phase. These two factors result in an improvement in the mobility ratio between
aqueous and oleic phases, increasing the areal and volumetric sweep efficiency. The field
and laboratory experiments have proved that polymer flooding can enhance oil recovery by
10-20% (Lu etal. 1996).

Physical simulation plays an important role in revealing the mechanism of the driving
process and optimizing the development programs in the short term at a low cost. The prin-
ciple of similarity or scaling law is crucial for physical simulations (Sedov 1959). A set
of scaling criteria for polymer, emulsion, and foam flooding experiments was obtained by
inspectional analysis (Islam and Farouq Ali 1989). They focused on the complicated flooding
processes involving mass transfer among phases, the interfacial tension, diffusion, disper-
sion, absorption, and mechanical entrapment. The scaling criteria of surfactant-enhanced
alkaline/polymer multiple flooding flows was gained, which involved transient interfacial
tension and non-equilibrium mass transfer phenomena (Islam and Farouq Ali 1990). They
observed that in most cases the mass transfer rate in the model is different from that in the
prototype. However, both rates were assumed to be the same as in previous studies. Though
some experiments (Wang and Han 1994; Sorbie etal. 1985) have been conducted to reveal
the driving mechanisms in the polymer flooding process, few physical simulations are based
on the principle of similarity. The reason is that the physical simulation of polymer flooding
associates with such complicated factors as convection, dispersion, diffusion, entrapment,
and non-Newtonian behavior, which leads to so many dimensionless parameters that cannot
be simultaneously satisfied. The precise scaling of transverse dispersion coupled with the
requirement of geometric similarity would impractically require a large model and a very
long time interval for miscible experiments (Pozzi and Blackwell 1963). In some cases, the
geometry similarity and the gravity force have to be relaxed in order to satisfy the requirement
of the miscible displacement. Simultaneously, modeling the ratios of the capillary and the
driving forces to the gravity force would induce a considerably large permeability for a water
flooding experiment, which is very difficult to realize in the laboratory (Shen 2000).

Though numerous literature has focused on the displacement mechanism (Prabir and Pasa
2004; Kevin etal. 1998), numerical simulation (Luis etal. 2005), field projection design and
prediction technique (Wang etal. 1993; Delamaide etal. 1994), few papers have reported on
the similarity criteria. Generally speaking, there are so many parameters involved in the pro-
cess of polymer flooding flows. Therefore, it is very difficult or sometimes even impossible
to keep all the similarity parameters identical in the laboratory experiment. To tackle this
kind of problem, an efficient and practical way out is to single out the dominant parameters
and to relax the secondary ones in laboratory experiments. Theoretically arranging all the
dimensionless parameters in the order of importance is not easy or even impossible to realize.
In our previous work, a numerical approach of sensitivity analysis of dimensionless para-
meters is proposed based on the scaling criteria of water flooding flow (Bai etal. 2005). With
this approach, the dominance degree of the dimensionless parameters can be quantitatively
evaluated and the dominant ones can be conveniently singled out.

In the following sections, we first derive the scaling criteria of polymer flooding involv-
ing the gravity force, the capillary force, the compressibility of water, oil, and rock, the
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non-Newtonian behavior of the polymer solution, absorption, convection, dispersion, and
diffusion. Then, with the numerical approach of sensitivity analysis, we quantify the domi-
nance degree of all the dimensionless parameters and single out the dominant ones. Finally,
we analyze the effect of physical variables on the dominance degree of the dimensionless
parameters.

2 The Governing Equations

The process of polymer flooding is actually the flow of two phases, the oleic and the aqueous
phases. The oleic phase contains only oil and the aqueous phase contains water and poly-
mer. Therefore, the mass transfer between water and oil or polymer and oil is neglected. In
addition, the following assumptions are made: (1) Isothermal flow occurs in a homogeneous
and isotropic medium; (2) Darcy’s and Fick’s laws are valid; (3) The polymer only reduces
the permeability of the aqueous phase and has no effect on the permeability of the oleic
phase; (4) The aqueous and oleic phases and the rock are slightly compressible. Therefore,
the governing equations based on a quarter of a five-spot well pattern are as follows.
The mass balance equation of the oleic phase is

d
(@S0p0) =V. (,00 koV(po + pagAZ)) + qo-
ot Mo

The mass balance equation of the aqueous phase is given by

0(¢sapa) —Vv. (

P
“kaV(pa + pagAZ)) + 4a.
at “w

a

The equation of polymer transport is written as

9@supaCap)  ? (0r(1 = 90uCip)
+
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p, i, p, K, and s mean the pressure, the density, the viscosity, the effective permeability, and
saturation, subscripts w and o indicate aqueous and oleic phases, respectively. p, r is the bot-
tom pressure of the production well, ¢ the porosity of rock, g the gravitational acceleration,
xp and y, the coordinates of the production well, g; the injection rate, r, the well radius,
C,p the polymer concentration in aqueous phase, (:'ap the amount of polymer adsorbed per
unit mass of rock, Cgy)p the polymer concentration in the production well, D the apparent
dispersion coefficient, and p, the density of rock.
The saturation relation reads:

So + 85, = 1.
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The capillary force equation can be expressed as

Pe = Po — Pa =0 cosO\/¢/KJ(sa),

in which p, is the capillary force, K the absolute permeability, o, 6 the interfacial tension
and the contact angle between the aqueous and oleic phases, and J (s,) the capillary force
function.

The state equations are

Po = P01 + Co(po + 00082 — Po0))s  Pa = Pa0(l + Cu(Pa + La08Z — Pav)),

6= by (1 +C (pa +po+ p;ogz + Pa08Z _ Pao er poO)) 7

in which the symbols have the same meaning as above. Subscript 0 indicates physical quan-
tities at a certain condition, C,, C4, and Cy the compressibility of oil, water, and rock,
respectively.

Initial conditions are given as

Po(x,9,2,0) = poi, $0(x,¥,2,0) =50i, Coup(x,y,2,0) = Cpp;,

and boundary conditions are

P o
PoVon = _;Okov(po +008A2) =0, paVan = _ikav(]’a + pagAz) = 0.
o a
It should be noted that with the polymer mixed, the properties of the aqueous phase, such as
permeability, viscosity, dispersion, adsorption, and constitutive relation, etc., might change.
Therefore, some factors should be particularly considered with some additional equations
supplied.

2.1 Permeability Reduction Factor

Polymer reduces the permeability of the aqueous phase, but does not change the permeability
of the oleic phase. This increases the flow resistance of the polymer solution in porous media,
improving the sweep efficiency and thus enhancing oil recovery. The permeability reduction
factor defined as Ry = ky,/k, denotes the effect of polymer on the permeability of aqueous
phase. It is always less than unit, indicating the permeability reduction of the aqueous phase.
It is proportional to Coa, the adsorption amount of polymer, and can be expressed as (Islam
and Farouq Ali 1989)

Cad
Rk=1+(kaax_1)Aa ,

ad max

in which Ry max 1s the maximum permeability reduction factor and éad max the maximum
adsorption amount per unit mass of rock.

2.2 The Adsorption of Polymer in Porous Media

The adsorption of polymer due to mechanical entrapment, chemical adsorption, and retention
causes a reduction in the permeability of the aqueous phase. This behavior can be described
with the Langmuir adsorption isotherm (Littmann 1991) as follows:

éad _ bcap

~

Cadmax B 1 'i_bCaP7
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in which b is a constant. Therefore, the adsorption term on the left-hand side in the polymer
governing equation can be rewritten as

0 (01 = 99sCap) b 3 ((1 = 9)paCap)
at B (1 + bCap)2 or

2.3 Viscosity Expression of the Polymer Solution

The viscosity of the polymer solution can be expressed as (Wang 1990)

% n—1 C m
K
e (1 i (Vmin) (Csmin) (Aplctlp i Ap2C§p i AP3C2P)) ,

where /1, is the viscosity of water, y the shear rate of the polymer solution, Y, the minimum
shear rate within the range of pseudoplastic fluid, n the shear rate exponent, m the salinity
exponent, Cy the salinity, Cymnin the minimum salinity affecting the viscosity of polymer
solution, and A, A2, and A 3 the constants. If the salinity is not considered, m = 0. The
viscosity equation reads

n—1
14
Ha = [ (1 + ( ) (A,,lca,, +ApaCoy + Apscﬁp))

Ymin
2.4 Shear Rate Expression

The polymer solution is a kind of non-Newtonian fluid. Its viscosity is related to the shear
rate. The shear rate considering the permeability reduction effect is given as (Wang etal.
1992)

(3n +1 ) et Vg
V= )
4n V 0.5¢’kkrwsy /Ri
where v, denotes the percolation velocity of the aqueous phase, and ¢’ is the tortuosity ranging
from 25/12 to 2.5.

2.5 Dispersion Coefficient Expression

The dispersion consists of molecular diffusion and mechanical dispersion due to flows
(Perkins and Johnston 1962). Its expression is described as follows

Dy v, 8d
D= 7o + 0.5v,8d,, ( DO” < 50) ,

where Dg denotes the molecular diffusion coefficient, F' the formation electrical resistiv-
ity factor, d;, the mean particle diameter in porous media, and § the inhomogeneity of the
formation, always larger than unit and about § = 3.5 for the typical random distribution.

3 The Scaling Criteria

We introduce the dimensionless independent variables

XD—i yD—l za—i Ip = arl = i
xR’ YR’ R’ GXRYRR(L — Scuy — Sr0) (pnyRhAS’
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the dimensionless dependent variables

PaKrowh PoKrowh Cap
PaD = > PoD = s CapD = )
q1iw q1w Cauwp

some other dimensionless parameters

i Mo 000 PLo0 C Coqritw C Caqr iy
D= D= —, D= (V> D= (V>
’ Hw ’ PLa0 ’ Kyowh ¢ Krowh
C(ﬁqlﬂvw paOKrowh pOOKrowh Poi Krowh
Cop=——"—, PaOD=—"—""—, PoOD=—"—"", PoiD=—"""T,
Kyouwh qi1lhw qi1 My qi1 iy
pwarowh Teo To Ciap _ Soi — Sro
Pwfp = —————— YeoD = —, ToD = , Cigpp = s Soi =
q1hw XR XR Cauwp As

and normalized saturation and permeability

_ Sa — Scw —_ So — Sro K, Kw
Sq = » So = , Kop = . Kyp= .
As As Kecwo Kiow

In the above expressions, xg, yg, and zg are reference lengths in three directions, respec-
tively. s, and 5., denote the residual oil saturation and the irreducible water saturation,
respectively. K., refers to the effective permeability of the oil phase under the condition
of irreducible water saturation. K., the effective permeability of the water phase under the
condition of residual oil saturation, and the subscript D means a dimensionless parameter.
Substituting all these variables into the governing equations, state equations, supplemen-
tary equations and the initial and boundary conditions, yields the following equations and
expressions.
The dimensionless equation of mass balance of the oleic phase is derived as

il Kop 9pop w9 Kop 9pop
T4 o | PoD +—— 1\ roD _—
dxp HoD 0XD 74 YD Hop 9YD

—1—7147T27t1i (/0 DKUD apOD) + memmﬂzi (pz PoOD KOD)
> azp 77 pop 9zp >9zp P wop
”koD(pwa — PoD)
/"«()DZln reUD/raD
9(PoDPDS0) 9(popPD)
= + T .
dtp dtp

+71 PoD 8(xp — m6)8(yp — 77)

The dimensionless equation of mass balance of aqueous phase is given as

E a (,OaDKwD 8paD) + 1 a (PaDKwD 3PaD)
725 0xp \ Rkpiap 9xp 4725 0yp \ Rkpiap 9yD
+JT47152 0 (PaDKwD 3Pa1)) mi6man? 9 (2 Kuwp )

— P
ms 9zp \ Rkptap 92D “D Repan

m5  0zp
1 1 mkwp(Pwfp — Pab)
+Pap [—m)a(yu) 4 — D PurD T BB ()8 (vp — )
4 25 Rle'lvaD2 In reaD/roD
a(paD¢D§a) 8(/0aD¢D)
= + 10 .

dtp dtp

@ Springer



Sensitivity Analysis of the Dimensionless Parameters 27

The dimensionless transport equation of polymer component reads

_ a ad _ a
% ((SanD1+DxD2)% (CapraD)) +8)’70 ((SaDyDl + DyDZ) Byig (CapraD))

a ( 0 w4 0 (pPapCappKwp dpap
— | (54D D — (C _—
+aZD (( aD:p1 + D;p2) 92p ( apraD)) + s 0xp) ( Ribltan %D

1 d (paDCapDKwD 8paD)

4725 YD Riprap  Oyp
2
T4 0 CuppKyp 0 CuppK
n 475 ()OaD apDBwD OPaD +7TI6P2D apD wD)
5 0zZp Riprap 92D Riptap

1 1 nCuppkwp (PwfD — PaD
+0ap | =8(xp)8(yp) + — — 2" (Puy - )a<xD—n6>6(yD—n7>
4 25 2RlefvaDhlreaD/roD

d (paD¢D§aCapD) + 0 (paD¢DCapD)
_ _\remree Ay o—

dtp dtp
n 726 d(Capppan) 727 3(Capp®DPaD)
2 2 s
(14 m28Capp) dtp (14 m28Capp) tp
where

pap =1+ Cap(pap — paop) + 16CanzD,
pop =1+ Cop(pop — Poop) + T16CoDPoODZD,

D + PoD 0D + PoOD 16 716
¢p =1+ Cyp (Pa > Pob _ Pa > Po ) + —po0nCypZp + TCquZD’

2
0-5ka¢D apaD
Ripitap 0xp
0.5kywp®p Ipap

Dyxp1 = 974 — 73074

Dy p2 = Tp97 1074 — T30TT10T4 ,
Ripiap 0xp
w9 130 0.5kwpPp 9pap
Dypr=—"——-—F———— ,
4wy Rkppap 9yp
iy 730710 0.5kwpédp dpap
DyD2 = - B s
4 i  Ripkap dyp
2 30.5kwp@Pp dpap 30.5kypPapPD
D;p| = mo9m4m§ — MI0M4TE —— — T6M30T4Ty ————
Ripiap 9zp RkpitaD
2 3 0.5kypop Opap 3 0.5kyppandD
D;py = mo9T4T{ T — TIOTATZTN0——— - — T16TI0T4TSTI0——F -
Ripuap 9zp Ripmap

The dimensionless saturation relation is
So+ 5, =1.
The dimensionless capillary force can be expressed as

Pep = (PoD — PwD) = T13+/PpT24.

The dimensionless initial conditions are

PoD = Poip(XD, YD:2D,0), 5o =50i(xp, yp,2D,0), Capp = Capip(xp, YD, 2D, 0),
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and the dimensionless boundary conditions are specified as

opip opip opip
P =0, b =0, L+nl6paD =
0xp oyp 9zZp

The dimensionless viscosity equation of the polymer solution is given as follows

n—1
S ——

Ymin
Here
31
Yy (371’314—1)”31*1 1 kwD
Ymin 473 725 RkpthaD
2 2 2 2
2 (9pap 3 9paD 2 ( 9pap 2 2
3 ( FETS ) + (,,4) ( D ) + (m32ms)” (575 ) + (m32msm16)” o
33 0.5k p@pSa w3310 0.5kwpdp
25 Rkp 5 Rkp
in which
1 1 78CapD
Rip=—+(1—— 71).
725 75 ) 1+ m8Capp

Now, we get a complete set of scaling criteria of polymer flooding including 37 dimensionless
parameters as follows:

Kewo K, Ky YR XR Xp
= , T2 = , T3 = , W4 =—, NN5=—, 6=,
Krow Kewo Krow XR ZR XR
Yp Teo To Scw Sro Soi — Sro
n=— Ag=—", N9=—, TMO0O="—7>, 1=, AR=—"—"71T ",
YR XR XR As As As
o+/¢0/K cos O Kyouh Mo Lol Kyowh
T3 = , 4= —, T5= , 6 = Pa08ZR,
q1iw MHw Pa0 qi1Hlhw
Coqrttw Caqr ity C¢q1,“«w Pa0Krowh
T =77 A8=—F7 N9=——""7—", 0= —" ",
Krowh Krowh Krowh q1 iy
Po0Krowh Pwf Krowh Poi Krowh _
=" n2=—"", nN23=———, TN24= .](Sw),
qi1hw qi1hw q1 iy
PrbCadmax PrbCad max
5 = Rgmax, M= ————, W73 =——, 728 =DbCoup,
PoAs As
DoAsh 8dppoAs qr
w9 =—"—", N30=—, 31 =n, A=-— " ——,
qiF Rj: maxXR hx R Ymin v krow
= c'poA =A = ApC? = ApCl _ Lt
w33 = CpoAs, w34 = Ap1Cauwp, M35 = Ap2Clyypy 36 = Ap3Chyyyy 37 =

Cawp

From the physical point of view, what these dimensionless parameters mean are as follows:

mr1—the ratio of the oil permeability under the condition of the irreducible water saturation
to the water permeability under the condition of the residual oil saturation.

1, m3—the dimensionless permeability of water and oil phase, respectively.

74, 75, T, 77, T8, To—the similarities of geometry, well position and radius, respectively.
110, 711—the ratios of the irreducible water saturation and the residual oil saturation to the
mobile oil saturation, respectively.
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11o—the reduced initial oil saturation.
7T13—Ccan be rewritten as

o/vK/éo
qrivw/(Krowh)

Here /K /o means the average pore radius, and hence o /+/ K /o denotes the capillary force
in the pore of this radius. g7ty /(Krowh) is equivalent to the pressure difference Ap induced
by the injection rate g; in the reservoir. Consequently, 7713 implies the relative importance
between the capillary force and the reservoir pressure difference.

114, w15—the viscosity and density ratios of water to oil, respectively.

mi6—Is equivalent to 2285 indicating the relative importance of the gravity and the
driving force.

17, T8, T19—can be uniformly rewritten in the same form as follows

Ciqriw

CA,l:,,
Koo € p, l=o0,a,9)

Clearly, they respectively denote the relative volume variation ratios of oil, water, and
rock caused by the reservoir pressure.

720, 21, 22, T23—can be uniformly rewritten in the same form of

PiKrowh Pi

ginrow” £

q1 1w Ap

Apparently, they denote the respective ratios of the reference pressure of oil and water,

the bottom pressure of the production well, and the initial pressure to the reservoir pressure
difference.

(i = a0, 00, wf, oi).

mo4—the dimensionless capillary force function.

m25—the maximum permeability reduction factor.

26, 27, Tas—the rock characteristics related to adsorption behavior.
1o9—this can be rewritten as

DoAsh Dy
et el P I
qrF qr/h

in which g/ h indicates the sweep area of polymer solution injected per unit time. So, it
denotes the area ratio between the molecular diffusion and the sweep area.

7T30—Ccan be rewritten as

Sdpdols _ ody

RicmaxXr XR

)

indicating the ratio of the mean particle diameter in porous media to the reservoir dimension.

m31—the shear rate exponent, expressing the deviation of polymer solution from the New-
tonian fluid.
w3p—is equivalent to
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q1/(hxrkrow)
Ymin '
in which the numerator means the shear rate of the polymer solution in formation. Conse-
quently, it indicates the ratio of the shear rate to the minimum shear rate within the pseudo-
plastic polymer solution.

m33—the tortuosity attributed to rock characteristics.

T34, T35, T36—the dimensionless parameters in the viscosity expression of the polymer
solution.

m37—the initial concentration of the polymer solution.

At the same spatial and temporal point (xp, yp, zp, tp) in the model and the prototype,
with all above dimensionless parameters kept identical, the dimensionless dependent vari-
ables 54, 5o, Pap» Pop, and Cypp are equal too.

4 Numerical Approach of Sensitivity Analysis of the Dimensionless Parameters

It is not realistic for us to estimate the role of each dimensionless parameter on experimental
results by both theory and physical simulation due to too many dimensionless parameters for
polymer flooding. Therefore, a numerical approach to quantify this effect is proposed in our
previous work for water flooding reservoir (Bai etal. 2005). The quantitative effect of each
dimensionless parameter is represented by a sensitivity factor defined as follows.

The sensitivity factor S; of the dimensionless parameter 77; of a polymer flooding is defined
as:

S' — a[f(”19ﬂ27 -~-7T[N)/fp]
' A(mi/7ip)

This means the relative variation ratio of the target function with respect to that of dimen-
sionless parameter ;. Here, f (7, m2, ..., wy) denotes a target function concerned in the
experiment. It can be pressure, saturation, oil recovery, etc. In polymer flooding, we mainly
concern the oil recovery, so the target function can be expressed as

(i=12--N).

Tp
[y, m, ..., tN) Z/n(ﬂl,ﬂz,---,ﬂN,lD)dtD,
0
where n(my, 73, ..., TN, tp) represents the oil recovery curve, Tp the dimensionless time

span of polymer flooding when the water ratio in the production well is up to 99%. In our
numerical approach, the sensitivity factor is given by

Si = Af/lwil
in which
Tp
f |7]m(7[1ma772m~~-77Tim7-~~s7TvatD)_np(ﬂlp;T[Zpa'~~a7TNp7tD)|dtD
0
Af = - :
S np(ip. T2p, . TNp, tD)dID
0
and
Ti — T
w; = im ip
TTip
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Table 1 Main physical variables for polymer flooding

Physical variable Value Physical variable Value

Length /(m) 140 Density of rock p; (kg/m3) 2.5E+3

Width w(m) 140 Bottom pressure of the production 10E+6
well py ¢ (Pa)

Thickness h(m) 10 Injection rate ¢ (m3/s) 8E-3

Density of oleic phase under a given con- 800 Maximum permeability reduction fac- 1.5

dition py0 (kg/m3) tor Ry max

Shear rate exponent n 0.68 Well radius reo (m) 0.1

Initial oleic pressure p,; (Pa) 12E+6 Com;l)ressibility of aqueous phase Cy SE-10
(Pa™")

Density of oleic phase under a given con- 1000 Maximum adsorption amount per unit 3E-6

dition py,0 (kg/m3) mass of rock Cpg max (kg/kg)

Compressibility of oleic phase C, ®a— b 8E-10 Parameter in viscosity equationA ;| 1.02

Langmuir adsorption constant b 0.12 Parameter in viscosity equation A ) 0.18

Compressibility of rock Cy (Pa—1) 6E-10 Parameter in viscosity equation A 3 0.63

Porosity under a given condition ¢ 0.25 Mozlecular diffusion coefficient Dg 1.346E-9
(m*/s)

Viscosity of water /4y, (Pa.s) 1E-3 The formation electrical resistivity 5.88
factor F

Viscosity of oil 11, (Pa.s) 5E-3 Mean particle diameter d, (m) 8.57E-4

the subscripts m and p denote the model and prototype, respectively. Apparently, we can
conveniently exhibit the importance degree of each dimensionless parameter by the value of
the sensitivity factor.

For a given polymer flooding reservoir, the physical variables are shown in Table 1. Set
the deviation coefficient w; of each dimensionless parameter to be 1%, respectively, except
for those representing the similarity of well positions, and keep the others identical between
the model and the prototype. The governing equations are discretized using a finite differ-
ence scheme and solved by the conventional implicit pressure—explicit saturation (Bai etal.
2005; Khalid and Antonin 1979) and implicit concentration method (Cui and Luan 1997).
The convection term is discretized using an upwind scheme and the diffusion term with a
second-order central difference scheme. The grid scale and time scale are both dimension-
less scales in the numerical scheme in order to correspond to the dimensionless governing
equations. With an amount of pilot computation, we find that the mesh scales in x, y, and
z directions equal 0.05, 0.05, and 0.2, respectively and time scales equal 2.586381e-4 can
satisfy our required precision. Then, the sensitivity factors can be obtained and are listed in
Table 2.

We can see from Table 2 that the orders of the sensitivity factors generally range from 10>
to 10° for polymer flooding. Apparently, the larger the sensitivity factor, the more important
the corresponding dimensionless parameter. If we choose the dimensionless parameters with
a sensitivity factor larger than 10! as the dominant ones, they look like:

Kcwo K, Ky Soi — Sro Ko Lol
Krow Kewo

) ’ ) ’

Krow ' As MHw Pa0

These imply that the ratio of the oil permeability under the condition of the irreducible water
saturation to the water permeability under the condition of the residual oil saturation, the
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Table 2 The sensitivity factors

b 1 2 3 4 5 9 10

Si 2.226e-1 2.226e-1 2.483e-1 2.098e-2 6.437e-2 1.053e-3 6.272e-3
i 11 12 13 14 15 16 17

S; 2.738e-3 1.342e-0 7.723e-4 2.227e-1 2.622e-1 3.355e-2 2.352e-3
i 18 19 20 21 22 23 24

Si 1.734e-3 1.650e-3 6.436e-4 1.450e-2 2.489e-2 1.587e-2 7.723e-4
b 25 26 27 28 29 30 31

Si 2.125e-2 1.053e-4 5.851e-5 6.506e-3 4.681e-5 4.681e-5 9.163e-2
i 32 33 34 35 36 37

S; 2.223e-2 1.115e-2 4.695e-2 5.933e-3 1.708e-2 1.428e-2

dimensionless permeability of water and oil, the density and viscosity ratios of water and
oil, the reduced initial oil saturation, and the shear rate exponent of polymer solution are the
most important parameters and should be scaled precisely in the polymer flooding modeling.
These results just reflect the nature of the polymer flooding modeling. Among the attributes
related to a porous medium, the permeability exerts more influence on flows than others
do. Among the properties of fluids, the density and viscosity are more important. And the
shear rate exponent is a dominant one because it represents the non-Newtonian behavior of
the polymer solution and just reflects the particular driving mechanism of polymer flooding.
In addition, the dimensionless parameter 75 = xp/zr scaling the vertical dimension exerts
considerable influence on experiment results although its sensitivity factor is slightly less
than that of those dominant ones. This is because the polymer flooding enhances oil recovery
by enlarging the volumetric sweep efficiency, which is influenced by geometry. Other fac-
tors, such as the gravity and the capillary forces, the compressibility, adsorption, diffusion,
and dispersion, may be relaxed if they contradict the dominant ones. The error induced by
relaxing the secondary dimensionless parameters are far less than the dominant ones.

5 The Effect of Physical Variables on the Sensitivity

The above results are applied to the polymer flooding with the physical variables listed in
Table 1. In fact, the dominant dimensionless parameters may vary with the physical variable
range shown in our previous work (Bai etal. 2006). However, it is impossible to analyze the
effect of each variable range on the dominance degree of all the dimensionless parameters
due to the reservoirs are diverse. On the other hand, the amount of variable values within
the variable range is theoretically infinite and therefore it is also impossible to analyze each
value effect within the variable range. We just select some typical values within the practical
field variable range, which can represent the typical conditions. In this section, we focus on
the main physical variables effect. The variation tendency of the dominance degree of the
dimensionless parameters with viscosity, injection rate and permeability is investigated.

5.1 Viscosity Effect

Selecting 2.5mPa.s, SmPa.s, and 50mPa.s as examples of low, moderate, and high oil viscosity
reservoirs and keeping other physical variables unchanged, we obtain the variation tendency
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Fig. 1 The effect of oil viscosity on the dominance degree of the dimensionless parameters

of the dominance degree with oil viscosity shown in Fig. 1. A line of 0.1 demarcating the
sensitivity factor level of the dominant and secondary dimensionless parameters is also drawn
in Fig. 1. That is to say, the dimensionless parameter is regarded as a dominant one if its sen-
sitivity factor is greater than 0.1. Otherwise it is deemed as a secondary one. This rule also ap-
pliesin the following texts. We can see from Fig. 1 that the dominant dimensionless parameters
are my, mp, 3, 12, 14, and w15 for a low oil viscosity reservoir, w1, 72, 73, T12, T14, 715,
and 31 for a moderate oil viscosity reservoir, and 1, 2, 73, 5, 712, T14, 715, 31, and 734
for a high oil viscosity reservoir. In addition, w19 almost approaches the dominant one in the
oil high viscosity reservoir.

Obviously, 75 plays a greater important role with oil viscosity and becomes a dominant one
in the high viscosity reservoir. Polymer flooding can largely improve oil recovery efficiency
than water flooding. With low oil viscosity, we presumably consider that the oil recovery
efficiency is very high. And the formation not swept by the polymer solution is less than that
in the case of high oil viscosity. Therefore, whether the geometry is satisfied or not, has less
effect on oil recovery efficiency. On the contrary, high oil viscosity will lead to relatively
more formation not swept. In this case, the geometry will affect the oil recovery efficient.

110 exerts more and more influence on the flows with oil viscosity. This is simply because
increasing the oil viscosity reduces the oil recovery, which means the oil captured in the
reservoir increases. Thus, the mobile oil volume reduces, indicating the increasing of the
residual oil and irreducible water saturation. Therefore, 719 has an evident effect on the
mobile oil volume and dramatically affects the oil recovery. On the contrary, in a low oil
viscosity reservoir, the high oil recovery means less oil staying in the reservoir and a more
mobile oil volume. The less the residual oil and irreducible water saturation are, the less is
the effect of them on the mobile oil volume and the oil recovery.

With the increasing of oil viscosity, 31 plays a more and more important role and becomes
dominant in moderate and high oil viscosity reservoirs. The reason is that 73 is the shear
rate exponent, which represents the non-Newtonian behavior of polymer solution. It affects
the viscosity of the polymer solution. Generally, the viscosity ratio of the oleic to aqueous
phases always has a large effect on oil recovery. The effect of 731 on oil recovery is reflected
by its effect on the viscosity ratio of the oleic to aqueous phases. With the increasing of oil
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Fig. 2 The effect of the injection rate on the dominance degree of the dimensionless parameters

viscosity, the viscosity ratio of the oleic to aqueous phases increases too. Therefore, the effect
of the viscosity of the polymer solution on the viscosity ratio in the moderate and high oil
viscosity cases is larger than that in low oil viscosity. Hence, 73; becomes dominant in the
moderate and high viscosity reservoirs.

Finally, we find out that 734 turns to be dominant in high oil viscosity. Since 734 denotes
the coefficient of one-order term in the dimensionless viscosity equation of the polymer solu-
tion, its variation can largely affect the viscosity. In a high viscosity reservoir, the variation
of w34 exerts more influence on the viscosity ratio of the oleic to aqueous phases and thus
affects oil recovery than that in the low viscosity case, as explained to m3;.

5.2 Injection Rate Effect

During the different stages of reservoir development, the injection rate is adjusted to fit the
formation characteristics. This variation changes the distribution of pressure in the forma-
tion, and then a new balance of forces will be established to adapt the injection rate. We
select 8E-4 m3/s, 8E-3 m3/s, 8E-2m?3/s as low, moderate, and high injection rates. The var-
iation tendency of the dominance degree with the injection rate is shown in Fig. 2. We can
see that my, mp, 3, 712, w14, 715, and 7wye are the dominant dimensionless parameters for
a low injection rate, 7y, 2, 3, T2, T14, 715, and w3 for a moderate injection rate, and
Ty, T2, T3, 10, 12, T14, 715, and w31 for a high injection rate.

o exerts greater influence on flows with the injection rate, and it turns to a dominant
dimensionless parameter at a high injection rate. The reason is that on the one hand, a high
injection rate increases the shear rate, causing the reduction of the viscosity of polymer solu-
tion. On the other hand, the high injection rate causes early water breakthrough and flooding.
Both lower the oil recovery within a certain development time span. For the low oil recov-
ery reservoir, the variation of the irreducible water saturation can lead to a relatively larger
variation of oil recovery. The reason is similar, as the explanation in Sect. 5.1.

716 plays a more and more important role with the reduction of the injection rate and
becomes dominant in a low injection rate. The reason is that it denotes the relative impor-
tance between the gravity force and the driving force. With the reduction of the injection
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Fig. 3 The effect of the permeability on the dominance degree of the dimensionless parameters

rate, the driving force decreases too. Therefore, the gravity force exerts a more and more
important influence on vertical flows and cannot be neglected.

31 may become dominant at a high injection rate. The reason is that the viscosity of
polymer solution is related with the shear rate. With the increasing of the injection rate the
viscosity decreases and the non-Newtonian behavior is more apparent, which affects the vis-
cosity ratio of the oleic to aqueous phases and thus affects considerably the oil recovery as
discussed above.

5.3 Permeability Effect

We select 0.1d, 1d, and 10d as the examples of low, moderate, and high permeability reser-
voirs to study the effect of the permeability on the dominance degree with the other physical
variables unchanged. The result is shown in Fig. 3. We can see that the dominant dimen-
sionless parameters are 71, 72, 73, 710, 712, T14, 715, 719, 731, and 734 in a low permeabil-
ity reservoir, 7y, 72, 73, T12, T14, T15, and 73 in the moderate permeability case, whereas
Ty, T, T3, T5, T2, T14, T15, and 116 for the case of high permeability.

s may turn to a dominant one in high permeability. The reason is that the sweep coef-
ficient enlarges with permeability. In the case of high permeability, whether the geometric
similarity is satisfied or not, exerts evident influence on the sweep coefficient, thus affecting
the oil recovery.

With the reduction of the permeability, 771¢ turns to be dominant. This can be explained
as follows. With the reduction of the permeability, the resistance force of flow increases
and the oil recovery reduces. Therefore, the variation of w19, namely, the variation of the
mobile oil volume evidently exerts influences on the flow channel, which is small in the low
permeability case. In a low oil recovery reservoir, 1o has a great effect, as mentioned above.

w19 exerts more and more influence on the reservoir flows with the reduction of the per-
meability. The reason is that the pressure in the formation increases with the reduction of
the permeability, which leads to a relatively larger volume variation of rock. Therefore, the
compressibility should be considered in low permeability.

w31 turns from a secondary one in high permeability reservoir to a dominant one in the
low permeability case. The reason is that the shear rate in low permeability is larger than that
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in the high permeability case i.e., the non-Newtonian behavior in low permeability is more
apparent. Therefore, with the same variation of 731, the viscosity variation of the polymer
solution in the low permeability is larger than that in the high permeability. This leads to
considerable variation of the viscosity ratio of oil to phase in the low permeability case, thus
evidently affecting oil recovery as mentioned above.

With the reduction of the permeability, w34 exerts a greater influence and becomes dom-
inant. The reason is that in the case of low permeability, the shear rate increases and thus
considerably affects the viscosity. Therefore, 34 exerts more influence on the viscosity ratio
of the oleic to aqueous phases in low permeability than that in the high permeability case,
thus more apparently affecting the oil recovery.

6 Conclusions

The authors of this article have derived a set of scaling criteria for a polymer flooding reser-
voir, taking into consideration gravity and capillary forces, compressibility of water, oil, and
rock, non-Newtonian behavior of polymer solution, absorption, dispersion, and diffusion. A
numerical approach to quantify the dominance degree of each dimensionless parameter is
proposed. By this approach, the sensitivity factor of each dimensionless parameter is evalu-
ated. The results show that in polymer flooding, the orders of the sensitivity factor generally
range from 107> to 10°.

The dominant dimensionless parameters for a polymer flooding are generally the ratio of
the oil permeability under the condition of the irreducible water saturation to the water per-
meability under the condition of residual oil saturation, density, and viscosity ratios between
water and oil, reduced initial water saturation, and the shear rate exponent. Other factors,
such as the gravitational and the capillary forces, compressibility, adsorption, diffusion, and
dispersion, may be relaxed if they contradict the dominant factors.

The effects of some physical variables, such as oil viscosity, injection rate, and permeabil-
ity, on the dominance degree of the dimensionless parameters, are analyzed. The results show
that the dominant dimensionless parameters differ from case to case with different physical
variables and operation conditions. Please notice that the dominant dimensionless parame-
ters and their variation tendency with some physical variables are based on the definition
with the oil recovery as the target function. As the target function changes, the results may
be different. In this article, we have investigated the effect of three main physical variables
i.e., viscosity, injection rate, and permeability. The other effects on the dominance degree of
dimensionless parameters are our next task. The limitation in the investigation of the effect
of physical variables on the sensitivity is that we just select some typical values within the
practical field variable range. Theoretically, the amount of variable values within the variable
range is infinite.
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