How to Cite: Sagyndikov, M.S., Salimgarayev, L.I., Ogay, E.K., Seright, R.S., & Kudaibergenov, S.E. (2022). Assessing polyacryla-
mide solution chemical stability during a polymer flood in the Kalamkas field, Western Kazakhstan. Bulletin of the University of
Karaganda — Chemistry, 105(1), 99-112. https://doi.org/10.31489/2022Ch1/99-112

CHEMICAL TECHNOLOGY

Article

UDC 66-922 https://doi.org/10.31489/2022Ch1/99-112

M.S. Sagyndikov'?*, L1. Salimgarayev?, E.K. Ogay?,
R.S. Seright®, S.E. Kudaibergenov*

Satbayev University, Almaty, Kazakhstan;
’KMG Engineering LLP, Kazakhstan;
3New Mexico Institute of Mining and Technology, USA;
Institute of Polymer Materials and Technology, Almaty, Kazakhstan
(“Corresponding author’s e-mail: sagyndikov_marat@mail.ru)

Assessing polyacrylamide solution chemical stability
during a polymer flood in the Kalamkas field, Western Kazakhstan

During a polymer flood, the field operator must be convinced that significant chemical investment is not
compromised at the early stages of polymer injection. Further, dissolved oxygen in the viscous polymer solu-
tion must be controlled at a safe level, where viscosity loss will be insignificant. Under anaerobic conditions,
the hydrolyzed polyacrylamide (HPAM) solution is stable even if iron ions are present in the process water.
Thus, in the field operation, introduced oxygen and existing iron ions will cause an enormous viscosity de-
cline. The geochemical calculation reveals that dissolved oxygen can rapidly deplete after entering Kalamkas
formation. This paper confirms this prediction through a combination of laboratory measurements and field
observations. This study is based on rheology measurements of polymer solutions and produced fluid from
the offset production well associated with the Kalamkas oilfield in Western Kazakhstan. Comprehensive
analysis confirms no viscosity loss at the surface facilities during polymer preparation and injection at a Pol-
ymer Slicing Unit and significant viscosity loss at an Eductor-type unit caused by oxygen introduced during
polymer solution preparation. However, even introduced high dissolved oxygen levels that degrade polymer
at the surface can be rapidly depleted during contact with the formation, thereby promoting polymer chemical
stability in the reservoir.

Keywords: polyacrylamide, polymer solution, chemical degradation, polymer flood, iron, oxygen, viscosity,
injection.

Introduction

During a typical polymer flood, a high-molecular-weight partially-hydrolyzed polyacrylamide (HPAM)
considerably increases viscosity for the injected water, thereby reducing the water-oil mobility ratio and im-
proving reservoir sweep efficiency [1]. However, HPAM solutions can experience significant viscosity losses
through mechanical and oxidative degradation [2—11]. Because chemical floods commonly involve a huge in-
vestment in polymers, it is critical to have confidence that the polymer is not degraded while being injected into
the reservoir. Thus, any polymer degradation (and consequently reduced solution viscosity) can incur a sub-
stantial investment loss, and minimizing polymer degradation is a key to successful polymer flooding. Most
Kazakhstan oil fields formation water (including the Kalamkas field) have high salinity and iron content.
Commonly, those oil fields have no alternative fresh or low salinity (i.e., without iron content) water source
similar to Daqing [12] or Milne Point [13]. The HPAM solution at sealed and anaerobic conditions is stable if
iron ions exist in the process water [6]. Therefore, a sealing system for a polymer injection unit is crucial.

Nevertheless, in a field application, controlling dissolved oxygen content at the “zero” level is challeng-
ing. The study [6] suggested that 200 ppb oxygen is the highest value, where viscosity losses will be insignif-

© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 99



M.S. Sagyndikov, |.I. Salimgarayev et al.

icant. In contrast, [9] found that 46 ppb can lead to 10 % viscosity loss. Based on the geochemical calcula-
tion and laboratory experiment, [5] revealed that high dissolved oxygen content (which can be introduced
during polymer solution preparation and injection) after entering the sandstone with 1 % pyrite (FeS,) — as
in the case of Kalamkas formation — can rapidly be depleted. On the other hand, lower dissolved oxygen
content leads to higher polymer chemical stability, and the “zero” (undetectable) level is an ideal case. So
how much-dissolved oxygen will be feasibly acceptable in a real field setting? A significant part of this paper
is dedicated to testing and confirming those predictions in a field application at the Kalamkas polymer pro-
ject. This confirmation required developing a special method to back-produce polymer solutions without fur-
ther mechanical or oxidative degradation.

The Kalamkas Oilfield and Polymer Flood Review

The research in this paper is associated with the Kalamkas oilfield discovered in 1976. The field has
been developed commercially since 1979 [14]. The brownfield Kalamkas oilfield has reached high water cut
and non-uniform oil depletion, which is caused by a high difference in the mobility of water and oil [15]. The
oil viscosity is over 16 cp at reservoir temperature (38—43 °C). Under these conditions, the application of
polymer flooding is essential to increase oil recovery.

Pilot projects have been conducted in the West part since September 2014 and in the East part of the
field since March 2015. These pilots use two types of polymer preparation and injection units having differ-
ences. Both units use polymer powder. The first unit uses the Polymer Slicing Unit (PSU) to dissolve poly-
mer powder into water. This PSU reduces the polymer particle size to a uniform and allows for significantly
higher polymer concentrations [16] up to 1.5 % or 15 000 ppm. In this unit, a polyacrylamide powder inlet is
at the upper part to supply polymer by gravity force (positive pressure) to the screw pump and PSU. The unit
is completely isolated from air by a nitrogen blanketing system (Fig. 1). The second one is the eductor-type
unit. This conventional eductor works on the Venturi principle, and polymer powder is supplied by air injec-
tion. There is no action to isolate air from the unit (Fig. 2). After initial dissolution with these units, this pol-
ymer and water mixture flow to maturations tanks to achieve the mother solution’s target viscosity. The time
to fully dissolve the polymer in water for the PSU is ~45 minutes and for the eductor-type is ~3 hours. The
next step is mixing the mother solution with brine to achieve the target viscosity, and then it is transferred by
a low-shear pump to the injection well. An individual pump was used for each injection well. The PSU was
used for the two West injectors and the seven injectors’ East extension. The other four wells were supplied
by the eductor-type polymer unit. Two types of commercially available HPAM were used for the West and
East projects.

Polymer Inlet

Polymer Injection Well

{ N2 Blanketing |

G Mother
4 Solution
Dlluﬁo_n

Maturation Tank Pump

(mother solution)

Figure 1. Main components of the polymer slicing unit (PSU)

The field oil pay zones are concentrated at Jurassic deposits, and Cretaceous deposits have massive gas
and water reservoirs (Fig. 3). Cretaceous brine is used in the polymer-solution injection process (preparing
the mother solution and diluting the target concentration). The brines’ physical and chemical properties (sa-
linity, density, viscosity, pH) of the Cretaceous and Jurassic formations are similar. The main reason for us-
ing Cretaceous brine is the absence of dissolved oxygen and lower total suspended solids (TSS) content. As
mentioned previously in the Kalamkas field, there is no alternative to low salinity or freshwater sources (e.g.,
lakes and rivers) to reduce polymer consumption.
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Figure 2. Main components of the eductor-type polymer unit

Cretaceous brine for polymer units is supplied from dedicated wells. The brine has high salinity (TDS
10-11.5 %) and high content of divalent cations (6 500—7 700 ppm). The field brine iron content varies be-
tween 20—40 ppm. Consistent with [6] experimental work, polymer solution viscosity losses at Kalamkas
field conditions should be insignificant if the initial dissolved-oxygen concentration is 200 ppb or less. We
recognize that the formation salinities are high and that HPAM provides much more cost-effective viscosity
in low-salinity brine than in high-salinity brine. Nevertheless, polymer flooding with HPAM under the con-
ditions at Kalamkas still provides a substantial economic benefit. Further, as in most current situations
throughout the world, given the price and (lack of) availability of biopolymer, the use of HPAM is still more
cost-effective than alternatives.

- 71
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Figure 3. Geological profile of the Kalamkas field

The water’s dissolved oxygen level was measured at the wellhead of production wells supplying West
and East polymer projects. It was also measured in the water at storage tanks and in the mother solution from
maturation tanks of the West PSU, the East PSU, and the East eductor-type polymer unit using CHEMets®
express tests. The measurement results are shown in Table 1. Tests results reveal that, at the formation, brine
(from the wellhead) dissolved oxygen level is undetectable (less than 0.025 ppm or 25 ppb). This finding is
consistent with the fact that Kalamkas oil reservoirs have a reducing environment due to iron-containing
minerals up to 2—4 % [5].
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Table 1 represents that at the West polymer project, oxygen was introduced during water transportation
from the production well to the storage tank, and its level was at 0.3—0.4 ppm. In contrast, this problem did
not occur at the East polymer project, where the oxygen level at the storage tanks was undetectable. During
the polymer dissolving process, the oxygen was introduced into the mother solution. The oxygen level was
0.3-0.4 ppm for the PSU-type system, and for the eductor-type unit was 2—3 ppm. For the PSU, the dissolved
oxygen was close to the acceptable safe range, according to [6]. However, for the eductor-type, this value
was over ten times higher than the acceptable level. As will be shown later, this unacceptable oxygen level
resulted in 45 % viscosity loss and the equivalent of 25 % polymer concentration loss.

Table 1

The dissolved oxygen measurement results during polymer injection in the Kalamkas field

Polymer injection unit Dissolved oxygen content, ppm
Water producer Water storage tank | Polymer mother solution | Polymer Injector
West PSU 0 0.2-0.3 0.3-0.4 0-0.3
East PSU 0 0 0.3-0.4 0.3
East eductor 0 0 2-3 12
Experimental

A field sampling of polymer solutions

We compared laboratory prepared and sampled polymer solutions viscosities to assess chemical stabil-
ity, where polymer concentrations were the same as at the field. Mother solutions were sampled from poly-
mer dissolving units (PSU and eductor type) and polymer solution from injectors wellhead. We used fresh
polymer solution viscosities as a baseline for comparison (the methodology will be shown later in this sec-
tion). Viscosities were measured using a high-precision rheometer Anton Paar MCR 502 (Austria) at a shear
rate of 7.34 s’!, at room temperature (25 °C), and aerobic conditions. A shear rate of 7.34 s! is commonly
used as a standard single-point for comparison of viscosities for non-Newtonian enhanced oil recovery fluids
[7; 17-19]. Because most liquids (including polymer solution) are incompressible at low or medium pres-
sures, a considerable change in pressure from 14.5 to 4350 psi causes no significant change in viscosity [20].
Therefore, the reservoir pressure condition for polymer solution viscosity measurement is not essential. The
viscosity of each sample was usually measured twice and then averaged.

Polymer solution at the wellhead was collected in pressurized cylinders (Fig. 4). Pressurized cylinders
and collection procedures were specially designed for the polymer flood project to protect the solution from
oxidative degradation [7; 21]. These cylinders are made of stainless steel and coated with an inert material to
prevent corrosion and any iron contamination. Oxygen can be effectively excluded by carefully flushing air
from the cylinder with a polymer solution while collecting the sample.

Fs -

Figure 4. Pressurized cylinders for a polymer solution sampling at the wellhead
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The Brine, Polymers and Concentrations

During this study, brine was collected from the dedicated production wells of the Cretaceous water res-
ervoir (which is used for polymer dilution, as shown in Table 2). Brines (West and East Producers) have high
iron content. Consequently, Fe?* reacts with oxygen after exposure to the air. Therefore, to eliminate the ef-
fect of oxidized products, both brines are pumped by air to oxidize all iron from the solution and then passed
through paper filters before further use.

Table 2

Cretaceous formation brine physical and chemical properties

Cretaceous formation brine
Parameter (used for polymer dilution)
West Producer East Producer

pH 5.8 6.0
Density, g/cm® 1.071 1.082
Ca®" content, ppm 4 809.6 5611.2
Mg?* content, ppm 1702.4 2067.2
K" and Na* content, ppm 327225 35890.9
CI” content, ppm 63 810 71254.5
SO4* content, ppm 118.5 21.4
CO;* content, ppm 0 0
Total salinity, ppm 103 187.4 114 857.4
Water type by Sulin 1946” Cl-Ca Cl-Ca
Water hardness, mg-eq/l 410 470
Iron (Fe) content, ppm 40.6 18.2
Total suspended solids (TSS) content, ppm 14.0 12.0
Dissolved oxygen content, ppm 0? 0
Notes: " [22]; "“dissolved oxygen content measured with CHEMets® express tests shows the unde-
tectable value (less than 0.025 ppm or 25 ppb).

Two powder-form partially hydrolyzed polyacrylamides (HPAM) (SNF products) were used, namely
Superpusher K-129 and Polyacrylamide R-1. They had a molecular weight of 14 million Daltons and a hy-
drolysis degree of 16 %.

Polymer solutions were prepared by sprinkling the appropriate mass of polymer powder onto the brine
vortex created by an overhead stirrer with a four-blade propeller. After mixing for several hours at a high
rate, the stir rate was reduced for at least four hours, and the solution stood overnight. As in the field applica-
tion, our target polymer concentrations for the three projects are in Table 3. For Superpusher K-129, we used
brine from West producer (10.3 % TDS) and for Polyacrylamide R-1 — East Producer (11.5 % TDS).

Table 3

Polymer concentrations for the laboratory study

Active polymer concentration, ppm

Polymer injection unit Polymer type Mother solution Injector wellhead
West PSU Superpusher K-129 9200 1 600
East PSU Polyacrylamide R-1 15000 1700
East eductor Polyacrylamide R-1 4900 2200

A sampling of producer fluid

Many polymer flood projects reported that production wells responded to polymer flooding by water
cut decreases and increased produced polymer concentration [7; 23—26]. In some cases, the polymer chan-
neled directly from an injector to a producer through a fracture, i.e., producing the same polymer concentra-
tion as injected. This circumstance occurred in Kalamkas field, where severe channeling and polymer break-
through was observed from Injector XX37 to Producer XX87 in June 2019. Note that this polymer-
channeling problem developed only once during over seven years of polymer injection (i.e., since 2014). The
distance between the producer and injector was 400 m. After the breakthrough, polymer concentration in-
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creased roughly from undetectable values (i.e., <1 ppm) to the injected values. Injector pressure fall-off tests
(using the same method utilized later in this paper) after polymer injection revealed that injection occurred
above the formation parting pressure and the fracture half-length was close to 400 m. This value is close to
the well spacing (Fig. 10 and Table 7). Thus, the fracture was detrimental to sweep efficiency in this particu-
lar case because it extended from the injector to the producer. After several unsuccessful attempts to plug the
fracture (both from the production and injection sides), the production well was shut down.

Figure 5 shows Injector XX37 and Producer XX87 operation history before and after polymer break-
through. This history indicates a powerful hydrodynamic connection expressed by a quick change in produc-
er dynamic fluid level during an injector workover and after injection. After the polymer breakthrough, the
water cut increased from 87 % to 100 %. Tracer tests (Table 4 and Fig. 6) during water and polymer injec-
tion confirmed that the source of polymer breakthrough was Injector XX37.

This unusual case provided the opportunity to assess polymer solution chemical and mechanical stabil-
ity that traveled from the injector to the producer through the reservoir.

Table 4

The interwell tracer tests results on Polymer Injector XX37 and surrounding producers

Iniected | Iniected | Prod-ed | Prod/Ini A tracer | Tracer max | Tracer min | Tracer aver-
Date | Tracer type ! ) 3 J lreached well velocity, velocity, | age velocity,

Mass, kg| V,m M, kg M, %

number m/d m/d m/d

2N(;>lv7 Urea 5000 18 147.8 2.96 25 1808 188 638
Nov. | Fluorescein
2019 (Uranin) 60 9 0.6172 1.03 1 (XX87) 2781 2781 2781
Nov. .
2020 Rhodamine C 60 18 0.1 0.11 6 1162 62 210
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Figure 5. Well XX87 production and Well XX37 injection history, where polymer breakthrough was observed
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Figure 6. The interwell tracer tests results on Injection well XX37 and surrounding producers

A special scheme (Fig. 7) and procedure were developed to collect produced polymer solution samples
from Producer XX87 and assess in situ polymer stability. The production well was equipped with a produc-
tion line valve, check valve, annulus valve, wing valve, pressure gauge, sampler, and X-mas tree. The well
downhole was equipped with tubing and a rod pump. The top of the perforation interval was at 806 m MD
(measured depth), and the tubing end was at 590 m MD. A dedicated high-pressure hose was installed to
connect the sampler to the pressurized cylinder to collect polymer solution samples at the wellhead. The spe-
cial procedure was as follows as applied in Well XX87:

— Stop polymer solution injection unit (including Injector XX37) for planned repair work for >6 hours.

— Install pressure gauge flow meter, and connect the pressurized cylinder to collect samples before put-

ting on production well XX87.

— Open wing and production line valve to put the well on the production and start to collect samples.

— Open the sampler valve and flush several-cylinder volumes with the produced polymer solution to

prevent air from entering the sample.

— Collect six samples (total) at different cumulative production volumes with the same procedure de-

scribed above and measure dissolved oxygen level.

— Collect injecting polymer solution at Well XX37 (source of the polymer breakthrough) and measure

dissolved oxygen level.

— After collecting all samples, immediately transport pressurized cylinders to the field lab to measure

viscosity.

— Viscosity measurements proceed as described above in the subsection “A field sampling of polymer

solutions” and determine the rheological power-law index [21].
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Figure 7. Scheme to collect polymer solutions from Producer XX87

Results and Discussion

Effect of Dissolved Oxygen

As shown in Table 2, process water has high dissolved iron content. Therefore, if dissolved oxygen is
introduced to the polymer injection system, it will cause chemical degradation. The PSU is designed to keep
dissolved oxygen low, and the eductor-type unit has no action to treat the oxygen or iron. Further, the effects
of dissolved oxygen and Fe?" on polymer viscosity for three polymer units are demonstrated in Table 5. Ex-
amination of this table first reveals that the PSU for both projects (West and East) has a good performance
due to chemical stability. Chemical stability provided by nitrogen blanketing system and its efficiency is
consistent with [6] work. The field viscosity of the PSU mother solution did not reach the lab viscosity.
However, after subsequent dissolution processes (Fig. 1), the solution reached the required polymer viscosity
and dissolving quality at the wellhead. Finally, viscosity losses were zero at the injector wellhead for the
West and East PSUs, demonstrating high technical efficiency.

For the East eductor, both mother and polymer solutions showed a high level of viscosity losses. The
viscosity loss for the mother solution and the injector wellhead were 36 and 45 %, respectively. These losses
are unrelated to dissolving quality but are due to oxidative (chemical) degradation caused by dissolved oxy-
gen and divalent iron reactions. As shown in Fig. 2, the dissolved oxygen was introduced by air injection
associated with the polymer powder supply. At the first mixing step, the mother solution had 2—-3 ppm dis-
solved oxygen. Due to the absence of oxygen in the process water and the polymer dilution process, the oxy-
gen level at the wellhead decreased to 1.5 ppm (Table 1). This oxygen content was higher than the accepta-
ble range — by roughly ten times. The final viscosity loss was about 45 % or equivalent to a 25 % loss of
polymer concentration. The primary oxidative degradation location in the system is the dispersion tank. Sub-
sequently, during transit from the injection unit to the wellhead, it loses about 10 % more viscosity. We as-
sume this process continues in the tubing before entering the formation. As will be shown later, after the pol-
ymer solution enters the formation, all oxygen will be consumed by the surrounding rock quickly and pro-
vide subsequent chemical stability. Even so, severe degradation at the surface affects project economics and
feasibility.
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Table 5
The viscosity measurement results at different injection units
Polvmer Lab viscosity, cp Field viscosity, cp Viscosity loss, % Polymer
iniec ti}z)n unit Mother Injector Mother Injector Mother Injector concentration
J solution wellhead solution wellhead solution | wellhead loss, %
West PSU 680 20 652 20 4 0 0
East PSU 1980 23 1 850 23 14 0 0
East eductor 240 38 154 21 36 45 25 %
Note: The viscosity of the polymer solution measured at 7.34 s, T = 25 °C.

The polymer rheology and concentration loss

Figure 8 shows polymer concentration and viscosity relationship for two types of used polymers in the
field. In our case, polymer viscosity roughly depended on the square of its concentration. This figure analysis
reveals that 45 % viscosity loss for the East eductor polymer injection unit corresponds to 25 % equivalent
polymer concentration loss.

Several views exist on how to solve this problem. They include: (1) chemical/mechanical treatment of
the process water to remove all iron from the solution [27], (2) chemical additives such as free-radical scav-
engers or pH adjustment [28, 29], (3) keeping dissolved oxygen at an undetectable or acceptable level (close
to zero) [5], and (4) no action [25] as in our example of the East eductor unit.

The viscosity measurement results at different injection units (Table 5) reveal that removing all oxygen
from the system is the feasible and effective way to provide the chemical stability of the solution. Thus, we
suggest modifying the East eductor injection unit to ensure an undetectable or acceptable oxygen level that
will save 25 % cost of chemicals.

60
o y = 0,000007809x? - 0,000358453x + 1,656478823
£ 50 R2 = 0,998321301 °
2 /
L d
§ 40 y = 0,000007704x2 - 0,002342892x + 2,257010017 ‘,0
= R#=0,999115013 P
- P d
& 30 Prg
3
&= 20 o8
o PPt
o P
210 ooz 8-=
‘D Y- ST
g o &=E-
g o0 500 1000 1500 2000 2500
HPAM active concentration, ppm
® Polyacrylamide R-1 Superpusher K-129

Figure 8. Polymer solution viscosities at different concentrations

Effect of the formation on the polymer stability

Fluid sampling for Producer XX87 and injection of polymer solution at the wellhead of Well XX37 oc-
curred on 30" April 2021, as described above in the section “A sampling of producer fluid”. The typical sur-
face temperature was +20 °C during the test. As shown in Fig. 7, samples from Producer XX87 were collect-
ed after polymer breakthrough and that polymer solution propagated over 400 m through the reservoir from
Injector XX37. Additionally, the dissolved oxygen level was measured at the wellhead of Polymer Injection
Well XX37 and the last four produced samples (# 3, 4, 5, 6) using CHEMets® colorimetric tests. The viscos-
ity and oxygen measurement results are shown in Figure 9 and Table 6. Note in Table 6 that after the first
listing (the original sample that was injected), the samples are listed in reverse chronological order of collec-
tion — i.e., Sample 6 was collected last from the formation, and Sample 1 was collected first in the tubing).
Test results show that injected solution from Well XX37 had roughly 1.5 ppm (i.e., between 1 and 2 ppm)
dissolved oxygen content and viscosity of 21.4 cp with a power-law index of 0.763. The first three produced
samples (originating closest to the surface) contained 0.2 ppm dissolved oxygen and different degrees of vis-
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cosity loss relative to the injected (25-50 %). The last three samples show undetectable dissolved oxygen
levels (less than 0.025 ppm or 25 ppb) and minor viscosity loss, with a power-law index close to the injected
solution. We presume that significant degradation was seen for the first collected samples because oxygen
(air) was introduced into the production well during the well repair work. The gradual decrease in the level
of degradation (i.e., increase in viscosity) with time reflected flushing this oxygen out of the system. These
findings indicate that injected oxygen in the polymer solution (that transported 400 m through the Kalamkas
reservoir) was consumed by the surrounding reservoir rock provided chemical (oxidative) stability of the
solution (due to iron-containing minerals up to 2—4 %) [5].

100
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Figure 9. Rheological curve analysis of injected (Well XX37) and produced (Well XX87) polymer solutions

Table 6

Rheology measurements of the injected and produced polymer solution
from Injector XX37 and Producer XX87

Produced DlSSOlVGd.Oz The location of the col- Viscosity Th.e power law
Well Volume, | concentration, 1 index (n),
3 lected sample at7.34s”, cp . . .
m ppm dimensionless

Injector XX37 1.5 Injected 25.1 1-0.237 =0.763

Producer XX87 No. 6 6.5 0 Formation 21.0 1-0.162 =0.838

Producer XX87 No. 5| 4.4 0 between tubing and per- 213 1-0.147 = 0.853
foration

Producer XX87 No. 4| 3.6 0 between tubing and per- 213 1-0.141 = 0.859
foration

Producer XX87 No.3| 3.3 0.2 between tubing and per- 19.2 1-0.128 = 0.872
foration

Producer XX87 No.2| 2.9 N/A between tubing and per- 14.9 1-0.070 = 0.930
foration

Producer XX87 No. 1 2.0 N/A downhole tubing 13.1 1-0.035 = 0.965

Note: *API RP 63 1990.

Pressure fall-off test

We ran pressure fall-off tests in injection wells to obtain valuable well test data. The Well XX37 pres-
sure fall-off test analysis during polymer flood is presented in Fig. 10 and Table 7. The transient pressure
analysis plots pressure versus time and the Bourdet derivative on a log-log scale [30]. Comparing and ana-
lyzing two pressure curves (original and derivative) for each flood can display the signature of numerous
well, reservoir, and boundary behaviors. In our case, the analyses of pressure fall-off tests showed that dur-
ing polymer flood injection occurs over formation parting pressure. The absence of fractures during water-
flood showed in other wells similar to Well XX37. The fracture half-length for Well XX37 where severe
channeling and polymer breakthrough was observed, fracture half-length is close to the well spacing. We can

108 Bulletin of the Karaganda University



Assessing polyacrylamide solution chemical stability ...

see that polymer injection leads to natural well stimulation. Consequently, the polymer solution flows
through the perforations and near wellbore zone with an area high enough to ensure mechanical stability of
the solution. If Well XX37 were not fractured, injection of viscous polymer solution would necessarily de-
crease injectivity, roughly in proportion to the polymer solution viscosity [4; 7]. In our case, the expected
injectivity without open fractures would be 20 times lower than that for water. Our injectivity was enhanced
by a factor of 1.6.

The presence of fractures during the polymer flood is consistent with most of the worldwide polymer
flood projects injections in vertical wells occur above the formation parting pressure [4; 19; 31-32], where
linear flow is expected. In contrast, if fractures or fracture-like features are not present during polymer injec-
tion, achieving a favorable economical injection rate and acceptable voidage replacement ratio (e.g., the
same as during a waterflood) is impossible. Additionally, according to the analytical calculations of [19] and
the work of [33], fractures do not seriously affect a sweeping efficiency if the fracture half-length is less than
1/3 of the well spacing. These findings reveal that the advantages of fracture features during polymer flood
(i.e., little or no injectivity loss, the mechanical stability of the polymer solution) outweigh its disadvantages
(e.g., possible severe channeling, jeopardized sweep efficiency).
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Figure 10. Analysis of pressure fall-off test during polymer injection into Well XX37 (2020)

Table 7
Analysis of pressure fall-off test during polymer injection into Well XX37
Value
No. Parameters During polymer flood During polymer flood During water flood
(2021) (2020) (2018)
I |Perforation interval, 806-810, 812.5-820.5 m | 806-810, 812.5-820.5 m | 806-810, 812.5-820.5 m
Top-Bottom
2 |Test duration, hours 162.7 233.6
3 |Wellbore storage (WBS) model Changing WBS Changing WBS
4 |Well model Vertical fractured finite | Vertical fractured finite
conductivity conductivity

5 |Reservoir model Homogenous Homogenous
6 |Boundary model Infinite Infinite
7 |Reservoir pressure, bar 87.42 86.3 N/A
8 |Conductivity, mD-m 5670 5630
9 |Average permeability, mD 506.5 503.1
10 |Total skin =7.5 =7.13
11 |Geometrical skin 0 0.1
12 |Fracture half length, m 396 308
13 |Fracture conductivity, mD-m 6.13E+6 0.384E+6
14 |Fracture permeability, mD 7 740 623
15 |Injectivity index, m*/(daybar) 6.7 5.7 4.3
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Conclusions

The large investment associated with the polymer bank during a polymer flood necessitates a determi-
nation that the polymer is not substantially degraded during the process of preparation and injection. This
paper provides a methodology for assessing chemical degradation in the field, and the methodology is
demonstrated for an important field of application in Kazakhstan. This study indicates the possibility of op-
timizing operational expenditure and increasing the economic efficiency of the polymer flood project operat-
ed by the eductor-type unit. Modifying the East eductor injection unit, which ensures the acceptable oxygen
level, will save 25 % cost of chemicals. Consistent with [6], 300—400 ppb oxygen in polymer preparation and
injection process does not degrade polymer viscosity. Furthermore, polymer solutions that propagated over
400 m through a fracture from the injector to the producer were depleted of dissolved oxygen from 1.5 to 0
ppm, thereby providing field-based support that the Kalamkas formation provides further chemical stability.
The injector pressure fall-off test indicated that fracture is open during polymer flood. In addition, field stud-
ies reveal that the advantages of fracture features during polymer flood are no injectivity loss and stability of
the polymer solution.
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M.C. CarbinaukoB, U.M. Canumrapaes, E.K. Oraii, P.C. Cepaiit, C.E. KynaiiGeprenos

Bateic Kazakcrangarel Kajiamkac KeH OpHBIHIA MOJUMeEPJIIK CyJIaHABIPY Ke3iHae
NMOJHAKPUIAMH/L ePiTIHAICIHIH XMMHSJIBIK TYPAKTBLIBIFBIH 0aFaJjiay

Iomameprni cymanabIpy Ke3iHAE KEH OPHBIHBIH ONEPATOPhl MONMMEPl aiiay/blH aTFaIlKbl Ke3eHAepiHae
XUMUSIFa aliTapibIKTall cajblHFaH KapaXaTThlH 00C KeTneyiHe ceHiMai Gomybl KaxkeT. COHBIMEH Katap,
TYTKBIP MOJIMMEP €piTiHAICIHAErT epiTiireH OTTeriHiH JeHreili Kayircis aeHreiije OakpUIaHYbl Kepek, Oyl
JKarFJaiia TY TKbIPIIBIKTBIH XKOFaIybl aiftapiibikrail 6onmaiiast. ['uaponusaenren nonmakpunamunriy (I'TIAA)
epiTiHici aHadpoOThl JKarjaiiaa, TIMTi TEXHOJIOTHSUIBIK CyJa TeMip HMOHIapbl OoJFaH »karaaiiia ja ere
TypaxThl GonaTsiHbl Genrimi. Ochulaiilila, KeH OPHBIHIA EHIi3UIT€H OTTEri MeH cyda 6ap TeMip MOHIapbI
TYTKBIPJILIKTBIH TOMeHeyiHe okeneni. ['eoxumusiibik ecentey Kanamkac keH OpHBIHBIH KaOaTblHA €HICHHEH
KelliH epireH orTeri Te3 ciHipinerinin kepcereai. Ochl Makaiaja 3epTXaHAIbIK 3€PTTEYJICp MEH JaiajblK
OaxbutaynapabiH kemeriMen Oyn Gomkampap pacranrad. JKyprisiiren 3eprreynep barbic Kasakcranaarsi
Kanamxac MyHaif keH OpHBIMEH GaiffTaHBICTBI MOJIUMEP EPITiHAIIEepI MEH PEaKTHBTI OHIIPYII YHFBIMAIaH
aNbIHFaH CYMBIKTBIKTBIH PEOJIOTHACHH omueyre HerisaenreH. Xan—xakrsl tangay PSU TunTi KoHABIPFBLIA
(polymer slicing unit) monauMmepai HaiibiHmay okoHe aiijay KesiHge OeTKi KaGJbIKTa TYTKBIPJIBIK
JKOFaIMAFaHbIH JKoHE MONUMEp epiTiHMiciH MailblHgay KesiHge eHri3inreH orTeri TysmHmaraH Eductor tumri
KOHJIBIPFBIIA TIONIMMEPIiH TYTKBIPJIBIFBIHBIH aliTapIIbIKTail )KOFAITYBIH pacTaiiibl. Ajaiina, GeTiHIe XUMUSITBIK
BIIbIPAY TYFBI3AThIH €pireH OTTEriHiH KOFaphl AeHreliHiH 031 Tay *KbIHbICTAPBIMEH OaiilaHbICy Ke3iHje Te3
ciHeni, ocbuIaiina KabaTTarbl XMMHUSIIBIK TYPAKTHUTBIKTBI KAMTAMAChI3 T/l

Kinm ce30ep: nonnakpuiaMus, IOIUMEp epiTiHici, XUMUIBIK Oy3y, HOIUMEpIl CylTaHAbIpY, TeMip, OTTeri,
TYTKBIPIIBIK, alijiay.
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OueHka XUMH4YeCcKOH cTa0MJILHOCTH PACTBOPA NMOJHAKPUJIAMH/AA
NpH N0JTUMEPHOM 3aBOIHEHHH Ha MecTopoxaeHnn Kanamkac,
3anagusiii Kazaxcran

I[pu noauMepHOM 3aBOJHEHHHU ONEPATOP MECTOPOXKACHIUS J0JDKHA OBITh yOEXKICH, 4YTO 3HAYUTENIbHBIC HHBE-
CTHLIMHY B XUMHIO HE TEPSFOTCS HAa PaHHEH CTaIiu 3aKavky nojmuMepa. Kpome aToro, ypoBeHbs pacTBOPEHHOTO
KUCJIOPOJa B BA3KOM MOJMMEPHOM PACTBOPE AODKEH KOHTPOJIIPOBAThCS Ha GE30I1aCHOM YPOBHE, IIPH KOTO-
poM moTepst BsI3kocTu OyaeT HecymecTBeHHOU. M3BecTHO, 4TO pacTBOp IUAPOIM30BAHHOTO HOIMAKPUIAMUA
(I'TTAA) B aHa’pOOHBIX YCIOBUSIX O4€Hb CTAOWIIEH, AaXe IPH NPHCYTCTBUU MOHOB JKeJie3a B TEXHOJIOrM4e-
ckoii Boze. Takum 00pa3oM B MONEBBIX yCIOBHAX, BBEIEHHBIN KHCIOPOJ M CyLIECTBYIOIINE MOHBI JKee3a
MPHUBEAYT K KOJNOCCATBHBIM IOTEPSM BS3KOCTU. ' €OXHUMIYECKH pacdeT IMOKa3bIBAaeT, YTO PACTBOPCHHBII
KHCIIOPO/I TOCIIe TIPOHUKHOBEHHUS B ITacT MectopoxaeHus Kanamkac 6yner 6pictpo norotex. Jlannas cra-
Thsl TIOATBEPKAACT ITH MPEOJIOKEHHS € IIOMOIIBI0 KOMOHHALIMY JIAG0PATOPHBIX HCCIICIOBAHII 1 TIOJIEBBIX
HaOmozenuit. [IpoBeneHHbIe HCcCIeOBaHU OCHOBAHBI Ha M3MEPEHIX PEOJIOTHU IOJIUMEPHBIX PACTBOPOB U
JKUJIKOCTH U3 pearupyromeil 100bIBarolell CKBaKUHBI CBS3aHHBIE ¢ HEQTSHBIM MecTopoxkaeHnem Kamamkac
B 3amagaom Kasaxcrane. BeecTopoHHMI aHAMM3 MOATBEP)KIACT OTCYTCTBUE MOTEPH BSI3KOCTH HA MOBEPX-
HOCTHOM 000pYJOBaHUM BO BPeMs IIOATOTOBKYU U 3aKa4KH HouMepa B ycranoske Tuna PSU (polymer slicing
unit), ¥ 3HAYMTENBHYIO MOTEPIO BSI3KOCTH MoJMMepa B ycraHoBke Tvna Eductor, KoTopblii BbI3BaH BBEICH-
HBIM KHCJIOPOJOM IIPY IPUTOTOBICHUN MOIMMEPHOro pacTBopa. OTHAKO Aake BBEICHHBIH BHICOKHIT yPOBEHb
PacTBOPEHHOTO KUCIOPOAA, BHI3BIBAIOIIMI XMMHYECKYIO JECTPYKIMIO HA IOBEPXHOCTH, OBICTPO MOITIOMIAET-
s IPU KOHTAKTE C IOPOIOi, TeM caMbIM 00ecreynBas XUMUYECKYI0 CTa0UIBHOCTD B IIIACTe.

Kniouesvie cnosa: TIoJIMaKpujiaMu/, HOHI/IMepHLIi;I PpacTBOp, XUMUHIECKAA JACCTPYKIMA, IMTOJTUMEPHOE 3aBOTHE-
HHUE, XKEJIC30, KUCIIOPO/I, BA3ZKOCTD, 3aKavuKa.
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