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Summary

Most of the old oil fields in China have reached high water cut stage, in order to meet the
booming energy demanding, oil production rate must be kept in the near future with
corresponding IOR (Improving Oil Recovery) methods.

Z106 oilfield lies in Shengli Oilfields Area at the Yellow River delta. It was put into
development in 1988. Since the oil belongs to heavy ail, the oil-water mobility ratio is so
unfavourable that water cut increases very quickly. Especialy for reservoir Ng2t, the sand
rock is sediment from river channel, the permeability heterogeneity and heavy oil properties
together lead to extremely poor water flooding efficiency. In order to improve the oil
recovery, IOR methods are needed urgently. Considering all practical situations for this
reservoir and present technique level, polymer flooding method has been selected as an IOR
test with numerical smulation.

For polymer flooding, since polymer resdution has the capability of enlarging water
viscosity, it controls the mobility of water phase and at the same time improves the driving
efficiency. During polymer flooding simulation, many factors must be taken into account for
the construction of mathermatical model, such as inaccessible pore volume, polymer shear

thinning effect, polymer adsorption, relative permeability reduction factors, etc. All
simulations were done with black oil model with polymer option in ECLIPSE.

Simulation results for a theoretical river channel reservoir with serious permeability
heterogeneity and heavy oil, and simulation results for practical reservoir Ng2*, both have

shown that polymer flooding is a feasible method for IOR. For reservoir Ng2l » with polymer

slug size of 0.235 PV, polymer concentration at 1.5 kg/nt, the final oil recovery after
polymer flooding could reach 12.8%, the enhanced oil recovery is about 5%. If only the
developable ail reserve being taken into account, the fina oil recovery is about 34%, and
enhanced oil recovery from polymer flooding is more than 12%. For such heavy oil river
channel reservoir to reach such afina oil recovery, it could be concluded as a great success.

Since there are still many such oil reservoirs in Shengli Qilfields Area, poly mer flooding will
be of great importance for improving oil recovery in this areain the near future.



Zusammenfassung

Die Durchfuhrbarkeit der Polymerflutung fir Schwerdllagerstétten wurde durch Simulation
einer hypothetischen fluviatilen Lagerstétte und der realen Lagerstétte Z106Ng2* getestet. Die
Simulationsresultate zeigen, dass diese IOR Methode zur Erhodhung der Olgewinnung
anwendbar ist. Fir die Lagerstatte NgZ* kann bei einem Verbrauch an Polymerlésung von
0,235 PV und einer Polymerkonzentration von 1,5 kg/m3 ein maximaer Grad an Olausbeute
von 12,8% erreicht werden, was einem Zuwachs von 5 Prozent entspricht. Wird
ausschliellich der vorhandene Olvorrat zugrunde gelegt, betragt der maximale Ausbeutegrad
34%, d.h. es tritt eine Verbesserung von ca. 12% ein. Fir eine Schwerdllagerstétte mit so
heterogenen Speichergestein kann diese Ausbeute als grofer Erfolg gewertet werden. Die im
Rahmen der Untersuchungen erbrachten Erkenntnisse kénnen in Zukunft auf die Vielzahl
analoger Lagerstitten im Shengli-Olfeld angewendet werden und so zu einer Erhoéhung des
Ausbeutegrades infolge des Einsatzes von Polymerfluten beitragen.
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1. Introduction

1.1 Oil Production Situation in China and Shengli Oilfields

Currently, Chinais the world's third largest oil consumer, next to the United States and Japan.
During the past two decades, China has changed from an oil-exporting country to a net oil-
importing country [1]. Fig. 1 (The data are from statistics of Chinese government.) To backup
the economic growth, Chinais expected to surpass Japan in the oil consumption as the second

largest world oil
consumer within the
next decade, and to
reeach a petroleum
production consumption
levedl of 88 million
bbl/day by 2020 [2].
Surely more and more
oil isto be imported, but
in order to avoid energy
crisis, Chinds own
production rate must be
maintained on an
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appropriate level; which brings a great challenge to China s Petroleum industry.
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The increese in Chinas ail
production since 1990's mainly
come from offshore oil field. In
the near future, great production
rate promotion seems impossible,
and it is not likely to find great
reserves either. As most of the
oilfields onshore have reached
their high water cut stage, methods
of improving oil recovery must be
found to meet the increasing
demands of oil consumption.

Note: In Fig. 1 the data about the amount of
oil importation and exportation in some years
are not found.



Shengli Oilfields area is the second largest oil producing base in China, liesin the Yellow
River Delta (Fig. 2), covering some 44 thousand sg. KM. Its oil deposits are dispersed over 8
cities or prefectures of Dongying, Binzhou, Dezhou, Jinan, Weifang, Zibo, Liaocheng, and
Y antai, including 28 counties.

Till the end of 2000, 69 oil and gas fields of different kinds have been found, including 6
oilfields in beach area, one oilfield offshore. Totally 4.045 billion tons of oil geological
reserve and 35.659 billion cubic meter of natural gas geologica reserve were proved. 0.366
billion tons of oil geologicd reserve in the offshore area was proved.

65 oil and gas fields were developed, with 3.333 hillion tons of geological reserve available.
The production rate has been decreasing since 1991 and now with oil production capability of
26.25 million tons (Fig. 3) . It has produced totally 0.719 billion tons of crude oil. At present,
the average comprehensive

40
water cut in the whole area

is 89.9%, decline rate is
13.92%, comprehensive
decline rate is 6.3%, and the
production velocity of the
available reserve is 10.02%

[3].
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Shengli Qilfields plays an
enormous role in keeping 0
stable oil production in

China. In the past decade Year

many  detailed reservoir Fig.3  Oil Production History of Shengli Oil
description projects, aiming Field

1978 1984 1987 1991 1994 1995 1996 1997 1998 1999 2000 2001

at infill-drilling, producing pattern and layers adjustment, have been done in most of the ail
fields. The average recovery of total Shengli Qilfields till now is only about 21.57%. In order
to improve oil recovery and maintain the production rate, different IOR methods should be
applied to different reservoirs in the coming decade.

1.2 Researching Area - 2106 Oilfield

Z106 ail field lies in the northern part of Shengli Qilfields area. It was found through well
Z106 in 1986, and has been developed from 1988 (Fig.17). The Reservoir’s depth is between

1300-1450 meters under sea level. The viscosity of its oil under reservoir condition with
resolved gas is 95.9 cp, under surface condition it is between 305- 673 cp; its density is

2



0.9441 g/ent® (18.38 °API). According D the definition by Okandan [4] the oil of Z106
oilfield belongs to heavy ail.

During the reservoir’s development the water cut increased very quickly. At the end of 2000
water cut reached 93.4%, but the oil recovery was only about 20.5%.

Due to the extremely high oil-water viscosity ratio and permeability heterogeneity of river-
channel sandstone etc., the oil production velocity is very low, the predicted final recovery
will be aso very low. Method of improving the water flooding efficiency and getting a higher
oil recovery is needed urgently.

1.3 Possible |IOR Method for 2106 Qilfield — Polymer Flooding

Improving Oil Recovery (IOR) is an researching area aiming to obtain more oil from existing
oil reservoirs. Because reservoir rock is a multi-porous media, when more than two phases
exist in the pore volume, there must be

ill it is b f th
capillary pressure; It s because of e . 1 | oR Methods

capillary pressure , immiscibility of water

i o . 1. Microemulsion or micellar emulsion flooding
and oil and their different mobility, we

Chemical | 2. Polymer-Augmented water flooding
can not obtain al the ail in place, but we 3. Alkaline flooding

want to get more oil by using IOR 1. Steamdrive Injection
Thermal | 2. In-Situ combustion
3. Cyclic steam injection

methods to change these factors
respectively.

1. Miscible fluid displacement

Miscible | 2. CO, augmented water flooding
Based on the elementary mechanisms of

3. Immiscible CO, displacement
oil recovery, IOR methods can be

classified into three categories: Chemical, Thermal and Miscible methods [5] (Table 1).

Different IOR methods are suitable for different oil reservoirs, and for different IOR methods
some preconditions must be satisfied.

Miscible methods are only suitable for light oil reservoir [6]. The oil viscosity should be
lower than 10 cp and density more than 20 °API. The average value for current worldwide
field projects is more than 35°API.

For heavy oil reservoir only thermal EOR methods and Polymer flooding (one chemical 10R
method) are feasible [7].




With steam injection methods the reservoir depth is limited under 4500 ft (1370 meter) owing
to the limitation of technique at present. The commercial risk becomes much more higher
when reservoir depth increases. InSitu combustion method is specialy applied to reservoir
with moderately heavy oil containing asphalt and naphtha compounds.

Considering the preconditions of IOR methods, polymer flooding seems the most favourable
method for Z106 ailfield. Seen in Table 2 [6].

Table 2 Criteriafor Polymer flooding [6]

EOR Qil Properties Reservoir Characteristics
Method Oil Net Average
°APl | Viscosity | Composition | Saturation | Formation | Thickness | Permeability | Depth | T emperature
(cp) (V) Type (ft) (mD) (fty [CP
Polymer [>15 Sandstone
flooding | till to | <150, N.C. >70 preferred | N.C. >1000 <9000 | <200
40 |>10
N.C.: not critical.

Polymer flooding - a technique using polymer solutions to increase oil recovery was first
introduced in secandary or tertiary oil-recovery operationsin the early 1960°s [8]. Since then,
this chemical IOR method has attained wide-spread commercial application and enormous
publications could be found for different reservoir cases.

In polymer flooding, a water - soluble polymer is added into the flood water. This increases the
viscosity of water. There are three potential ways in which a polymer flooding makes the oil
recovery process more efficient: (1) through the effects of polymers on fractional flow, (2) by
decreasing the water/oil mobility ratio, and (3) by diverting injected water from zones that
have been swept [9].

The most important preconditions for polymer flooding are reservoir temperature and the
chemical properties of reservoir water. At high temperature or with high salinity in reservoir
water, polymer can not be kept stabile and polymer concentration will lose most of its
viscosity. In Z106 oil field these preconditions can all be satisfied, since the reservoir
temperature is only about 65°C and the total salinity is between 2434 — 4566 mg/I.

But the sandstone in Z106 oil field is mainly of river channel facies, permeability
heterogeneity is very serious; because of the narrow-banded distribution of sandstone, wells
can not be drilled in regular pettern; some reservoirs even have bottom water. At present,
water cut has aready reached 93.4%. When al these stuations being taken into
consideration, whether polymer flooding is still really practical, it should be further



investigated before putting it into practice. Unfortunately, in the existing literature there is
still no systematic discussion about polymer flooding in such heavy oil reservoir.

Since 1980's reservoir simulation has become more and more important in reservoir

development or in an IOR project, because it provides quantitative prediction about feasibility

and effect of the IOR method.

This dissertation is amed a sudying the
feasibility of polymer flooding in 2106 Qilfield,
taking reservoir Z106NgZ' as an example, and by
means d simulation with ssmulator: ECLIPSE.

Such reservoir as Z106Ng2 is widespread in
Shengli Qilfields area. Fig. 4 is the oil reserve
distribution in depth in Shengli Qilfields area
[10]. The strata at this depth belong to Miocene of
Neogene. In the north-China basin the strata are
mainly of river facies. From this view, this
research is of great value for improving oil
recovery not only in 2106 oil field but aso in the
whole Shengli Qilfields area, as a result, aso of
enormous significance to keep oil production
stable for the coming decades.
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2 Theoretical Basisfor Reservoir Simulation with Polymer Flooding

Simulation is the only way to quantitatively describe the flow process of multi-phases in a
heterogeneous reservoir; owing to the development of computer and computing techniques
reservoir smulation has gained great progress in the past decades, from the simplest single-
phase moddl to multi-phase multi-component models, and got wide usage throughout the
world. Many commercial software companies have provided their smulators, and thus have
gained great commercia profits. Some research ingtitutes or universities also have their own
simulators aiming at theoretical research or education.

Though softwares have been upgraded version by version so quickly, the theoretical basis of
most of those softwares still is multi-phase multi-component flow model or its simplified
models. This chapter introduces the basic dynamics of fluids and mathematical model of fluid
and polymer transport process in porous media.

2.1 Reservoir Rock - Porous Medium

Reservoir rock is characterized by presence of solid matrix and a void space. The void space
is usually occupied by fluids- water and oil (and/or gas). As a porous medium it has two
important properties: porosity f and per meability K.

The porosity of arock is a measurement of the storage capacity (pore volume) that is capable
of holding fluids. Quantitatively, the porosity is the ratio of the pore volume (V,) to the total

volume (bulk volume V, ). This important rock property is determined mathematically by the
following generalized relationship:

TV, (21

As for geologists there are different concepts of porosity: absolute porosity and effective
porosity. Here we mean the effective porosity, and assume that all pores are interconnected
and effective for fluid flow.

Permeability, K, is a property of the porous medium thet measures the capacity and ability of
reservoir rock to transmit fluids. Henry Darcy first defined this characterization
mathematically in 1856. The equation that defines permeability in terms of measurable
quantitiesiscalled Darcy’sLaw.



V=- Kdp (2-2
m dL

Where V = apparent fluid flowing velocity, cm/sec
K = permesbility, Darcys
IT = viscosity of flowing fluid, cp
dp/dL= pressure gradient, atm/cm

Natural reservoir rock is usually not isotropic but anisotropic. Permeability is a directional
tensor with 3 principle directions in 3D space [11].

axK K. K_d
o XX Xy xz =

K=cK, K, K+ 2-3
K. K. K.

This is a symmetrical tensor, with coordinate system rotation we get a diagonal matrix as
follows:

aK 0 00

0 K, 0= (2-4)

0 0 K,g

For sandstone, between the horizontal permeability Ky and Kyy, there is not so great
difference as that from vertical permeability K », in this study they are assumed equal.

Ko =Ky >K, (29

Owing to the different original sedimentary environments and later diagenesis in geological
history, reservoir rock is not only anisotropic but aso heterogeneous in micro-scaling and
macrascaling. The properties mentioned above are al discussed on Representative
Elementary Volume (REV) [11]. The variation of these properties is assumed to be
continuous in space and not variable in time dimension.



2.2 Mathematical Model for Reservoir Simulation and Its Simplification

Mathematica model can be complicated as multi-phase multi-component model for some
condensate reservoir simulation, or simplified as black-oil model for some normal ail
reservoir simulation. For some oil reservoir it can evenbe simplified as a two-phase (oil and
water) flow model, and gas resolution can be neglected. Which kind of model is needed is
determined by the precision demand of the research. For al these models the principles are
the same: conservation of mass, of energy and (/or) of momentum. In this dissertation only
the principle of conservation of mass is considered, because the temperature variation in the
aimed reservoir can be neglected. We consider it an isothermal process.

221 Multi-phaseMulti-component M odel [12-13]

In a 3 phases (oil, gas and water) N components model, the mass conservation principle does
not fit for any phase, because there is always mass transformation between any two phases
during the flow process. The conservation equation can be only constructed by component.

Based on mass conservation principle and Darcy’s Law, N continuity equations are
constructed for N components:

m,

~ ., 0 Kk, ~ o o

N)(a (Zi,jrji(ij - rjgNH)))' a Zi,quj =a%(f erjZi,j) (2'6)
] J J
i=12,...,N;j=0,9,w

Z, . = mass fraction of i component in j phase, unitless

i
r, = density of j phase, kg/m’
k = permeability, MDarcy

k,; = relative permeability of j phase, unitless
p; = pressure of j phase, bar
g = acceleration of gravity, constant, m/$
H =depth, m
Qy,; = mass flow rate per unit of volume of rock through well, kg/m3day

s; = saturation of j phase, fraction, unitless



Equilibrium equations between phases:

Z,y ZyoZ

N,0?' =19

Zyg i Zng)  (27)

g! o!? 101

Zi
Kigo =—=2=K, (P, P, T,Z
Z )

Z
K, :Z_’g = Ki,gw(Pg ' PW!T1ZLW’ZZ,W”"ZN,W’Zl,g’ZZg ’ZNvg) (2-&

State equations of three phases:

ry=r;(P,2y;,2Zy;,,2Zn;) j=o,g,w. (29
Viscosities of three phases:

m =m(P,Z,;.Z,;, . Zy;) j=ogw. (210)

Other equations for component model:

S,+S,+S,=1 (1)
PRow=F- R, (212
Po=F-F (213
k., =f(S,) (2-14)
k., =f(S,) (215
kg = F(So,S,) (216)
gzi,j =1 j=o0,0,w (217)

i=1

Theoretically, this 3N+15 equations group together with a set of initial and boundary
conditions is already afully closed system and could be solved.



2.2.2 Black-oil Model [12-14]

Since the component model has so many variables that it is very complicated to solve it
especialy with large grid density. In practice, black oil model is more widely used for most
of the reservoirs, because it provides simulation results with enough precision.

Black-oil model was got from simplification of component model with the following
assumptions:

(1) only three components: oil, gas and water,

(2) three phases: ail, gas and water,

(3) gas component could be resolved in oil phase,

(4) the equilibrium between oil and gas phases could be got simultaneoudly,

(5) no condensate ail in gas phase,

(6) inwater phase there is only water component.

The equations group could be simplified as follows:

For oil component: K ><(&(NF’0 -r,oNH))- g, = 1(f SO) (2183)
rrLBO ’ T[t BO
For gas component: N x( t (NP, - r ;,gNH))+K >(M(NP - 1,0NH))
mB, = ° 7 me, ~ " 7
~ T.,S RS
i S A 2-185
(Qy,g) 1ot ‘ﬂt( (Bg B, ) (2-180)
For water component: N ><(ﬂ(NPW -1, oNH))- q,,, =1(fﬁ) (2-18c)

rosc+rgscRs . : 3
Where: 1 = B— oil density, kg/m

(o]

r
r,= ém , water density, kg/n?

W

r.= r;—“ , gas density, kg/n?

[*]
¢]

g, = f’“" , ail flow rate per unit volume of rock through well, m¥day m®
T r
0,sC g,sc" s
@ g)ior = Omg_, d, R, gas flow rate per unit volume of rock through well, m¥day m?®
g,sc

10



g, =—m

w,sC

r

o0,sc? gsc’ w,sC

, water flow rate per unit volume of rock through well, nt/day m*

r are dengities of oil, gas and water under standard conditions.

For reservoir 2106N921, gas resolution in ail is only 16.35 m¥m?, and bubble point pressure
is 6.87 MPa, average reservoir pressure is 13.27 MPa. Since water had been injected before
the reservoir was put into production, it is believed that there is no free gas in reservoir
condition during oil production. To simplify the problem, the gas component can aso be

neglected in the mathematical model.
Equations simplified as follows:

=T 15,

N “’NP- KiH
>‘( ( r,gNH)) - "1t s,

0

Kk fS,
N NP, - r,gNH =L
oy (VR 1LONH) - @, =G

B, it B,
Where:
r 0,SC ~ amo
r = —, o =
° BO q r 0,SCc

Other two additional equations:

SO+SW:1 PW:PO-PC,ON

(2-199)

(2-19%)

The derivatives of Pon, and r or Bin space are much less than derivatives of pressure and
saturation. In the equations they can be neglected, too. And the equations mentioned above

can be derived as follows:

N s
m,

L

U g ) - gy - g, =fs,C,,
m, m,

kkrW)NPO _ gN >((r okkro + erkTW)NH)_ N
m, m, m,

+fﬁ

TR

(2-209)

o (2-20b)

1



f 0
Where: C; = f—Cr +S,C,+S,C,,
.I: 0
wa = f_Cr +Cw

C., Co, Cy, are compressihilities of rock, oil and water.

In the left part of water equation in (2-20b), fSNCfW% <<f ﬂ;W

negected, too. As a result, the first equation of (220) is for pressure, and the second for
saturation. With corresponding boundary conditions, original condition and a few functions to
define parameters in the equations, the equations group is solvable.

, in practice, it is usualy

For most of the water-flooded oil field with medium or heavy ail, this mathematical model
can meet the precision demands of reservoir simulation. But with polymer flooding,
considering the changes of fluids properties, the mathematical model should be recified and
another equation is needed for description of the flow process of polymer concentration. This
will be introduced in the coming corresponding sections.



23 Transport of Hydrol ysed Polymer in PorousMedia

The main objective of polymer injection during water flooding of oil reservoir is to decrease
the mobility of the injected water by increasing its viscosity and decreasing rock permeability
to water with adding polymer — a water soluble high molecule organic compound — into
injected water. Different polymer has different properties. Polymer’s transportation in porous
media is also affected by many other factors.

231 Polymer Typesand Their Properties[15]

Polymers can be categorized into two types. polyacrylamides and polysaccharides
(biopolymer) asseen in Fig. 5.

Polyacrylamides (HPAM)

These polymers monomeric unit is the acrylamide molecule (Fig.5 (a). When used in
polymer flooding, polyacrylamides have undergone partial hydrolysis, which causes anionic
(negatively charged) carboxyl groups (-COQ) to be scattered along the backbone chain. For
this reason these polymers are caled partialy hydrolysed polyacrylamides (HPAM). Typica
degrees of hydrolysis are 30-35% of the acrylamides monomers; hence the HPAM molecule
is negatively charged, which accounts for many of its physical properties. This degree of
hydrolysis has been selected to optimise certain properties such as water solubility, viscosity,
and retention. If hydrolysis is too small, the polymer will not be water-soluble. If it is too
large, the polymer will be too sensitive to salinity and hardness [16].

The viscosity-increasing feature of HAPM lies in its large molecular weight. This feature is
accentuated by the anionic repulsion between polymer molecules and between segments in
the same molecule. The repulsion causes the molecule in solution to elongate and snag on
those similarly elongated, an effect that accentuates the mobility reduction at higher
concentrations.

If the brine salinity or hardness is high, this repulsion is greatly decreased through ionic
shielding since the freely rotating carbon-carbon bonds allow the molecule to coil up.

The shielding causes a corresponding decrease in the effectiveness of the polymer since
snagging is greatly reduced. Almost all HPAM properties show a large sensitivity to salinity
and hardness, which is an obstacle to use HPAM in many reservoirs, on the other hand,
HPAM is inexpensive and relatively resistant to bacterial attack, and it exhibits permanent
permeability reduction.
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Polysaccharides

This kind of polymer is formed from the polymerisation of saccharide molecules (Fig.5 (b)), a
bacterial fermentation process. This process leaves substantial debris in the polymer product
that must be removed before the polymer is injected. The polymer is aso susceptible to
bacteriad attack after it has been introduced into the reservoir. The disadvantages are also
offset by the insensitivity of polysaccharide properties to brine salinity and hardness.

The polysaccharide mdecule is relatively non-ionic and, therefore, free of the ionic shielding
effects of HPAM. Polysaccharides are more branched than HPAM, and the oxygen-ringed
carbon bond does not rotate fully; hence the molecule increases brine viscosity by snagging
and adding a more rigid structure to the solution. Polysaccharides do not exhibit permeability
reduction. Molecule weights of polysaccharides are generally around 2 million.

HPAM is much cheaper than Polysaccharides so it was used in most of the polymer flooding
projects. In this research HPAM is aso adopted since the water brine salinity in oil Z106 is
only 2434- 4566 mg/l.

14



2.3.2 Viscosity of Polymer Solution and Its Shear Thinning

Flory [17] provided the following function to describe the relation of polymer solution
viscosity via polymer concentration.

nm=m@+aC,+a,C*>+a,C +-) (2-21)

Where: ni isviscosity of polymer solution,

a,a,,a,,--- are constants,

Cp ispolymer concentration. 0
4
601 u= 0,46+3,4227C+2,5C2+5,96C3—2,84C4+0,437SC5
With polymer concentration _so{ R2=1
o
increasing,  viscosty of polymer < Temperature: 65 °C
i . . . . = Salinity: 4822 mg/|
n
solution increases quickly. Fig. 6 is the g 2]
data of one HPAM-Polymer under =
. . . . 20 1
reservoir condition and their regression
. . .. . 10 A
line. The correlation coefficient is even
O T T T T
egud to 1 0 05 1 15 2 25

Polymer concentration (kg/m3)
All polymers have shear thinning; their

viscosity decreases with shear rate ¢

increasing (Fig.7 from [15]). The shear thinning behaviour of the polymer solution is caused
by the uncoiling and unsnagging of the polymer chains when they are elongated in the shear
flow [15]. It can be described by a power-law modd:

Fig.6 Polymer viscosity via concentration

m=m@"" @2 i T
I "-\-\_‘_\_‘_-“
R 0
Where: m  polymer solution 'H\“‘k
viscosity under shear rate g, T ——————t —E.HH:‘\‘:\
1 e e prm—f— — -H""‘--.,
Ny 0<ng <l B e W

For different polymer, it is = w. e i,
. . 0 J e H‘-\""--\..""“u-
different. It is also a parameter | - “““*mh__‘::
to evauae the quaity of PERERTTT s T ey
polymer. . e P

Fig. 7 Shear thinning effect on viscosity ( from [15] )
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For any polymer product it has a critical shear rate, at this rate polymer chain can be broken
and lose its properties forever. Below the critical shear rate, the behaviour is partly reversible.
With reasonable injection rate the shear rate near wellbore should be controlled under the
critical shear rate, so as to avoid polymer molecul€' s breaking down.

In this research this property has been taken into account in ssmulation process. Because shear
rate can be controlled by injection rate, it is assumed that the shear thinning is reversible.

2.3.3 Inaccessible Pore Volumein Polymer Flooding

Rapier Dawson and Ronald B. Lantz [18]
found that during the solution of typical | POLYMER EETENTON ot £6CK ——
polymers flowing through the porous media, o Puis

it could not occupy all of the effective pore § e s Rk :: -T\ |
volume in this porous media. The remainder E a4 Fw ,-*f f i’ax i
of the pore volume is inaccessible to Z oa- ,f t ,.-"’ "“'.\' |
polymer solution. This inaccessible pore £ o2 ; /t g
volume is occupied by water that contains E it 'l:..\

no polymer. This allows changes in polymer © D,*:"'_ '_"“H;'/[‘I eI

concentration to be propagated through 08 oL AR OE M B O3
FLUID INJECTION, PV

porous media more rapidly than similar

changes in salt concentration. Seen in Fig.8

(from [18]).

FlB POLYMER BREAKOUT CURVES

As aresult, in porous media the saturation of polymer solution is not equal to the saturation of
aqueous phase.

Sjv =S, - Sy -3

Where: S, saturation of the whole aqueous phase

Spy percentage of inaccessible pore volume in whole effective pore space

S, Sauration of polymer solution

Spv depends on polymer molecular weight, rock permeability, porosity, and pore size
distribution [15]. In Eclipse it is assumed that it does not exceed the corresponding connate
water saturation [19].

16



But the effect of inaccessible pore volume could be covered by the effect of polymer
adsorption. Polymer adsorption leads to polymer bank to be postponed. It will be discussed in
next section.

234 Polymer Retention in Porous Media and Its Effects

When polymer solution flows through porous media, polymer molecule can be adsorbed onto
solid surface or trapped within small pores. Polymer retentions vary with polymer type,
molecular weight, polymer concentration,

rock composition, permeability, brine

sdinity, brine hardness, flow rate, and . [ 2 2w //I ]

temperature. i > 4
Szabo [20-21] has done a set of experiments = f;'?-————— s—
to sudy the adsorption of hydrolysed * ‘[af e smmetoe oot
polyacrylamides in porous media His Pp < —

experiment results clearly show that higher - I -

QUL IAMEGa PO VAL E O Oned Eri HATIOM ppes

polymer concentration leads to hi gher Fig.9 Relation between adsorption and concentration
adsorption. (Fig.9 from Szabo) Dominguez
and Willhite have also this conclusion. [22]

Hirasaki and Pope [23] assume that polymer molecules are adsorbed onto solid surface in
monolayer, and then conclude that the adsorption amount is in direct proportion to surface
area of pore space of the rock. This can better

explain the reason of an up-convex adsorption i POLTMIR CONCENTEADON

Mg
* BO0p

isotherm.
Zaitoun and Kohler [24] conclude that an
increase in clay both decrease permeability and

RETENTION It /ha B4

increase the polymer adsorption. This result is
parallel to the results from Saul Vela, Peaceman
and Sandvik [25]. They have found that ! o oo Laoe
adsorption amount of polymer per gram rock TN ST Sy Wity e
decreases as permeability increases (Fig.10 from

[29]). It is dso pardld with the result of Hirasaki and Pope, since the clay in rock aso
increases the surface area of pore space.

ARIATION OF POLYMER RETESTION wITH
FPERMEAHRILITY

For a given rock, the adsorption function can be described by a Langmuir -type isotherm
[15]:

17



_ aC,

C,=——— or
1+b,C,

b,C,
C,=C, et X—— (2-24)
" 1+b,C,

Where: C, polymer adsorption, kg/kg

p

C polymer concentration in solution, kg/m®

C maximum amount of polymer adsorption, kg/kg

a, max

a,,b, congants, unitless.

Polymer adsorption can be harmful for polymer flooding; due to adsorption, the polymer
solution gradually loses its viscosity during propagation. But it has also advantages, lots of
literature have talked about the effects of adsorbed polymer [26-35]:

(1) Since of polymer’'s resolvability in water, adsorbed polymer layer increases water

wettability and correspondingly
increases the irreducible water
saturation. As a result, it induces
the decrease of water relative
permeability. For oil-wet rock,
this polymer layer may change
the rock to water-wet and induce
a dramatic drop of residua of
saturation.

(2) Although polymer has
little effect on inter facia tension
between phases, because the

Capeilbary Presseee (fui]
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Fig. 11 Variation of capillary pressure ( from A% asd Barrebe | 355

adsorbed polymer layer changes the irreducible water saturation and decreases the radius of

pore throats of the rock, it leads to increase of capillary pressure [24]. From Fig. 11, it can be
concluded that the increase in capillary pressure mainly comes from the increasing of
irreducible wetting phase saturation, when at high water saturation, capillary pressures before
and after polymer adsorption have amost no difference.

For oil-wet reservoir rock capillary pressure has great change, even ranging from negative to

positive [31].

(3) al experiment results from literature have shown that adsorbed polymer induces a
marked reduction in wetting phase relative permeability, degree of these reductions depends

18



on the amount of adsorption of polymer; it also depends on the rock permesbility. Saul Vela
et d.[25] have found that the higher the permeability is, the less effect it has.

For no-wetting phase (oil) the effect of polymer adsorption is not so marked as that for the
wetting phase (water). Till now there is still no agreement on this phenomenon. The earlier
literature [26] has concluded that polymer adsorption has no effect on oil relative
permeability.

Later A. Zaitoun and N. Kohler [28] have concluded: the oil relative permeability is shown to
be little affected by adsorbed polymer; this phenomenon is interpreted as the result of the
competition between the reduction of flow cross section and the enhancement of the water-
wettability of the rock, since these two effects reciprocally offset their influence.

Recently, Ali and Barrufet [35] have published their experiment results, which show that the
effect of adsorbed polymer on no-wetting phase’s (dl’s) relative permeability is different in
different rocks. A decrease has been observed in Elgin sandstone (Elgin SS), whereas an
increase has been observed in Okesa sandstone (Okesa SS) at the same polymer
concentration. SeeninFig.12 and Fig.13.

Reistive Permeahilicy
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11 == s mm K - Afier Pob mer Trcaimcsi
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Waler Sanuration
Fig. 12 Helative Permeablity of Elgin sandstone { from 1351
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Fig. 13 Relative Permeability of Okesa sandstone | from [38])

They suspect that these differences might be due to the distribution of clays in the pores and
to their interaction with the adsorbed polymer. This phenomenon needs to be paid more
attention to in the future.

For reservoir simulation of polymer flooding, the effects of polymer adsorption can be taken

into account with a permeability reduction or increasing factor for different phases.
They can be defined by:
Kk

_Ki _
Rej <

K.
— (2-25)
Ki;

Where: R, ; the permeability reduction or increasing factor for j phase,

k. relative permeability for j phase without polymer adsorption

rj
k. relative permesbility for j phase with polymer adsorption

r

] oil or agueous phase

For a given core, this factor is a function of amount of adsorbed polymer. How to describe
this function mathematically, is still atask for researcher in this area, since till now there is no
systematic laboratory data, athough someone has provided some function type to try to better
describeit. For example, C.G. Zheng et a. [33] gave a function based on his experiment data
asseeninFig. 14.



Rei = R - —_n (2-26)

Where:R,,, ; the maximum reduction 1.

factor for j phase,
C, theamount of adsorbed
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Fig.14 relative permeabliity reduction as a function of
polymer adsorption in Core (from Dkeag [33] §

Though this function has such shape as in

Fig.14 it is not correct, sncewhen C,=C,, R ; isnot %F{WY] as he has defined.

At present most of the smulators still use a lineal function to deal with this problem, the
equation is as follow [36]:

Ca
C

a, max

R =10+(R, - 10) (2-27)

In this dissertation it is accepted as the function of permeability reduction factors.

The variation of capillary pressure has not been taken into account, because: (1) it clranges
only when the wetting phase’s saturation is close to the irreducible water saturation; (2) this
reservoir has already been flooded with water, thus the water saturation is much higher than
the irreducible water saturation.
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235 Mathematical Modd of Polymer Transport in PorousMedia

Polymer can be taken as one component of multi-component model, and be assumed not to be
resolved in oil phase. Based on mass baance principle the transport equation can be
constructed asfollows [11,15,37]:

)l

ﬁ(f s,C, +r,(1-f)c,) = dDgradc, - C v, )- q,C, 2-29)

Where:  C, polymer concentration in solution, kg/m3

r. rock density, kg/nt

D  dispersion coefficient, nf/day

V, Darcy velocity of agueous phase, m/Day

q, Wwater flow rate per unit volume of rock through well, ni*/day m?
C, polymer concentration of produced water or injected water, kg/m3

Other symbols are defined as before.

Due to the polymer adsorption, the variation of permeability and relative permeability could

be comprehensively justified with factor R, asaresult, V, can defined as follows:

G ook,

(NP-r gNH) (2-29)

w
Jeff

R, asdefinedinlast section.

m, « €ffective viscosity of polymer solution.

For polymer flooding the dispersion can be neglected, as it has little effect on the oil recovery
[36,38]. (228) can be simplified as:

%(fsgvcp 1, (1-1)C,)=-dv(C, W,)- q,C, (2-30)

As polymer also has effect on water and ail, the equations for water and oil should be aso
adjusted. Their relative permeabilities are adjusted respectively with R,y and Ry, And the

viscosity of water phase is taken as ), .
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TR,

N kKo kkrw N N r okkro r wkkrw N ~ —

N )<( + )NPO - gN >(( + )NH) - qo+w =fC (2_31)
n])Rko rr!N,eff RkW rnoRko I’T"N,eff RkW f ﬂt

RSP, - g ) - g, =1 TS @-2)

rT]N,eff Rkw mN,eff Rkw ﬂt

Where: R, relative permeability reduction or increasing factor for oil phase,

m,« €ffective water viscosity.

Since R is much smaller than R, and about it there is now till no common ideg, in this
research it is set equal to 1.

Treatment of the effective viscosity of water and polymer solution [36]:

M, =M, m" (233

Myer = MM, o (2-34)

W is the Todd-Longstaff mixing parameter. This parameter is to describe the degree of
mixing between water and the injected polymer solution. If w =1, then the polymer solution
and water are fully mixed; if w =0, the polymer solution is completely separated from the
existing water. In this work it is assumed that water and polymer solution are completely
mixed simultaneously, w is set equal to 1. Asaresult, m),  =m,; =M. (C,). m(C,)is

the effective viscosity after shear thinning effect. The shear thinning effect has been assumed
reversible.

After injection of polymer solution, water is usually injected again. During this process some
of the adsorked polymer on solid surface would surely be desorbed, and again into polymer
solution. But about this process there is no believable mathematical moddl in literature. From
the experiment results of Szabo [20], desorption is not so obvious as adsorption. In this work

dC
desorption was neglected. In equation (230) C, is set not to decrease when dtp <0.

With proper initial conditions and boundary conditions, Equations (2-30), (231) and (232)
construct a complete model for polymer flooding.
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3 Numerica Treatment of Mathematica Model

For a mathematical model as described in last chapter it is impossible to get an analytical
solution. Only an approximate solution can be got with numerical method by dividing the
reservoir into a number of small blocks and applying the fundamental equations for flow in
porous media to each block — differential equation discretization, and then solving algebraic
equations system.

In order to get the approximate solution, approximation is necessary for eguation
discretization. This approximation should be consistent with the differential equation, when
the time and space steps diminish to zero, the truncation errors tend to zero. Solutions from
the discretized equations should also be stable andconvergent to analytical solutions.

According to the discretization process the numerical methods of solving partial differential
equations can be classified into two types: finite difference method (FDM) and finite element
method (FEM). Their difference is mainly from the method to construct the algebraic
equations. With FDM it constructs the algebraic equations by displacing the derivativesin the
partia differential equation with finite difference quotients or by using integra method to
derive the difference equations. FEM isin fact the Ritz Galerkin method based on variational
principle; the only difference is that FEM uses a class of specialy selected orthogonal
functions.

FEM has been already widely used for solution of Laplace equation. Though it is aso
introduced into solving hyperbolic and parabolic equations, most of the simulators for
reservoir simulation now are still of FDM.

Recently new discretization methods based on unstructured grid have got wide usage in
reservoir simulation. With unstructured grid the main advantage is that individual grid points
can be specified anywhere inside the domain, regardless of the positions of any other points,
as a result, not only the complex reservoir geometries can be easily represented, but also it
significantly reduces the orientation effects. At the same time it can take account of the
irregular well - points distribution.

Flow smulations on grids based on triangles have been used by various authors inside and
outside the petroleum industry. This technique has benn applied to reservoir simulation by
Forsyth [39], and is commonly known as the control volume finite element (CVFE) method,

the discretization equations are derived from variational principle. Heinemann et al. [40] have
applied it as PEBI (Perpendicular Bisection grid) method or the Voronoi Method, in its

derivation of discretization the pressure gradient are displaced with finite difference
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quotients, since of that, it is in fact a method of control volume finite difference (CVFD)
method with irregular orthogonal grid system. Further works on the CVFE method have been
presented by Fung [41] and on the PEBI method by Palagi [42].

The general character of these two methods is keeping mass balance in control volume.
When with same grid system (and for CVFE with linear element function), their
corresponding coefficient matrixes of discretized equations are with same structure, since the
structure of coefficient matrix depends on points order.

The difference of these two methods is that their transmissibilities are calculated differently.
With CVFE method, when the arbitrary point is selected at the circumcenter for every
triangular element, and for both methods it is assumed that the permeability of each grid point
is equd, the calculated transmissibility will be also the same.

Since the simulation results have been calculated with ECLIPSE, it is mainly based on
CVFD, only description CVFD method is introduced in the following section in 2D as an
example.

3.1 Discretization of Equationsfor Orthogonal Grid System
with Control-Volume Finite Difference M ethod

For numerical simulation reservoir
should be separated into a number of
arbitrary cells. Asin everyone of these
control volume, mass baance for
anyone component should be kept, the
conservative  equation can  be
integrated on each of these control
volumes. For the control volume i in
Fig.15:

?ﬂﬂt(f 8= 6 X(_kk»w:%; RIF )dv

eff
Fig. 15 Control volume in triangular finite
- PtV (3-1) element mesh
Vi

By applying the Gauss divergence theorem with a lump mass approach to the accumulation
terms, the following equations can be achieved:
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Vi (f r.WS\N)m—l_ (f rWS’V)n = A kkrwr W NF Xids- Qwi (3-2&)

Dt eff I:\)kw
for explicitness or
n n-1
Vi (f rWSN) - (f rwS\N) — C’kk'wrw NF sfids- Qwi (3_23)
Dt M, eft R

for implicitness. Where:

F=p+r,gH isthepotential,
V, the bulk volume of the i control volume;

] the outward direction vector of surface of i control volume;
Q,; Wwater production rate or injecting rate through well(s) in control volume i,

when thereis no well, it is zero;
n1,n,n+l time steps.
The integral in the equation (32) is a surface integral over al the edges of the control
volume,
It can be discretized as sum of integrals over every edge between element i and its
neighbouring elements. The discretized equation is as follows:

eT' r WkI’W

~

v tr,S)"-Fr,S)" _
| Dt i=1 @M, eft Riw

Qo

u
(R"- B~ rwgdHii)g- Qi @3

Where:  N; the number of neighbouring elements around element i,

T

i

dH

Transmissibility between element iand its neighbouring | elements

i Depth deference between element i and its neighbouring j €lements

n-1, n superscript means time step

One could refer to references [39-44] for details on the caculation of T;. krWRkW should be
rnN,eff

evaluated using upstream weighting [14].

For the oil equation the discretisation is aimost the same as for water equation. For polymer
equation integral the equation over V, :
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O(:TT(fsc +1(L-1)C, )dv = gplive ”‘Rmc xgradF)dv- §,C,dv (34

v, Vi eff v,

Using Gauss divergence theorem on the first term at the right side of (3-4):

k:k
djlv( R C,xgradF)dv = g————C,, xgrad F xids (35

p,efff kw S mp,eff kw
The right term in the equation can be discretized the same as for water equation.

'kaWCp n n l:l
(P"-P"-r gdH.)g- Q,C,
R ] w ij 7Y wi T pi
¢!

@ (D

&
=aé

i=1 @

vV (fS\:vCp +r r(l' .l:)Ca)n - (fS\:ICp + rr(l' f)Ca)n !
: Dt

‘%

(3-6)

In the discretized equation, C, should be evaluated with upstream weighting.

C
Since it has been assumed that there is no desorption, when ﬂﬂtp <0, C, should be set equal

to the maximum as it has reached.

3.2 PEBI Grid

When we construct the control volume around
each grid point, if circumcentersas A, B, C, D, E

and F of the triangles around i are selected, then
we get an special case of control volume finite
differencemethod — PEBI grid. [42, 45]

As seen in Fig. 16, the edges of control volume i
are separately perpendicular to the lines, which
connect two adjacent grid points, and the lines are
also bisected.

The discretisation of equations under PEBI grid is Fig. 16 PEBI Gnd
the same as under common control volume finite
elements grid. And it is ssimpler to calculate the transmissibility between adjacent grid blocks.

27



During PEBI grid construction, wells can be taken into account and be set at centres of some
of the control volume elements, as a result, the off-centre effect can be avoided.

As PEBI grid has aso the advantage of normal irregular grid, it can suit for reservoir with
irregular shape. K. Aziz [66], based on his experience, has pointed out that grids should be as
close to be orthogonal as possible and PEBI grid is usually more reliable than block centred
grid.

In this research the reservoir has been smulated with PEBI grid, and all discretizations are
with implicitness to keep the difference equations always stable.
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4 Polymer Flooding Model in ECLIPSE 100 and ECLIPSE Office[19]

ECLIPSE is one of the most popular reservoir simulators in the oil industry worldwide.
Since of its multi-capabilities and its suitability for polymer flooding research it is selected as
the simulator for this project.

ECLIPSE Office is used as simulation project manager for inputting data and displaying
simulation results.

4.1 Polymer Flooding Model of ECLIPSE 100

The simulator suite — ECLIPSE - consists of two separate simulators: ECLIPSE 100,
speciadizing in black oil modelling, and ECLIPSE 300, specializing in compositional
modelling. We introduce here only one special option of the ECLIPSE 100: Polymer flood
model. All parameters and functions it needs are input through keywords.

4.1.1 TheMathematical Model of Polymer Flood Option in ECLIPSE

The Polymer Flood option uses a fully implicit five-component model (oil/ water/ gas/
polymer/ brine) to alow the detailed mechanisms involved in polymer displacement process
to be studied. The flow of the polymer solution through the porous medium is assumed to

have no influence on the flow of the hydrocarbon phases. The standard black- oil equations
are therefore used to describe the hydrocarbon phases in the model. The equations are as
follows:

0 é
For oil: d &vs, =a éTkrW (dP, - r gD, )u (41)
dth, B, g éB,m,
0 o € u
Forwate: 983w O g8 ™ (p ¢ gpyi+Q, (42)
t&B, B, g &ByMy et R 9!
/S, C, 6 i ¢ Tk.C,
For polymer ESN R W 0+ Q,C, (43
B B, i dt f g 8B.M e R g
. daS,C 86 o, € Tk C u
For brinee —¢—%*"7=3 &—™"_(@PR,- r,gD,)i+Q,C,, (4-4)
dtg BB, g 8BuM e Ry 0!
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S:v = SN - Sdpv (4'5)

Where: S, denotes the dead pore space within each grid cell

C, denotes the adsorption isotherm which is afunction of the local polymer
solution concentration

r,  denotesthe mass density of the rock formation

f denotes the porosity

r, denotesthewater density

r denotes the oil density

S  denotes the sum over neighbouring cells

R,, denotes the reative permeability reduction factor for the aqueous phase due

to polymer retention

C,.C, denotethelocal concentration of polymer and sodium chloride in the
aqueous phase

denotes the effective viscosity of the water, polymer and salt components.

denotes the formation volume factor of rock, oil and water.

denotes the pore volume in the grid sell
Transmissibility

4 < wm 3

D: Depth difference

The model makes the assumption that the density and formation volume factor of the agueous
phase are independent of the local polymer and sodium chloride concentrations. The polymer
solution, reservoir brine and the injected water are represented in the model as miscible
components of the aqueous phase, where the degree of mixing is specified through the
viscosity terms in the conservation equations.

The principa effects of polymer and brine on the flow of the aqueous phase are represented
by equations (4-1) to (4-5) above. The fluid viscosities (M, 4, M, M ) are dependent on
the local concentrations of salt and polymer in the solution. Polymer adsorption is represented
by the additional mass accumulation term on the left hand side of the equation (43). The
adsorption term requires the user to specify the adsorption isotherm C, as a function of the
local polymer concentration for each rock species. The effect of pore blocking and adsorption
on the agueous phase relative permeability is treated through the term R, requires the input
of aresidual resistance factor for each rock type.



The equations solved by the ECLIPSE polymer model are a discretized form of the
differential equations (4-1)- (4-5). In order to avoid numerical stability problems which could
be triggered by strong changes in the agueous phase properties over a timestep (resulting
from large changes in the local polymer/sodium chloride concentrations) a fully implicit time
discretization is used. The ECLIPSE polymer flood model is therefore free from this type of
instability.

4.1.2 Treatment of Fluid Viscositiesin ECLIPSE Polymer Flood M odel

The viscosity terms used in the fluid flow equations contain the effects of a change in the
viscosity of the aqgueous phase due to the presence of polymer and sat in the solution.
However, to incorporate the effects of physical dispersion at the leading edge of the slug and
also the fingering effects at the rear edge of the slug, the fluid components are allocated
effective viscosity values which are calculated by using the Todd-L ongstaff technique.

To get the effective polymer viscosity, it is required to enter the viscosity of a fully mixed
polymer solution as an increasing function of the polymer concentration in solution
(m,(C,) ). The viscosity of the solution at the maximum polymer concentration also needs to

be specified and denotes the injected polymer concentration in solution (m),). The effective

polymer viscosity is calculated as follows:

My = MH(Cp)" m,H™ (4-6)
Where: W is the Todd-Longstaff mixing parameter.

The mixing parameter is useful in modelling the degree of segregation between the water and
the injected polymer solution. If w = 1, then the polymer solution and water are fully mixed
in each block. If w = 0, the polymer solution is completely segregated from the water.

The partialy mixed water viscosity is calculated in an analogous manner by using the fully
mixed polymer viscosity and the pure water viscosity (m,),

m,. =m,“"’m,(C,)" 47

In order to calculate the effective water viscosity to be inserted into (4-7), the total water
equation is written as the sum of contributions from the polymer solution and the pure water.
The following expression then gives the effective water viscosity to be inserted into (4-7):
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Where: C isthe effective saturation for the injected polymer solution within the total
aqueous phase in the cell.

If the sdlt-sensitive option is active, the above expressions are still suitable for the effective
polymer and water viscosity terms. The injected salt concentration needs to be specified in

order to evaluate the maximum polymer solution viscosity, m,. The effective salt component

viscosity to be used in (44) is set equd to the effective water viscosity.

4.1.3 Treatment of Polymer Adsorption

Adsorption is treated as an instantaneous effect in the model. The effect of polymer
adsorption is to create a stripped water bank at the leading edge of the dug. Desorption
effects may occur as the dug passes.

The adsorption model can handle both stripping and desorption effects. The user specifies an
adsorption isotherm, which tabulates the saturated rock adsorbed concentration versus the
local polymer concentration in solution.

There are currently two adsorption models, which can be selected. The first model ensures
that each grid cell retraces the adsorption isotherm as the polymer concentration rises and
fallsin the cell. The second model assumes that the adsorbed polymer concentration on the
rock may not decrease with time, and hence does not allow for any desorption. More complex
models of the desorption process can be implemented if required.

414 Treatment of Permeability Reductionsand Dead PoreVolume

The adsorption process causes a reduction in the permeability of the rock to the passage of the
aqueous phase and is directly correlatedwith the adsorbed polymer concentration. In order to
compute the reduction in rock permeability, the user is required to specify the residual

resistance factor (RRF) for each rock type. The actual resistance factor can then be calcul ated:
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R, =10+(RRF - 1.0) G

(4-10)

a,max

The value of the maximum adsorbed concentration, C depends on the rock type and

needs to be specified by the user. Alternative expressions for the resistance factor can also be
implemented if required.

The dead pore space is specified by the user for each rock type. It represents the amount of
total pore space in each grid cell which is inaccessible to the polymer solution. The effect of
the dead pore space within each cell is to cause the polymer solution to travel at a greater
velocity than inactive tracers embedded in the water. The ECLIPSE model assumes that the
dead pore space for each rock type does not exceed the corresponding irreducible water
saturation.

415 Treatment of the Shear Thinning Effect

The shear thinning of polymer has the effect of reducing the polymer viscosity at higher flow
rates. ECLIPSE assumes that shear rate is proportional to the flow velocity. This assumption
is rot valid in general, for example, a given flow in alow permeability rock will have to pass
through smaller pore throats than the same flow in a high permeability rock, and consequently
the shear rate will be higher in the low permeability rock. For a single reservoir, however,
this assumption is probably reasonable.

The flow velocity is calculated as:

v=B, v (4-11)
fA
Where: Fw  isthe water flow rate in surface units
Bw  isthewater formation volume factor
f is the average porosity of the two cells

A istheflow areabetween two cells.
The reduction in the polymer viscosity is assumed to be reversible, and is given by:

m=m,[(P- DM +1 (412)

Where: m),  istheviscosity of water with no polymer present



P is the viscosity multiplier assuming no shear effect (entered using the
PLYVISC or PLYVISCS keywords)
M is the shear thinning multiplier supplied in the PLY SHEAR keyword.

The well inflows are treated in a manner analogous to the treatment of block to block flows.
The viscosity of the polymer solution flowing into the well is calculated, assuming a velocity
at arepresentative radius from the well. The representative radius is.

R = el"RHInR)I2 (4-13

Where
Ry well bore radius (taken from diameter input in COMPDAT)
Ra area equivalent radius of the grid block in which the well is completed.

In the present version of ECLIPSE, the radia inflow equation is not integrated over distance
from the well to account for the local viscosity reduction due the local velocity.

4.2 ECLIPSE Office

ECLIPSE Office provides an interactive environment for the creation and modification of the
simulation project, the submission and control of runs, the analysis of results and report
generation. Data sets may be created by using a PEBI gridding module, correlations for PVT
and SCAL data, keyword panels, or input from other pre-processors. It functions to manage
the simulation process more efficiently and to display simulation result more systematically.

ECLIPSE Office consists of five managers. Case Manager, Data Manager, Run Manager,
Result Viewer and Report Generator.

Case manager
The Case Manager helps to capture the relationship between runs and graphicaly display
them. Runs are shown as children to Cases from which they were derived by simply
modifying some data.

Data manager

The Data Manager provides user-friendly access to the keywords for all the simulators and to
some basic features of FloGrid, Schedule, SCAL and PV Ti.



In this management module there is an Unstructured Gridder where a PEBI grid can be
generated. It is allowed to quickly construct a grid from a series of contour maps, well
positions and boundary.

Run manager

The Run Manager offers an environment to launch, monitor and control simulation runs.
Runs may be started locally or over the network on a server. Multiple realizations generated
for well control options and multiple cases may be run simultaneoudy. With the Run
Manager, it is possible to monitor the progress of runs on line plots and solution displays, and
if they are not delivering the required results, the runs can be stopped.

Results Viewer

The Results Viewer can display simulation results in both two and three dimensions. It can
also be used to create and view solution displays and line plots of production data as a
replacement for GRAF. Results from multiple runs can also be displayed simultaneously for
comparative purposes and as an aid to quick decision-making.

Report Generator

The Report Generator is used to create reports from the extraction of relevant information
from the SUMMARY files or from the .PRT file, and to put them in a form required for the
creation of written reports.



5. Reservoir Characterization of Ng2' in 2106 Oilfield

Reservoir characterization provides the basic geological model for reservoir smulation. In the
coming sections reservoir Ng2* is systematically introduced in details aiming at providing a
complete geological concept for model construction in the next chapter.

5.1 Basic Geology of Shengli Oilfields Area and Z106 Oilfield

North China Basin can be separated into a few Depression areas according to their different
tectonic region. Shengli Qilfields area lies in the southwest part of the North China basin
(Fig.17), mainly in Jiyang Depression. To the northeast is the Bozhong Depression,
between them is the Chengbei Low lift; to the north is Huanghua Depression, between them
is the Chengning Uplift area. The sedimentary fill of the basin consists of three
tectonostratigraphic sequences (Fig.18).

The Lower Sequence contains very thick Late Proterozoic, Paleozoic and Mesozoic
sedimentary rocks. These have been deposited over long geological periods on a relative
stable cratonic platform. This sequence plays no important role in Shengli Qilfields area.

The Middle Sequence is synchronous to the Paleogene rifting period. Ongoing extension,
tilting and downfaulting have resulted in complex patterns of erosion and deposition. These
Early Tertiary clastics are mainly developed in the structural deeper parts of the basin. Areas,
which have these sedimentary sequence, are defined as Depression in China; otherwise are
Uplift. In Shengli Oilfields area, this sequence contains three formations: Kongdian, Shahejie
and Dongying (from old to young). Shahejie Formation provides the source rock in North
China Basin. In the southern part of Shengli Area, great percent of oil reserve exists in
Shahegjie and Dongying Formations. It is shown by the second peak in Fig. 4.

The Upper Sequence consists of Late Tertiary and Quaternary clastics of thickness, in
Shengli Area, about 1500 m; including three formations. Guantao, Minhuazhen and Pingyuan
(from old to young), mainly of shale of alluvial facies, among them there is some sandwiched
sandstone of river channel or point bar. In the northern part of Shengli Oilfields area, most of
the oil reserve is contained in these sandstones of Guantao Formation, as shown by the first
reserve pesk in Fig. 4. The objective reservoir rock of 2106 Oilfield also belongs to this
formation.

Jiyang Depression consists of six subdepressions: Chengbei, Chezhen, Zhanhua, Huimin,
Dongying and Qingdong. Z106 Oilfield lies at the southern slope between Chengbei
subdepression and Chengzikou uplift.



The oilfield was found through the first well Z106 in 1986. Reservoir sandstones, with depths

from 1300 m to 1450 m under sea level, belong to Guantao formation.
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Fig. 18 Sequence defination in North China Basin
{edited after figures from Holger Kalke [47])

5.2 The General Situation of Z106 Oilfield

In 2106 Qilfield the objective interval is upper Guantao Formation, mainly of brown red,
light grey fluvia shale, and occasionally fine sand and very fine sand in between from
meander river sediment. From up to down the sand layers are divided into 5 groups, in which
there are 14 sandstone layers, among them 4 contain oil valuable for production. Oil reserve
has been evaluated about 1178*1Cf tons. For the convenience to describe every reservoir,
every reservoir or sandlayer is given a number as follows. Ng2*, Ng23 Ng3? Ng3° as seen
in Fig. 19. (Note: N means Neogene or Upper Tertiary, g means Guantao Formation, 2 and 3
mean sandlayers group, superscripts mean sand body ordinal number in the group.)

Till the end of August 1998, 143 wells have been drilled in 2106 Qilfield, of which 103 are
for ail producti on. Cumulative oil production has amounted to 105.2*10" tons, water
338.510" m>. The average water cut has reached 81.5%.
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Fig. 19 Sandbody definition with Well L7

5.3 Detailed Reservoir Description of Ng2*

Aiming at researching on the feasibility of polymer flooding in Z106 Qilfield, reservoir Ng2*
is taken as an example for simulation, it will be described in detail in this section.

5.3.1 Sandstone Distribution of Ng2* and Its Top Surface Structural Map

By using synthetic seismogram from well logging data, the reflection horizon of top surface
of Ng2! has been exactly defined in seismic profile, the reversion profile from 3D seismic
data are interpreted comprehensively with well logging data by software STRATA (Fig.20
and Fig.21). From the interpretation results, sandstone thickness distribution and the
structural map of the top or bottom surface can be got as seen in Fig.22 and Fig.23.

Because of the sediment from river channel, the sandstone distributes in narrow band, as seen
in Fig.22. Along the river channd, its thickness varies very dightly, but in the vertica
direction it thins out very quickly. The areal average thickness is about 5 m. In the middle of
the river channdl, it even reaches 20 m in some area.
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The top surface of Ng2* declines to NW in genera (Fig.23), the dip angel is about 0.52°; in
some area there are regiona high points because of different compactibilities between
sandstone and its surrounding shale.

Ng2' can be generally defined as a lithologic reservair, it is also affected by the structural
factor, since in the northwest part there is bottom water. Fig.24 is the reservoir profile along
the South to North river channel.
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Fig.20 Reflection hovizon definition Fig.21 Reversion protile interpretation

Fig.22 Thickness distribution of Ng2' Fig.23 Top surface structural map
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5.3.2 Reservoir Rock Properties

Reservoir rock varies from very fine sand stone to fine sand stone, grain size 0.05 — 0.25mm
(Quartz 39.5%, Feldspar 35.2%, Rock debris 24.8%), consisting of about 14.9% shde
content. The grain size decreases from the middle of the river channel to the edge, and shale
contents will be increased.

According to core analysis result from well —69 and —8-8, porosity is between 32 37%,
average 35.9%; permeability is between 2000 — 8000 md, average 4392.4 md. Since wells
have been always drilled in position with thick sandlayer, the porosity and permeability from
core of these wells are higher than those in other area. The thicker the sandlayer is, the higher
are their porosity and permeability. Their distribution can be seen in Fig.25 and Fig.26.

Fig.25 Porosity lsogram of Ng2' Fig.26 Permeability isogram of Ng2'
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5.3.3 Comprehensive Interpretation of Geological Model with Production Data

From the last two sections we see that the geologist and the geophysicist hold different opinion
towards the geologica model. Due to the limited distinguishability of seismic data and
logging data, the interpretation results from them should be proofed and corrected according

to the production data.

Fig. 27 Reservoir geological model from
comprehensice interpretation

As described by the geologist, the property
of logging data of wells in the yellow area
B in Fig.27 is different from that in other
two areas. They are not connected
together. The production data from Well —
12-15 and Well -59 have proved that this
assumption is correct.

Well L7 has been used as injection well
from April 1989, injecting water into Ng2*
and Ng3? at the same time. Well —59 was
drilled in June 1995. Before production,
the static pressure was about 19.5 MPA.
The production rate was very high and
water cut at the beginning was aready
more than 98%. But with Well —12-15 the
situation was quite different. The
production rate was much lower than that
from Well —50.

Another difference lies between well L7 and well —38, -24. As mentioned above, well L7 has
been injecting water since April 1989, but the pressure at Well —38 was measured only 7.1
MPa in 1992; and the production situation in well —24 was also not clearly affected. As a
result, it was concluded thet they were not connected together in one reservoir.

The geologist believe that sandlayer between Well —42 and —37 is continuous, but in seismic
profile it is clearly discontinuous. Even though they were connected together the sandlayer
thickness must ke very thin. Since the liquid rate of well —37 from sandlayer Ng2* is only

about 6 m®/day.

Based on the above-mentioned analysis, the reservoir can be divided into three discontinuous
areas as in Fig.27. In the following polymer flooding simulation, the reservoir Ng2* always

refers to the blue area A.
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As seen in Fig.24, in the south area there is

another sandlayer Ng2? under Ng2', its

S distribution area can be seen in Fig.28. It has
2 f"“ been sedimented earlier than Ng2', and
T along the river channel they are overlapped

= & together.

" _a,".:_':--u’?'u -

" Lo 3 T _?:-'r‘.» Due to the higher capillary pressure, it
5 . 2. 8 ﬁ-:g . mainly contains water; the water cut of wells
4:5-_‘?“’ Cgos & 5 gﬁ . in these area increases very quickly; shortly
2 Al " ) T after the beginning of production, it reaches
% ,"' N more than 90%. In simulation it has also

been taken into account.

o i

Fig.28 Distribution area of Sandlaver Ng?® . . .
% ; % Oil water contact surface is determined at

1378 m from production data of wells in northern area and their logging data. Capillary
pressure and the oil-water surface have been checked and adjusted when matching the
simulation results with production history.

5.3.4 Fluid Properties

Properties of oil and water as seen in Table 3 and Table 4.

Table 3 Oil properties

Properties Vdue Unit
Density (at surface condition) [ 0.9301-0.9576,average 0.9441 | g/cnm®
Density (at reservoir condition

with resolved gas) 0.91 glen?®
Gas resolution 16.35 m*/m?
Bubble point pressure 6.87 MPa
Viscosity (at surface condition) [309 - 673 mPa.s
Viscosity (underground with 95.9 mPa.s

Resolved gas)

Formation volume factor 1.0493
compressibility 8.0 10™ 1/MPa




Table 4 Water properties

Properties Vaue Unit
Salinity 2334 - 4566 mg/cm”
Density 1.007 glem®
Viscosity 0.46 mPa.s
Formation volume factor 1.0088

Compressibility 459.0 10 1/MPa

Oil belongs to normal heavy oil according to the standard from [4].

Since water salinity is not high, and reservoir temperature is about 65°C, it is advantageous to
polymer flooding.

5.4 Production History

From the discussion in 5.3.3, it is concluded that sand layer in area A belongs to one
reservoir. The first well that reaches this reservoir is Well L7, which had produced oil since
November 1, 1988. After only a few months of oil producing, it was changed as water
injection well, 9nce at that time it was believed that it was connected with well —24 and —38
etc. Well L7 has been used as injecting well till now. In fact the water did not flow to well —
24 and —38, but to opposite direction.

The reservoir, in fact, has been put into development only from 1995 as seen in Table 5.

Table5 Wadl List

Wl Completion Date Type

L7 11.1988 Injecting since 04. 1989
-42 Injecting since 07. 1992
-56 05.1995 Injecting since 01. 1998
-59 05.1995 Injecting since 10. 1999
-60 06.1995

54 07.1995

-66 09.1995 Injecting since 05. 1998
-67 10.1995

-8-8 12.1995

-12-12 01.1996




Table 5 Well List (continuous)

-11-11 04.1996

-16-13 04.1996

-13-13 04.1996 Injecting since 01. 1998

-69 05.1996 (producing oil from other layer)

-68 07.1996 Injecting since 01. 1999 (not into Ng2°)
-19-x13 09.1996

1112 07.1997

-11-10 07.1997

-10-12 08. 1998

-13-14 08. 1998

Till 03.2002, cumulative oil production from Ng2* is 148877 nt, water 1243791 nr. (Fig.29)
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6 Simulation Model Construction And History Matching

For a practical reservoir simulation process, the first step isto construct the simulation model
based on al the known information, the second step is, by matching the production data, to
validate and (or) verify the simulation model.

6.1 Simulation M odel Construction

As needed by numerical method, the reservoir must be divided into grid cells in space
dimension. For each cell the following properties must be specified: porosity, permeability,
depth, thickness, etc. This section can be done with Grid in Office in Eclipse.

Fluids' PVT properties and rock’s property must also be set to describe their variation with
pressure. This section can be defined with PVT in Officein Eclipse.

For multi-phases flow, relative permeability should also be respectively defined for each
phase with Scal in Eclipse.

Initialisation of pressure of different cell can be calculated by defining a reference pressure at
a depth. Water and oil saturations can be initialised by defining water-oil contact depth.
Above this contact, water and oil distribute according to the capillary pressure.

In time dimension, the whole process must be divided into time steps, and al production or
injection wells should be specified at different timestep with Schedule in Office.

In the Summary section the output data from simulation process are defined.

6.1.1 Grid Construction

In order to adapt to the irregular reservoir shape and irregular well pattern, 2D PEBI grid has
been used to construct simuation model. In vertical direction two layers (Ng2', Ng2? have
been separated into 8 cell layers, Ng2'into 5 and Ng2?2into 3.

Asrequired by ECLIPSE Office, PEBI grid construction needs boundary (reservoir boundary
line), well positions, the topographic contour of top surface, thickness contours, porosity
contours and permeability contours for different layers. Seen Fig.30 —Fig.38. It should be
declared that all property data have been adjusted for production history matching.



Since there are no vertical permeability data, in this project they are caculated from
horizontal permeability with empirical formulafrom Manseur et a [48] as follows:

K, = 0.5783K >

Where, K, vertical permeability
K, horizontal permeability.

(61

In model construction it is assumed that horizontal permesbility Ky and Ky are the same.

From the property figures it can be seen that thickness, porosity and permeability of sand rock
in the middle along the river channel are higher than those of other area.
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Fig.30 Topographic contour map
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Fig.31 Thickness contour map of Ng2*
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Fig.33 Porosity contour map of Ng2*
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Fig.34 Porosity contour map of Ng2?

Fig.35 Horizontal permesability of Ng2*
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Fig.36 Vertical permeability of Ng2*
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Fig.38 Vertical permeability of Ng2®
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Fig.37 Horizontal permeability of Ng2?

With the Unstructured Gridder of Office the
PEBI grid has been generated as seen in
Fig.39. It generates at first the grid then the
properties for each cell. The complete
producing process can be referred to
ECLIPSE manua [19].

Cdlls, which have well in entre, have been
set as regular hexagons.
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Fig.39 Grid model for reservoir simulation

6.1.2 PVT

Oil and water PVT properties for simulation model as seen in Table 3 and Table 4 in chapter
S

6.1.3 Capillary Pressure and Relative Per meability

Sand rock originally from different sedimentary facies has different properties, even after the
diagenesis during the long geologica time. Since of the different agua-dynamic sedimentary
conditions, sand rock sedimented in the middle river channel has usually more coarse corn, as
a result, with higher permeability and porosity than rock in other sedimentary facies. Qil is
more easily to be accumulated in such area, because the capillary pressure is much lower, and
it could be more easily conquered by the buoyancy force from density difference between ail
and water. At the original state in reservoir more oil has accumulated in sandstone in the
middle of river channel, and less accumulated in the edging area.



In our invested reservoir, there are sandstones from two different sedimentary periods. The
underlayer NgZ from the earlier period has been sedimented in much weaker dynamic
environment than that for Ng2.

In this project different regions have been used to taken into account for this difference. Layer
Ng2' have been separated into 3 regions, and Ng2*into 2 regions as seen in Fig. 40.

Theoretically, according to the definition region numbers should increase from edge to the
middle along direction vertical to river direction, and be of symmetry. But because the
gridder d ECLIPSE Office could not do this job automatically, region number could only be
given to each cell manually. In order to simplify the process, Layer Ng2* have been separated
into only three regions: 3, 4 and 5; Layer NgZ2 only into two regions: 1 and 2.

Region 4 and 5 describe the middle area of the river, especidly 5, it shows the point bar in the
upper layer. Region 2 shows the middle area of layer Ng2*.

For these five different regions different capillary pressure and relative permeability function
were given according to their properties (Fig 41 and Fig.42). The source data for these two
figures are after history matching.

Since the capillary pressure in region 1 and region 2 are much higher than which in other 3
regions, they are occupied mainly by water, while oil has mainly accumulated in region 5, 4
and 3 (Seen in Fig.43).

1 2 3 4 5

Fig. 40 Region distribution, A for Ng2%, B for Ng2?

51



Capilbury pressare (har

100
10
'1 -
0.1 -
0.01 -
0.001 . . .
0.2 0.4 0.6 0.8
Wi mter Smtwrnrstdcan
Fig.41 Capillary pressure for 5 Regions
1
0.1 +
—— Krnl-4
0.01 7 ) —— K105
2 i —e Krwl-4
0.001 o e
\\ —a— Krwd
0.0001 A =
\h'\'-.
000001 . . - .
0.2 0.4 06 0.8 1

Water Samwration

Fig.42 Relative permeability for 5 Regions



{n,.-, Fig.43 Original oil saturation
In 8 cell layers.
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The capillary difference between different regions clearly explains the phenomenon in Fig. 24
in chapter 5, in which there is no horizontal water-oil contact surface.

The depth of zero capillary pressure has been set at 1378 m.

Relative permeability of rock from a same reservoir varies little as they have the same fluid
system. The significant difference between regions is permeability and porosity. Many
literature listed in [49] have concluded that permeability and porosity have aimost no effect
on relative permeability. The same water relative permeability has been set for different
regions. Oil relative permeability has been set the same for region 1 to region 4. Oil relative
permeability for region 5 is a little higher than relative permeability for other regions as
needed by history matching.

One common character of relative permeabilities for al regions is that oil relative

permeability decreases very quickly with water saturation increasing. This character is normal
for heavy oail reservoir. [50]



6.1.4 Well Specification and Time Step

All production wells have been specified with liquid production rate, aiming to matching oil
and water production rate, water cut, and bottom hole pressure.

For injection well L7 and —42, bottom hole pressure has been set according to records of
injecting pressure, because these wells inject water into different reservoirs at the same time,
it is impossible to exactly determine the water injecting rate. For other injection wells
injecting rate has been set according to the injection history.

For al wells the well connection has been set according to the well perforation length. Skin
factor has all been set as zero, since in this reservoir the permeability is relative very high, the
damage from mud during well drilling, damage from well completion and from perforation
can be diminished shortly after being putted into production.

The time step was set commonly as 30 days, some steps have been minimized as required by
some well’ s operation, open or shut for some days. Since the fully implicit simulator has been
selected for simulation, the simulation process was aways stable, no matter how long the
time step is.

6.1.5 Summary Section
For most of the production wells, the water cut and bottom hole pressure from simulation

have been set as output data for history matching. Water cut and accumulative production of
oil and water for the whole reservoir have aso been outputted for history matching.



6.2 History Matching [12-13, 51-55

Reservoir is a Geo-body buried underground as an objective redlity; its any existentia
property should be unique, though some of them may change during exploitation of the
reservoir (usually this variation can be neglected in reservoir simulation). Theoreticaly, if the
correct data or functions, which describe the reservoir rock and fluids, were put into the
simulation model, its solution would surely match the production history. But unfortunately
such occasion will never happen. Since much of the physically measurable information used
in the simulator is based on incomplete or inaccurate field measurements, any property data
or functions about the reservoir are not absolutely certain, even we have made many efforts:
many wells drilled, many logging data, many core analysis data, well production tests,
seismic data, etc. We still know only a part about the reservair, just as we can only see thetip
of an iceberg.

Whether a simulation model is reasonably correct or not, there is only one way to test it, that
is through changing the property data or functions in the smulation mode to let the
simulation result match the past praduction performance of the reservoir - History matching.
Correspondingly history matching may be taken as an inverse problem [67]. The dependent
variable — production data - is known, and the independent variable — reservoir property data
and functions - must be determined. As there are so many factors together affecting the
solution smultaneoudly, it is not possible to directly find the real data for smulation model.
That is why, since the beginning of the usage of numerical smulation in oil industry, history
matching has aways been a difficulty puzzling reservoir engineer throughout the world.
Though many efforts have been made to look for methods to better the matching result and to
reduce the time consumption, even some software companies have offered modular for
optimizing history matching, it is and it will still be in the near future a great chalenge for
numerical reservoir simulation.

For a practical reservoir simulation, history matching can be achieved by manipulating two
fundamental processes, which are controllable during history matching: the quantity and
distribution of fluid within the system, and the movement of fluid within the system. These
processes are manipulated by adjusting input data until a minimal difference remains between
the production data and the simulator calculations at the same point in time. One must be
noted that these two processes are not independent, but are related to each other. For example,
for grid cell with lower permeability, usualy its initial oil saturation should also be lower
since the capillary pressure is controlled by pore structure, and permeability is also controlled
by it. If permeability is lowered, the other data should aso be atered correspondingly. As a
result, history matching is correspondingly the most time consuming part of a reservoir
simulation project.



Fluid property data are usualy seldom changed during history matching, since they tend to be
more accurately measured than other model input data [68].

Porosity is usually more believable than permeability. Its variation range is relatively much
smaller than that for permeability; with core analysis data to calibrate the logging data, then
with logging data to calibrate the inversion result from seismic data, combined with the
geological situation, the porosity distribution in area can be satisfactorily determined.

Fanchi [55] believed that relative permeability data are typically placed at the top of the
hierarchy of uncertainty, because they are modified more often than other data. Some others
[13] thought that permeability is more frequently in need of adjustment, because of its
unbelievable certainty. Gian Luigi Chierici [12] pointed out that the adjustment of
permeability is mainly for matching the pressures and relative permeability for matching
water cut.

As described in chapter 2 and chapter 3, permeability and relative permesability all are
multipliers of pressure gradient, any change of them will led to variation of pressure. And
different combination may lead to same simulaion result, this is the main source of
uniqueness problem.

During the process of history matching there are two basic principles for the adjustment of
parameters or functions in the simulation model, which should be kept in mind:

(1) Any changing of property data should be physically reasonable;

(2) It should be also geologically reasonable and possible in certain situation.

In this project both permeability and relative permesability are adjusted to match the history
data

Another problem about history matching is that the set of physical parameters, which result
from the history matching, may not be unique. It is possible to find another set of parameters
that provide as good a match to the reservoir history as the accepted set. The set of parameters
and furctions, which is more closely concerned with the geological understanding of
reservoir at present, should be selected as the best one for further smulation. From this
viewpoint, the geologist's opinion should be admired, and at the same time the history
matching proves his opinion.

With the decided simulation model, the smulation result would provide the fluid distribution
variation underground in the reservoir during the developing time and residual oil distribution
at present, thus corresponding method can be selected to enhance the oil recovery. The
residual oil distribution will be discussed in the next chapter.
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In this chapter, history matching process and its result analysis will be discussed. As declared
in the last section, wells are specified with liquid production rate; oil and water production
rate, cumulative production, water cut, and well bottom hole pressures will be matched.

6.2.1 History Matching Preparation - The Appreciation of Observed Data

History matching requires data on the production history of al the wellsin the reservoir, with
a reasonable estimate of their accuracy. Usually the following well data must be provided:

Completion history, including:
- Record of each completion
- Intervals open to production
- Wadll stimulations and their results
- Sgueezes and other cement jobs
= Production history:
- Oil [g,(t)]
- Gas [0y (D)]
- Water, [ g, (t)]
= Water injection history of injecting wells
= Records of dl static and dynamic well bottom-hole pressure measurements.
= Production test reports, including the pressure buildups, productivity indices, and
skin factors.
= Production logs, to define the relative contributions from the open intervals in
each well.
= Fluid properties at different times.
= Cased hole monitoring logs to track the movement of oil/water contact behind
casing.
It does not mean that any reservoir or well has so complete data; some wells have been put
into production without any test. Some data may be not correct, their accuracy and reliaklity
must be checked before using.

As conditioned by the common technique level in the company and the reservoir
management, it is very difficult to systematically get all needed data for reservoir Z106Ng.

Some injection wells inject water into different layers at the same time, but not separately. It
is amost impossible to determine how much water has been injected into one reservoir, and
how much into other reservoirs. Even you separate them according to their calculated kh, it is
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still not very believable, since k is not surely known. The injecting pressure is aso an average
in month.

Injection data of wells, which inject water only into the reservoir, can be very reliable, since
the water accumulation can be easily measured and errors in them can be neglected.

For producing wells, there have been few static pressure measurement. The only bottom hole
pressure data are calculated from the moving liquid surface in well bore. Whether they are a
monthly average or only from some day in the month, it can not be proved. As a result, the
pressure data are only taken as reference.

The production data are aways exactly measured in China. How much oil, how much water
and how much gas, usualy water and oil data are very exact, for low gas resolvable reservair,
gas is sometimes not taken into account. For this reservoir the production data for oil and
water are the most believable information.

As for this situation, during history matching process the production rate and water cut
matching have been Bken more serioudly, the pressure matching has been taken only as

reference.

All pressure data and production data have been organized in format as Eclipse requires.

6.2.2 Error Function Definition And Its Sensitivity to Different Parameters

During history matching the errors between observed data and calculated result from
simulation model should be quantitatively defined, since SimOpt in ECLIPSE does not
support PEBI grid, one objective error function is defined as follows:

N

T [¢)
A fope - fo | Dt
| oo~ fo|dt @l foms- fclDt

ERROR =@ o=~ ¢ 17 _

J
Q fObsdt g. fObsDtn

n=1

Where f,,, observed data (Pressure, water cut or production rate of water or oil)
f., calculated data (Pressure, water cut or production rate of water or oil)
T, time of production, days
Dt,, time step, days
ERROR, the relative error of calculated result from simulation model, unitless.
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As seen in Fig.44 this function calculates the percentage of area between observed data and
caculated data. By changing the parameters and functions in the smulation model this error
tends to diminish to zero. For a practical reservoir smulation project, the error upper limit can
not be set as zero. It isimpossible for the calculated data to totally coincide with the observed
data. The accuracy of history matching depends on the demand of simulation project.

— (Observeed data
—  Calculated data

Oil Production Rate (m?)

Fig.44 Sketch diagram of error calculation

Sengitivity analysis is to analyse the error vaue variation with adjusting model parameters or
functions. When one parameter or a function is changed, the more sensible the error is tothe
parameter or function, the more quickly its value varies. Usually the most sensible parameter
should be selected at first for adjustment.

From the equations in chapter 2 and chapter 3 it can be seen that for pressure matching the
sensible parameter and functions are as follows [13]:
- parameters which are related to fluid’ s underground volume, such as porosity,
fluid's saturation, rock thickness;
- compressibility
- permeability and relative permeability, etc.

In general, permeability is the principa reservoir variable used to obtain a match of pressure
behaviour [51]. Because permeability is the most sensible for pressure matching and also the
most poorly defined parameters. Fig. 45 shows pressure matching with different permesability
distribution. The relative error of well bottom hole pressure for z106-54 from run 7 is
43.40%, from run 8 is 37.23%, and from run 9 is 33.77%. The permeability for run 8 and run
9 have been got by multiplying 2 and 1.7 respectively with the permeability for run 7. For run
9 the permeability distribution can be seen in Fig.35 — Fig.38 in last section.
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Fig.45 Pressure Matching with Different Permeability Distribution

In order to match history of each well, usually the permeability of some grid sells should also
be adjusted. Considering the time limitation, this detailed work has not done.

Water cut is sensible to relative permesbility. Different relative permeabilities (seen in
Fig.46) have been tried, the water cuts of whole reservoir are compared as seen in Fig.47.
Relative permeability data of core from well z106-69 are numbered as No.21, 32 and 46.
Because the fluids used in experiment (Water viscosity: 0.582 mPas, Oil viscosity: 57.76
mPa.s) are quite different from the fluids in reservoir, the water cut of simulation result with
Kro-No32 and Krw-No0.3 do not match the observed data so better as which with adjusted
relative permeabilities (also seen in Fig 42 in last section). The reative errors are
respectively 4.694% and 3.067%. The relative error has been obviously diminished.
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Fig.47 Water Cut Matching with Different Relative Permeabilities

Water cut is also very sensible to initia fluid's saturation. This saturation is controlled by
capillary pressure and its distance to water-oil contact. For the run with Kr_No.32, the
capillary has already been adjusted; otherweise, the error would be much more high. The
capillary pressure has been talked in the last section.

6.2.3 Wadl Production History Matching Result and Analysis

In the history matching process, permeability and relative permeability are mainly adjusted
according to the matching performance. Porosity is not changed since it has little effect on the
production performance, it mainly affects the reserve. Fluid properties are mainly from
laboratory test, it should be kept unchanged.

Together, there are 17 well, which have produced or are producing oil and water from the
reservoir, among which 13 wells has been good matched, the matching results of other 4
wells are not so perfect. Seen in Table 6(* means matched, - means matched not perfectly).
One well —42 has been used as an injecting well from the beginning, since it injects water to
other layer at the same time, there are no exact data for matching. As examples for matched
wells, the history matching results can be seen in Fig. 48 - Fig. 49.

61



Table 6
160 ==
Well match result - PR ey
140 WOPR = e |

Wdll 120 & 4 WOPR_DBS A ]

5 + 4+ WAWPR_0BS :
L7 * 4100
- * 5 ao
56 )
59 * “ B0

i
-60 * g_ 40
54 ® 34 E

1 |
67 * 3000 4000
88 < TIME  [aYS
-11-10 * Fig.48 History matching of production rate for well -8-8
-11-11 *
-13-13 * — m—
-13-14 * 120 — niaPR + + WPR_OBS e Lo O P 150
AR R + + WOPR_OBS 8 + Tt L

100 = e 100
- * | hh ol @
16‘13 g 20 — ':_._.4+"__'f'-ﬂ-+jf-+«4+ 4 :‘ — 0 3
-19-x13  [* " 60— s g - —60 %
- - 40— o 1 —40 g
10-12 g 20— %— - el | %_20 EI
1112 |- 20 | [ | et (AT T 50

2000 3000 4000

-12-12 - TIME DS
66 - Fig. 49 History matching result of production rate for well -54

Almost all wells, which produce oil from this reservoir, have no pure oil producton period,
and oil production rate decreased quickly, water cut reached more than 90% shortly after the
beginning. Only one well, z106-54, has pure oil production period, but the period is very
short, only a few months; and then water cut reached about 90%. The simulation results for
al wells have adso this phenomenon. Since most of the wells have been matched; it proves
that the models for origina oil distribution and relative permeability are quite believable.

For well —10-12 and —11-12, the water pr oduction rate have not been fully matched (Fig.50).
The main reason is probably of permeability. In the area the permeability has been set lower
than that in the other areas, because the reflection in seismic profile in this area is not so
strong.

Although the matching result is not so good, the production-changing trend has been
smulated out. Due to time limitation for this work, no more efforts could be allowed for

detailed permeability adjustment.
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Fig.50 History matching of production rate for well -11-12

For well —12-12 the water and oil rate are aso not matched (Fig.51). The error comes from
grid generation. From the reservoir profile, it is very clear that layer NgZ' and Ng2° are
separated by 3 m thick shale. Since they were overlapped together in other area, when
constructing geological model, the shale is not taken into account, as a result, the water cut
from simulation is higher than the observed data. But the production variation trend is the
same as that from observed production data.
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Fig.51 History matching result of production rate for well —=12-12

For well —66, the water production rate from simulation is much lower than that in observed
data. From logging data interpretation result, the sandlayer Ng2! is interpreted as oil
containing sand layer. And its structure position is al'so not very low. It seems that the water
cut should not be so high as observed data showed. Maybe the underlayered water source in
the northern area is more active than it was thought. This well has been changed later into an
injecting well. Because the production period is not very long, this error is not considered
serious.



6.24 Waell Bottom Hole Pressure Matching Result and Analysis

Many literatures have listed the strategy of history matching, which pointed out that the first
step of history matching is to match pressure, but for this reservoir it is impossible. It is only
taken as areference to appreciate the matching resullt.

Generally speaking, the pressure matching results are not so good as the water cut (Fig.52 and
Fig.53). There are 6 reasons. (1) there are no certain pressure data from this reservoir &
reference; (2) gas resolution has not been taken into account; (3) permeability distribution is
very difficult to determine exactly; (4) injecting pressures of injecting wells L7 and —42 have
great influence on the pressure changing behaviour, but their input data can not be sure for the
reason listed in section 6.2.1; (5) the cumulative injected water into Ng2! from Well L7 and -
42 can not be determined quantitatively; (6) the injecting bottom hole pressure of these two
wells are not measured exactly.

In genera, permeability is the principle reservoir variable used to obtain a match of pressure
behaviour. Any variation should be compatible and reasonable according to the geological
principle. Because of the limitation of original geological and geophysical data, it is difficult
to get the rea value distribution of permeability underground in the reservoir. For this
simulation process, only the pressure-changing trend has been matched. It can be seen that
simulated bottom hole pressure for well —67 and—54 decrease or increase with the same trend
for the observed data.
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6.25 Matching Result for Whole Reservoir

Oil and water production rates for the whole reservoir have aso the character that oil is
mainly produced with high water cut, no pure oil production period. The comprehensive
water cut increases from 44.5% (May 1995) to 90.3% (June 1997); for most of the production
time till April 2000, water cut has been more than 90%. The simulation results have perfectly
matched this process.

Match for a whole reservoir is usualy more easily than a match for individual well
performance [56]. The matching results of the researched reservoir are as seen in Fig.54,
Fig.55 and Fig. 56. Especially for accumulative production of water and oil, the relative error
is less than 1.5%.
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Fig. 54 Production rate matching result for whole reservoir
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Fig. 56 Matching result of cumulative production of water and oil

Based on the discussion in the last few sections, it can be concluded that the simulation model
is aready reliable for prediction of further performance of the reservoir and it can be taken as
a basis for the later-discussed polymer flooding simulation.



7. Residua Qil Distribution and Production Prediction under Water Flooding

All though the comprehensive water cut has reached 93.6%, for some wells even more than
97%, most of the oil reserve is still residual underground. It can be concluded by comparing
the Fig.57 and Fig.43 in the last chapter.
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E{_¢| 4 F‘ g 9, Fig.57 Residual oil distribution
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In Fig.57, it is seen that oil saturation has obviousy decreased only in area near the well; oil
saturation, in area between the wells and where there is no well, is still very high in the upper
sandlayer.

Due to the capillary pressure the original oil saturation decreases from up to down, saturation
of water is higher than irreducible water saturation, especially in region 1, 2 and 3, it is much
higher than irreducible water saturation. At the production beginning of well L7 the water cut
is dready more than 50%. Because oil-water viscosity ratio is so high as 207.826 under
reservoir condition, water is much more active than oil. The injected water flows quickly
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from injecting wells to producing wells. Thisis the main cause for high water cut and low ail
production velocity.

Based on the matched simulation model, the predicted production is as seen in Fig.58. With
water flooding the water cut will be kept very high, and oil production will be so low as near
to the economic limitation. In order to improve the oil production velocity and oil recovery
ratio, method of enhanced oil recovery must be adopted urgently. As introduced in chapter 1,
polymer flooding method will be tried by smulation. It will be systematically discussed in

next chapter.
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Fig.58 Production rate and water cut prediction under water flooding



8 Polymer Flooding Simulation

History matching result with water flooding has shown that the water sweep efficiency is not
ideal due to the unfavourable mobility ratio between water and oil, and serious heterogeneity
of permeability in the river channel sandstone reservoir.

Many literatures have reviewed the success of enhanced oil recovery with polymer flooding
[56-58]. In most of the projects polymer flooding has been used as secondary recovery
method, the average polymer flood recovery is approximately 8% of the origina oil in place,
and the average amount of polymer injected is around 0.011 kg/m® [56]. Water cut before
polymer flooding is lower than 90%.

In some projects polymer floods have been used as tertiary applications, and the oil recovery
are increased with an average of 1.8% OOIP, the polymer consumption is approximately
0.018 kg/nT [56].

Some later literatures have given even much better results. Mahendra Pratap et al. [59] have
provided a successful field experiment in India with incremental oil recovery of 9.4% due to
polymer flooding; Maitin B.K. [60] has even concluded an incremental oil recovery of 8-22%
in a northern German ail field. Polymer flooding as tertiary method has also been proved
successful in Daging Qilfield in northeast China, and Henan Qilfield in middle China [61-62].

Homayoun Hodaie and A.S. Bagci have concluded with their experiment that polymer
augmented water flooding shows better oil recovery especialy with under -water zone [63].

Ezeddin Shirrif has done a set of experiments to test mobility control by polymers under
bottom-water conditions, oil recovery increases significantly when the mobility ratio is
reduced when a bottom water zone is present [64].

But afew problems still remain to be solved:

(1) In most of the reservoir projects or laboratory experiments, oil is not so viscous as
in our researched reservoir,

(2) The heterogeneity of permeability is not so serious asin river channel sandstone,

(3) For mogt of the polymer flooding projects in literature, the well pattern is usually
regular, but for narrow river channel reservoir, wells can only be drilled in the
middle along the river, as aresult, they could not construct complete well pattern,

(4) At very high water cut stage.
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Though B.L. Knight and J.S. Rhudy [65] have got attractive incremental recovery with heavy
oil in laboratory, whether polymer flooding method is economically feasible for a practical
river channel reservoir, it still needs further studying. This is the main purpose of this
simulation project.

In the following sections a theoretical river channel reservoir has been smulated at first, then
for reservoir Ng2*. The polymer flooding mathematical model has been described in chapter
2 and chapter 4. Different factors, which affect polymer flooding efficiency, have been taken
into account, and corresponding results are discussed.

8.1 Polymer Flooding Simulation with A Theoretical River Channel Reservoir

Since reservoir Ng2t is from river channel sediment, it looks like alens in vertical profile and
the permeability is seriously heterogeneous. For convenience of understanding and
commenting the polymer flooding efficiency, atheoretical river channel geological model has
been designed for simulation.

8.1.1 Geo-Model Definition

om

A 3D model has been designed for simulation D_q T T
after shape of a norma river chamel reservair, |
asseenin Fig 59. |
Regular Grid: 11° 10" 5 S
Equal Cell Area 25° 30m T
Cdl thickness decreases gradualy from the iy
middle to the edge, 3.2m and 0.6m respectively. .., ]
For 5 cell layers, the sandstone thickness in the T
middie is 16 m; a the edge it is 3 m.
Porosity and permeability do not change along ™" __P - s
river channel direction, in its vertical direction 1z
they change as seen in Fig.60 and Fig.61. £E :;22

3%

The areal permeability Kx and Ky are assumed _ _
equal, vertical permeability K, is calculated Fig.59 3D Grid Model
with equation (6-1) from [48].
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In the middle of the channel, permeability is much higher than that in the edging area. Thisis
compatible with the sandstone sedimentary condition. Coarse sand is usualy located in the
middle, to the edge it turns gradually fine and contains more shale content, as a result, the
porosity and permeability decrease correspondingly.
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In this model, porosity varies from 0.31 — 0.35,
permeability decreases from 4,200 md to O md.
Accor ding to their rock properties the model has been
divided into three different regions, for different region,
different capillary pressure function and relative
permeability has been set, the region distribution is as
seen in Fig.62. The corresponding functions are the
same as described in Chapter 6.

Oil and water properties have been set as the same as
those in reservoir Ng2*.
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The depth for zero capillary pressure has been set at 1,380 m. The origina oil saturation
distribution for five cell layers is as seen in Fig.63. The oil saturation decreases from the
middle to the edge area, and from up to down.

Two wells, one as producer and the other as injector, both lie in the middle of river channdl.
The production rate and injecting rate have al been set equa to 100 m3/Day.

Black Oil mode with polymer flooding option in ECLIPSE have been used, and all smulation
runs have been set by using fully implicit method. All the smulation processes have been
completely convergent.

Oil5at
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Fig. 63 Original Oil Saturation Distribution Profile

8.1.2 Water Flooding Simulation Result

Simulation results show that the production situation of such a river channel reservoir is the
same as that of reservoir Ng2*. It proves that the simulation results for the practical reservoir
are theoretically reasonable. At the beginning of production, there is aready some part of
water. Only after afew months the water cut reaches more than 90%. Most of the oil reserve
can be only produced at high water cut stage (Fig.64 and Fig.65). With water flooding, the
oil recovery only reaches about 24.77% (Fig.66). Most of oil is residual underground.
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From Fig.67, it is seen that oil saturation in the above layers and in the edging area is till
very high. Water flows quickly from the injecting well to the producing well mainly through
the middle area of the river channel due to the serious permeability heterogeneity. Water

flooding is not efficient for the above layers.
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Fig.67 Residual oil saturation distribution after water flooding

74



8.1.3 Data System Specification for Polymer Flooding

8.1.3.1 Viscosity of Polymer Solution

Three polymer products
have been tested in Labor.
Fig.68 shows that polymer
is sensible to temperature.
With the same polymer
concentration 1.5 kg/n?,
and water from producing
well with sdinity 5,727
mg/L, the viscosity of all
three  polymers  has
decreased as temperature
being increased from
50°C to 90°C.

Since in the real reservoir
the temperature is stabile at
about 65°C, a set of labor
tests has aso been made
with water from wells in
this area with salinity 4822
mg/L under temperature
65°C. Labor results show
that al three polymer
products have obvious
viscosity-increasing
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Fig. 68 Relation between viscosity of polymer
solution and temperature
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Fig.69 Relation between viscosity and concentration

capability (Fig.69). Polymer 3530 and SL are alittle better than polymer WQ.

Datafor Polymer SL has been selected for simulation. As required by ECLIPSE, the polymer
solution viscosity function is given as a set of multipliers to water viscosity (Fig.70). When

concentration of polymer solution is zero, the multiplier is 1; the corresponding viscosity is
0.46 cp, equd to viscosity of pure water.
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Fig.70 Polymer solution’s viscosity function for polymer
flooding simulation

8.1.3.2 Polymer Shear Thinning

Polymer solution is not Newtonian fluid, when it flows, its viscosity will be changed, and
higher flowing velocity leads to lower viscosity. In ECLIPSE it is defined with a shear-
thinning factor. At static state, the viscosity is described as above in the last section. With
increasing flowing velocity, the factor decreases from one to a specia vaue, when the
velocity is especially high, the polymer molecular structure will be broken down and polymer
solution will lose its viscosity increasing capability. Fig. 71 is the shear thinning function for
simulation. Since there is no labor data for polymer SL, this function is cited from literature
[15]. (a) iswith logarithmical horizontal coordinate; (b) iswith arithmetical coordinate.
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Fig. 71 Shear thinning factor for polymer solution

Since in the practical polymer flooding, the flow velocity can be controlled under the critical
value, shear -thinning effect has been assumed reversible.
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8.1.4 Polymer Adsorption Effect

As described in chapter 2,
polymer retention, due to
adsorption, varies with
polymer type, molecular
weight, rock property,
brine  salinity, brine
hardness, flow rate, and
temperature.
Field-measured values of
retention range from 7 to
150 ug polymer/ cm® of
bulk volume. [15]

0.0002

0.00015 -

Polymer adsorption
(kg/kg)

0.0001 A

0.00005 -

—2
—1

Concentration of polymer solution (kg/nT)

Fig.72 Polymer Adsorption Functions

Because of lack of labor test data of adsorption, in this simulation three different adsorption
functions has been assumed. For function 1, the maximum adsorption is 50 ug/(g rock); for

function 2, the maximum is 100 ug/(g rock); for function 3, it is 150 ug/(g rock) (Fig.72).

Three run processes have been done with different adsorption functions in Fig.72; polymer
slug size has been set the same as 0.455 PV (reservoir pore volume); polymer concentration is

1.0 kg/m® Polymer has been injected from 2,560 day to 3,800 day, the oil and water

production rate are as seen in Fig.73. With higher adsorption, the enhanced oil recovery will

be decreased (Fig.74).
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Fig.74 Qil recovery under polymer flooding with different polymer adsorption functions

Polymer retention leads to loss of polymer from solution, which causes the mobility control
effect to be lost. If the polymer dug is small, and concentration of injected polymer solution
is also low, retention may lead to polymer flooding fail. From these three run processes, it can

be seen that with larger polymer injection size, the adsorption effects can be covered.
Difference of oil recovery between run 1 and run 2 has been decreased as time passed by.

Result from reference [25] proves that higher permeability leads to lower adsorption. Rock
permeability from river channel is even higher than 4,000 md; the adsorption should not be
higher than 50 ug/g. From the above figures it can be seen, even with more adsorption, the
polymer flooding can still get a favorable enhanced oil recovery. The later described
processes have been ssmulated with adsorption function 2.

8.1.5 Polymer Concentration Effects

The main purpose of polymer flooding is to control the water viscosity by adding polymer
into injected water so as to lower the water mobility, especially for high permeability river
channel reservoir. Water relative permeability decreasing, which results from polymer
adsorption, is not so obvious as that in low permeability rock. The most benefit of polymer
flooding is from the viscosity increasing of water phase, which improves the water-driving
efficiency.
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Higher polymer concentration leads to higher viscosity. Fig.75, Table 7 and Fig.76 show
simulation results with different concentrations of injecting polymer solution. Three runs
have the same injected polymer slug size: 0.455 PV. They prove that the higher the polymer
concentration is, the more oil can be recovered.
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Fig.75 Oil and water production rate with different polymer concentration

Table 7 Oil Recoveries with Different Polymer Concentration

Polymer Concentration (kg/m?) | 0 1 15 2 2.5
Fina Oil recovery 0.2477 [0.2817 0.2998 |0.3150 |0.3273
0.40

o 10bo0 2000 3000 4000 5000 BODO 7000 8000
TIME  DAYS

Fig.76 Qil recovery with different polymer concentration
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Practically, concentration of polymer solution can not be increased without upper limit. With
polymer concentration increasing, the viscosity will be highly increased, as a result, the
injecting pressure will correspondingly increase if the injection rate is kept stabile. If the
pressure is too high, the reservoir rock will be fractured. For practical field polymer flooding,
the concentration rarely exceed 2 kg/m?. In this reservoir 1.5 kg/m® has been selected for
further smulation. The feasible method is to increase the polymer slug size with possible
polymer concentration.

8.1.6 PolymerSug Size

Pdymer concentration is set as 1.5 kg/m?®, with polymer adsorption function 2, a few runs
have been done for different polymer injection slug size. Simulation results are shown in
Fig.77, Fig.78 and Table 8.
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Table 8 Oil Recoveries with different polymer slug size

Polymer slug size (PV)

0

0.158

0.270

0.384

0.455

Final Oil recovery

0.2477

0.264

0.280

0.293

0.300

By increasing polymer slug siz,e more and more oil can be recovered. When 0.455 PV
polymer solution is injected, the enhanced oil recovery is more than 5%. In practical field
application, the dug size depends on ail price. The enhanced oil recovery is not linearly
increasing with polymer consumption enlarging.

8.1.7 Comparison between Water Flooding and Polymer Flooding

The residual oil saturation distribution after polymer flooding with injection slug size 0.384
PV has been selected to compare with which after water flooding (Fig. 79). It shows that ail
saturation has been apparently decreased, especially in the upper three layers. Polymer

solution has taken obvious effect on improving volumetric driving efficiency.

In the simulation process, in order to simplify the problem, the injection and production
specification have been set unchangeable. In field application, through changing the
production rate of different producing wells, the oil can be more recovered in the edging area.

Another problem, which should also be mentioned, is that adsorption has been conservatively

enlarged. With practical lower adsorption, polymer flooding should be more favorable.
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8.2 Polymer Flooding Simulation in Reservoir Ng2*

Simulation results from the above theoretical river channel reservoir have proved that
enhancing oil recovery in such heavy oil reservoir is possible with polymer flooding. Aiming
to improve oil recovery in reservoir Ng2*, polymer flooding is also adopted based on the
former situation from water flooding. In the following sections the simulation results of
polymer flooding are discussed and compared with prediction under normal water flooding.

8.2.1 Polymer Flooding Specification

Viscosity function of polymer solution and polymer shear thinning function have been set the
same as seen in Fig.70 and Fig.71. Adsorption function 2 in Fig.72 is selected for practical
usage in reservoir Ng2'. Inaccessible pore volume has been set a 0.2 — 0.23, less than
irreducible water saturation. The reduction factor has been set at 1.4 —1.5 for maximum
adsorption, since the effect on high permeability rock is very limited.

Based on the discussion about polymer concentration selection on theoretical river channel
reservoir in last section, 1.5 kg/m® polymer solution is selected for the practical reservoir;
And

polymer solution is injected from the 5,160th day; different injecting slug size of polymer
solution has been tested.

From the 5,160th day the injection rate for the whole reservoir has been set as 930 m*/day.
Well —59 is set shut off, Well -8-8 and —11-10 are changed into injecting wells from the
5,160th day to complete the injection and production well pattern. Polymer injecting wells

and oil producing wells and their injection or production rate are set as seen in Table 9.

All injecting wells inject polymer solution of the same concentration during the same period.
The polymer production rate of production wells will aso be simulated.
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Table9 Wadll specification

Wil Type Injection or production rate (m?day)
L7 INJ 80
-56 INJ 220
-66 INJ 100
-42 INJ 50
-68 INJ 100
-8-8 INJ 200
-13-13 INJ 100
-11-10 INJ 80
-4 PROD 140
-11-11 PROD 160
-67 PROD 140
-13-14 PROD 80
-16-13 PROD 80
-69 PROD 80
-10-12 PROD 30
-11-12 PROD 20
-12-12 PROD 40
-60 PROD 160
-59 Shut
-19-x13 Shut




8.2.2 Selection of Polymer Slug Size

Polymer flooding with different dug size has been smulated for the practica reservoir.
Results are as seen in Fig.80 — Fig.82 and Table 10.
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When polymer slug size is very small, there is almost no enhanced oil; most of polymer has
been adsorbed on the pore surface of the rock when flowing from injection well to production
well, as a result, polymer solution loses its capacity. With polymer slug increasing, polymer
flooding becomes more and more efficient. The oil production rate can be improved, and the
final il recovery can be obviously enhanced.

With 0.235 PV of polymer solution being injected, the oil peak production rate even reaches
137.2 m?/day, three times more than that before polymer flooding, which is only 40.6 rr?/day.
Water cut decreases from 95% to 84%, then increases again. Polymer flooding takes effect
from 5,400 day to 8,400 day. Till the end of polymer flooding, oil production can accumulate
to 503349 n¥, 192225 n? more than that only with water flooding. The fina oil recovery
reaches 12.8%, of which, 4.8% comes from polymer flooding.

With greater polymer slug size, 0.329 PV, though the oil peak production rate does not
increase, but the effective polymer flooding time-dimension can be elongated, as a result,
more oil can be recovered. Cumulative oil production can be enlarged to 549156 m?; the final
oil recovery to 14%, of which, 6.1% is enhanced oil recovery.
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Table 10 Simulation result with different polymer slug size

Slug

Polymer

Polymer

Cumulative Oil

_ s . . Enhanced Qil Improved
Size !njectlon Consumption|  Production oil (m3) Recovery| Oil Recovery
(PV) | Time (day) (ton) (md

0 0 311,124 0 0.079 0
0.031 | 5,160-5,400 334.8 337,853 26,729 0.086 0.007
0.094 | 5,160-5,880 1,004.4 400,125 89,001 0.102 0.023
0.141 | 5,160-6,240 1,506.6 440,676 129,552 | 0.112 0.033
0.188 | 5,160-6,600 2,008.8 474,320 163,196 | 0.121 0.042
0.235 | 5,160-6,960 2,511 503,349 192,225 | 0.128 0.049
0.329 | 5,160-7,680 3,5154 549,156 238,032 | 0.140 0.061

Only from the simulation results it can be concluded that the more polymer is injected, the
higher the enhanced oil recovery can be got. But in practical field polymer flooding,
economical interest should certainly be taken into account; polymer slug size can not be
enlarged without upper limitation.

Fig.83 shows the relation between polymer consumption and enhanced oil. With polymer
consumption increasing, the amount of enhanced oil per ton of polymer will increase to one
peak value and then decrease again.
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With polymer consumption of 334.8 ton, one ton of polymer can recover about 79.8 nt of
enhanced oil. When polymer consumption reaches 620 tons, polymer gets its greatest
efficiency, with about 90 m® per ton of polymer. Then its efficiency begins to decrease. Buit it
does not mean that this value of polymer consumption is most favorable, since with 620 ton
polymer, the cumulative enhanced oil is only 55800 .

In order to get the greatest absolute profits, more polymer should be used. Some of the
internal reports have provided a standard that one ton of such polymer should enhance at lest
70 tons of oil. Based on this critical value, polymer slug size of 0.235 PV has been selected as
the most economically favorable one. Each ton of polymer recovers about 76.8 m* of
enhanced ail.

8.2.3 Description of Polymer Flooding Process

During polymer flooding, viscosity of water is greatly enlarged, water mobility is obviously
lowered; as aresult, at the front of polymer slug an oil bank is accumulated. With time going,
polymer slug flows towards producing wells, before which, the oil bank flows to producing
wells earlier, and the oil production rate gradually increases to peak value. Shortly after that
the polymer concentration peak value is aso reached, then the oil production rate decreases
more quickly to the lowest value, and the whole polymer flooding process tends to finish
(Fig.84).
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Fig.84 Polymer flooding process for the whole reservoir
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With 0.235 PV polymer slug (2,511 tons of polymer), to the end of polymer flooding process
only about 739.9 tons of polymer will be produced from producing wells, the others will be
adsorbed in reservoir rock underground.

Because of polymer adsorption, the polymer slug is deformed from ore rectangle for injection
well to a time depending distribution function for production well. The same situation can be
seen in Fig.85-Fig.87 for different producing wells.

First of al, from these three example wells, it can be seen that all their oil production rates
have been increased. It indicates that polymer flooding for this reservoir will be very
successful.

For polymer flooding in such heavy il river channel reservoir, there are two most specia
difficulties. (1) serious permeability heterogeneity, (2) high water cut stage due to
unfavorable oil-water mobility ratio. These have also been reflected in the above figures. Due
to the permeability heterogeneity, polymer solution flows quickly through the middie of the
river channel, breaks through shortly after the beginning of polymer injection and reaches
production well. For al wells, simulation results of polymer production rate have proved this
phenomenon. At high water cut stage, the water saturation underground is aready relatively
high, when polymer solution comes, its concentration will be lowered by adsorption and as
well as by the existing water, as a result, it loses some of its viscosity, this is also one
important reason for high flowing velocity.
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In such situation, success can be got only with large polymer slug size. Simulation results
from theoretical river model and practica reservoir both support this conclusion.

In the above three figures, another interesting phenomenon arises, that is, the time point of
highest polymer production rate is aimost the same as that of the quickest oil production
decreasing. If a reasonable function models can be selected for polymer production rate and
oil production rate (or water cut), they can be bund together by this specia time point. For
one, at this time point, the first order derivative is equa to zero, and for the other the second
order derivative is zero. These function models will be of great importance for the prediction
of future production situation. Because the functions can be constructed with earlier observed
data, they can be used for prediction. Asthisideais not the main object for this dissertation, it
will be completed later after this work.

8.24 Residual Oil Saturation Distribution after Polymer Flooding

Compared with the oil saturation distribution before polymer flooding, the residual oil
saturation has grestly decreased after polymer flooding.

Before polymer flooding, the oil saturation in the upper 5 cell layers has been still very high;
only in small area around the wells, the saturation has been decreased by norma water
flooding. After polymer flooding, in most area, especialy in the middle of river channel
where oil reserve can be controlled by injecting wells and producing wells, oil saturation has
been decreased to dead oil saturation.

In the under-layered three layers, variation of oil saturation is not so distinct, because the
origina oil saturation is aready near to dead oil saturation. As polymer flooding can not
decrease the dead oil saturation, most of oil in these three cell layers can not be recoverable.

In west edging area at left side of river channel, since no wells have been drilled, the ail
reserve here could also not be put into development. Since other sand layers in this area
seldom contain ail, only for this thin layer to drill more wells it seems not economical.

In the northern area, there is one great part of reserve of this reservoir, but no wells have been

drilled. Since this area is aready offshore, our company has rented much greater area in this
region to a foreign company from America, in the near future, we will still have no right to

drill well there.



Above mentioned three area or layers are aso the reasons of low final oil recovery. In fact, if
only developable reserve being taken onto account, the final oil recovery is about 34%. And
improved oil recovery from polymer flooding is more than 12%. For such a complicated
heavy ail river channel reservair, to reach such arecovery is already acceptable.

Fig.88 Residual oil saturation
distribution
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9 Conclusons And Proposals

9.1 Conclusions

To meet China's energy demanding, oil production rate should be increased or at least
be kept stabile. Since most of the oil fields have reached their high water cut stage,
different improving oil recovery (IOR) methods will be gradually adopted for practical
use in the near future.

Z106 is one of the ail fields in Shengli Oilfields Area, which has been developed with
water flooding since 1988. Because of the unfavorable oil-water mobility ratio and
reservoir heterogeneity, comprehensive water cut reached more than 90% shortly after
the beginning of its development. Especially for reservoir Ng2!, the sand rock is
sediment from river channel; the permeability heterogeneity and heavy oil properties
together lead to extremely poor water flooding efficiency. In order to improve the oil
recovery, IOR methods are needed urgently. Considering all practical situations for this
reservoir and the present technique level, polymer-flooding method is selected as an
IOR test with numerical simulation.

With polymer flooding, polymer transport process must be simulated.

The main property of polymer solution is its capabil ity of enlarging water viscosity,
through which, controlling the mobility of water phase and improving the driving

efficiency. During polymer flooding simulation, inaccessible pore volume, polymer
shear thinning effect, polymer adsorption, and relative reduction factors have been taken
into account for construction mathematical model.

All simulations have been done with black oil model with polymer option in ECLIPSE.

Comprehensively using geological data, geophysical data and production data to re-
understand the reservoir. Sand layer Ng2t should be seperated into three disconnected
areas. The south-north river channel is one reservoir with its own oil-water system. The
reservoir contains two sand layers, which are sediment from river channels of different
geological time. In the southern area, they are connected together. Due to the different
origina water dynamic condition, the two layers have different rock properties,
especialy different permeability and capillary pressure. The history matching result has
proved that this understanding is correct.
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Because of the high oil — water viscosity ratio and permeability heterogeneity of river
channel sedimentary sandstone, simulation results have shown that with water flooding
the final oil recovery for whole reservoir can only reach 7.9%, most of the oil has been
produced at high water cut stage, and the oil recovering velocity is very low.

For polymer flooding, polymer adsorption, polymer concentration and polymer slug size
have great effects on its efficiency.

With lower polymer adsorption, polymer flooding will be more efficient. This effect
will be diminished with polymer slug size increasing.

With a same polymer slug size, the higher the concentration of polymer solution is, the
higher enhanced oil recovery polymer flooding has. But in order to keep a high enough
injection rate of polymer solution and avoid fracturing reservoir rock, only a reasonable
polymer concentration can be applied.

Since in Shengli Qilfields Area there are still many such heavy ail reservoirs, polymer
flooding will be of great importance as a tertiary IOR method in this area in the near
future.

9.2 Proposals

For numerical reservoir smulation, the most difficult problem is history matching. The

difficulty mainly comes from the uncertainty of two sets of parameters. permeability
and relative permeability.

Permeability is an average of capability of alowing fluids to flow through the pore
channel. Since of the complexity of pore structure, permeability may vary within a great
range. More fully understanding of the geological regularity of factors, which affect
permeability, should be taken into account.

For polymer flooding, the variation of relative permeability reasoned from polymer
adsorption, viscosity increasing of polymer solution, etc. has been smplified by
multiplying a coefficient. In practice, the shape of relative permeability function should
be varied corresponding to the variation of polymer concentration. More attention

should be given to this studying area, since it is also significant to other chemical I0R
method. This problem is dso paralel to the problem with relative permeability

mentioned above.



(3) Clay minera of rock is aways an important factor that affects permeability. It suely
plays a great role in polymer adsorption and hence affects the permeability and the
relative permesability. Till now there is no satisfactory related publishing, either.



Nomenclature

Symbol

0o0P®>

Kxx and Kyy
Kz

Kr

Ki,go

dp/dL
Pc

Definition

flow area between two cells
oil formation volume factor
water formation volume factor
compressibility
the effective saturation for the injected polymer
solution within the total queous phase in the cell.
polymer adsorption
Polymer concentration
Polymer concentration of injected water or
produced water through well
Diffusion coefficient
the relative error of calculated result from
simulation model
observed data (Pressure, water cut or
production rate of water or oil)
calculated data (Pressure, water cut or

production rate of water or oil)

acceleration of gravity

depth
permeability,

horizontal permeability
vertical permeability

relative permeability

equilibrium coefficient for i component between
gas and oil phases

equilibrium coefficient for i component between
gas and water phases

shear thinning multiplier

the outward direction vector of surface of i
control volume
viscosity multiplier
Pressure
pressure gradient
Capillary pressure

injection rate or production rate per unit

Units
nt

fraction, unitless
fraction, unitless
1/Bar

fraction, unitless
kg/kg
kg/m®

kg/nt
m%Day

unitless.

fraction, unitless
unitless
unitless

unitless

unitless
Bar
Bar/m
Bar
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qm,j

qv,j

Quw Qo

Ra

Geek Symbol

‘“113:}@.

-

of volume through well

mass flow rate of j phase per unit of volume of

rock through well

volume flow rate of j phase per unit of volume of

rock through well

injection rate or production rate of water or ail

through well
area equivaent radius of the grid block
in which the well is completed.

solution gas-oil ratio
relative permeability reduction factor

well bore radius
residual resistance factor
saturation
saturation of j phase
inaccessible pore volume
saturation occupied by polymer  solution
time of production
time step
temperature
Transmissibility
pore volume
bulk volume
bulk volume of i control volume

mass fraction of i componentin j phase

Definition

shear rate

viscosity of flowing fluid
viscosity of j phase,
fluid potential

porosity

density of j phase

m*/m°Day
kg/m3day

kg/m3day

m®/Day

m
m¥/m?

fraction, unitless
m

fraction, unitless

fraction, unitless

fraction, unitless

fraction, unitless

fraction, unitless

days

days

°C

cpx’ / Day/ Bar

fraction, unitless

Units

/s
cp
cp
bar

fraction, unitless
kg/n?



m, viscosity of fully mixed polymer solution

My, et the effective viscosity of water phase

apparent fluid flowing velocity,
Todd-Longstaff mixing parameter

Subscript
C polymer
f fluid
m of mass unit
o,W,g oil, water and gas
r rock
\Y; of volume unit
Superscript
n-1, n, n+1 time step number

cp

cp
m/s
fraction, unitless
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