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Abstract
In this work, barium sulfate precipitation was analyzed under ambient and reservoir conditions. The worst scenario for
barium sulfate precipitation occurred at a mixing ratio of 40:60 formation and injection waters. This ratio was used in the
jar, turbidity, dynamic tube blocking, and coreflood tests. In addition, a critical radius and mass of barite particles were
determined at various values of supersaturation ratio and surface tension. For the prevention of barium sulfate precipitation,
three well-known industrial scale inhibitors and one recently developed reagent (named DPAAI) were used. Results of static
and dynamic tests indicated that DPAAI had the best performance for inhibiting barium sulfate precipitation. Moreover,
DPAAI could prevent the heterogeneous nucleation of barium sulfate and was effective in blocking the formation of barite
and inhibiting crystal growth. The chances of collisions between the cations and anions in the solution were significantly
reduced in the presence of DPAAI. The rock permeability due to barium sulfate was reduced to less than 40% of the initial
permeability. After the application of the inhibitors, the formation damage was considerably reduced. Besides, a correlation
has been developed to predict the reduction in rock permeability owing to the precipitation of barium sulfate in rock samples.
Meanwhile, it was found that data predicted by the model were in good agreement with experimental data. Furthermore, scale
inhibitor return concentration was evaluated by modeling and experiments, on the basis of which the protection period of the
near-wellbore region and well from barium sulfate was determined. Among the investigated reagents, the longest squeeze
lifetime was observed for DPAAI, which was associated with the intensification of adsorption and desorption processes on
the rock surface.

Keywords Barium sulfate · Formation damage · Scale inhibitor · Squeeze lifetime · Simulation

1 Introduction

Currently, scaling is one of the main complications mani-
fested during production operation in oilfields. Prediction of
inorganic salts reduces the mean time between failures of
the equipment and causes formation damage. In particular,
the precipitation of salts on the electrical submersible pumps
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(ESPs) disrupts heat transfer and leads to jamming of the
electric motor, shaft breakage, and pump failure [1–5]. The
reason for the salt precipitation is the supersaturation of a
solution with ions [6–9]. BinMerdhah [10] reported that the
precipitation of barium sulfate is decreased by increasing
temperature, as its solubility is increased. It should be noted
that during the operation of ESP, the fluid is heated when it
passes through the submersible electric motor and the pump
itself, and consequently, due to the increased solubility of
barium sulfate upon heating, salt precipitation on the ESP
impellers may be reduced. However, this is not observed
in practice. Thus, the main reason for the precipitation of
barium sulfate is the mixing of incompatible formation and
injectionwaters duringwaterflooding [11–14]. In this regard,
the near-wellbore region and equipment operating under the
conditions of water injection are exposed to the precipitation
of sulfate scales. Besides, in the process of raising the produc-
tion fluid from the bottomhole to the wellhead, the chemical
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equilibrium is disturbed due to the change in temperature and
pressure. This is accompanied by the precipitation of inor-
ganic salts on the walls of the tubing and impellers of the
pumps, which reduces the oil production rate [15, 16].

When the spontaneous formation of solid particles in a
solution occurs, the total energy of the system is decreased.
Moreover, the formation of salt crystals in the solutions is
completed inmetastable systems,whose states are often quite
significantly different from the equilibrium ones. The growth
of formed crystals occurs due to a decrease in their free sur-
face energy. This energy is rapidly decreasedwith an increase
in the radius of the particles after reaching the critical size
[6, 17–19]. This means that the large crystals will continue
to grow, and the small crystals can dissolve again. Moreover,
organic particles having high adhesive properties can serve
as nuclei of scale formation by adhering to the surface equip-
ment. Therefore, the formation and growth of salt deposits on
the surface of the production equipment can be intensified in
the presence of natural organic active components of oil [20,
21]. This effect can be considered in the following steps: I)
Chemical process—under the action of active organic com-
ponents of oil, the phase equilibrium is disturbed, resulting
in the formation of insoluble salts. II) Physicochemical pro-
cess—the active organic components of the oil are involved
in the adsorption processes and provide adhesion both to each
other and to the equipment surface and, ultimately, cause the
crystal growth [13, 20, 22].

The properties of the barium sulfate precipitates depend
on the ratio of the following rates: crystal nucleation rate and
growth rate. When two types of water are mixed, the solution
can be characterized by the concentration of barium sulfate
that can be either less than the solubility limit or more at a
given mineralization, pressure, and temperature [23–25]. It
is obvious that crystal nuclei cannot form and grow in the
first case. Furthermore, to predict the place of barium sulfate
precipitation, it is necessary to study the kinetics of the for-
mation of barium sulfate during mixing water with different
concentrations of sulfate and barium ions. To describe the
kinetics, the curves of the change in the optical density over
time at various concentrations of barium and sulfate ions are
utilized [21, 26, 27].

The control of salt precipitation in the downhole equip-
ment and near-wellbore region does not have a universal
approach. Scale inhibitors are widely used to prevent the
deposition of inorganic salts. An effective reagent should
inhibit scaling over a long period. The protection period of
the production equipment and near-wellbore region from the
salt precipitation mainly depends on the chemical composi-
tion, pressure, temperature and pH, adsorption capacity of
the reservoir rock, and type of the scale inhibitor [28–32]. In
special cases, such as formations with high adsorption capac-
ity and lowwater production rates, the protection period with
the use of scale inhibitors can be significantly increased. To

increase the scale inhibition, several types of additives can
be used in the inhibitor packages and reagents with different
mechanisms can be injected into the reservoir. It is no coin-
cidence that many scale inhibitors produced recently have
complex compositions [33–37]. Thus, one of the promising
directions for controlling scale formation is the application
of the mixture of reagents. The mechanisms of action of the
scale inhibitors are based on blocking the crystallization cen-
ters, suppressing the growth of salt crystals, and keeping them
in a suspended state [38–43].

Different scale inhibitors are developed to prevent inor-
ganic salt precipitation in the petroleum industry. Mady
et al. [44] synthesized and investigated phosphonated
polyetheramine scale inhibitors for calcite and barite control
in oil wells. They evaluated the inhibition performance of the
reagents by performing static and dynamic tests. They con-
cluded that the mixture is more effective than commercial
scale inhibitors of DTPMP (diethylenetriamine penta) and
ATMP (aminotrimethylene phosphonic acid) under labora-
tory conditions. In addition, the turbidity tests confirmed the
results of static and dynamic tests. Kommanapalli et al. [45]
used a newcopolymer ofmaleic acid-sodiummethallyl disul-
fonate for preventing barium sulfate. Theymentioned that the
crystallization processes of barium sulfate are complicated
due to its low solubility over a wide range of pressures and
temperatures. The inhibition mechanism of the used reagent
was based on the reduction in the crystal growth rate. They
observed that the scale inhibitor has the highest efficiency
for the prevention of barium sulfate precipitation at an opti-
mal concentration. BinMerdhah [10] studied the prevention
of barium sulfate precipitation by the static jar and core-
flood tests using DTPMP and polyphosphino carboxylic acid
(PPCA). The author reported that themaximum precipitation
of barium sulfate occurred at a certain ratio of water, which
should be used in the evaluation of the scale inhibition per-
formance. In the coreflood tests, the used inhibitors could
prevent BaSO4 formation in the porous media and consider-
ably reduce the formation damage.

In this work, it is aimed to predict barium sulfate precipita-
tion under ambient and reservoir conditions. For this purpose,
scaling tendency, saturation index, and salt concentration are
investigated. Also, the critical radius and mass of barium
sulfate salts in the absence of scale inhibitors are examined.
The effectiveness of a novel and three well-known industrial
scale inhibitors is studied to prevent barium sulfate precip-
itation under various conditions. To determine the optimal
concentration of the reagents, the scale inhibition efficiency
is analyzed through the jar tests under different conditions.
The results obtained in the jar tests are also confirmed by
measuring the turbidity values. Moreover, to analyze the per-
formance of the scale inhibitors, the critical supersaturation
ratio is evaluated. Furthermore, the influence of BaSO4 pre-
cipitation on rock permeability is assessed by conducting
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coreflood tests in the presence and absence of the reagents.
Besides, a new model is developed for predicting formation
damage using experimental data on changes in rock perme-
ability. As a final step, the return scale inhibitor concentration
will be determined through modeling and experimental anal-
ysis. The novelty of this work is the first application of the
newly developed mixture (DPAAI) for barium sulfate inhi-
bition by various experiments, which has a higher inhibition
performance in comparison with the industrial reagents and
a longer squeeze lifetime. In our previous work, this mix-
ture was evaluated only for the inhibition of calcium and
strontium sulfate scales. In contrast to industrial inhibitors,
no corrosive effect is observed in the presence of DPAAI. In
addition, a new model was developed for the prediction of
rock permeability reduction due to barite precipitation,which
had high accuracy, and the predicted data by the model were
in good agreement with experimental data.

2 Materials andMethods

All conducted experiments are based on international stan-
dards and completely cover the engineering aspects of scale
control using inhibitors before field application.

2.1 Ion Content of the Brines

Formation (FW) and injection (IW) waters with different ion
concentrations were used to assess the possibility of bar-
ium sulfate precipitation and to study the inhibitory ability
of chemical reagents under various conditions. The ion con-
centrations of the used brines are shown in Table 1. As shown
in this table, FW and IW consist of barium and sulfate ions.
A mixture of FW and IW can be prone to the precipitation
of barium sulfate salt.

In this work, the prediction of barium sulfate precipita-
tion in a mixture of the brines was carried out using the OLI

Table 1 Ion concentration of the used synthetic waters

Ion Ion concentration (ppm)

Synthetic formation
water (FW)

Synthetic injection
water (IW)

Sodium 33,582 12,035

Potassium 1427 368

Magnesium 1258 1466

Barium 195 0

Chloride 72,914 19,854

Sulfate 218 2934

TDS 109,594 36,657

ScaleChem program. For this purpose, the concentration of
the ions in FW and IWwas utilized. In the program, the input
data were as follows: pressure, temperature, ion content of
waters, and mixing ratio. Scaling tendency (ST) and amount
of salt precipitation were the output data on the scaling pre-
diction. In addition, saturation index (SI) of barium sulfate
was determined using ST values. SI is defined as the log-
arithm of ST [46]. ST, SI, and salt precipitation of barium
sulfate were investigated under ambient (P � 1 atm, T �
25 °C) and reservoir (P � 247 atm, T � 75 °C) conditions.

2.2 Critical Radius andMass of Barium Sulfate
Particles

Precipitation of a salt particle occurs when its size and mass
exceed a critical value [6]. The critical radius for barium
sulfate particles was determined using the Kelvin equation
as follows:

rc � 500 × σMW

ρsR(T + 273) ln(SSR)
(1)

mc � ρs × 4πr3c
3

(2)

where rc is the critical radius, m; σ is the surface tension on
the boundary of the solid particle and solution, N/m; MW
is the molecular weight, gr/mol; ρs is the average density
of barium sulfate salts, Kg/m3; R is the molar gas constant,
8.314 J/(mol. K); T is the temperature, °C; SSR is the super-
saturation ratio; mc is the critical mass, kg. In this study, the
effect of the supersaturation ratio on the critical radius and
mass was studied at two different values of surface tension
without the use of the reagents.

2.3 Evaluation of the Scale Inhibitors by Jar
and Turbidity Tests

Anew (DPAAI) [8] and threewell-known industrial and scale
inhibitors were used to prevent barium sulfate precipitation
under a variety of conditions. The inhibitors used in this work
are shown inTable 2. The used reagents are effective in block-
ing the formation of barite and inhibiting crystal growth. It
should be noted the scan images of the barite particles in the
presence of scale inhibitors can provide helpful information
about the reduction in crystal growth rate, which is a topic
for future work. Experimental studies on the evaluation of
the performance of the scale inhibitors under static condi-
tions were completed by conducting jar and turbidity tests.
The detail of each test is presented below.
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Table 2 The used scale inhibitors
Scale inhibitor
number

Abbreviation Name and composition

1 HMDP hexamethylenediamine tetramethylene phosphonic acid

2 DTPMP diethylenetriamine penta

3 PBTC 2-phosphonobutane-1,2,4-tricarboxylic acid

4 DPAAI [8] DTPMP (12%), PBTC (6%), ATMP—aminotrimethylene
phosphonic acid (12%), NH4HF2 (3%), C3H8O alcohol
(2%), H2O (65%)

2.3.1 Jar Test

Jar tests were completed to analyze the inhibition efficiency
of the reagents and determine their optimal concentration in
preventing barium sulfate precipitation. The tests were car-
ried out by measuring Ba2+ concentration with and without
inhibitors. The working solution for each test was prepared
using FW and IW at a ratio of 40:60. At this mixing ratio,
the worst scenario of barium sulfate precipitation occurred
(it was explained in Sect. 3.1). When the barium sulfate is
precipitated, the concentration of the barium ions in thework-
ing solution is reduced [14]. The jar tests were carried out at
75 °C. The time of each test was 48 h, which was sufficient
to assess the scale inhibition performance. The barium ion
concentration was measured using an ion meter. In the jar
tests, the reagents were utilized in a range from 5 to 35 ppm
in order to determine the optimal concentration. Three bar-
ium ion concentrations were measured during the tests as
follows: (1) [Ba2+] 0: initial concentration of the barium
ions before testing; (2) [Ba2+] 1: concentration of barium
ions after testing with reagents; (3) [Ba2+] 2: concentration
of barium ions after testing without reagents (a blank case).
The jar tests were performed in accordance with the standard
NACE TM0374-2016. The inhibition efficiency (IE) of the
inhibitors has been determined as follows:

IE � [Ba2+]2 − [Ba2+]1
[Ba2+]2 − [Ba2+]0

× 100 (3)

To analyze the influence of barium ion concentration on
the inhibition efficiency of the reagents, the jar tests were
performed at various concentrations of barium ions. For this
purpose, Ba2+ concentration in FW was changed from 200
to 2000 ppm. The scale inhibitors were utilized at 20 ppm,
which was the optimal concentration under static conditions
(based on the results obtained in Sect. 3.3, Fig. 4a). It should
be noted that other conditions such as temperature (75 °C),
test duration (48 h), and mixing ratio (40:60 for FW: IW)
remained unchanged.

2.3.2 Turbidity Test

The turbidity test is a well-known experiment to evaluate the
inhibition performance of the reagents under static condi-
tions. In modern analytical practice, the turbidity value is a
fairly important indicator for studying salt precipitation in
an aqueous solution [47]. In this test, a solution of FW and
IW at a ratio of 40:60 was used. The turbidity tests were per-
formed using a turbidimeter with and without reagents. The
reagents were utilized at concentrations of 10 and 20 ppm to
verify the optimal concentrations obtained in the jar tests. The
light scattering by suspended solid particles of the working
solution was measured. For this purpose, the solution was
illuminated with a stream of light with an intensity of I0,
and then, the intensity of the transmitted radiation (I1) was
measured. When the light passes through the solution, the
smallest particles absorb and scatter part of the light. As a
result, the output light intensity was reduced. If an inhibitor
can efficiently prevent salt precipitation, there will be more
particles in the suspension, and hence, the intensity of the
transmitted light will be less [4]. Therefore, a high inhibition
performance is observed at low values of turbidity.

2.4 Dynamic Tube Blocking Test

These tests have been completed to determine the minimum
inhibitory concentration (MIC) of the reagents duringBaSO4

prevention under dynamic conditions. Toward this end, a
coreflood apparatus was utilized (as illustrated in Fig. 1).
In this case, the formation and injection waters were pumped
into a coil (tube) with a radius and length of 0.0005 m and
1 m at a mixing ratio of 40:60 FW: IW. The mixing ratio was
adjusted through the injection rate. The tests were performed
by measuring the pressure drop across the coil at 75 °C. The
inhibitor concentration was increased in steps from 0 ppm (a
blank case) to 30 ppm. The reagents were added to the tank
containing IW. The test duration was 120 min.

2.5 Coreflood Tests

Coreflood experiments have been conducted to assess the
formation damage owing to BaSO4 precipitation and to
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Fig. 1 The used apparatus in coil
blocking experiments

Fig. 2 The used coreflood
apparatus

determine the inhibitor concentration profile (adsorption and
desorption processes). For this purpose, a coreflood appara-
tus, the schematic diagram of which is presented in Fig. 2,
was used. In the apparatus, the formation and injectionwaters
were mixed at a ratio of 40:60. The ratio was applied by
adjusting the injection rate in the pumps. The initial porosity
and permeability of the core samples used in the tests were
0.18 and 27 mD. In addition, the diameter and length of the
samples were 3.5 cm and 6 cm. The main lithology of the
core samples was limestone and dolomite.

2.5.1 Formation Damage Evaluation

To analyze the formation damage caused by BaSO4, the
working solution (40:60 FW:IW) was pumped into the car-
bonate rocks with a constant injection rate in each pump. The
tests have been performed at 75 °C. In this case, the rock per-
meability was evaluated in a range of pore volume injected
(PVinj) from 0 to 35. The rock permeability was determined
by the linear Darcy formula [48]:

K � 16.67 × qμL

A�P
(4)

where K is the rock permeability (mD); q is the rate of injec-
tion into the rock samples (mL/min); μ is viscosity (cP); L
is the length of the samples (cm); A is cross-sectional area
(cm2);�P is pressure drop across core samples measured by
a pressure transducer (Pa).

The formation damage assessment was carried out with
and without reagents. The inhibitors were added to the injec-
tion water at MIC, which was determined in dynamic tube
blocking tests. DPAAI and DTPMP at 20 ppm, PBTC, and
HMDP at 25 ppm were used (MIC of the inhibitors has been
explained in detail in Sect. 3.5). In this case, the graph of rock
permeability ratio (K f/K i) was plotted for 35 PVinj. Kf is the
damaged rock permeability during the solution injection into
the samples. PVinj was determined by the following equation
[46]:

PVinj � qt

πr2Lφ
(5)

where PVinj is the pore volume injected (unitless); t is the
injection time (s); r is the radius of rock samples (cm); φ is
the initial porosity of rock samples (unitless).

2.5.2 Scale Inhibitor Return Concentration

To study the adsorption–desorption processes of used
inhibitors during the prevention of BaSO4 precipitation, a
series of coreflood experiments were carried out. For this
purpose, the scale inhibitors at MIC were added to the injec-
tion water. At the same time, the concentration of the scale
inhibitors at the outlet of the core holder was analyzed over
time. The injection of scale inhibitors into the core samples
was stopped when the inlet and outlet concentrations were
equal. Core samples containing inhibitors were kept for 2 h
for complete adsorption of the reagents.
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Table 3 Experimental uncertainties

Parameter Max uncertainties

Inhibition efficiency ± 0.5%

Temperature ± 0.2 °C

Inhibitor concentration ± 0.4 ppm

Pressure drop ± 1 Pa

Light transmittance ratio ± 2%

Surface tension ± 0.5 mN/m

Permeability ratio ± 0.5%

Injection rate ± 0.1 mL/min

Inhibitor concentration ratio in coreflood ± 0.2%

Thereafter, the return concentration of the reagents was
investigated for 35 PVinj in order to evaluate the desorp-
tion process. For this purpose, only formation water was
injected. IW and scale inhibitors were not pumped. In this
case, scale inhibitor concentration at the outlet was deter-
mined bymeasuring the concentration of phosphate ions. The
photometric method was used to measure the concentration
of scale inhibitors during the desorptionprocess. Thismethod
is based on the reaction of phosphate ions with molybdate
ions in an acidic medium.

2.6 Uncertainty Analysis

The confidence intervals (CI) of the measured parameters
were determined as follows:

CI � x ± z
S

n
(6)

where x̄ is the arithmetic average of the observed data; s is
the standard deviation (error); z is the value of the desired
confidence level; n is the number of tests. An analysis of the
uncertainty of the measured parameters was carried out, the
results of which are presented in Table 3.

3 Results and Discussion

3.1 Prediction of Barium Sulfate Precipitation

Scaling tendency and precipitation of barium sulfate were
determined using the OLI ScaleChem program under ambi-
ent (P � 1 atm, T � 25 °C) and reservoir (P � 247 atm, T
� 75 °C) conditions. The results are shown in Table 4. As
presented in the table, scaling tendency, saturation index, and
precipitation of barium sulfate were significantly influenced
by the mixing ratio of FW and IW. The worst scenario for
the barium sulfate precipitation in both cases was observed at
40:60 FW: IW. Accordingly, the ratio of 40:60 FW: IW will
be used in the next experiments to study the inhibition effi-
ciency in preventing barium sulfate formation under a variety
of conditions. Moreover, Table 4 depicts the influence of P
and T on barium sulfate scale formation. The salt concentra-
tion (precipitation) was decreased by increasing pressure and
temperature. This behavior is associated with an increase in
BaSO4 solubility due to the increase in P and T .

In addition, the amount of salt precipitation was measured
by running experiments at various mixing ratios of synthetic
waters to confirm that the worst-case scenario for barium
sulfate formation occurs at 40:60 FW: IW. The tests were
completed at room conditions by measuring the amount of
salt precipitated per volume of solution. The obtained results

Table 4 Prediction of barium
sulfate precipitation under
ambient and reservoir conditions

FW% Ambient conditions: P � 1 atm
(0.1013 MPa), T � 25 °C

FW
%

Reservoir conditions: P � 247 atm
(25.0272 MPa), T � 75 °C

Scaling
tendency

Saturation
index

Salt
precipitation
(ppm)

Scaling
tendency

Saturation
index

Salt
precipitation
(ppm)

100 35.6 1.6 14.9 100 22.8 1.4 13.2

90 48.1 1.7 25.7 90 39.4 1.6 22.7

80 65.7 1.8 44.5 80 55.7 1.7 39.7

70 98.4 2.0 62.6 70 72.8 1.9 55.9

60 129.6 2.1 89.1 60 95.7 2.0 69.4

50 155.2 2.2 102.7 50 111.2 2.0 90.1

40 195.5 2.3 124.6 40 125.6 2.1 99.4

30 162.7 2.2 90.5 30 85.7 1.9 76.4

20 102.3 2.0 59.8 20 49.6 1.7 49.2

10 55.4 1.7 26.4 10 26.4 1.4 19.5

0 0 – 0 0 0 – 0
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Table 5 The laboratory results of the measurement of barium sulfate
precipitation under room conditions at different mixing ratios

FW % Salt precipitation (ppm)

90 26.1

80 46.2

70 61.2

60 90.9

50 105.2

40 128.4

30 88.4

20 62.4

10 24.7

are presented in Table 5. As can be seen from the table, the
maximum amount of precipitated salts occurred at a mixing
ratio of 40:60 FW: IW. Consequently, further tests are carried
out at this mixture ratio.

3.2 Results of Determination of the Critical Radius
andMass of Barium Sulfate Salts

Barium sulfate precipitation, its critical mass and radius were
estimated at two different values of surface tension on the
boundary of salt particles and solution using Eqs. 1 and 2.
This test was completed without the use of scale inhibitors.
As illustrated inFig. 3, the critical radius and, accordingly, the
critical mass was decreased by increasing the supersaturation
ratio with barium sulfate. Salt crystallization occurs when
the amount of formed salt exceeds the critical mass [49].
In addition, the critical radius and mass were increased by
increasing the surface tension. Moreover, a critical supersat-
uration ratio with barium sulfate salts was observed when the
critical mass has reached a minimum constant value. For the
surface tensions of 58 and 113 mN/m, the critical supersatu-
ration ratio with barium sulfate was 3 and 4, respectively. It
should be taken into account that the precipitation of particles
occurs when the supersaturation ratio with the salt exceeds
the critical value [50]. Figure 3 illustrates that the critical
mass and radius of solid particles were considerably reduced
until the supersaturation ratio has reached the critical value.
This behavior is due to the fact that the solubility of BaSO4

is significantly decreased when the concentration and super-
saturation ratio exceeds the critical value.

3.3 Results of the Jar and Turbidity Tests
in Preventing BaSO4 Precipitation

Figure 4 illustrates the results of jar tests on the evaluation of
inhibition performance of the reagents in preventing barium
sulfate precipitation under static conditions. The tests were

varied out at 75 °C. Figure 4a depicts the efficiency at various
concentrations of the inhibitors at a ratio of 40:60 FW:IW.
The efficiency of reagents was increased with an increase
in the concentration, which is associated with strengthening
the mechanism of the reagents in barium sulfate preven-
tion. As depicted in Fig. 4a, the optimal concentrations of
scale inhibitors were about 20 ppm (for DPAAI, DTPMP)
and 25 ppm (for PBTC, HMDP). At concentrations higher
than the optimal values, the inhibition efficiency remained
unchanged with a further increase in the concentration.
Among the examined inhibitors, DPAAI had the best per-
formance for inhibiting barium sulfate precipitation. The
efficiency of DPAAI, DTPMP, PBTC, and HMPD at optimal
concentrations was 95.7, 88.5, 87.5, and 85.9%, respectively.
DPAAI as a multicomponent scale inhibitor showed a pos-
itive synergistic inhibition effect and which prevented the
heterogeneous nucleation of barium sulfate particles. In addi-
tion, the collision probability between cations and anions in
the solution with the use of DPAAI was reduced. DPAAI
could specifically adsorb the barium sulfate crystals, slow
down the crystal growth rate, and keep them in suspension in
the solution. Furthermore, Fig. 4b shows the effect of Ba2+

concentration on the inhibition performance of reagents at
20 ppm. In the tests, the concentration of barium ions in the
formation water was increased to 2000 ppm, and the waters
were mixed at a ratio of 40:60 at 75 °C. As presented in the
figure, the average reduction in the inhibition efficiency of all
reagents was about 3.5% compared to the concentration of
195 ppm for barium ions. Here, DPAAI was the most effec-
tive reagent for inhibiting barium sulfate precipitation. The
scale inhibition efficiency of DPAAI was more than 92.8%
at any studied concentration of barium ions. The high inhi-
bition performance of the reagents is related to the strong
interaction of PO2

−3 groups in their structure with the crys-
tal of barium sulfate scales and the subsequent effect on the
crystal morphology, which ultimately reduces its growth rate
[51].More detailed information on the inhibitionmechanism
of the used reagents in the prevention of scale formation is
presented in our previous work [8].

Figure 5 depicts the results of turbidity tests at concentra-
tions of 10 and 20 ppm of the scale inhibitors. The tests were
conducted under ambient conditions, as the worst scenario of
barium sulfate precipitation occurred in low pressure–tem-
perature conditions. As presented in the figure, the turbidity
values were significantly decreased after adding reagents to
the solution compared to the blank case. This behavior is
related to the inhibition of BaSO4 by reagents, as a conse-
quence of which the solid particles are suspended and the
light intensity is reduced. At the same time, Fig. 5 depicts
that the decrease in turbidity values at 20 ppm of the reagents
was greater than at 10 ppm. At both concentrations, the low-
est values of turbidity valueswere observed in the presence of
DPAAI. Therefore, turbidity analysis confirms that DPAAI
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Fig. 6 Dependence of light
absorbance on the
supersaturation ratio with barium
sulfate salts
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has the highest inhibition efficiency in preventing barium sul-
fate precipitation under static conditions. The high inhibition
performance of DPAAI is related to its ability to inhibit salt
precipitation and provide more particles in suspension.

3.4 Results of Study on Critical Supersaturation
Ratio

Figure 6 illustrates the results of light absorbance through the
solution depending on the supersaturation ratio with barium
sulfate. The purpose of this experiment is to assess the crit-
ical supersaturation ratio with the barium sulfate salts using
scale inhibitors.When the value of the supersaturation ratio is
above the critical value, the salt is precipitated, and therefore,
the scale inhibitor cannot effectively prevent scale formation.
It should be noted that the critical supersaturation ratio with-
out the use of scale inhibitors at surface tensions of 58 and
113 mN/m was 3 and 4, respectively (Sect. 3.2). As shown
in Fig. 6, the light absorbance was significantly increased
when the supersaturation ratio was above the critical ratio.
As presented in this figure, with the use of HMDP, PBTC,
DTPMP, and DPAAI, the critical supersaturation ratio was
4000, 5000, 6000, and 7000, respectively. The higher value
of the critical supersaturation ratio in the presence of DPAAI
is explained by its higher inhibition efficiency for prevent-
ing barium sulfate precipitation under static conditions. It
should be noted the studied scale inhibitors are effective crys-
tal growth reagents in controlling the crystallization rate of
barite [51]. Thus, the studied reagents are the crystallization
inhibitors that can reduce the deposition rate of barite after
the formation of crystals. In the oilfield operation, the super-
saturation ratio with the salts exceeding 4000 is not observed
[52]. Therefore, the used reagents can inhibit BaSO4 pre-
cipitation with high efficiency under reservoir pressure and
temperature conditions.

3.5 Results of Coil Blocking Experiments

Dynamic tube blocking experiments were completed to
determine MIC for the examined scale inhibitors under
dynamic conditions. MIC values will be used in the core-
flood experiments. An increase in the pressure drop in the
tube caused by barium sulfate precipitation indicates that the
used reagent could not prevent salt precipitation at the stud-
ied concentration. The results obtained in determining MIC
are presented in Table 6. Analysis of the experimental results
made it possible to establish the effective concentration of the
used scale inhibitors for the application in the coreflood tests.
As shown in Table 6, in a blank case (without scale inhibitor),
the decrease in pressure was about 250 kPa after 35min. This
behavior is related to the precipitation of barium sulfate in the
coil without the use of scale inhibitors that confirm the high
potential for salt formation by mixing FW and IW. As pre-
sented in Table 6, by increasing the inhibitor concentration,
the pressure drop was decreased, indicating the prevention
of barium sulfate precipitation at higher concentrations. As
can be seen, DPAAI and DTPMP could inhibit salt precipi-
tation under dynamic conditions at 20 ppm. In this case, the
pressure drop was not increased during 120 min of solution
injection and remained at a low level. Accordingly, DPAAI
and DTPMP have a sufficiently high inhibition efficiency at
20 ppm for the control of BaSO4 in dynamic studies. In addi-
tion, theMIC of PBTC andHMDPwas 25 ppm. These values
of MIC will be used in coreflood experiments.

In addition, the pressure drop across the coil tube due to
barium sulfate precipitation was evaluated at different injec-
tion rates (1, 2, and 3 mL/min) without the use of inhibitors.
It was done to determine the influence of the injection rate
on the barite formation. The obtained results are presented in
Table 7. As can be seen from this table, the pressure drop was
decreased by increasing the injection rate. This is due to the
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Table 6 Results of pressure
changes in dynamic coil blocking
tests at an injection rate of
2 mL/min

Concentration (ppm) Pressure drop, KPa

HMDP DTPMP PBTC DPAAI

0 250 (after 35 min) 250 (after 35 min) 250 (after 35 min) 250 (after
35 min)

5 250 (after 48 min) 250 (after 86 min) 250 (after 65 min) 250 (after
120 min)

10 250 (after
116 min)

202 (after
120 min)

246 (after
120 min)

135 (after
120 min)

15 168 (after
120 min)

104 (after
120 min)

142 (after
120 min)

65 (after
120 min)

20 96 (after 120 min) 19 (after 120 min) 82 (after 120 min) 13 (after
120 min)

25 23 (after 120 min) 19 (after 120 min) 21 (after 120 min) 12 (after
120 min)

30 23 (after 120 min) 18 (after 120 min) 20 (after 120 min) 11 (after
120 min)

Table 7 Results of pressure drop across the coil tube at different injec-
tion rates without the use of inhibitors

Time (min) Pressure drop (KPa) without the use of
inhibitors

1 mL/min 2 mL/min 3 mL/min

0 0 0 0

5 12 9 7

10 24 17 14

15 46 33 28

20 67 51 44

25 114 76 62

30 263 122 91

35 – 251 148

40 – – 259

fact that at high flow rates, the contact time of the injection
and formation waters is reduced, so the ions (sulfate and bar-
ium) do not have enough time to come together and form the
salt. Moreover, dynamic coil tube tests were performed in the
presence ofDPAAI at injection rates of 1, 2, and 3mL/min. In
this case, the mixture was used at a concentration of 20 ppm.
The results showed that the injection rate had no significant
effect on the performance of DPAAI. The pressure drop at all
studied injection rates with the use of DPAAI was almost the
same. Thus,DPAAI is efficient in preventing barite formation
under different fluid flow conditions.

3.6 Results of Coreflood Experiments

Coreflood tests have been completed to investigate the
changes in the permeability of core samples due to barium

sulfate precipitation during waterflooding. In the experi-
ments, FW and IW were mixed and pumped into the rocks
at a ratio of 40:60 using the coreflood apparatus under reser-
voir conditions (75 °C and 25 MPa). Figure 7 illustrates the
changes in permeability ratio (K f/K i) at various values of
pore volume injected. MIC values of the scale inhibitors
obtained in the coil blocking experiments were utilized in
coreflood tests as follows: DPAAI and DTPMP at 20 ppm;
PBTC and HMDP at 25 ppm. As shown in the figure, in
the blank case, the rock permeability due to barium sulfate
precipitation was reduced to less than 40% of the initial per-
meability. This decrease in permeability confirms the high
tendency of the mixture of formation and injection waters
for precipitation of barium sulfate and formation damage.
In addition, Fig. 7 depicts that after using the reagents, the
permeability ratio was significantly improved as the bar-
ium sulfate deposition was prevented. Among the examined
inhibitors, the least formation damage occurred with the
DPAAI application. The rock permeability ratios at the end
of the injection process using DPAAI, DTPMP, PBTC, and
HMDP were 0.946, 0.879, 0.859, and 0.809, respectively.
As explained in Sect. 3.3., the high inhibition performance
of DPAAI in preventing barium sulfate precipitation is asso-
ciated with the adsorption of its components on salt crystals
and a decrease in the growth rate. In all experiments, among
the well-known industrial reagents, DTPMP had the high-
est inhibition performance for controlling barium sulfate
precipitation. The inhibition mechanism is associated with
the strong interaction between the molecules of the studied
inhibitors and the surface of barite crystals, which reduces the
growth of crystals. In this case, the surface of the formed crys-
tals is covered with the adsorbed inhibitor molecules [51].
The interaction and coverage of barite crystals in the presence
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Fig. 7 Changes in the rock
permeability due to the salt
precipitation at a constant
injection rate of 3 mL/min
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of DPAAI were stronger than industrial scale inhibitors. Fur-
thermore, the SEM images (Scanning Electron Microscopy)
of barite particles in the presence of studied scale inhibitors
including DPAAI (new package) can be useful to better
understand the inhibition mechanism of the reagents. There-
fore, it is a topic for future work to determine crystallization
kinetics, surface coverage, and the size and morphology of
the crystals in the presence of inhibitors.

In addition, the effect of injection rate on the permeabil-
ity reduction ratio (K f/K i) was evaluated in coreflood tests
without the use of scale inhibitors. The tests were completed
at injection rates of 2, 3, and 4 mL/min. The obtained results
are shown in Table 8. As can be seen from this table, the per-
meability reduction due to barite precipitation was decreased
by increasing the injection rate. As mentioned above in coil
tube tests, this is due to a reduction in the contact time of
the waters during the tests, resulting in a reduced possibil-
ity of combing barium and sulfate ions. Similar results on
the effect of injection rate on permeability reduction due to
barite precipitation were reported by Manzari Tavakoli et al.
[16]. In addition, the pressure drop and permeability reduc-
tion ratio in coreflood tests were evaluated in the presence of
DPAAI at injection rates of 2, 3, and 4 mL/min. In this case,
the mixture was used at 20 ppm. The results showed the rock
permeability in the presence of this package was not signif-
icantly affected by the injection rate, and formation damage
was not high at all injection rates. The results were similar to
those shown for DPAAI in Fig. 7 at all three injection rates.

K f/K i ratios obtained from the coreflood tests in the blank
case were used to develop a novel model for predicting per-
meability changes owing to BaSO4 salt. In this case, the
experiments were carried out at various values of temper-
ature, injection rate, and pore volume injected. The obtained
experimental values of permeability ratio were compared

Table 8 The effect of injection rate on the permeability reduction ratio
(K f/K i) in the absence of scale inhibitors

PVinj Permeability reduction ratio (K f/K i) without
the use of inhibitors

2 mL/min 3 mL/min 4 mL/min

0.0 1.000 1.000 1.000

0.5 0.907 0.935 0.953

1.0 0.853 0.887 0.919

1.5 0.792 0.832 0.865

2.0 0.768 0.795 0.822

2.5 0.719 0.759 0.784

3.0 0.667 0.731 0.763

4.0 0.627 0.701 0.727

5.0 0.596 0.673 0.691

7.0 0.564 0.632 0.659

10.0 0.503 0.566 0.590

12.0 0.477 0.534 0.564

15.0 0.409 0.476 0.501

with the predicted values using various models. Among the
used models, the following models had the best agreement
between the experimental and predicted values of perme-
ability ratio: Tahmasebi et al. [53]; Hajirezaie et al. [54];
Khormali et al. [55].

Tahmasebi et al. [53] used a novel formula to forecast dam-
aged permeability because of CaSO4 in the porous media.
They emphasized that in the study of permeability reduc-
tion due to scaling, it is necessary to systematically take into
account a set of important parameters affecting this complex
process. Their model is presented as follows:
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Fig. 8 The comparison of experimental and predicted data of rock permeability changes due to BaSO4 using three different models

Model #1:

K f

Ki
� exp

(
−PVinj

ϕA
( T
40

)0.5
(SS − 1)1.5

HM × SP × q

)
(7)

where K f and K i are final and initial values of the rock per-
meability (mD); PVinj is pore volume injected (unitless); φ

is the porosity of the rock samples (unitless); A is the cross-
sectional area of the rock samples (cm2); T is the temperature
(°C); SS is supersaturation index of anhydrite (unitless); HM
is a function of supersaturation index and volume rate (unit-
less); SP (surface property) is a coefficient; q is the injection
rate (mL/min).

Hajirezaie et al. [54] suggested a new formula in order to
predict the changes in the damaged permeability owing to
barium sulfate precipitation at various concentrations. The
model was based on a multivariate regression analysis. The
model is expressed as follows:
Model #2:

(8)

exp

(
Kf

Ki

)
� −1.33 + 0.789(1.8T + 32)0.17

− 2.69 × 10−6(qt)0.25

+ 6.06 ln(PVinj) − 0.545 ln(CBS)

+ 0.094 ln

(
�P

6.89

)

where t is injection time (min); CBS is barium sulfate con-
centration (ppm); �P is the pressure drop (KPa).

Khormali et al. [55] suggested a model for predicting
changes in the permeability of carbonate core samples due
to calcium sulfate precipitation. Their model is as follows:
Model #3:

Kf

Ki
� exp

(
−3.88PVinj

ϕA
( T
69

)0.74
(1.4SS − 1.6)0.95

q

)
(9)

Figure 8 shows a comparison of experimental and pre-
dicted data of rock permeability changes due to barium
sulfate precipitation using the mentioned models. As pre-
sented in the figure, model #2 had the best match between
experimental and predicted values of K f/K i. In this case, the
R-squared value was 0.9074. Thus, model #2 was used as the
basis to develop a more accurate model for predicting rock
permeability ratio (damaged/initial) duringBaSO4 formation
in the rock samples.

Model #2 was used in order to obtain a modified correla-
tionwith high accuracy in the prediction of rock permeability
ratio. The correlation was developed using the experimen-
tal values of permeability ratio (K f/K i) without the use
of reagents (a blank case) in the MATLAB program. The
development of the model was completed by changing the
coefficients and powers of parameters in model #2. For this
purpose, the predicted data were compared with experimen-
tal data by minimizing the sum of squared errors. The new
model is as follows:

(10)

exp

(
K f

Ki

)
� −2.07 + 2.174(1.8T + 32)0.28

− 7.15 × 10−3(q)0.42(t)0.33

+ 3.01 ln(PVinj) − 1.247 ln(CBS)

+ 0.845 ln

(
�P

6.89

)

To evaluate the accuracy of the developed model, the
R2-statistics were used in this work. In this case, R2 (coeffi-
cient of determination), adjusted-R2, and predicted-R2 were
utilized to determine how the proposed model fits the exper-
imental data. In this case, the R2 value between the data
was 0.9877, indicating a high significance of the devel-
oped model. Moreover, the predicted-R2 value (0.9868)
reasonably agrees with the adjusted-R2 (0.9875) since their
difference is less than 0.2 [56], which indicates the high
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Fig. 9 The comparison of experimental and predicted data of rock per-
meability changes due to BaSO4 using the new model

precision of the new model in predicting formation dam-
age owing to BaSO4. Besides, the comparison of predicted
data of permeability ratio with the experimental data is illus-
trated in Fig. 9. As shown in the figure, the data predicted
by the model were in good agreement with the experimen-
tal results. Therefore, the developed model (Eq. 10) can be
used for the prediction of rock permeability in the reservoirs,
where barium sulfate is precipitated. It should be noted that
to develop this model, various core flood tests under different
values of the parameters (injection rate, temperature, time,
pressure drop, and barium sulfate concentration) have been
conducted. As mentioned above, the model was developed
using the experimental data throughMATLAB,which is use-
ful for predicting formation damage under barite deposition
conditions. By knowing the amount of permeability reduc-
tion, it is possible to control the scaling process in time and
use the required concentration of the inhibitors for effec-
tive inhibition. Moreover, to evaluate the effect of injection
rate, temperature, time, pressure drop, and barium sulfate
concentration on the permeability reduction ratio, the analy-
sis of variance (ANOVA) can be applied as a useful tool to
determine the significance of the parameters as well as the
developed model. This can be accomplished by plotting one
factor, contour, and 3-D surface graphs. Therefore, it will be
a topic for our future work.

3.7 Experimental andModeling Analysis of the Scale
Inhibitor Return Concentration

Coreflood experiments have been repeated to determine the
inhibitor return concentration under dynamic conditions. In
this case,MIC obtained in the coil tests was used as the effec-
tive concentration of the scale inhibitors.At first, the inhibitor
adsorption was completed on the rock surface. Then, the des-
orption process was investigated to determine the protection

period of the near-wellbore region from the barium sulfate
precipitation by analyzing the scale inhibitor return concen-
tration. It should be noted that long-term protection of wells
and near-wellbore region from scale precipitation occurs in a
slowdesorptionprocess [23, 31]. Figure 10depicts the depen-
dence of the concentration ratio (Cf/Ci) of scale inhibitors
PVinj. Here, Cf and Ci represent the final and initial concen-
trations of scale inhibitors (at outlet and inlet). As presented
in Fig. 10, at the beginning of the desorption process, Cf/Ci

dropped sharply to almost 5 PVinj. A concentration ratio of
0.005 was considered the minimum required value for the
control of barium sulfate precipitation. Among the studied
scale inhibitors, DPAAI had the longest desorption process.
It should be noted that the desorption behavior of the stud-
ied inhibitors is associated with the fact their molecules act
as adsorbates to the crystals of barium sulfate particles and
reduce the crystal growth rate [57]. Therefore, the inhibition
process in the presence of the used inhibitors can be described
by the adsorption of their molecules to the crystals of bar-
ium sulfate particles.MIC values of DPAAI, DTPMP, PBTC,
and HMDP were observed after 32, 28, 25, and 22 PVinj.
Thus, the protection period with DPAAI is longer than the
industrial reagents. Specifically, it is related to the high per-
formance of the DPAAI in preventing salt precipitation and
its good compatibility with the reservoir rock. This ability
was provided by the active components of DPAAI. Also, the
reaction between particles of barium sulfate and the inhibitor
molecules in the presence of DPAAI is more entropy favored
than studied industrial reagents [57, 58].

The obtained curves of the scale inhibitor return concen-
tration (Fig. 10) were processed using the Squeeze program
to determine the protection period of the well and near-
wellbore region from the barium sulfate precipitation. The
input data for the modeling were the concentration ratio of
scale inhibitors at various values of pore volume injected.
In addition, the Freundlich isotherm was utilized to com-
plete the modeling. In this case, k and n (constants of the
Freundlich isotherm) were 35 and 0.52, respectively. More-
over, the initial porosity and permeability were 0.18 and 27
mD. The modeling has been performed with the following
volumes of the reagents: 4 and 8m3. Figure 11 illustrates sim-
ulation results of the return scale inhibitor concentration over
300 days of production. As shown in the figure, the longest
squeeze lifetime was achieved by DPAAI in both cases (4
and 8 m3). Among the industrial reagents, DTPMP had the
longest return profile of concentration. The protection peri-
ods of the near-wellbore region and well with an injection
volume of 4 m3 using DPAAI, DTPMP, PBTC, and HMDP
were 152, 116, 98, and 72 days, respectively. In addition,
with an injection volume of 8 m3 of DPAAI, DTPMP, PBTC,
and HMDP, the protection period was about 163, 130, 109,
and 82 days, respectively. Therefore, with an increase in the
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Fig. 10 Experimental analysis of the scale inhibitor return concentration
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Fig. 11 Modeling analysis of the return scale inhibitor concentration with 4 m3 a, and 8 m3 b

injection volume from 4 to 8 m3, the protection time from
scaling was increased by about 10%.

Finally, the techno-economic analysis of the process of
injecting the developed mixture of reagents (DPAAI) into oil
wells was carried out in order to inhibit the formation of bar-
ium sulfate. The analysis was performed by comparing the
estimated cost of the application of the developed mixture of
reagents with the average cost of the studied industrial scale
inhibitors (DTPMP, PBTC, ATMP, and HMDP) and deter-
mining the cost reduction due to a decrease in the mean time
to repair the production equipment. The results of the analy-
sis showed that the use of the developed mixture of reagents
makes it possible to reduce the operating costs in the produc-
tion well by about 9% compared to the indicated industrial
scale inhibitors. It is associated with the high performance of
the proposed mixture for barite control, as well as its longer
protection period of the equipment, which allows to increase
themean time to repair the production equipment. The results
of the techno-economic analysis may vary from country to

country due to differences in operating costs and field con-
ditions.

The proposed mixture (DPAAI) has good potential for
field application due to excellent results in various laboratory
tests compared to industrial scale inhibitors and lower cost
of operation. Thus, the mixture will be used in the future for
the inhibition of barite in real conditions of oil reservoirs.
Moreover, DPAAI has already been applied in the real field
for the prevention of simultaneous formation of calcium and
strontium sulfate scales, the results of which were presented
in our previous work [8].

4 Summary and Conclusions

1. Scaling tendency, saturation index and concentration of
BaSO4 salt were predicted over a wide range of mixing
ratios of formation and injection waters under ambient and
reservoir conditions. The worst scenario of barium sulfate
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precipitation occurred at a ratio of 40:60 FW:IW. The amount
of bariumsulfate precipitationunder reservoir conditionswas
less than under ambient conditions due to an increase in the
salt solubility by increasing the pressure and temperature.

2. A critical radius and mass of barium sulfate particles
were determined, depending on the supersaturation ratio in
the absence of scale inhibitors. At surface tensions of 58 and
113mN/m, the critical supersaturation ratio with BaSO4 was
3 and 4. The solubility of barium sulfate was significantly
decreased when the concentration and supersaturation ratio
exceeded the critical value.

3. The results of jar test (in static conditions) demonstrated
that the optimal concentration of inhibitorswas about 20 ppm
(for DPAAI, DTPMP) and 25 ppm (for PBTC, HMDP).
The inhibition performance of DPAAI, DTPMP, PBTC, and
HMPD at the optimal concentrations was 95.7, 88.5, 87.5,
and 85.9%, respectively. DPAAI as a multicomponent scale
inhibitor showed a positive synergistic inhibition effect that
prevented the heterogeneous nucleation of barium sulfate.
In addition, the chances of collisions between cations and
anions in the solutionwere reduced in the presenceofDPAAI.
Moreover, DPAAI could specifically adsorb the crystals of
barium sulfate, slow down the crystal growth rate, and keep
them in the solution in suspension. Meantime, an increase in
the concentration of barium ions did not have a significant
effect on the prevention efficiency of the studied reagents.

4. Turbidly tests depicted that the performance of BaSO4

inhibition was increased with an increase in the concentra-
tion of the reagents. It was related to the suspended state
of the solid particles and a reduction in the light intensity
passing through the working solution. Furthermore, after the
addition of HMDP, PBTC, DTPMP, and DPAAI to the solu-
tion, the critical supersaturation ratios with barium sulfate
salts were 4000, 5000, 6000, and 7000, respectively, which
are rather high values. MIC values of the scale inhibitors for
dynamic conditions were analyzed by conducting dynamic
tube blocking tests. MIC values of DPAAI, DTPMP, PBTC,
and HMPDwere 20, 20, 25, and 25 ppm, respectively. At the
obtained concentrations, the precipitation of barium sulfate
did not occur owing to its complete prevention.

5. The decrease in rock permeability because of BaSO4

precipitation was investigated with and without the addition
of reagents to the solution. In a blank case, the permeabil-
ity ratio (damaged/initial) was less than 0.4 at the end of
the injection process. In addition, the rock permeability ratio
at the end of the injection process using DPAAI, DTPMP,
PBTC, and HMDP was 0.946, 0.879, 0.859, and 0.809.
Accordingly, DPAAI demonstrated the best performance for
controlling the formation of BaSO4 in the rock samples. The
high inhibition performance of DPAAI in preventing barium
sulfate precipitation was associated with the adsorption of
its components on the crystals and a decrease in the growth

rate. Moreover, a new model has been proposed for predict-
ing formation damage by BaSO4 precipitation. The model
had high accuracy, in which the R-squared value between
experimental and predicted data of rock permeability was
0.9877.

6.Modeling of the process of squeezing the scale inhibitor
into the reservoir, determination of protection period from
the salt precipitation, and optimization of the injected vol-
umes was carried out using the Squeeze program. The main
result of the simulation was the evaluation of scale inhibitor
return concentration and the basic design of the injection
technology. The simulation results indicated that the effec-
tive inhibition period (squeeze lifetime) of the near-wellbore
region and equipment from barium sulfate precipitation with
an injection volume of 4 m3 using DPAAI, DTPMP, PBTC,
and HMDP was 152, 116, 98, and 72 days, respectively.

7. An economic analysis for the DPAAI injection process
into the oil wells was performed. The analysis was completed
by comparing the estimated cost of the application of DPAAI
with the cost of the commercial scale inhibitors. In the case of
inhibiting scale in the wells, the cost of one treatment using
DPAAI and the industrial inhibitors approximately was the
same. In addition, the inhibition efficiency and protection
period with the use of DPAAI was better than the industrial
inhibitors.
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