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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 injegtion. Further, dissolved oxygen in the viscous polymer solu-
tion must be controlled at a safe level, where viscasity loss will be insignificant. Under anaerobic conditions,
the hydrolyzed polyacrylamide (HPAM) solution is‘stable gven 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 pre@igtion through a combination of laboratory measurements and field
observations. This study is based onsrheology®measurements of polymer solutions and produced fluid from
the offset production well associated with the Kalamkas oilfield in Western Kazakhstan. Comprehensive
analysis confirms no viscositydess at the surface facilities during polymer preparation and injection at a Pol-
ymer Slicing Unit and significant viseesity loss at an Eductor-type unit caused by oxygen introduced during
polymer solution preparatioApHoweyer, 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,reseryfoir.

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 Daging [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-
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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 Qilfield 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 watersand oil [15]. The
oil viscosity is over 16 cp at reservoir temperature (38-43 °C). Under these conditions,ithe 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 andgnjeetion 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 uniferm-and allows for significantly
higher polymer concentrations [16] up to 1.5 % or 15 000 ppm. In this,unitga pelyacrylamide powder inlet is
at the upper part to supply polymer by gravity force (positive pressure)ito thess€rew pump and PSU. The unit
is completely isolated from air by a nitrogen blanketing system (Figs1).The second one is the eductor-type
unit. This conventional eductor works on the Venturi principle, ang,polymer powder is supplied by air injec-
tion. There is no action to isolate air from the unit (Fig. 2). Afterinitial dissolution with these units, this pol-
ymer and water mixture flow to maturations tanks to achieveythe mother solution’s target viscosity. The time
to fully dissolve the polymer in water for the PSU is ~454minuges and for the eductor-type is ~3 hours. The
next step is mixing the mother solution with brine'te,achieve the target viscosity, and then it is transferred by
a low-shear pump to the injection well. An individualypump was used for each injection well. The PSU was
used for the two West injectors and the sevenfinjectors’ 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

Polymer Injection Well

Mother
v Solution
Dilution
= el e i s )
[ ] ‘> = ‘ [ ]
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 poly, &

Cretaceous brine for polymer units is supplied from dedicated wel e/brine has high salinity (TDS
10-11.5 %) and high content of divalent cations (6 500—7 700,ppm). The brine iron content varies be-
tween 2040 ppm. Consistent with [6] experimental work, p x tion viscosity losses at Kalamkas

Xygen

field conditions should be insignificant if the initial dissolv concentration is 200 ppb or less. We
recognize that the formation salinities are high and that HRAM es much more cost-effective viscosity
in low-salinity brine than in high-salinity brine. Never olymer flooding with HPAM under the con-
ditions at Kalamkas still provides a substantia 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.

I water

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 | Rolymer Injector
West PSU 0 0.2-0.3 0.3-04 0-0.3
East PSU 0 0 0.3-04 03
East eductor 0 0 2-3 =2

Experimental

A field sampling of polymer solutions

We compared laboratory prepared and sampled polymer solutions, viseosities to assess chemical stabil-
ity, where polymer concentrations were the same as at the field. Mgther solutions were sampled from poly-
mer dissolving units (PSU and eductor type) and polymer solutien fromrinjectors wellhead. We used fresh
polymer solution viscosities as a baseline for comparison (the“methedology will be shown later in this sec-
tion). Viscosities were measured using a high-precisiof,rhéometerdAnton Paar MCR 502 (Austria) at a shear
rate of 7.34 s, at room temperature (25 °C), and aerobig,conditions. A shear rate of 7.34 s is commonly
used as a standard single-point for comparison of‘wiscosities\for non-Newtonian enhanced oil recovery fluids
[7; 17-19]. Because most liquids (including polymersolution) are incompressible at low or medium pres-
sures, a considerable change in pressure from 44.5 to 4350 psi causes no significant change in viscosity [20].
Therefore, the reservoir pressure condition forpolymer solution viscosity measurement is not essential. The
viscosity of each sample was usually measureehtwice and then averaged.

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

s =

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 1082
Ca®* content, ppm 4 809.6 56112
Mg?* content, ppm 1702.4 24067.2
K* and Na* content, ppm 327225 35,8909
ClI- content, ppm 63 810 71 25445
SO4* content, ppm 118.5 21.4
COs* content, ppm 0 0
Total salinity, ppm 103 187.4 1148574
Water type by Sulin 1946" Cl-Ca Cl-Ca
Water hardness, mg-eq/| 410 470
Iron (Fe) content, ppm 406 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 pph).

Two powder-form partially hydrolyzed polyacrylamides (HPAM) (SNF products) were used, hamely
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 stirferiwith @ four-blade propeller. After mixing for several hours at a high
rate, the stir rate was reduced for atleast four hours, and the solution stood overnight. As in the field applica-
tion, our target polymer concéntrationsfor the three projects are in Table 3. For Superpusher K-129, we used
brine from West producerg(10.8 % TDS) and for Polyacrylamide R-1 — East Producer (11.5 % TDS).

Table 3

Polymer concentrations for the laboratory study

.y ~ ! Active polymer concentration, ppm
BV i Polymer type Mother solution Injector wellhead
WestRSY Superpusher K-129 9200 1600
East PSU Polyacrylamide R-1 15 000 1700
East eductor Polyacrylamide R-1 4900 2 200

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.

TS able 4
The interwell tracer tests results on Polymer Injector XX37 and surroundin d

Date | Tracer type Injected | Injected | Prod-ed | Prod/Inj re;%t:tr;jc\?\:ell Tracer_ " z;r r:?/(zrlg\clietr-

YPE | Mass, kg| V.m* | M,kg | M, % g Y,
number m/d

Nov.

2017 Urea 5000 18 147.8 2.96 25 188 638

Nov. | Fluorescein

2019 (Uranin) 60 9 0.6172 1.03 1 (XX 2781 2781

Nov. .

2020 Rhodamine C 60 18 0.1 0.11 62 210

0 Polymer Injector XX37)

150 —— 0
/Y
- | After restoring the 50
3 1 injection Fluid
5 1 | Level Dramatically 100
T | 1 increase >
= 100 150 g
g U oing | ! 200
[ 1 |E|);cx3r I E
c 1 Workover | 1 250
2 Fluid Level | o
g e | 300 8
B8 50 1 1 3
= 1 1 Workover, 350 2
E P | 1 failed works to
] plug the 400
= L v ! polymer
T breakthrough 450
0 500
0 9/ /042019 052019 06.2019 07.2019 08.2019 09.2019 10.2019 112019 12.2019
id rate, m3/day =~ == Qil rate, tonne/day ~ ——Watercut, %  =—=Dynamic Fluid Level, m
Polymer Injector XX37
300 1200
2 SR M G ) 1000
E ®
L 5
200 ‘g GV
- 2
S 150 K r 600 S
B fo) e 2
3 100 iV, & 400 =
2 E t o
R m 2
50 e 200
& |
| L

0
01.2019 02.2019 03.2019 04.2019 05.2019 06.2019 07.2019 08.2019 09.2019 10.2019 11.2019 12.2019

——|njection rate, m3/day  =—Injection pressure, psi

Figure 5. Well XX87 production and Well XX37 injection history, where polymer breakthrough was observed
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RN
: Po»lymer lnjgctor XX37

||

0 200 400

Figure legend: === Tracer (Urea) flow direction during a water flood, N0§2017
‘ Tracer (Fluorescein) flow direction during a polymer flood aft ugh to Producer XX87, Nov. 2019
Tracer (Rhodamine C) flow direction during a polymer flos er shut down Producer XX87, Nov. 2020

( ) Injection well Production well

Figure 6. The interwell tracer tests resul I XX37 and surrounding producers

A special scheme (Fig. 7) and procedure were ed 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 valvg, wing valve, pressure gauge, sampler, and X-mas tree. The well
downhole was equipped with tubing andsa r mp. The top of the perforation interval was at 806 m MD
% 590 m MD. A dedicated high-pressure hose was installed to

er to collect polymer solution samples at the wellhead. The spe-
ied.in Well XX87:
ion unit (including Injector XX37) for planned repair work for >6 hours.
eter, and connect the pressurized cylinder to collect samples before put-

(measured depth), and the tubing eng
connect the sampler to the press
cial procedure was as follows
— Stop polymer solutio
— Install pressute gadge
ting on produc
— Open wing a
— Ope mpler,valve and flush several-cylinder volumes with the produced polymer solution to
: i ntering the sample.
samples (total) at different cumulative production volumes with the same procedure de-
e and measure dissolved oxygen level.
jecting 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 salution m Producer XX87

Resultsiand Discussion

Effect of Dissolved Oxygen

As shown in Table 2, process water has
introduced to the polymer injection system,

igh dissolved iron content. Therefore, if dissolved oxygen is
cause chemical degradation. The PSU is designed to keep
dissolved oxygen low, and the eductorstypéyunit has no action to treat the oxygen or iron. Further, the effects
of dissolved oxygen and Fe?* o ) osity for three polymer units are demonstrated in Table 5. Ex-
amination of this table first rev& PSU for both projects (West and East) has a good performance
due to chemical stability. C I ility provided by nitrogen blanketing system and its efficiency is
consistent with [6] work. T eld viscosity of the PSU mother solution did not reach the lab viscosity.
However, after subseéquent dis on processes (Fig. 1), the solution reached the required polymer viscosity
and dissolving quali llhead. Finally, viscosity losses were zero at the injector wellhead for the
West and East PSUs, trating high technical efficiency.

For t 3 » both mother and polymer solutions showed a high level of viscosity losses. The
i ther solution and the injector wellhead were 36 and 45 %, respectively. These losses
Ssolving quality but are due to oxidative (chemical) degradation caused by dissolved oxy-

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
in'ecti):)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 1850 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 correspands to 25 %:equivalent
polymer concentration loss.

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

The viscosity measurement results at different injection units (Table 5)sfeveal that removing all oxygen
from the system is the feasible and effective way to provide the chemigal'stability of the solution. Thus, we
suggest modifying the East eductor injection unit to ensure afPundetectable or acceptable oxygen level that
will save 25 % cost of chemicals.
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Figure 8. Polymer solution viscosities at different concentrations

Effect'of thedormation 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

Injector XX37 ProducerNo.6 ProducerNo.5 ProducerNo.7  Producer No.3
y = 42135x 0257 y=2897x0182 y = 2725250147  y =26475x0141  y = 23423x 012
R?=0,9895 R?=0,9708 R?=0,9702 R? = 0,9675 R?=0,965

________________ : ~)
¢\§&'%b

Viscosity, cp

1 10 100
Shear rate, s
Producer XX87 No. 1 Producer XX87 No.2 ~ ——Producer XX87 NO. Bpag™=—Producer XX87 No. 4
——Producer XX87 No. 5 ~ ——Producer XX87 No.6  —<InjectORXX37

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 XX37and Producer XX87

Produced D'SSOIVed.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 05 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- 21.3 1-0.147 = 0.853
foration

Producer XX87 No. 4| W36 0 be““’ee”ft”b'f‘g and per- 213 1-0.141 = 0.859
oration

Producer XX87 N@.3| 3.3 0.2 between tubing and per- 19.2 1-0.128 = 0.872
foration

ProduceXX8ZNEn2 [ 2.9 N/A be“”’ee”fgjrgi?fna”d per- 14.9 1-0.070 = 0.930

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
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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 paelymer flood
(i.e., little or no injectivity loss, the mechanical stability of the polymer solution) outweigh4ts,disadvantages
(e.g., possible severe channeling, jeopardized sweep efficiency).
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Figure 10. Analysis of pressure fall-offitest during polymer injection into Well XX37 (2020)

Table 7

Analysis of pressure fal=off test during polymer injection into Well XX37

Value
No. Parameters During polymer flood During polymer flood During water flood
(2021) (2020) (2018)
1 |Perforation inter¥aj, 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 d@ration, hours 162.7 233.6
3 |Wellborestorage (WBS) model Changing WBS Changing WBS
4 |Well'madel 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 7740 623
15 |Injectivity index, m%(day-bar) 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 1.5to 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 additian, 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. CarsinaukoB, U.Uo€amampapaes, E.K. Oraii, P.C. Cepaiit, C.E. Kynaitbeprenon

Bbarbic Kazakcranaagbl Kagamkac KeH OPHBIHAA MOJUMEPJIIK CYJAaHABLIPY Ke3inae
MOJTHAKPWIAMUI ePITIHAICIHIH XUMHSUIBIK TYPAaKThUIBIFBIH 0aFaJjiay

IMonumepri CyJiaHIBIPY Ke3iHIE KEH OPHBIHBIH ONEPaTOphl MOJIMMEpAl aiaay bIH alFallKsl Ke3eHIepiHae
XUMHUSAFagaiTap BIKTall CalbIHFAH KapaXaTThlH 00C KeTmeyiHe ceHimai Oosybl KaxkeT. COHBIMEH Karap,
TYTKBIP MOMMMep €pITIHAICIHACTI epITUITeH OTTETiHIH NIeHreii Kayilci3 aeHreiae OakpUIaHyBl Kepek, Oy
JKaF TAWAA)TY TKBIPIIBIKTEIH JKOFaTy bl alTapiblKTai 6omMaiinst. ['maponmsaenren nomakpunaMuntis (ITIAA)
epifitzici | aHa’poOThl JKaraaiiga, TINTI TEXHOJOTHSIBIK CyJa TeMip HOHIapbl OONIFaH JKardaiina na eTe
TypaKTeifOonaTeinbl Oenrini. Ocputaiiliia, KeH OpPHBIHIAA CHTI3UIeH OTTeri MeH cyaa 6ap TeMmip MOHIaphI
TYTKBIPJIBIKTHIH TOMEHIeyiHe oKkeneni. ['eoxumMusuiblk ecentey Kagamkac keH OpHBIHBIH KaOaTbIHA €HICHHEH
KeifiH epireH oTTeri Te3 CiHipineTiHiH kepceTeni. Ockl Makanajga 3epTXaHAIBIK 3epTTeyJiep MEH AalalbIK
GakplIayapJpiH KeMeriMeH Oy Gomxampmap pacranrad. JKyprisinren 3eprreyiep bateic Kasakcranmars!
Kanamkac MyHail keH OpHBIMEH OaiiaHBICTHI MONMMEp epiTiHIUIepl MEH PEeaKTUBTI OHIIPYIIi YHFBIMAJaH
QIBIHFAH CYHBIKTBIKTBHIH PEOJOTHSICHIH emeyre HerizgenreH. JKaH—xakTsl Tanpay PSU tunti KOHABIpFBITA
(polymer slicing unit) monmmMmepai nmaiiplHOAy KOHE aiimay Ke3iHge OeTKi KaOIBIKTa TYTKBIPIIBIK
JKOFaJIMaraHbIH JKOHE TOJIUMEDP EPITIHIICIH NalblHAAy Ke3iHJe CHTi3UIreH orTeri TyblHAaraH Eductor tumri
KOHJIBIPFBI/IA IOJTUMEP/IIH TYTKBIPJIBIFBIHBIH A TapJIbIKTal KOFaIybIH pacTaibl. Anaiina, OeTiHIE XUMHSIBIK
BIIBIPAY TYFBI3AaTBIH epireH OTTEriHiH JKOFapbl JCHTeiiHIH 031 Tay JKBIHBICTapbIMEH OaillaHbICy Ke3iHAe Te3
ciHemi, ochLIaiiia KabaTTarbl XUMUSIIBIK TYPAKTHUTBIKTEI KAMTaMachI3 eTe/i.

Kinm cesodep: nonuakpuiaMu, MOJIMMeEp epiTiHAICI, XUMUSIIBIK Oy3y, MOIMMeEpIli CylaHbIpy, TEMIp, OTTeri,
TYTKBIPIBIK, aiigay.
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M.C. Carpinaukos, .M. Canumrapaes, E.K. Orait, P.C. Cepaiit, C.E. Kynaii6eprenos

OuneHka XuMHYeCKOM CTa0MJIBLHOCTH PACTBOPA NMOJHAKPUIAMHIA
NpH MOJMMEPHOM 3aBOIHEeHUH Ha MecTopoxaennu Kamamkac (3amagubiii Kazaxcran)

IIpn momMepHOM 3aBOJHEHHH OTIEPATOP MECTOPOXKICHHS TOJDKEH OBITH yOXKIeH, YTO 3HAUUTEIIbHBIE HHBE-
CTHLIMM B XMMHIO HE TEPSIIOTCS HAa PaHHE CTa[uy 3aKkauku noiaumepa. Kpome 3Toro, ypoBeHb pacTBOPEHHOTO
KHUCJIOPOJia B BA3KOM IOJIMMEPHOM PacTBOPE JIOJKEH KOHTPOJIMPOBAThCS Ha GE30IaCHOM YPOBHE, IIPH KOTO-
POM TIOTeps BA3KOCTH OyAeT HecylecTBeHHOM. 1I3BecTHO, YTO pacTBOP IMAPOIN30BAHHOTO MOIHAKPUIAMHIA
B aHa’POOHBIX YCIOBHAX OYEHb CTAOMJICH, JaXke IPU MPUCYTCTBHU HOHOB JKEJIe3a B TEXHOJIIOTHUYECKOI BOJIE.
Takum 00pa3oM, B MOJEBBIX YCIOBHSIX BBEIACHHBIH KHCIOPOX U CYHIECTBYIONIHE MOHBI JKejie3a MPUBEIYT K
KOJIOCCATBHBIM TIOTEPSIM BSI3KOCTH. [ €OXMMHUYECKHI pacyeT ITOKa3bIBaeT, YTO PACTBOPEHHBIH KUCIOPO] IO-
cJie IPOHUKHOBEHUS B IUIacT MectoposkaeHns Kamamkac Oyner O6bicTpo moriyomes. Hacrosmast cratest moa-
TBEpP)KAAeT JTH MPEANOJIOKEHHS C HOMOIIbI0 KOMOWHAIMK Ja0OpaTOPHBIX HCCIIEOBAaHWN W ITONEBEIX
HaOmoeHnit. [IpoBeneHHBIE HCCIIeIOBAaHNS OCHOBAHBI HA M3MEPEHUSIX PEOJIOTHH TTOJIMMEPHBIX PAaCTBOPOB\ I
JKUJKOCTH M3 pearupyromieil 100bIBaromel CKBaKHHBI, CBA3aHHON ¢ HETAHBIM MecTOpoXkaAcHAeMpK anamKac
B 3amanHoM Kasaxcrane. BeecTopoHHMI aHanM3 MOATBEPKAACT OTCYTCTBHE IOTEPH BS3KOCTH Ha, MOBEPXs
HOCTHOM 000pYZIOBaHHM BO BPeMs MOATOTOBKH M 3aKa4yKHu MonuMepa B ycranoBke tuna PSU (polymenslicing
unit) ¥ 3HAYUTEIBbHYIO OTEPIO BA3KOCTH MOJIMMepa B ycTaHoBke THIa Eductor, KoTopbliiBBI8BaH BBEACHHBIM
KHUCJIOPOJIOM HPH HPUTOTOBJICHUH MOJIUMEPHOro pacTBopa. OJIHAKO Jlaxe BBEICHHbIN BRICOKHI YPOBEHb pac-
TBOPEHHOT'O KHCJIOPOJd, BBI3BIBAIOLINI XMMHYECKYIO JIECTPYKIHIO Ha MOBEPXHOCEH, OBICTPO AIOIJIOMACTCS
IPU KOHTAKTe C MOPOIOH, TEM CaMbIM 00eCIIeunBasi XHUMUYECKYIO CTAOMIBHOCTh B ILIACTE.

Knroueegvie crosa: monmakpuiaMus, OJMMEPHbINA pacTBOp, XUMUUECKas IeCTPyKUHsLy TOAUMEPHOE 3aBO/IHE-
HHE, KeJe30, KHCIOPO/I, BA3KOCTh, 3aKaYKa.
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