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Spatially correlated permeability fields are usually generated by single-scale correlation. To overcome the limitations of single-
scale permeability fields in describing real situation, permeability fields should be generated by multiscale correlation. Multiscale
heterogeneity results in the existence of various permeability magnitudes and spatial distributions of permeability. Gel treatment is
applied on the heterogeneous permeability fields realized bymultiscale correlation. Performance of gel treatment has been shown to
depend on permeability distribution and permeability values, which are determined by correlation length, variance, and number of
scales. Generally, spatially-correlated permeability fields generated with longer correlation length, higher variance, and multiscale
lead to higher improvement in the performance of gel treatment. In addition, longer application of preflush as waterflooding results
in larger reduction of water-oil ratio when the gel treatment is applied to heterogeneous permeability fields after preflush.

1. Introduction

Most of reservoirs are geologically complex and show the het-
erogeneity because of various distributions of porosity and
permeability, deposition, and natural fractures. Amongmany
heterogeneous petrophysical properties, permeability is the
most important factor for reservoir engineering calculations.
Heterogeneous permeability system leads to different flow
movements in reservoir comparedwith the equivalent homo-
geneous system. Van Poolen [1] indicated that variations
in permeability distribution caused a significant impact on
the oil recovery and water production during enhanced oil
recovery, which means that oil recovery by the injection of
materials does normally not exist in the reservoir [2]. As long
as heterogeneity of permeability distribution is increased,
flow mechanism becomes more complex. Even though the
average permeability of reservoir is the same, the distribution
of permeability leads the performance of enhanced oil recov-
ery makes totally different.

As the reservoirs have more severe heterogeneity, there is
more severe permeability contrast. If waterflooding is applied
on such highly heterogeneous fields, injected water flows
mainly through high-permeability zones. This flow pattern

makes the injected water unable to sweep substantial oil
located in low-permeability zones, but it is produced directly
at producer, the so-called conformance problem. According
to Portwood et al. [3], parts of the Healdton Field in Carter
County, Ok, USA, showed high watercut because of complex
permeability distributions. Excessive water production could
make the life of the well short because of high water disposal
cost. For this reason, controlling of water production is of sig-
nificant importance. To overcome excessive water production
by improving volumetric sweep efficiency, especially vertical
sweep efficiency, cross-linked polymer gel is widely used. Gel
treatment uses polymer and cross-linker. Cross-linker makes
polymer form networks, so that it has high capability to plug
pore. Due to its promising permeability reduction capability,
gel treatment is evidently of great conformance control [4, 5].

There are several types of gel treatment, such as the in situ
bulk gel and microgel. In situ bulk gel is formed with high
concentration of polymer and cross-linker representing sub-
stantial polymer network. Because of strong gel due to great
amount of polymer network, it hardly flows well through
small pores in matrix. Owing to relatively slow flow capacity,
bulk gel is appropriate to treat high-permeability zones near
well bores or reservoirs containing fractures. By contrast, in
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situ microgel is formed with relatively low concentration of
polymer and cross-linker. The microgel is able to penetrate
deeper into a formation until its gelation mechanism is trig-
gered. Therefore, it is appropriate for reservoirs that have in-
depth high-permeability zones or that do not have fractures.
Randomly heterogeneous reservoirs considered in this study
have various locations of high-permeability zones without
fractures; thus in situ microgel is selected.

In the recent years, preformed particle gels (PPGs) have
been proposed and developed by Coste et al. and Bai et al.
[6, 7].They are oriented to overcome somedistinct drawbacks
inherent in the in situ gelation systems such as lack of gelation
time, uncertainness of gelling due to shear, degradation, chro-
matographic fractionation, or change of gelant composition,
and dilution by formation water [7]. They are categorized as
preformed gels for conformance control, which is of great
interest to several researchers [6–12]. There are also pH-trig-
gered microgels and temperature-triggered microgels, called
the Bright Water for application to specific reservoir condi-
tions. However, this study utilizes in situ microgel to assess
the performance of gel treatment with respect to not only
water production but also gelation under general conditions.

According to the studies on the performance of gel
treatment, heterogeneity of reservoir permeability has been
revealed to be the most important factor among influential
factors like other EORmethods. Also, previous investigations
had been focused on layered permeability system in vertical
direction [13–15]. It was revealed that high-permeability
contrast of layered system significantly improves the perfor-
mance of gel treatment [13, 14]. However, these layered reser-
voir systems are hard to be assumed as realistic reservoirs. In
advance of researches for layered heterogeneous system, sev-
eral researches for spatially correlated heterogeneous fields
have been conducted in terms of enhanced oil recovery [16,
17]. However, these researches also assumed that heteroge-
neous permeability fields have single-scale correlation, so
they still have limitation to generate various and proper real-
istic permeability fields.

In the field of groundwater flow, aquifer heterogeneity is
important as much as reservoir heterogeneity in petroleum
engineering. Groundwater and solute transport processes in
the aquifer are considerably affected by the heterogeneity of
the formation properties [18]. Many researchers developed
theories based on the assumption that the spatial distribu-
tions of the medium properties can be characterized by one
single-scale correlation [19]. However, when heterogeneity at
any scale cannot be averaged out, nor can be treated as a deter-
ministic trend, single-scale correlation approach is invalid
[19]. In addition, as many subrandom fields compose of
parent randomfield, that is, each layer, which has various geo-
logical conditions, gathers and consists of aquifer, single-scale
correlation method lacks the ability to produce this model
[19]. A number of reasons including deformation and solu-
tion could alter the characteristics of reservoir depending on
scale. Therefore, generation of more proper fields should
include both local and regional correlations, that is, mul-
tiscale correlation, so a few researchers investigated non-
stationary multiscale correlation [19]. However, researches

considering multiscale heterogeneity of permeability have
not been conducted substantially, especially for EOR. This
study accesses the performance of gel treatment applied on
spatially correlated heterogeneous fields considering multi-
scale spatial correlation.

We neglect time-dependent term and suppose that sta-
tionary multiscale focuses on how the multiscale, combina-
tion of local scale and regional scale, affects heterogeneity and
performance of gel treatment by comparing with single scale.
In addition to multiscale effect, effect of spatial correlation,
which is represented with correlation length and variance, on
heterogeneity and performance of gel treatment is evaluated.
The Dykstra-Parsons coefficient is used to quantify the
level of heterogeneity of all permeability fields used in the
simulations. Distribution of permeability and permeability
reduction factor of gel placement are shown with figures,
which could not been clarified through the Dykstra-Parsons
coefficient. It is also investigated how preflush as waterflood-
ing influences the performance of gel treatment applied on
heterogeneous permeability field. Because preflush before gel
treatment could control location of gelation, investigation of
preflush is of importance.

2. Basic Theories

2.1. Gel Treatment. Due to pore-blocking mechanism, gel
treatment improves sweep efficiency and is known as an effec-
tive conformance control. However, the exact mechanism
is still uncertain. The uncertainty arises from whether gel
mainly penetrates high-permeability zones as intended.Cozic
et al. and Seright et al. suggested steric effect, which assumes
that microgel solution acts as water flows during injection
[20, 21]. Zaitoun et al. insisted that relatively large microgel
size results in low amount ofmicrogel penetration of low-per-
meability zones [22]. Several authors suggested and explained
the disproportionate permeability reduction (DPR) effects or
sometimes called relative permeability modification (RPM)
effects [11, 23–26]. According to DPR, it reduces relative
water permeability dominantly rather than relative oil per-
meability, even if gel solution penetrates both low- and high-
permeability zones. However, major mechanisms of gel treat-
ment are related to permeability reduction by pore plugging
and DPR, which are considered as main mechanisms in this
study.

This study models polymer/chromium chloride gel. In
the process of polymer/chromium chloride gel, two reactions
and kinetics, that is, redox and gelation reactions, occurred.
Substantive gelation process is the reaction between trivalent
chromium (Cr3+) and polymer to form gel. Because this reac-
tion process is so fast, an additional reaction, that is, redox
reaction, is implemented to delay this fast reaction. Fast gela-
tion misleads to placing the gel intensively near the well bore,
not in high-permeability zones, and it could decrease injectiv-
ity and productivity. To control gelation time, two reactions
usually participate to gelation. The first reaction of in situ
gelation is redox reaction of sodium dichromate with reduc-
ing agent, that is, thiourea (CS(NH

2
)
2
) generating trivalent
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chromium. For the second reaction, the generated trivalent
chromium forms gel with polymer as follows:

Cr
2
O2−
7
+ 6CS(NH

2
)
2
+ 8H+

𝑘

→ 2Cr3+ + 3[CS(NH
2
)
2
]
2
+ 7H
2
O,

(1)

Cr3+ + POLYMER → Gel. (2)

The kinetics for the reaction of polymer and trivalent
chromium are implemented with the following expression of
exponents:

𝑑 [Cr3+]
𝑑𝑡

= −𝑘

[Cr3+]
𝑋14

[polymer]𝑋4

[H+]𝑋16
, (3)

𝑑 [gel]
𝑑𝑡

= −

1

𝑛

𝑑 [Cr3+]
𝑑𝑡

,
(4)

where 𝑋4, 𝑋14, and 𝑋16 are exponents to be used for each
component in gelation reaction and 𝑘 is kinetic rate coeffi-
cient for gel.

Because gel reaction is extremely sensitive to temperature
as other chemical reactions, temperature effect is very critical
to decidewhether gel treatment is applicable or not.The effect
is reflected in kinetic rate coefficient shown in (3). Tempera-
ture dependence of kinetic rate coefficient is represented with
the Arrhenius equation as follows:

𝑘 = 𝑘ref exp{𝑘𝑇 (
1

𝑇

−

1

𝑇ref
)} , (5)

where 𝑘ref is kinetic reaction coefficient at reference tempera-
ture, 𝑘

𝑇
is parameter for calculating kinetic rate coefficient for

gel as a function of reservoir temperature, 𝑇 is the reservoir,
temperature calculated from solving energy balance equation
and 𝑇ref is reference temperature assumed to be equal to
reservoir temperature.

DPR, resulting by adsorption of gel onto surface of pore,
is utilized due to its ability to compress/collapse/dehydrate
in presence of water-oil capillary pressure. The adsorption is
calculated by the Langmuir-type isotherm equation with gel
concentration in the aqueous phase as follows:

𝐶
15
=

𝑎
15
𝐶
15,1

1 + 𝑏
15
𝐶
15,1

, (6)

where 𝐶
15

is the concentration of adsorbed gel and 𝑎
15

and
𝑏
15
are gel adsorption parameters.
The effect of gel on aqueous-phase permeability reduction

reflecting pore plugging mechanism and DPR is represented
with permeability reduction factor, which is an index of
capacity to modify the flow in reservoirs. Permeability
reduction factor, 𝑅RF, is defined as effective aqueous-phase

permeability ratio of the before-to-after gel treatment as fol-
lows;

𝑅RF = 1 +
(𝑅RF max − 1)𝐴𝑔𝑘𝐶15,1

1 + 𝐵
𝑔𝑘
𝐶
15,1

,

𝑅RF max =
[
[

[

1 −

𝑐
𝑟𝑔
(𝐴
𝑝1
𝐶

𝑆𝑝

SEP)
1/3

(√(𝑘𝑥𝑘𝑦)/𝜙)

1/2

]
]

]

−4

,

𝐶SEP =
𝐶
5,1
+ (𝛽
𝑝
− 1)𝐶

6,1

𝐶
1,1

,

(7)

where 𝑅RF max is the maximum residual resistance factor,𝐴
𝑔𝑘

and 𝐵
𝑔𝑘

are the permeability reduction parameters for the
Langmuir correlation with gel concentration,𝐶

15,1
is the con-

centration of gel in aqueous phase, 𝑐
𝑟𝑔
is the constant depend-

ing on gel type, 𝐴
𝑝1

is the parameter to calculate polymer
viscosity at zero shear rate, 𝐶SEP is the effective salinity, 𝑆𝑝 is
the slope of viscosity versus effective salinity on a log-log plot,
𝑘
𝑥
and 𝑘

𝑦
are the permeabilities of 𝑥 and 𝑦 directions, 𝜙 is

the porosity, 𝐶
5,1
, 𝐶
6,1
, and 𝐶

1,1
are the anion, divalent cation

and water component concentrations in aqueous phase, and
𝛽
𝑝
is the parameter to combine divalent cation, salinity with

anion salinity.
Increased viscosity of injection fluid by injected polymer

or formed gel reduces conformance problem.The viscosity of
aqueous phase containing gel and polymer is modeled with
the Flory-Huggins equation as follows:

𝜇
1
= 𝜇
𝑤
[1 + (𝐴

𝑝1
𝐶
4,1
+ 𝐴
𝑝2
𝐶
2

4,1
+ 𝐴
𝑝3
𝐶
3

4,1
) 𝐶

𝑆𝑝

SEP

+𝐴
𝑔1
𝐶
15,1
+ 𝐴
𝑔2
𝐶
2

15,1
] ,

(8)

where𝐶
4,1

is the concentration of polymer,𝐴
𝑝1
,𝐴
𝑝2
, and𝐴

𝑝3

are parameters to calculate polymer viscosity at zero shear
rate, and 𝐴

𝑔1
and 𝐴

𝑔2
are the Flory-Huggins parameters for

gel viscosity.

2.2. RandomFieldGeneration. Recognition of permeability is
critical to predict oil recovery process by numerical reservoir
simulation. Permeability shows not perfectly random distri-
bution but some correlation structures. Therefore, synthetic
permeability fields could be realized in a stochastic method
to simulate natural variety [27, 28]. Permeability is considered
as a random variable and is assumed to have its own density
function as log-normal distribution. To generate permeability
random fields, second-order stationarity is assumed. Based
on second-order stationarity, covariance function, correla-
tion length, and variance are given. Correlation length is the
lag distance at which the values at two locations are margin-
ally dependent on each other [29].

Generation of heterogeneous permeability field is per-
formedwith the IGWsoftware,which is developed for unified
deterministic and stochastic groundwater modeling [30].
Based on efficient computational algorithms, IGW simulates
complex flow and geological heterogeneity. Heterogeneous
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(a) Homogeneous permeability field
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(b) (1) 𝜆𝑥 = 20, 𝜆𝑧 = 5, 𝜎 = 1
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(c) (1) 𝜆𝑥 = 20, 𝜆𝑧 = 5, 𝜎 = 3

0 500
0

100

x-coordinate (ft)

z
-c

oo
rd

in
at

e
(ft

)

(d) (1) 𝜆𝑥 = 40, 𝜆𝑧 = 10, 𝜎 = 1
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(e) (1) 𝜆𝑥 = 20, 𝜆𝑧 = 5, 𝜎 = 1 and (2) 𝜆𝑥 = 40, 𝜆𝑧 = 10, 𝜎 = 1
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(f) (1) 𝜆𝑥 = 20, 𝜆𝑧 = 5, 𝜎 = 1 and (2) 𝜆𝑥 = 40, 𝜆𝑧 = 10, 𝜎 = 2

Figure 1: Homogeneous permeability field (a) and heterogeneous permeability fields depending on single-scale correlation ((b), (c), and (d))
and multiscale correlation ((e) and (f)) expressed with ln 𝑘.

permeability fields are generated by unconditional random
process, given with correlation lengths for 𝑥 and 𝑧 directions
(𝜆
𝑥
, 𝜆
𝑧
), variances (𝜎), and several covariance functions.

This study aims to investigate multiscale correlation, cor-
relation length, and variance, as shown in Figure 1. Perme-
ability varies significantly in space, so the distribution is pre-
sented by natural logarithm of permeability (ln 𝑘).

3. Numerical Modeling

Modeling gel treatment on a spatially correlated hetero-
geneous permeability field is conducted with UTCHEM.
UTCHEM performs a 3D, multicomponent, and multiphase
compositional model of chemical flooding process consider-
ing complex phase behavior, chemical and physical transfor-
mation, and heterogeneous porousmedia properties [31]. It is
known as one of the advanced simulators for chemical flood-
ing process.

This study analyzes the heterogeneity and performance of
gel treatment in multiscale heterogeneous permeability fields
compared with those of single-scale heterogeneous fields. 2D
cross-sectionalmodel of reservoir is considered for the analy-
sis.The hypothetical reservoir locates at 1,300 ft depth and has
initial pressure and temperature as 200 psi and 103∘F, respec-
tively. The cross-sectional area is 500 × 100 ft2. There is a
two-phase flow in the reservoir, so initial saturations of water

and oil are assumed to be 0.3 and 0.7, respectively. Porosity
has uniform value of 0.2 over the whole reservoir because
the variation of porosity is not severe as much as that of the
permeability. When vertical communication of fluid is high
in the reservoirs, the efficiency of gel treatment decreases. In
addition, geological processes make the vertical permeability
much lower than horizontal permeability. Reflecting these
observations, the ratio of vertical-to-horizontal permeability
is set to be 0.01.

Effects of gel treatment are determined for the typical
design of injection process. Injection of fluids and production
are continued for 1,000 days. When enhanced oil recovery
method is applied, preflush as waterflooding is usually rec-
ommended to get higher productivity, so preflush is applied
before gel treatment. Rate of injection fluid is maintaind as
2,000 ft3/day. After preflush is finished, injection of polymer
and Cr3+ starts at in 510 days and continues until 525 days, as
shown Figure 2. After that, postflush as also waterflooding is
resumed. Concentrations of polymer and Cr3+ are shown in
Figure 2. All detailed input data for petrophysical properties
of the reservoir, kinetics of gelation, temperature effect on the
reaction, permeability reduction factor, viscosity, and adsorp-
tion are summarized in Table 1.

Covariance function is required to realize spatially cor-
related heterogeneous permeability field. Single-scale cor-
relation method needs just one covariance function, while
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Table 1: Input data of reservoir property and gel reaction.

Parameters
Reservoir

Porosity, 𝜙 0.2
Ratio of vertical-to-horizontal permeability, 𝑘V/𝑘ℎ 0.01
Depth (ft) 1,300
Temperature (∘F) 103
Pressure (psi) 200
Compressibility, 𝑐

𝑓
(psi−1) 0

Initial saturation
Water, 𝑆wi 0.3
Oil, 𝑆oi 0.7

Initial hydrogen ion concentration (meq/mL) 160
Kinetics of gelation

X4 0.8
X14 1.32
X16 1
𝑘ref ((mole/m3)1−𝑋14−𝑋4+𝑋16 days−1) 15
𝑘
𝑇
(∘K−1) −22,344

SCR 0.25
Permeability reduction factor
𝐴gk 0.06
𝐵gk 0.099
𝑐rg (m⋅wt.%

1/3) 4.9674 × 10−7

𝐴pl (wt.%
−1) 80

𝐶SEP
𝛽
𝑝

10
𝐶SEPmin (meq/m3) 10,000

𝑆
𝑝

0.169
Viscosity
𝐴g1 (cp ppm

−1) 0.008
𝐴g2 (cp ppm

−2) 2.7 × 10−5

Adsorption
𝑎
15
(vol. of water/ppm of chromium) 1,157

𝑏
15
(vol. of water/ppm of chromium) 100

multiscale correlation method requires two covariance func-
tions. Similarly, one correlation length for each direction and
one theoretical variance are needed to generate realization
of single scale correlated random field. Multiscale-correlated
random fields need two correlation lengths for each direction
and two variances. Tables 2 and 3 summarize the variables
used to generate permeability fields for Cases 1 to 5 in this
study. With these variables, 50 equivalent realizations have
been generated for each case, and heterogeneity has been
investigated by means of heterogeneity index and visualized
image. In addition, gel treatment is applied to heterogeneous
permeability fields to investigate the effects of heterogeneity
on the performance of gel treatment. Representative realized
fields among a number of fields for each case are visualized
in Figure 1 including homogeneous permeability field hav-
ing equivalent permeability as 200md. These representative
example heterogeneous permeability fields for each case will
be named as Ex 1 to 5 to differentiate Cases 1 to 5.
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Figure 2: Injection history of concentrations for polymer and Cr3+.

Table 2: Variables for single-scale correlation.

Case 1 Case 2 Case 3
Covariance function Bell Bell Bell
𝛾
𝑥

20 20 40
𝛾
𝑧

5 5 10
𝜎 1 3 1

Horizontal permeability (md) 200 200 200

Table 3: Variables for multiscale correlation.

Case 4 Case 5
Covariance function Bell Bell
𝛾
𝑥

20 20
𝛾
𝑧

5 5
𝜎 1 1

Covariance function Exponential Exponential
𝛾
𝑥

40 40
𝛾
𝑧

10 10
𝜎 1 2

Horizontal permeability (md) 200 200

4. Results

4.1. Heterogeneity. Based on the preliminary simulation
results, heterogeneities of five cases are investigated. As
permeability is characterized as log-normal distribution, the
Dykstra-Parsons coefficient is used to define permeability
variation as follows:

𝑉
𝑘
=

𝑘
50
− 𝑘
84.1

𝑘
50

, (9)

where 𝑘
50
is the permeability value with 50% probability and

𝑘
84.1

is the permeability value with 84.1% probability.
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Table 4: The Dykstra-Parsons coefficients of 50 fields for each case.

Case 1 Case 2 Case 3 Case 4 Case 5
#1 0.636 0.785 0.632 0.764 0.780
#2 0.595 0.789 0.600 0.748 0.822
#3 0.753 0.831 0.623 0.764 0.804
#4 0.776 0.771 0.593 0.705 0.827
#5 0.818 0.792 0.513 0.740 0.847
#6 0.693 0.764 0.591 0.700 0.837
...

...
...

...
...

...
#49 0.814 0.803 0.619 0.729 0.831
#50 0.771 0.766 0.537 0.771 0.769

Although this is a useful tool for characterizing the degree
of reservoir heterogeneity, it does not have information on the
spatial distribution of fields. To analyze the reservoir hetero-
geneity quantitatively and to get information of distribution,
not only the Dykstra-Parsons coefficient but also the images
of permeability are utilized, as shown in Figure 1. Table 4
briefly shows the Dykstra-Parsons coefficients for each real-
ized field for each case. Arithmeticmean of generated 50 geo-
metric permeabilitymeans for each case and arithmeticmean
of the realized Dykstra-Parsons coefficients for each case are
introduced to analyze degrees of heterogeneity statistically
and are represented in Table 5.

With respect to Dykstra-Parsons coefficient, gener-
ated heterogeneous permeability fields have various hetero-
geneities depending on the correlation length, the variance,
and the number of scales. It is easily identified that higher
variance and multiscale result in higher heterogeneity in a
range of 0.6 to 0.85 from Table 4. Table 5 summarizes the
simulation results of heterogeneous fields. Based on the het-
erogeneity index,𝑉

𝑘
values of Cases 1 and 3 are over 0.5, so the

two cases are moderately heterogeneous. Cases 2, 4, and 5,
where 𝑉

𝑘
values are over 0.7, are extremely heterogeneous.

From the results, it is concluded that impacts of variables,
that is, correlation length, variance, and number of scales, are
definitely different. Variance influences heterogeneity index
more significantly than correlation length. In multiscale-
correlated heterogeneous fields, heterogeneity index is higher
than single-scale-correlated heterogeneous fields because of
inclusion of locally correlated relation within regionally
correlated relation as shown in comparison between Cases 3
and 4 or between Cases 1 and 4. In the comparison between
Cases 2 and 4, single-scale cases show higher heterogeneity
index than multiscale cases. This inconsistency resulted due
to higher variance in single-scale cases. To evaluate themulti-
scale effect only, either of local scale or regional scale of mul-
tiscale should have the same spatial correlation with single
scale. For this reason, comparison between Cases 3 and 4 or
between Cases 1 and 4, not between Cases 2 and 4, is appro-
priate to assess multiscale effect.

Heterogeneity should be investigated with not only het-
erogeneity index but also visualized permeability image.
Because the Dykstra-Parsons coefficient just arranges all per-
meabilities in order of magnitude to calculate heterogeneity
quantitatively, it lacks spatial distribution information of

Table 5: Arithmetic means of geometric permeability means and
the Dykstra-Parsons coefficients for each case.

Geometric mean of
permeability

The
Dykstra-Parsons

coefficient
Case 1 197 0.587
Case 2 197 0.788
Case 3 207 0.597
Case 4 202 0.733
Case 5 200 0.814

permeability, as shown in Figure 1. For example, even though
correlation lengths are different between Cases 1 and 3, the
Dykstra-Parsons coefficients are similar. Accordingly, inves-
tigation of spatial permeability distribution on fields is con-
ducted with permeability field images. From the Figures 1(b)
and 1(d), longer correlation length produces spatial distribu-
tion to bemore layered system in spite of the similar Dykstra-
Parsons coefficients. It is due to longer𝑥-direction correlation
length for Case 3 than Case 1. From the comparison of per-
meability fields between Figures 1(b) and 1(c), it is clearly seen
that extremely large values of permeability are shown easily in
the higher variance case. However, both cases have the same
correlation length, so the spatial distribution of both cases
seems to be similar. Case 4 has two scales: the first one shows
local correlation, and the second one shows regional correla-
tion. Local correlation is the same with Case 1, and regional
correlation is the same with Case 3. Because correlation
length defines the spatial distribution of permeability, Case 4
follows similar spatial distribution of both Cases 1 and 3. It
has more layered system than Case 1, but a less layered one
than Case 3. Multiscale correlation shows local and regional
relationship simultaneously. In addition, multiscale correla-
tion has higher heterogeneity than both Cases 1 and 3. To
make sure that higher variance could represent higher hetero-
geneity in multiscale correlation, the second scale of Case 5 is
set to have higher variance than that of Case 4. As expected,
higher variance leads to higher heterogeneity in multiscale
correlation. From these results, multiscale correlation could
broaden generation of synthetic heterogeneous fields vari-
ously.
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Figure 3: Comparison of water saturations between nontreated waterflooding and gel-treated waterflooding at 640 days.

Table 6: Produced water-oil ratio after gel treatment at 1,000 days.

Case 1 Case 2 Case 3 Case 4 Case 5 Homogeneous
#1 20 21 28 27 21

45

#2 29 32 45 27 10
#3 52 11 27 12 32
#4 31 24 21 24 22
#5 57 11 34 17 6
#6 33 17 19 28 30
...

...
...

...
...

...
#49 30 9 18 36 16
#50 35 25 24 17 17

4.2. Gel Treatment. Results from the previous study indi-
cate that multiscale correlation usually generates more het-
erogeneous field than single-scale correlation. With these
generated heterogeneous fields, analysis of gel treatment
performance is conducted; that is, how much gel treatment
improves productivity, reduction of water production, and
when gel treatment is applied on single-scale- or multiscale-
correlated heterogeneous permeability fields.

Becausemain purpose of gel treatment is to reduce exces-
sive water production, gel treatment performance is mainly
analyzed with water-oil ratio (WOR). Figure 3 presents com-
parison of water saturation between gel-treated and non-
treated waterflooding at 640 days.The corresponding perme-
ability field is an Ex 5, as shown in Figure 1(f). Figure 3 con-
firms that gel treatment is effective not only to delay the out-
break of water breakthrough at producer but also to improve
vertical sweep efficiency.

Table 6 lists the results of water-oil ratio at the end of
production. All realized heterogeneous fields have similar
geometric mean of permeability of 200md. To investigate all
results statistically, arithmeticmeans ofWORand cumulative
oil recovery for gel treatment on 50 generated permeability
fields for all cases are analyzed and summarized in Table 7.
To investigate the influence of heterogeneity on gel treatment
performance, results from homogeneous permeability field
are considered as a base. From the homogeneous field case,
it is certain that gel treatment reduces water-oil ratio as much
as 78%. In comparison with homogeneous field, all gel treat-
ments on Cases 1 to 5 reduce water-oil ratiomore than 17%, as
illustrated in Tables 6 and 7. The best improvement of water-
oil ratio is observed in Case 5 at the end of production, which

Table 7: Arithmetic means of water-oil ratio and cumulative oil
recovery after gel treatment at the 1,000 days.

Water-oil ratio Cumulative oil
recovery

Nontreated
homogeneous field 206 0.62

Gel-treated
homogeneous field 45 0.62

Case 1 31 0.59
Case 2 18 0.52
Case 3 37 0.59
Case 4 23 0.55
Case 5 17 0.51

is about 63% reduction of that for gel-treated homogeneous
field case. Even though heterogeneous field has equivalent
geometric mean of permeability to homogeneous field, appli-
cation of gel treatment on heterogeneous field results in less
water-oil ratio than on homogeneous field because of hetero-
geneity. Tables 6 and 7 also prove that gel treatment on het-
erogeneous field having higher heterogeneity index leads to
lower water-oil ratio than on heterogeneous field having
lower heterogeneity index. With respect to cumulative oil
recovery, gel treatment does not have effectiveness due to
DPR mechanism.

Figures 4(b) to 4(f) present permeability reduction factor
calculated from simulations by applying gel treatment to Ex
1 to 5 fields which are representative heterogeneous perme-
ability fields shown in Figures 1(b) to 1(f). Figure 4(a) just
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Figure 4: Permeability reduction factors depending on heterogeneity at 1,000 days.

shows the permeability reduction factor when gel treatment
is applied on equivalent homogeneous permeability field.
Successful gel treatment means placing gel in a proper loca-
tion, that is, high-permeability zone. For the homogeneous
field, nonperturbation of permeability sustains the front of gel
solution to advance steady. Regarding heterogeneous fields, as
shown in Figures 4(b) to 4(f), gel is placed in mainly high-
permeability zone. Among heterogeneous fields, gel treats
almost whole domain in multiscale correlation (Figures 4(e)
and 4(f)) and single scale correlation field having longer
correlation length (Figure 4(d)). The results are consistent
with previous results in that correlation length controls
spatial distribution of permeability, that is, degree of layered
permeability system. For Case 3, gel could spread on whole
domain in spite of single-scale correlation because of longer
correlation length. In a multiscale correlation field, regional
scale having longer correlation length induces more layered
permeability field, so gel spreads on whole area of reservoir.
By comparing Cases 3 and 4, adding local scale to regional
scale makes heterogeneity more severe, so this makes gel
present in high-permeability zones intensively.

Figure 5 shows improvements of water-oil ratio in gel-
treated waterflooding compared with nontreated waterflood-
ing as a function of time for Ex 1 to 5. It is hard to be certain
that comparison among Ex 1 to 5 represents all information of
every gel treatment on realized permeability field. However,
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Figure 5: Improvements of water-oil ratio between nontreated
waterflooding and gel-treated waterflooding according to elapsed
time.
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Figure 6: Permeability reduction factors depending on preflush at 1,000 days.

Table 8: Effects of gel treatment and preflush on water-oil ratio and
cumulative oil.

Preflush
(days)

Water-oil
ratio

Cumulative oil
recovery

Nontreated
waterflooding 54 0.56

Gel-treated
waterflooding

0 24 0.55
255 21 0.56
510 17 0.54

it is pretty accurate and effective to explain trend for each
case. From the results of Ex 1 and 4, we can conclude that
higher heterogeneity index originating from multiscale leads
to higher improvement of gel treatment performance on
the fields. although Ex 2 and 4 show similar heterogeneity
as 0.788 and 0.733, there is considerable difference in the
improvements of gel treatment, up to 14% because of different
spatial distribution of permeability. Ex 5 has the highest het-
erogeneity over 0.8, but improvement of water-oil ratio is not
that much high due to less layered spatial distribution of
permeability. The maximum improvement of Ex 5 does not
exceed 70%. These results show that performance of gel
treatment is affected by not only heterogeneity index but also
spatial distribution of permeability.

To be a successful gel treatment, gel solution should travel
to the whole domain of a field and locate at high-permeability
zones intensively. To accomplish this goal, preflush as water-
flooding is used as one of controllers. Usually, preflush is used
tomitigate salinity effect, cation exchange, and so on. In addi-
tion, it regulates the placement of gel in fields. Except for pre-
flush duration, all conditions are maintained to be the same

as in previous study. Gel treatment is applied on the heteroge-
neous permeability field of Ex 5, as shown in Figure 1(f). As
shown in Table 8, with more preflush, lower water-oil ratio
was obtained at the end of the production. Figure 6 shows
that the duration of preflush, that is, initiation time of inject-
ing gelant, impacts the distribution of gel into reservoir.
No improvement of cumulative oil recovery is observed.
Although non-preflush case just reduces 56% of water-oil
ratio, preflush cases for 255 and 510 days show 61% and 69%
reduction of water-oil ratio.

5. Conclusions

(1) In stochastic random field generation, correlation
length and number of scales describe spatial distribu-
tion of permeability, and variance defines appearance
of high-permeability value. Multiscale correlation
generally realizes severe heterogeneous permeability
fields having higher heterogeneity index.

(2) Reduction of water-oil ratio by gel treatment is a func-
tion of heterogeneity index and spatial distribution
of permeability originating from correlation length,
variance, and number of scales. Generally, longer cor-
relation length, higher variance, and multiscale lead
to higher performance of gel treatment.

(3) Preflush influences location of gelation in the reser-
voir, so it determines performance of gel treatment,
that is, reduction of water-oil ratio.Therefore, optimal
design of preflush should be considered for successful
application of gel treatment.
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