MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Masters Theses Student Theses and Dissertations
Spring 2017

Survey and data analysis of weak gel treatments in injection wells

Zhuxing Chen

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses

b Part of the Petroleum Engineering Commons
Department:

Recommended Citation

Chen, Zhuxing, "Survey and data analysis of weak gel treatments in injection wells" (2017). Masters
Theses. 7635.

https://scholarsmine.mst.edu/masters_theses/7635

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7635&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/245?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7635&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/7635?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7635&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

SURVEY AND DATA ANALYSIS
OF WEAK GEL TREATMENTS

IN INJECTION WELLS

by

ZHUXING CHEN

A THESIS
Presented to the Faculty of the Graduate School of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY

In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE IN PETROLEUM ENGINEERING
2017
Approved by
Dr. Baojun Bai, Advisor

Dr. Mingzhen Wei
Dr. Peyman Heidari



© 2017
ZHUXING CHEN
All Rights Reserved



ABSTRACT

Excessive water production is a major concern in mature reservoirs. Weak gels have
been applied in injection wells for in-depth profile modification. However, the data range
and distribution of each parameter that affects performance of weak gels have not been
studied thoroughly.

China has the largest amount of chemical-based conformance control treatments.
This paper presents a summary of comprehensive data ranges and distributions for weak
gel treatments based on the laboratory experiments and field applications in China from
2001 to 2010. The data set includes 76 cases compiled from China Academic Journals
papers. In this study, reservoir properties, gel properties and production data are
specifically studied with statistical analysis methods. Box plots and histograms are used to
display the range and distribution of each parameter and bar charts and cross plots are used
to show comparisons among different categories, such as polymer type and crosslinker
type.

Based on statistical analysis, HPAM is more widely used over broad ranges of
temperatures and brine salinities in China, although other polymers, such as AP and
KYPAM, have better stabilities in severe conditions (high temperature or high salinity).
For crosslinkers, chromium(lIl) crosslinkers and phenol-formaldehyde crosslinkers are
more widely used in China, and phenol-formaldehyde crosslinkers are more widely used
over a broad range of temperatures, from low to high temperatures, although they are

normally designed for high temperature applications.
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1. INTRODUCTION

Excessive unwanted water production is a common problem encountered in most
mature reservoirs as a result of long-term water flooding (Bai et al. 2013). Due to
conformance problems, excessive water production becomes an issue when it competes
directly with oil production. The water tends to flow from an injection well to the
production well through highly conductive natural fractures that run directly from the
injection well to the production well. Excessive water production during oil recovery
operations adds unnecessary operating costs, including water lifting, treating, handling and
disposal costs, to the recovery of oil (Seright et al., 2003). A report from the U.S. national
laboratory indicates that the oil industry was, on the average, producing worldwide 3 bbl
of water for every 1 bbl of oil. Same report also shows the oil industry in the United States
was producing 7 bbl of water for every 1 bbl of oil (Veil et al., 2004).

Conformance problems can be classified into two main categories, including near-
wellbore problems and reservoir-related problems (Chou et al., 1994). General means to
improve conformance include increasing the viscosity of the flooding fluid, reducing the
permeability of high-permeability flow channels, increasing the permeability of low-
permeability flow, and improving conformance through the wellbore. Spatial variation in
the fluid-flow capacity because of reservoir permeability heterogeneity is the root cause of
reservoir conformance problems.

Gels have proven to be one of the most popular materials for use in permeability-
reducing conformance-improvement treatments (Seright et al., 2003; Sydansk, 2007).
Weak gel, that has a relatively low gel strength but can still be crosslinked in reservoir

condition, serves as a cost-effective and function-effective agent for permeability-reducing



and fluid-flow-blocking in conformance-improvement treatments. Due to its low gel
strength, low surface viscosity and long delayed gelation time, it can penetrate into deep-
reservoir compared to classic bulk gel.

Screening criteria serves as the first step for evaluating potential gel formulations
for candidate reservoirs. Screening criteria are critical at the start of a gel project because
gel projects capital sensitive and involve high degree of risk and can yield significant
undesirable consequences if they fail (Mungith et al. 2016).

The objectives of this study are to study the distributions of each parameter that
affects performance of weak gel treatments, to study the special cases that are helpful to
understand the weak gel formulations for different reservoirs and to establish the
comprehensive data ranges for applying weak gel treatments in injection wells. Such
comprehensive data ranges are established based on statistical analyses of a large set of

experimental and field data.



2. LITERATURE REVIEW

Conformance control is any action taken to improve the injection or production
profile of a well. It encompasses procedures that enhance recovery efficiency, improve
wellbore/casing integrity, and satisfy environmental regulations (Azari and Soliman,

1996).

2.1. GEL TREATMENT

Gel treatment is a cost-effective method to improve sweep efficiency in reservoirs
and to reduce excessive water production during oil and gas production (Bai et al., 2008).
Polymer gels have been applied in injection wells for near-wellbore conformance control
and reservoir scale in-depth fluid diversion and have been applied in production wells for
shutoff. Polymer gels can be divided into in-situ gels and preformed particle gels.
Traditionally in-situ gels were used for controlling water production where a mixture of
polymer and crosslinker is injected into the formation to form gels at reservoir conditions
(Sydansk and Moore, 1992; Jain et al., 2005; Delshad et al., 2013). The basic premise of
any gel technology is that the gelant will preferentially enter high permeability anomalies
responsible for low volumetric sweep efficiency. Once the gels reduce the flow capacity in
the “thief zones”, both vertical and areal sweep efficiency will be improved (Muruaga et
al., 2008). PPGs are formed at the surface, then dried and crushed into small particles to be
injected into the reservoir (Bai et al., 2007). PPGs overcome drawbacks of in-situ gels,
such as lack of control on gelation time, uncertain gelling due to shear degradation,

chromatographic fractionation and dilution by brine water (Delshad et al., 2013).



2.2. TYPES OF IN-SITU GELS

When metal ions are added to a polymer solution, a reaction occurs between the
metal ion and the carboxyl group. When the polymer concentration is less than the critical
overlap concentration (C*), conventional bulk gels cannot form and predominantly
intramolecular and minimal intermolecular crosslinks can occur. However, when the
polymer concentration exceeds the critical overlap concentration, intermolecular crosslinks
can occur between two or more polymer molecules and continued intermolecular
crosslinking may led to the formation of a continuous network of polymer molecules (Al-
Assi, et al.2006). In-situ gels can be divided into bulk gels, CDGs and weak gels. The

difference between a CDG and a bulk gel is shown in Figure 2.1.

Bulk Gel - Intermolecular
Cross-linking

&

CDG - Intramolecular i (_
Cross-linking Q r

Figure 2.1. Comparison of CDG and bulk gel (Mack and Smith 1994; Ming 2014).

2.2.1. Bulk Gels. Bulk gels are high polymer concentration gels designed for
applications in reducing water channeling in naturally fractured formations or in reservoirs
with multi-darcy permeability anomalies (Wang et al. 2003; Diaz et al. 2008; Muruaga et
al. 2008). The high polymer concentration result in a continuous semi-solid 3D network
structure (Mungith et al. 2016). Conventionally, bulk gels utilize high polymer and
crosslinker concentrations to form strong gels in near-wellbore area. For conventional bulk

gel technology, the high polymer and crosslinker concentrations commonly employed



make it uneconomical to inject large volumes of gels to correct in-depth problems (Mack
et al. 1994). Typical injected volumes range from a few hundred to tens of thousands of
barrels (Munqith et al. 2016).

Near-wellbore treatments of matrix formations with bulk gels has been shown to
be an effective means for achieving the total shutoff of selected formation intervals, and
has been used to reduce both water and gas production. Near-wellbore treatments with bulk
gels can also be used to modify the conformance of injected fluids where crossflow is not
a consideration (Albonico et al. 1995).

2.2.2. Colloidal Dispersion Gels (CDGs). Colloidal dispersion gels are typically
large volume, low polymer and crosslinker concentration gels designed to improve sweep
efficiency in unfractured matrix reservoirs that exhibit poor water flooding performance.
The gels involve low polymer and crosslinker concentration that make injection of large
volumes of gels economical and allow in-depth placement and provide a solution to in-
depth channeling and crossflow problems inherent with waterline, which cannot be solved
by near-wellbore gels (Mack et al. 1994). The CDG injection solution properties are similar
to a mobility polymer, imparting viscosity to the injection water and adsorbing to the
reservoir rock (Norman et al. 1999).

2.2.3. Weak Gels. Mungith et al. (2016) indicated that weak gels are a subdivision
of the bulk gel systems. Weak gels have low surface viscosities and long delayed gelation
time and can penetrate deep into reservoir to form weak gels to plug high permeability
zones under reservoir conditions and in the subsequent water flooding or chemical
flooding, weak gels can be gradually pushed even deeper into the formation (Wang et al.

2003; Suleimanov and Veliyev 2016). Weak gels overcome the disadvantages of bulk gels,



such as worse penetration and narrower plugging radius, and the disadvantages of CDGs,
such as stronger flowing property and poor plugging and diverting properties (Wang et al.
2001). Weak gels are used in high-permeability or fractured reservoirs (Sheng, 2011).
Weak gels function both as an IFD agent and an oil displacement agent simultaneously,
and can effectively resolve the inter-layer conflicts caused by permeability contrast and

improve mobility ratio (Wang et al., 2003).

2.3. MECHANISMS OF PROFILE CONTROL USING WEAK GELS

2.3.1. Profile Modification. The produced water from production wells is hardly
avoidable in the development of water flooding. Profile control has been a very effective
method in water flooding development to increase water injection efficiency and decrease
produced water (Wang et al., 1995).

2.3.2. In-Depth Fluid Diversion. In heterogeneous reservoir, the permeability
variation normally extends throughout the expanse of the reservoir, so large volumes of
gels must be placed deep into the formation to correct in-depth permeability variation. If
gels are placed near-well to correct in-depth permeability variation, subsequent injection

fluid can bypass the gels via vertical crossflow (Mack et al., 1994).

2.4. GEL FORMULATIONS

2.4.1. Types of Polymers. In chemical EOR, various polymers have been studied
such as partially hydrolyzed polyacrylamide (HPAM), hydrophobically associating
polymer (AP), salinity tolerant KYPAM and 2-acrlamide-2-methyl propane-sulfonate co-

polymer(AMPS) (Kumar et al. 2015).



2.4.1.1 HPAM. Partially hydrolyzed polyacrylamide (HPAM) is the most widely
employed water-soluble polymer for use in both polymer water flooding and oilfield
conformance polymer-gel treatments (Sydansk et al., 2011). Polyacrylamide absorbs
strongly on mineral surface. Thus, the polymer is partially hydrolyzed to reduce adsorption
by reacting polyacrylamide with a base, such as sodium or potassium hydroxide or sodium
carbonate (Sheng, 2011). HPAM polymer is favored due to its low cost, its commercial
availability, its viscosity-enhancing power in low-salinity brines, its normally good
injectivity and its resistance to microbial degradation and is disfavored because its
sensitivity to water salinity and hardness and its sensitivity to mechanical or shear
degradation (Sydansk and Romero-Zeron, 2011). When HPAM is applied in reservoirs
with high temperature and high salinity, its molecular structure is curly shaped, which
results in a sudden drop in viscosity of the polymer solution (Zhao et al., 2004).The

structure of HPAM is shown in Figure 2.2.

~CH; (|3H]X [CH,—CHI,

|
(|:=o (|:=o

NH> O™Na*

Figure 2.2. Structure of HPAM (Sheng 2011).

2.4.1.2 AP. Hydrophobically associating polymers have been developed for oil
field applications (SNF, 2007). The term hydrophobically associating polymer is a broad
classification (Glass, 2000) and it refers to water soluble polymers that have undergone

some hydrophobic modification and special hydrophobic molecular groups are added into



polymer chains so that a hydrophobically associating polymer contains one or more water-
soluble monomers (acrylamides) and a small fraction (0.5-4%) of water-insoluble
(hydrophobic) monomers (Sheng, 2011). Hydrophobically associating polymers possess a
unique thickening mechanism and most are environmentally benign and polymer networks
form in solution and consist of intra- and inter-molecular hydrophobic junctions (Tripathi
et al., 2006). Thus, greater aqueous-phase viscosities result at the same concentrations as
conventional polymers (Akatas et al. 2008). Therefore, associative polymers have the
potential to reduce costs for enhanced oil recovery applications. These polymers, however,
have not been tested widely in porous media. The structure of a typical hydrophobically

associating polymer is shown in Figure 2.3.

(CH2—(|3H)m —(CH2 CIT),, (CH2—CT)W

C=0 C=0 C=0

H, o N+
(|3HCH2803H
CH2(CH2),CH3

Figure 2.3. Structure of a typical hydrophobically associating polymer (Sheng 2011).

2.4.1.3 KYPAM. KYPAM is salinity-tolerant polyacrylamide and it can also be
called comb-shape polyacrylamide. In KYPAM, as the new functional monomer aromatic
hydrocarbon with ethylene is introduced, the side chains have both hydrophilic and
hydrophobic groups. Because of the repulsion between the hydrophilic group, the
hydrophobic group, and the repulsion among the hydrophilic groups, the side chains are

arranged in a comb shape, stretching the flexible chains (Sheng, 2011). Sulphonate makes



AMPS capable good resistance of divalent and salinity in general and acrylamide gives
AMPS thermal stability and resistance to hydrolysis, acid and alkaline (Sheng, 2015).
Weak gels formed by KYPAM have better salt tolerance than weak gels formed by other
polymers (Tang et al. 2005). Wang et al. (2006) indicates KYPAM provides high viscosity
in brine water than that provided by conventional HPAM polymer. The structure of
KYPAM is shown in Figure 2.4, where R1, Rz, and Rz could be either H or C1-Ci2 alkyl,
which mainly affect the elasticity of the polymer and A represents an ionic functional group
that is tolerant to Ca?* or Mg?* (Sheng 2011).

2.4.1.4 AMPS copolymer. Polyacrylamide themselves are subject to thermal
decomposition. However, AMPS unit can be added to the polymer to enhance thermal
integrity (Holtsclaw and Funkhouser, 2010). Furthermore, calcium tolerance can be
improved by using copolymers of AMPS. AMPS, 2-Acrylamide-2Methyl Propane-
Sulfonate, has water-soluble anionic sulfonate, shielding acrylamide, and unsaturated

double bond (Sheng 2011). The structure of the AMPS copolymer is shown in Figure 2.5.

Ry Rs
_[CHQ_CH]X_[CHQ_CH]}/—[(IJ_CL]E
Lo Il L

IlIHz (|)‘Na+ /|\

Figure 2.4. Structure of KYPAM (Sheng 2011).

2.4.2. Types of Crosslinkers. The rate at which a polymer solution undergoes
gelation is controlled by the gelation chemistry. Two main types of crosslinkers, metal ions

and organic systems (particularly phenol-formaldehyde) have been employed in the field
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with polyacrylamide and acrylamide copolymers (Albonico et at.1995). When metal ions
are added to a polymer solution, a reaction occurs between the carboxyl group and the
metal ion (Al-Assi et al. 2006). For high temperature applications, phenol-formaldehyde

systems are used due to their good thermal stability.

—(CHQ—([?H)X—(CHQ—(l.’;H)y
C=0 C=0

| |
NH; NH

|
CH3-—c|:——CH3

CH>

|
0=8=0

(|)‘Na+
Figure 2.5. Structure of AMPS/AM copolymer (Sheng 2011).

2.4.2.1 Metal ion crosslinkers. Albonico et al. (1995) indicated AIl(lI)
crosslinkers appear to be suitable only for low temperature applications due to their fast
reaction with polymers. The crosslinking reaction is rapid if aluminum exists as a trivalent
cation and the rapid crosslinking reaction make it difficult to be dispersed uniformly in
polymer solution. However, by chelating the aluminum with citrate, in-depth penetration
can be improved (Dovan et al 1987).

The crosslinking reactions in theses chromium(111) crosslinked polyacrylamide gel
systems take place by the complexation of Cr(lll) ions with carboxylate groups on the

polymer chains (Reddy et al. 2002). The widely-employed Cr(l11)-acetate crosslinker can
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provide gelation delays of up to a few hours at temperature as high as 70 °F. Bryant et al.
(1998) indicated that Cr(l11) acetate propagates very poorly in a porous matrix at elevated
temperature.

Zirconium has been widely used in fracturing applications as a crosslinker.
Zirconium can form a stable crosslinked fluid at pH levels from 3.5 to 10.5 and up to 350
°F (Alsaiari et al., 2016). Due to concerns over environmental effects of chromium
crosslinkers, zirconium crosslinkers have been developed as alternative crosslinkers for
gelation of polyacrylamide and the zirconium/polyacrylamide crosslinking systems
possess good tolerance of high brine salinity and hardness (Moffitt et al., 1996). Both of
increasing pH and adding sodium lactate result in a retardation of the crosslinking process.
However, increasing pH does not change crosslink energy (Chauveteau et al., 1999).
Titanium crosslinkers have also been developed due to environment concerns using
chromium crosslinker.

2.4.2.2 Organic crosslinkers. A typical example of an organically crosslinked gel
is the acrylamide-phenol/formaldehyde gel. It has been confirmed by Krilov et al. (1998)
that the phenol-formaldehyde crosslinked polymer gelants possess good injectivity and the
phenol-formaldehyde crosslinked polymer gels possess the best thermal stability. A
phenol/formaldehyde polymer gel has been reported to be stable at 121 °C for 13.3 years
(Al-Muntasheri et al. 2005). It has been confirmed by Krilov et al. (1998) that the phenol-
formaldehyde crosslinked polymer gelants possess good injectivity and the phenol-
formaldehyde crosslinked polymer gels possess the best thermal stability. Phenol-
formaldehyde crosslinked polymer gels exhibit excellent stability at high temperature (60-

140 °C) and insensitive to pH and the lithology of the porous media (Bryant et al. 1998).
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However, gelation time is strongly influenced by temperature and nature of polymers
(Albonico et al., 1995).

The partitioning of phenol into crude oil is found to be a significant issue for
propagation of the gelants prepared by phenol-formaldehyde. However, the use of a phenol

pre-flush of the formation can be a viable solution for the problem (Albonico et al., 1995).
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3. DATA COLLECTION AND ANALYSIS

3.1. STATISTICAL ANALYSIS TOOLS

3.1.1. Bar Chart. A bar chart is a chart that displays grouped data with
rectangular bars with heights proportional to the values that they represent. It is used for
categorical variables to show comparisons among categories and can be plotted vertically
or horizontally. Bars can be arranged in any order. An example of a bar chart is shown in

Figure 3.1.

12

10

0o

Numbers of Each Case
[e)]

Category A Category B Category C

Figure 3.1. Example of a bar chart.

3.1.2. Histogram. A histogram is a particular type of bar chart that presents the
frequency of occurrence of values. Histograms use what are called bins to collect values
that are in given ranges. The heights of bins show the number of cases fall into each of the
bins. The bins are usually specified as consecutive, non-overlapping intervals of a variable.

The bins in a histogram need not be of the same width. But the bins must be adjacent. The
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disadvantage of using a histogram is that choice of number and width of bins can heavily
influence the appearance of a histogram. An example of a histogram is shown in Figure

3.2.

Frequency

[0, 5] (5, 10] (10, 15] (15, 20] (20, 25]

Category A
Figure 3.2. Example of a histogram.

3.1.3. Box Plot. A box plot is a quick way of graphically examining and depicting
one or more sets of numerical data through their quartiles. The bottom and top of the box
are the first and third quartiles and the line inside the box is the second quartile (the
median). A box plot shows sample skewness if the median is not centered in the box. The
distance between the top and bottom is the interquartile range, which is noted as IQR. The
point inside the box represents the mean of the data. The upper limit and the lower limit
are 1.5 times the interquartile range away from the top and bottom of the box, respectively.
An outlier is a value that is above the upper limit or below the lower limit. A schematic of

a box plot is shown in Figure 3.3.
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Figure 3.3. Schematic description of a box plot.

3.1.4. Scatter Plot. A scatter plot is a type of plot using Cartesian coordinates to
display values of typically two variables for one or more sets of data. The data is
displayed as a collection of points. The values of the variables of each point determine
the position on the horizontal axis and vertical axis. An example of a scatter plot is shown

in Figure 3.4.
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Figure 3.4. Example of a scatter plot.
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3.2. DATA COLLETION

3.2.1. Data Resource. China has the largest amount of chemical-based
conformance control treatments and a series of new technologies have been successfully
developed and deployed in recent years (Liu et al.,2006). This research is based on the
projects reported in China Academic Journals Full-text Database from 2001 to 2010. The
database is the largest and continuously updated Chinese journal database in the world,
focuses on academy, technology, policy guidance, popular science and education journals
and covers science, engineering technology, agriculture, philosophy, medicine, humanities,
and social sciences, etc.

3.2.2. Dataset Description. The data set consists of the data collected from 76 field
applications and laboratory experiments conducted from 2001 to 2010. Totally, there are
31 field applications conducted for evaluating gel properties and 45 laboratory experiments
conducted for studying the feasibility of applying weak gel treatment for a certain oil field
based on the reservoir properties and gel formulations. The parameters collected and
analyzed include reservoir properties, gel proprieties and production data. The reservoir
properties include porosity, permeability, temperature, net thickness, depth, water salinity,
divalent cation concentration, PH, Dykstra-Parsons Coefficient, and oil viscosity. Gel
properties include polymer type, polymer concentration, polymer molecular weight,
polymer degree of hydrolysis, crosslinker type, crosslinker concentration and injected PV.
Production data includes oil recovery before treatment, water cut before treatment, water
cut after treatment and water cut decrease. Table 3.1 shows the parameters collected and
analyzed in the research. The blanks in Table 3.1 indicate that those data are not available,

because those data are field data.
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Table 3.1. Parameters collected and analyzed in the research.
Type Parameter Lab | Field
Porosity
Permeability
Temperature
Net Thickness
Depth
Salinity
Divalent Cation Concentration
pH
Dykstra-Parsons Coefficients
Oil Viscosity
Polymer Type
Concentration
Molecular Weight
Gel Properties Hydrolysis Degree
Crosslinker Type
Crosslinker Concentration
Injected PV
Oil Recovery Before Treatment
Water Cut Before Treatment
Water Cut After Treatment
Water Cut Decrease

X | XX

Reservoir Properties

X | XX

XXX XXX | X[ X[ X

Production Data

XX XX XXX XXX XX XXX XX X XX X

3.2.2.1 Types of projects. Figure 3.5 shows the types of projects. In this research,
data from 45 laboratory experiments and 31 field applications are collected to display the
distributions of reservoir and oil properties, gel properties and production data, which give
a significant guidance in designing a new weal gel treatment project in the future.

3.2.2.2 Numbers of projects in each year. Numbers of laboratory experiments and
field applications collected in each year are shown in Figure 3.6.

3.2.2.3 Numbers of field applications in each oilfield. Figure 3.7 shows the
numbers of field applications in each oilfield in China. From Figure 3.7, it shows that there

are more applications in Liaohe oilfield reported compared to other oilfields in China.
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Figure 3.6. Numbers of laboratory experiments and field applications in each year.

3.3. DATA DISPLAY AND ANALYSIS

3.3.1. Porosity. Statistical analysis of porosity laboratory data and field data are
illustrated in this part, where the range and distribution of porosity data are shown.

3.3.1.1 Porosity of laboratory data. A box plot and histogram are generated to
display the distribution of porosity laboratory data, which are shown in Figure 3.8.

The maximum of porosity lab data is 31.8%, the minimum is 16.4%, the median is

25.1% and the mean is 25.1%. Figure 3.8 (B) shows that the porosity laboratory data in the
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intervals of 20-25% and 25-30% have the highest frequency. Most porosity laboratory data

fall into the range of 20-30 %.

Bohai,1

Daqing,1

Zhongyuan,6 Henan,1

Huabei,6
Xinjiang,4

Jiangsu,1
Jidong,1
Shengli, 4

Location Liaohe,7
unreported,1

Figure 3.7. Numbers of field applications in each oilfield.
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Figure 3.8. Box plot (A) and histogram (B) of porosity laboratory data.

3.3.1.2 Porosity of field data. The box plot and histogram of porosity are generated

to depict the distributions of porosity laboratory data and are shown in Figure 3.9.
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Figure 3.9. Box plot (A) and histogram (B) of porosity field data.

The minimum of porosity field data is 15 % and the maximum is 32 %. The median
is 21.3 % and the mean is 22.4%. Figure 3.9 (B) displays that the porosity field data in the
range of 20-25 % have the highest frequency.

3.3.2. Permeability. Statistical analysis of permeability laboratory data and field
data are illustrated in this part.

3.3.2.1 Permeability of laboratory data. A box plot and frequency histogram of
permeability laboratory data are shown in Figure 3.10.

The maximum observation of the permeability laboratory data is 2100 md and the
minimum observation is 51 md. The median is 955 md and the mean is 822.5 md. Figure
3.10 (B) displays that the permeability laboratory data in the interval of 1000-1500md have
the highest frequency. Most permeability laboratory data fall into the range of 0-1500 md.
It means most laboratory works used cores with permeability in the range of 0-1500 md.

3.3.2.2 Permeability of field data. A box plot and frequency histogram of

permeability field data are shown in Figure 3.11.
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Figure 3.10. Box plot (A) and histogram (B) of permeability laboratory data.
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Figure 3.11. Box plot (A) and histogram (B) of permeability field data.

Using the box plot to display the distribution of permeability field data, a special
case is detected, which is shown in Figure 3.11 (A). The special case comes from a pilot

test in the Bohai SZ-1 oilfield, which is an offshore oilfield in China. The formation was
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unconsolidated and poorly cemented and gravel packing was completed. The average
permeability was 3452 md and the oil viscosity varied from 13-380 cp, with an average of
70 cp. Seawater with a TDS of 32,423 mg/l was injected. This pilot test used the comb-
shape polymer KYPAM, which is salinity-tolerant polyacrylamide and can be used to deal
with high salinity environments. The average polymer concentration was 2250 mg/l and
phenol-formaldehyde was used as crosslinker with a concentration of 450 mg/I.

The range of the permeability field data is from 2.2 to 3452 md. The median is 424
md and the mean is 621.9 md. Also, it indicates weak gel treatments can be applied in
reservoirs with low permeability. The permeability can be lower than 20 md.

Figure 3.11 (B) displays a right-skewed distribution. And it indicates the field
applications conducted in reservoirs with permeability in the range of 0-500 md have the
highest frequency. Furthermore, the histogram of the permeability field data also illustrated
most permeability data fall into the range of 0-1500 md.

3.3.3. Temperature. High temperature results in fast crosslinking reaction and low
temperature results in low gel strength.

3.3.3.1 Temperature of laboratory data. The box plot and histogram of
temperature laboratory data are presented in Figure 3.12.

The temperature laboratory data start from 68 °F to 230 °F. The median of
temperature laboratory data is 158 °F and the mean is 148 °F. Tang et al. (2005) suggests
that the polymer gels are very sensitive to temperature. When the temperatures are very
low for crosslinking reactions, it’s very hard to acquire the gel strength required and the
gels formed will be too weak. So, even though very high temperature is not favorable for

weak gel treatments, very low temperature is also not desired. Figure 3.12 (B) illustrates
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the temperature laboratory data in the intervals of 140-160 °F and 160-180 °F have the
highest frequency. Furthermore, it indicates weak gels have been applied in high

temperature environments with temperatures higher than 200 °F.
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Figure 3.12. Box plot (A) and histogram (B) of temperature laboratory data.

3.3.3.2 Temperature of field data. The box plot and histogram of temperature
field data are illustrated in Figure 3.13.

The temperature field data fall into the range of 100.4-237.2 °F. The median is
159.1 °F and the mean is 165.1 °F. Figure 3.13 (B) illustrates the temperature filed data fall
into the interval of 140-160 °F have the highest frequency. It also shows weak gels have
been applied in high temperature reservoirs with temperatures higher than 200 °F.

3.3.4. Reservoir Net Thickness. Statistical analysis of reservoir net thickness data
is illustrated in this part and the box plot and histogram of reservoir net thickness data are

illustrated in Figure 3.14.
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Figure 3.13. Box plot (A) and histogram (B) of temperature field data.
100 6
90
5
80
70 -
& g
g 60 S 3
V] o
c (7]
35 50 &
= 2
=
g 40
. 1 -
20 0
10 [20-40) [40-60) [60-80) [80-100]

Net Thickness, ft

Figure 3.14. Box plot (A) and histogram (B) of reservoir net thickness.

The minimum of reservoir net thickness is 24.6 ft and the maximum is 88.6 ft. The
mean is 52.5 ft and the median is 60.7 ft. Figure 3.14 (B) shows that most net thickness
data fall into the intervals of 20-40 ft and 60-80 ft.

3.3.5. Reservoir Depth. Statistical analysis of reservoir depth data is illustrated in

this part and the box plot and histogram of reservoir depth are illustrated in Figure 3.15.
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The reservoir depth falls into a wide range of 1640.4-9406.2 ft. The mean of
reservoir depth is 5843.7 ft and the median is 5905.5 ft. Figure 3.15(B) indicates that the
reservoir depth data in the intervals of 4000-5000 ft and 5000-6000 ft have the highest
frequency and about 79% of reservoir depth data fall into the range of 4000-8000 ft. Also,

weak gel treatments can be applied for both shallow and deep reservoirs.

10000 6
9000 T 5
8000 >4
(&)
]
7000 g 5
o
& 6000 - L,
£
€ 5000 )
a
4000
0
2000 000\ 000\ QQQ\ 0°® QQQ\ 0°® QQQ\ QQQ\ QQQ\
R S S SN S S - MRS
2000 QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQ/
NI I R QR R
1000
Depth, ft

Figure 3.15. Box plot (A) and histogram (B ) of reservoir depth.

3.3.6. Water Salinity. Statistical analysis of water salinity laboratory data and field
data are illustrated in this part, where the range and distribution of water salinity data are
shown.

3.3.6.1 Water salinity of laboratory data. The box plot and histogram of water
salinity of laboratory data are illustrated in Figure 3.16.

Figure 3.16 (A) shows that special cases are detected. Zhang et al. (2003) reported
using their own product, JCH-M, as crosslinking promoter to control the gelation time of
HPAM/phenol-formaldehyde weak gel system at the salinity of 160,000 mg/l and 194 °F.

They indicated that the gelation time of phenol-formaldehyde based gelant system should
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be between 1 and 200 hours and should be controllable as well. And under high salinity
condition, the gelation time should be less than 100 hours in regarding to gel stability
concern. Because of high temperature and salinity condition, which caused long gelation
time of HPAM/PF system, crosslinking promoter was added to decrease the gelation time.
Chen et al. (2003) conducted the research on the factors that influence the behaviors of
polymer weak gels in high salinity condition and found out that 1200 mg/l AMPS
terpolymer crosslinking with 1000 mg/l phenol-formaldehyde crosslinker has better
performance than other formulations using HPAMs in the high salinity condition with a
TDS of 110,000 mg/l and a divalent cation concentration of 3000 mg/l. 200 mg/I thiourea
was added as deoxidizer. The temperature was 167 °F. Chen et al. (2003) conducted another
research with the proposed formulation (1200mg/l AMPS terpolymer+1000 mg/l phenol-
formaldehyde crosslinker) on the influence of metallic ions and total salinity on weak gels
and observed that forming the weak gels using saline water that has salinities of 3300-
110,000 mg/l and divalent cation concentrations of 900-3000 mg/I have better stability than
using fresh water. Chen et al. (2008) reported using AMPS terpolymer with a concentration
of 1500 mg/I to crosslink with phenol-formaldehyde (PF) crosslinker with a concentration
of 1200 mg/l at a salinity of 100,000 mg/l and temperature of 185 °F. and indicated that
low salinity is not favorable for forming the weak gel based on that research.

The maximum of the available water salinity laboratory data is 160,000 mg/l and
the minimum observation is 991.1 mg/l. The mean of water salinity laboratory data is
24442.5 mg/l and median is 8432 mg/I.

Figure 3.16 (B) displays a right-skewed distribution and it shows that 70% of water

salinity laboratory data fall into the interval of 0-20000 mg/I. Most laboratory experiments
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are conducted under low salinity environments. It also indicates weak gel treatments can

be used in reservoirs with high salinity environments.
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Figure 3.16. Box plot (A) and histogram (B) of water salinity laboratory data.

3.3.6.2 Water salinity of field data. The box plot and histogram of water salinity

field data are displayed in Figure 3.17.
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Figure 3.17. Box plot (A) and histogram (B) of water salinity field data.
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3.3.7. Divalent Cation Concentration. Statistical analysis of divalent cation

concentration data and field data are illustrated in this part, where the range and distribution

of divalent cation concentration data are shown.

3.3.7.1 Divalent cation concentration of laboratory data. The box plot and

histogram of divalent cation concentration laboratory data are illustrated in Figure 3.18.
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Figure 3.18. Box plot (A) and histogram (B) of divalent cation concentration lab data.

Divalent cations also affect the performance of the weak gels. Albonico et al. (1993)

suggests that for polymer gels, significant polymer hydrolysis in the presence of divalent

cations leads to syneresis. Severe syneresis can lead to a reduction of 90% or more of the

original gel volume, can have a significant impact of a gel within porous reservoir rock.

The maximum of divalent cation concentration laboratory data is 6000 mg/l and the

minimum is 22.7 mg/l. The median is 506 mg/l and the mean is 1446.4 mg/l. Figure 3.18

(B) displays a right-skewed distribution. Most divalent cation concentration data fall into
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the interval of 0-2000 mg/I. It indicates that low divalent cation concentration is preferable
for weak get treatments.
3.3.7.2 Divalent cation concentration of field data. The box plot and histogram

of divalent cation concentration field data are illustrated in Figure 3.19.
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Figure 3.19. Box plot (A) and histogram (B) of divalent cation concentration field data.

The maximum of divalent cation concentration field data is 6535 mg/l and the
minimum is 39.4 mg/l. The median is 2796.5 mg/l and the mean is 2528.1 mg/I.

Figure 3.19 (B) displays a right-skewed distribution as well. It shows that the
divalent cation concentration field data in the interval of 0-2000 mg/l have the highest
frequency.

3.3.8. pH. It has been indicated that the pH has an obvious effect on the viscosity
of polymer solutions, which affects the properties and performance of weak gels. Levitt et

al. (2008) indicates the kinetics of hydrolysis of polymers are a strong function of pH. Zhao
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et al. (2004) indicated that pH value of AP systems has an obvious effect on the viscosity
of the polymer solution.

3.3.8.1 pH of laboratory data. The box plot and histogram of pH laboratory data
are illustrated in Figure 3.20.

The pH of laboratory data is in the range is 6-7.5. The mean of pH laboratory data

for the laboratory data.

~

is 6.8 and the median is 7. Figure 3.20 (B) displays that the pH of 7 is the highest frequency
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Figure 3.20. Box plot (A) and histogram (B) of pH laboratory data.

3.3.8.2 pH of field data. The box plot and histogram of pH field data are illustrated
in Figure 3.21.

The maximum observation of pH field data is 8.5 and the minimum observation of
pH field data is 5.5. The mean of pH field data is 7.1 and the median is 7. Figure 3.21 (B)

displays that most pH field data fall into the range of 6.5-7.5.
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Figure 3.21. Box plot (A) and histogram (B) of pH field data.

3.3.9. Dykstra-Parsons Coefficient. Dykstra-Parsons coefficient of permeability
variation is used to describe the vertical permeability variations of reservoirs. The box plot

and histogram of Dykstra-Parsons coefficient are illustrated in Figure 3.22.
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Figure 3.22. Box plot (A) and histogram (B) of DP coefficient.
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The maximum observation of Dykstra-Parsons coefficient is 0.86 and the minimum
observation is 0.72. The mean of Dykstra-Parsons coefficient is 0.76 and the median is
0.75. Figure 3.22 (B) displays that most Dykstra-Parsons coefficient are in the range of
0.7-0.8. The Dykstra-Parsons coefficient data in the interval of 0.75-0.80 have the highest
frequency.

3.3.10. Oil Viscosity. Statistical analysis of oil viscosity data and field data are
illustrated in this part, where the range and distribution of oil viscosity data are shown.

3.3.10.1 Oil viscosity of lab data. The box plot and histogram of oil viscosity

laboratory data are displayed in Figure 3.23.
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Figure 3.23. Box plot (A) and histogram (B) of oil viscosity laboratory data.

It can be seen from Figure 3.23 (A) that two special cases are detected. Ren et al.
(2007) did the research on the selection of movable gel system using the heavy oil with a
viscosity of 255.4 cp at 100.4 °F. Different polymer concentrations and different

crosslinkers were compared. The proposed weak gel system was made of 800 mg/l HPAM
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and 17.8 mg/l chromium crosslinker. The tested core permeability was 639 md and 0.3 PV
of the weak gel was injected. Zhang et al. (2009) conducted a laboratory study on
enhancing oil displacement efficiency of heavy oil using chromium gel system. The oil
viscosity was 181.2 cp at 123.8 °F and the water salinity was 2813 mg/l. The core
permeability was 535 md and the porosity was 25.4%. A total of 0.3 PV of the weak gel
was injected. The weak gel was made of 1000 mg/l HPAM that has 2107 molecular weight
and 500 mg/l chromium crosslinker.

Figure 3.23 (A) also shows that weal gels have been applied for heavy oil. The
minimum oil viscosity lab data is 1.7 cp and the maximum oil viscosity is 255.4 cp. The
median of oil viscosity lab data is 9.1 cp and the mean of oil viscosity is 47.3 cp. Figure
3.23 (B) shows that the oil viscosity lab data in the interval of 0-10 cp have the highest
frequency.

3.3.10.2 Oil viscosity of field data. The box plot and histogram of oil viscosity

field data are illustrated in Figure 3.24.
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Figure 3.24. Box plot (A) and histogram (B) of oil viscosity field data.
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Figure 3.24 (A) displays that a special case is detected. Du et al. (2008) conducted
the research on application of movable gel in conventional heavy oil reservoirs. Based on
Menggulin field properties, the weak gel system was selected. The weak gel was made of
1000 mg/l HPAM with 16.5% degree of hydrolysis and 40 mg/lI chromium crosslinker. The
average reservoir depth was 2657.5 ft, the reservoir temperature was 100.4 °F, the oil
viscosity was 233 cp at the formation water salinity was 1301 mg/l. A total of 0.08 PV of
the weak gel was injected.

Figure 3.24 (B) also shows that weak gels have been applied to heavy oil reservoirs.
The maximum value of oil viscosity field data is 233 cp and the minimum value is 1.4 cp.
The median of oil viscosity field data is 12.4 cp and the mean is 47.5 cp. Figure 3.24 (B)
also indicates that oil viscosity in the interval of 0-10 cp have the highest frequency.

3.3.11. Polymer Type and Concentration. In this part, polymers that are
commonly used in weak gel treatments are studied and range and distribution of polymer
concentration are illustrated.

3.3.11.1 Polymer type and concentration of lab data. The box plot and histogram
of polymer concentration and the bar chart of types of polymers of lab experiments are
illustrated in Figure 3.25 and polymer type and polymer concentration of laboratory
experiments are shown in Figure 3.26.

Figure 3.25 (A) displays that two special cases are detected. Wang et al. (2001)
reported choosing 2500 mg/l KYPAM with a molecular weight of 9.5%106 and a degree of
hydrolysis of 10% among different polymer products to crosslink with chromium
crosslinker. Changgqing oilfield produced water was used, which had a salinity of 40,000

mg/l and a divalent cation concentration of 6000 mg/Il. The weak gel formed using KYPAM
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had a better stability at the temperature of 149 °F than using other HPAM products. Zhang
(2007) studied the effect of polymer concentration, pH and temperature on gel stability
using HPAM with the molecular weight of 1.2x107 and the degree of hydrolysis of 20%
crosslinking with phenol-formaldehyde. Orthogonal array test was used and found out the
optimal gel formulation with 3000 mg/l HPAM and 450 mg/l phenol-formaldehyde. The
temperature was 176 °F and the core permeability was 988 md. The gel stability was tested
at 113 over 10 months and the viscosity only decreased 20%.

The maximum polymer concentration of lab data is 3000 mg/l and the minimum
polymer concentration is 600 mg/l. The median polymer concentration of lab data is 1200
mg/l and the mean is 1279.6 mg/I.

From 3.25 (B) displays a left-skewed distribution. The polymer concentration lab
data in the interval of 1000-1500 mg/l have the highest frequency. And the polymer

concentrations that most lab works chose are from 600-2000 mg/I.
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Figure 3.25. Box plot (A) and histogram (B) of polymer concentration laboratory data.
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It can be seen from Figure 3.26 (A), four types of polymers have been used for lab
experiments, including HPAM, AP, AMPS and KYPAM. There are 35 lab experiments
using HPAM, 4 lab experiments using AP, 3 lab experiments using AMPS and 3 lab
experiments using KYPAM. HPAM has been more widely used than other types of
polymer. Also, the range of the polymer concentration of HPAM is broader than other types

of polymers, which is shown in Figure 3.26.
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Figure 3.26. Polymer type (A) and polymer concentration (B ) of lab experiments.

3.3.11.2 Polymer type and concentration of field data. The box plot and
histogram of polymer concentration field data and the bar chart of types of polymers of
field applications are illustrated in Figure 3.27 and polymer type and polymer concentration
of field applications are shown in Figure 3.28.

The maximum of polymer concentration field data is 3000 mg/l and the minimum

is 700 mg/l. The median of polymer concentration field data is 1500 mg/l and the mean is
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1657.1 mg/l. Figure 3.27 (B) shows that polymer concentration data in the interval of 1000-
1500 mg/l have the highest frequency. For field applications, most polymer concentration

data range from 1000-2500 mg/I.
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Figure 3.27. Box plot (A) and histogram (B) of polymer concentration field data.
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Figure 3.28. Polymer type (A) and polymer concentration (B) of field applications.
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For field applications, there are 25 field applications using HPAM, 1 application
using AP, 1 application using AMPS copolymer, 1 application using AM/AN copolymer
and 1 application using KYPAM. HPAM has been most widely used, which can be seen in
Figure 3.28 (A). However, other polymers are not widely used due to the fact that their
flow properties and long term chemical stability have not been tested to nearly the extend
of HPAM (Levitt and Pope, 2008).

3.3.12. Polymer Molecular Weight. Statistical analysis of polymer molecular
weight data and field data are illustrated in this part, where the range and distribution of
polymer molecular weight data are shown.

3.3.12.1 Polymer molecular weight of lab data. The box plot and histogram of
polymer molecular weight lab data are illustrated in Figure 2.29 and molecular weight of

each kind of polymer of laboratory experiments is shown in Figure 2.30.
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Figure 3.29. Box plot (A) and histogram (B) of polymer molecular weight lab data.
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The maximum of polymer molecular weight lab data is 25(108) and the minimum
is 6.5(10). The median of polymer molecular weight lab data is 17(10°) and the mean is
16.1(10°). Figure 3.29 (B) shows that the polymer molecular weight lab data in the interval
of 15-20 (10°) have the highest frequency.

The polymer molecular weight of HPAM has a broader range compared to other
polymers, which is shown in Figure 3.30. Even though lab experiments using AMPS has
been collected in the database, the polymer molecular weight data of using AMPS are not
available. Also, Figure 3.30 indicates that the range of polymer molecular weight of HPAM
is broader than other kinds of polymers and the molecular weights of other polymers are

lower than using HPAM.
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Figure 3.30. Molecular weight of each kind of polymer of lab experiments.

3.3.12.2 Polymer molecular weight of field data. The box plot and histogram of
polymer molecular weight of field data are illustrated in Figure 3.31 and the molecular

weight of each kind of polymer of field applications is shown in Figure 3.32.
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The maximum observation of polymer molecular weight field data is 25(10°) and
the minimum observation is 2(10%). The median of polymer molecular weight field data is
18(10°) and the mean is 15(10°).

Figure 3.31 (B) shows a right-skewed distribution. It can be observed that polymer

molecular weight field data in the range of 15-20(10°) have the highest frequency.
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Figure 3.31. Box plot (A) and histogram (B) of polymer molecular weight field data.

The polymer molecular weight of HPAM tends to be higher than that of other
polymers, which can be seen in Figure 3.32. Only 1 polymer molecular weight data of
using AP and 1 molecular weight data of using AM-co-AN are available. The field
application of weak gel using AP with low molecular weight was conducted in Zhongyuan
oilfield and reported by Chen et al. (2004). The temperature was 203 °F and the water
salinity was 115,672.5 mg/l with a divalent cation concentration of 2161 mg/I. The polymer
molecular weight of the application using AP was 2x10° and the concentration was 3000

mg/l. The weak gel using Am-co-AN was applied in Huabei oilfield in 2002 with a polymer
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molecular weight of 3.4x10° and a concentration of 1500 mg/l. Based on geological
statistical data, the effective permeability was 16.7-72 md and the average was 41 md. The
reservoir temperature was 237.2 °F. The salinity was 131,926 mg/l with a divalent cation
concentration of 6535 mg/l. Also, Figure 3.32 indicates that HPAM weak gels are more

widely used in oilfields.
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Figure 3.32. Molecular weight of each kind of polymer of field applications.

3.3.13. Degree of Hydrolysis. Statistical analysis of polymer degree of hydrolysis
data and field data are illustrated in this part, where the range and distribution of polymer
degree of hydrolysis data are shown.

3.3.13.1 Degree of hydrolysis of lab data. A box plot and histogram of degree of
hydrolysis laboratory data are illustrated in Figure 3.33 and Figure 3.34 illustrates degree

of hydrolysis of each kind of polymer of laboratory data.
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Figure 3.33. Box plot (A) and histogram (B) of degree of hydrolysis lab data.

From Figure 3.33 (A), it can be observed that two special cases are detected. Wang
et al. (2001) did the research on preparation weak gels for permeability control using
KPAYM. The weak gel is prepared with low degree of hydrolysis (10%) and moderate
molecular weight (9.5x108) 2500 mg/l KYPAM and 2000 mg/l chromium crosslinker at
the temperature of 123.8°F, the salinity of 40,000 mg/l and the divalent cation
concentration of 6000 mg/I.

Li et al. (2005) conducted the research on forming weak gel using produced water.
The water salinity of the produced water was 8800 mg/l. The temperature of the lab
experiment was 158°F. 1800 mg/l HPAM with a polymer molecular weight of 1.75x10’
and a degree of hydrolysis of 13%. The crosslinker was 500 mg/l aluminum crosslinker.

The maximum degree of hydrolysis lab data is 28.8% and the minimum is 10%.
The median of degree of hydrolysis lab data is 25% and the mean is 22.7%. Figure 3.33
(B) displays a right-skewed distribution. The degree of hydrolysis lab data in the interval

of 25-30 % have the highest frequency.
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Wu et al. (2004) conducted a lab experiment to find out the optimal gel formulation
at a temperature of 172.4°F, which consists of 1850 mg/l AP with the degree of hydrolysis
of 18.2% crosslinking with 60 mg/lI chromium crosslinker. The water salinity was not high,
which was 1683 mg/l. Guo et al. (2007) conducted a laboratory study on heat resistant
weak gel using AP. The temperature was 183.2 °F and water salinity was 9339.97 mg/I.
The weak gel was made of 1500 mg/l AP with the degree of hydrolysis of 18.2 and
molecular weight of 1.2>10". Two cores were used with permeability of 1173 and 1097
md respectively. For the application of using KYPAM, the degree of hydrolysis was 10%.
It can also be observed when HPAM was used, it has a broader range of degree of
hydrolysis and HPAM has been most widely used to form a weak gel.

3.3.13.2 Degree of hydrolysis of field data. A box plot and histogram of degree
of hydrolysis field data are illustrated in Figure 3.34 and Figure 3.35 displays degree of

hydrolysis of each kind of polymer of field data.
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Figure 3.34. Box plot (A) and histogram (B) of degree of hydrolysis field data.
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The maximum observation of degree of hydrolysis field data is 26.4% and the
minimum observation is 10%. The median of degree of hydrolysis field data is 22.5% and
the mean is 21.0%. Figure 3.34 (B) indicates most degree of hydrolysis data fall into the
intervals of 20-25% and 25-30%.

From Figure 3.35, it can be observed that only the degree of hydrolysis data of
HPAM are available. Even though the applications of using AP, AMPS, AM-co-AN and

KYPAM are collected for the analysis, the degree of hydrolysis data were not reported.
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Figure 3.35. Degree of hydrolysis of each kind of polymer of field data.

3.3.14. Crosslinker Type and Concentration. Crosslinkers that are commonly
used in weak gel treatments are studied and range and distribution of crosslinker
concentration are illustrated.

3.3.14.1 Crosslinker type and concentration of lab data. Figure 3.36 illustrates
the numbers of each kind of crosslinker in lab experiments. Figure 3.37 illustrates the

concentration of each kind of crosslinker used in the lab experiments.
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Figure 3.36. Bar chart of crosslinker type of lab experiments.
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Figure 3.37. Crosslinker concentration of lab data.
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Figure 3.36 displays that for lab experiments collected, chromium ion crosslinker

is the most widely used. Phenol-formaldehyde crosslinker is widely used as well. However,



46

there is only one lab work reported using the titanium ion crosslinker and two using
zirconium crosslinker. But for those two laboratory experiments using zirconium
crosslinker, only one of them reported the crosslinker concentration used. Figure 3.37
shows aluminum ion crosslinker and phenol-formaldehyde crosslinker have wider
concentration ranges compared to other kinds of crosslinkers.

3.3.14.2 Crosslinker type and concentration of field data. Figure 3.38 illustrates
the numbers of each kind of crosslinker in field applications. Figure 3.39 illustrates the
concentration of each kind of crosslinker used in field applications.

Figure 3.38 displays that for field applications, chromium ion crosslinker and
phenol-formaldehyde are widely used. There is only one field application reported using
aluminum ion crosslinker. Figure 3.39 shows the range of phenol-formaldehyde

concentration is wider than other kinds of crosslinkers.
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Figure 3.38. Bar chart of crosslinker types of field applications.
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Figure 3.39. Crosslinker concentration of field data.

3.3.15. Injected PV. Statistical analysis of injected PV laboratory data and field
data are illustrated in this part, where the range and distribution of injected PV data are
shown.

3.3.15.1 Injected PV of lab data. A box plot and histogram of injected PV lab data
are illustrated in Figure 3.40.

It can be seen from Figure 3.40 (A) that two special cases are detected. Hu et al.
(2010) conducted the lab experiment on thermal-stable deep profile control agent. 2 PV of
weak gel, which was made of 1500 mg/l HPAM with a molecular weight of 2.5x10" and a
degree of hydrolysis of 25%, 500 mg/l phenol-formaldehyde crosslinker, 20 mg/l
chromium crosslinker and 100 mg/I deoxidizer, was injected to cores with permeability of
119, 245 and 306 md. The weak gel had good stability at 230 °F and the weak gel system
was still strong movable at the high temperature. Cui et al. (2006) injected 3 PV of weak

gel that was made of 2000 mg/I 210 molecular weight 20% degree of hydrolysis HPAM,
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1000 mg/l chromium crosslinker and 300 mg/I stabilizer at 167 °F. The water salinity was

11,000 mg/I.
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Figure 3.40. Box plot (A) and histogram (B) of injected PV lab data.

The injected PV varies from 0.02-3 PV. The median is 0.3 PV and the mean is 0.51
PV. Figure 3.40 (B) shows that the injected PV data in the interval of 0.3-0.4 PV have the
highest frequency.

3.3.15.2 Injected PV of field data. The box plot and histogram of injected PV field
data are illustrated in Figure 3.41.

It can be seen from Figure 3.40 and Figure 3.41 that injected pore volumes of
laboratory experiments are larger than those of filed applications.

The maximum of injected PV field data is 0.35 PV, the minimum is 0.01 PV, the
median is 0.12 PV and the mean is 0.14 PV. The injected PV field data in the interval of

0-0.1 PV have the highest frequency.
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Figure 3.41. Box plot (A) and histogram (B) of injected PV field data.

3.3.16. Oil Recovery Before Treatment. Statistical analysis of oil recovery
before treatment laboratory data and field data are illustrated in this part, where the range
and distribution of oil recovery before treatment data are shown.

3.3.16.1 Oil recovery before treatment of lab data. The box plot and histogram
of oil recovery before treatment lab data are illustrated in Figure 3.42.

The maximum of oil recovery before treatment lab data is 59.0%, the minimum is
7.8%, the median is 28.3% and the mean is 32.9%. Weak gel can be applied in early,
middle, and late stage of oil recovery. Figure 3.42 shows that oil recovery before treatment
lab data in the interval of 20-30% have the highest frequency.

3.3.16.2 Oil recovery before treatment of field data. The box plot and histogram
of oil recovery before treatment of field data are illustrated in Figure 3.43.

It can be observed from Figure 3.43 (A) that one special case is detected. Zhu

(2001) designed the weak gel system that was made of 3000 mg/l HPAM, 2000 mg/I
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phenol, 2000 mg/l formaldehyde for Zhen 12 block operated by Jiangsu oilfield. The oil
recovery was 47.88% and the water cut was 93.8%. The weak gel was applied to reduce
water production and to increase oil production.

The combination of high viscous oil and heterogenous formation result in low oil
recovery. Thus, profile control has been carried out by injecting weak gel. Weak gel can
be applied in early, middle, and late stage of oil recovery. The maximum of oil recovery
before treatment field data is 47.9%, the minimum is 17.3%, the median is 24.5% and the
mean is 27.2%.

Figure 3.43 (B) shows that oil recovery before treatment field data in the interval

of 20-30% have the highest frequency.
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Figure 3.42. Box plot (A) and histogram (B) of oil recovery before treatment lab data.

3.3.17. Water Cut. Weak gels have been applied to reduce high water cut caused
by water breakthrough. The box plot and histogram of water cut are illustrated in Figure

3.44 and Figure 3.45.
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The maximum of water cut before treatment is 96.1%, the minimum is 16.0%, the
median is 93.1% and the mean is 81.6. The maximum of water cut after treatment is 94.5%,

the minimum is 14.9%, the median is 88.6% and the mean is 75.9%.
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Figure 3.43. Box plot (A) and histogram (B) of oil recovery before treatment field data.
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Figure 3.44. Box plot of water cut before and after treatment.
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Figure 3.45. Histogram of water cut before and after treatment.

3.3.18. Water Cut Decrease. The box plot and histogram of water cut decrease are

illustrated in Figure 3.46. Successfully applying weak gel treatments in early stage of oil

recovery can significantly reduce water cut, which is shown in Figure 3.46 (A).
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Figure 3.46. Box plot (A) and histogram (B) of water cut decrease.



53

The maximum of water cut decrease data is 21.1%, the minimum is 1.0%, the
median is 4.3% and the mean is 7.2%.

It can be observed from Figure 3.46 (B) that water cut decrease data in the interval
of 2-4% have the highest frequency.

3.3.19. Temperature vs. Crosslinker Concentration. Data distribution of
temperature vs. crosslinker concentration of laboratory experiments and field applications
are studied in this part.

3.3.19.1 Temperature vs. crosslinker concentration lab data. The cross plot of
temperature vs. crosslinker concentration lab data is illustrated in Figure 3.47, which

describes data distribution of different types of crosslinkers used over different

temperatures.
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Figure 3.47. Cross plot of temperature vs. crosslinker concentration of lab data.

Figure 3.47 indicates that when phenol-formaldehyde crosslinkers are used, larger

crosslinker concentrations are chosen compared to other types of crosslinkers. And phenol-
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formaldehyde corsslinkers are more applicable over a broad range of reservoir
temperatures than other kinds of crosslinkers. Furthermore, for high temperature
environments with temperatures higher than 200 °F, phenol-formaldehyde crosslinker and
phenol-formaldehyde and metallic ion mixture crosslinker are used to adapt the high
temperatures. Also, the concentrations of phenol-formaldehyde and metallic ion mixture
crosslinkers chosen tend to be lower than just using phenol-formaldehyde crosslinker.

3.3.19.2 Temperature vs. crosslinker concentration field data. The cross plot of
temperature vs. crosslinker concentration is illustrated in Figure 3.48.

Figure 3.48 also infers that phenol-formaldehyde crosslinkers are more applicable
over a broad range of temperatures and the concentrations of phenol-formaldehyde
crosslinkers tend to be larger than other types of crosslinkers. For high temperature

reservoirs, organic crosslinkers are preferred.
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Figure 3.48. Cross plot of temperature vs. crosslinker concentration field data.



55

3.3.20. Temperature vs. Polymer Molecular Weight. Data distribution of
temperature vs. polymer molecular weight of laboratory experiments and field applications
are studied in this part.

3.3.20.1 Temperature vs. polymer molecular weight lab data. The cross plot of

temperature vs. polymer molecular weight lab data is illustrated in Figure 3.49.
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Figure 3.49. Cross plot of temperature vs. polymer molecular weight lab data.

A hydrophobically associating polymer solution can have a high viscosity with low
molecular weight or low concentration and the viscosity is not necessarily relying on
increasing single molecular chain size to gain a high viscosity, which makes APs able to
meet the challenges of high temperature up to 120 °C (248 °F) and high salinity of 10-
16(10% mg/l (Zhao et al., 2004). The filed application using AP were carried out at a
temperature of 230 °F and zirconium crosslinker was used to adapt the high temperature.
Furthermore, it can be observed that most polymers used in lab experiments have degree

of hydrolysis from 10-20%. And, HPAM have been more widely and largely used over a
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broad range of temperatures, from low temperature to high temperatures, compared to other
types of polymers.
3.3.20.2 Temperature vs. polymer molecular weight field data. The cross plot

of temperature vs. polymer molecular weight field data is illustrated in Figure 3.50.
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Figure 3.50. Cross plot of temperature vs. polymer molecular weight field data.

Figure 3.50. indicates that the applications using HPAMSs in high temperature
reservoirs are limited and HPAMs with degree of hydrolysis from 10 to 20 (10°) have been
more largely used in field applications. Furthermore, low degree of hydrolysis AP and
AM/AN copolymer have been used in high temperature reservoirs. The use of low
molecular weight polymers can retard the rate of gelation of gels that are applied to high
temperature reservoirs (Sydansk, 2007). Furthermore, a AP solution can still have a high
viscosity with low molecular weight and low concentration. Thus, the low molecular

weight AP was use at the high temperature.
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3.3.21. Temperature vs. Polymer Degree of Hydrolysis. Data distribution of
temperature vs. polymer degree of hydrolysis of laboratory experiments and field
applications are studied in this part.

3.3.21.1 Temperature vs. polymer degree of hydrolysis lab data. The cross plot

of temperature vs. degree of hydrolysis lab data is illustrated in Figure 3.51.
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Figure 3.51. Cross plot of temperature vs. polymer degree of hydrolysis lab data.

Figure 3.51 indicates that polymers with 25% degree of hydrolysis are the most
commonly used in the lab works. And polymers with 20-30% of degree of hydrolysis are
widely used over a broad range of temperatures. It can also be observed from Figure 3.52
that intermediate molecular weight APs and low molecular weight KYPAM have been
used in laboratory experiments.

3.3.21.2 Temperature vs. polymer degree of hydrolysis field data. The cross

plot of temperature vs. degree of hydrolysis field data is illustrated in Figure 3.52.



58

w
o

®
& 25 0‘ o0
[’
> “
E
':%20 o O
G
o115 ®
& o
& @HPAM
A 10 o
o
€
> 5
o
(-9

0

50 100 150 200 250

Temperature, °F

Figure 3.52. Cross plot of temperature vs. polymer degree of hydrolysis field data.

Although other kinds of polymers have been used, the temperature and polymer
degree of hydrolysis data of those polymers are not available. It can be inferred from Figure
3.52 that polymers with degree of hydrolysis from 20-30% are widely used over a broad

range of reservoir temperatures.
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4. DATA SUMMARY

Table 4.1 presents the summary of the data ranges of reservoir properties and
production data for weak gel treatments based on field applications. The maximum,
minimum, median and mean of each reservoir properties and production data are listed in

Table 4.1.

Table 4.1. Data ranges of reservoir properties and production data of field applications.

Data Type Parameters Maximum | Minimum | Median | Mean
Porosity, % 32.0 15.0 21.3 22.4
Permeability, md 3452.0 2.2 424.0 621.9
Temperature, °F 237.2 100.4 159.1 165.1
Net Thickness, ft 88.6 21.3 60.7 51.2
Depth, ft 9406.2 1640.4 | 5905.5 | 5843.7
Reservoir Water Salinity, mg/l | 185000.0 | 1301.0 | 11000.0 | 42893.7
Properties | Divalent Cation | goas | 394 | 27965 | 2528.1
Concentration, mg/I
pH 8.5 55 7.0 7.1
Dykstra-Parsons 0.86 072 | 075 | 076
Coefficient
QOil Viscosity, cp 233.0 1.4 12.4 47.5
Oil Recovery Before
Treatment, % 47.9 17.3 24.5 27.2
Water Cut Before
Production Treatment, % %.1 16.0 931 816
Data Water Cut After 945 14.9 88.6 759
Treatment, %
Water Cu(')[/ODecrease, 211 10 43 79

Table 4.2 presents the summary of the data ranges of general gel properties for
weak gel treatments based on field applications. The maximum, minimum, median and

mean of gel properties, including polymer concentration, polymer molecular weight,
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degree of hydrolysis, and injected PV are listed in Table 4.2. For different kinds of
crosslinkers, the crosslinker concentration varies greatly. The concentration of metallic
crosslinkers tends is much smaller than organic crosslinkers. Thus, the crosslinker
properties are not include in the screening guide of general gel properties. However, in
Table 4.3 that presents the data ranges of specific gel properties, the concentration of each

kind of crosslinker is included.

Table 4.2. Data ranges of general gel properties of field applications.

Parameter Maximum | Minimum | Median | Mean
Polymer if;ﬁe””a“on’ 3000 700 | 1500 | 1657
Polymer Molecular
Weight,10°6 25.0 2.0 15.5 15.0
Degree of Hydrolysis, % 26.4 10.0 22.5 21.0
Injected PV 0.35 0.01 0.12 0.14

Table 4.3 presents the summary of the data ranges of specific gel properties for
weak gel treatments based on field applications. From Table 4.3, it can be observed that
the polymer molecular weight of AMPS and KYPAM are not available. The degree of
hydrolysis of AP, AMPS, AM-co-AN and KYPAM are not available. There is only one
field application reported the polymer molecular weight of AP and only one filed
application reported the polymer molecular weight of AM-co-AN. Only one concentration
of aluminum crosslinker is available, which is 75 mg/l, and three concentrations using PF
and metallic ion mixtures are available, which are 110, 400 and 850 mg/I.

Table 4.4 presents the summary of the data ranges of reservoir properties and

production data for weak gel treatments based on laboratory experiments. From Table 4.4,
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it can be observed that for those laboratory experiments, the net thickness, depth, Dykstra-
Parsons coefficient, water cut before treatment, water cut after treatment and water cut
decrease are not available because in Table 4.4 only laboratory experiments data are

presented.

Table 4.3. Data ranges of specific gel properties of field applications.

Polymer Type | HPAM | AP | AMPS|  AM-co-AN | KYPAM
Concei?gg];r:, mg/| 37880 3000 | 1000 1500 2250
Wegntive | 20 | 20 | X 54 x

H;()jerglrye/gi;f% 10-26.4| X X X X

Crosslinker Type Al Cr PF Plzloar?(lj\/llxl(zﬁgic
Com;rr?tsrzltiigfrm gt | 750 136%8_'0 5886(.)(_) 110.0/400.0/850.0

Table 4.4. Data ranges of reservoir properties and production data of laboratory
experiments.

Data Type Parameters Maximum | Minimum | Median | Mean
Porosity, % 31.8 16.4 25.1 25.1
Permeability, md 2100.0 51.0 955.0 822.5
Temperature, °F 230.0 68.0 158.0 148.0
Reservoir Water Salinity, mg/I 160000.0 991.1 8432.0 | 24442.5
Properties Divalent Cation
Concentration, mg/l 6000.0 22.7 506.0 | 1446.4
pH 7.5 6.0 7.0 6.8
Oil Viscosity, cp 255.4 1.7 9.1 47.3
Production Oil Recovery Before
Data Treatment, % 59.0 7.8 28.3 32.9

Table 4.5 presents the summary of the data ranges of general gel properties for

weak gel treatments based on laboratory experiments. The maximum, minimum, median
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and mean of polymer concentration, polymer molecular weight, degree of hydrolysis,

injected PV are listed in Table 4.5.

Table 4.5. Data ranges of general gel properties of laboratory experiments.

Parameter Maximum | Minimum | Median | Mean
Polymer %);ﬁe””a“on’ 3000 600 | 1200 | 1280
Polymer Molecular
Weight, 10°6 25.0 6.5 17.0 16.1
Degree of Hydrolysis, % 28.8 10.0 25.0 22.7
Injected PV 3.00 0.02 0.30 0.51

Table 4.6 presents the summary of the data ranges of specific gel properties for
weak gel treatments based on laboratory experiments. The polymer molecular weight and

degree of hydrolysis of AMPS are not available. Only one lab experiment used titanium

crosslinker.

Table 4.6. Data ranges of specific gel properties of laboratory experiments.

Polymer Type | HPAM AP AMPS KYPAM
Polymer 600- 700 1200 900
Concentration, 3000 /1600 /1200 /2000
mg/l /1850 /1500 /2500
Polymer
Molecular 26550 1127% X 9.5/18.0
Weight,10"6 ' '
Degree of 13-
Hydrolysis, % | 28.8 182 X 100
PF and
Crosslinker Al Cr Ti 7r PE Metallic
Type lon
Mixture
Crosslinker 320.0
) 25.0- 17.8- 450.0-
Concentration, 800.0 5000 300.0 250.0 12000 /520.0
mg/l [750.0
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5. CONCLUSIONS

HPAM is more widely used in laboratory experiments and field applications
because of its low cost, although other polymers have better stability in severe conditions
(high temperature or high salinity).

Overall, HPAM has broader ranges of polymer concentration, molecular weight,
degree of hydrolysis than those of other kinds of polymers.

When weak gels are used for heavy oil reservoirs, low concentration HPAM
crosslinking with chromium was applied because those reservoirs have low temperatures
and low saline salinities.

Chromium and phenol-formaldehyde crosslinkers have more applications in lab
experiments and field applications.

Weak gels can be applied in early, middle, and late stage of oil recovery.

When phenol-formaldehyde corsslinkers are used, generally higher crosslinker
concentrations are chosen compared to other kinds of crosslinkers.

Phenol-formaldehyde crosslinkers are more applicable over a broad range of
temperatures.

The concentrations of phenol-formaldehyde and metallic ion mixture tend to be
lower than using phenol-formaldehyde crosslinker.

For high temperature environments, phenol-formaldehyde cosslinker and phenol-
formaldehyde and metallic ion mixture are preferred.

For hydrophobically associating polymers, high molecular weight is not required.
Intermediate molecular weight APs can be used for high temperature and high salinity

reservoirs.
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