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ARTICLE INFO ABSTRACT
Keywords: Electrical submersible pump (ESP) is a reliable artificial lift method to extend productive lifespan of geothermal
Geothermal wells. In the geothermal industry a common practice involves installing ESPs below the well’s flashing depth.

Inhibitor dosage

ESP This placement approach aims to mitigate the risk of mineral precipitation, which can occur when hot

geothermal fluids transition to a two-phase state (liquid and vapor) as pressure decreases. Positioning the pump
below the flashing depth also prevents pump’s underloading and gas cavitation. The inhibitor injection line
usually integrated around the ESP string and installed downstream of the ESP motor. However, this standard
practice introduces a challenge regarding inhibitor performance. While this placement ensures effective distri-
bution of inhibitors throughout the production flow, the extended travel time from the surface to the point of
application at the ESP can diminish inhibitor effectiveness due to continuous exposure to high temperatures
throughout the wellbore. This study proposes relocating the inhibitor injection point within the production
tubing closer to the flashing depth. This reduces inhibitor travel time from 108 min to 48 min and has the po-
tential to significantly improve inhibitor effectiveness. Consequently, the implementation of capillary tubing is
anticipated to yield annual cost savings per wellbore of approximately USD 10,000, coupled with the mitigation
of mineral deposits within the studied well equipped with ESP. To evaluate this approach, a wellbore simulation
tool and PHREEQC were employed to dynamically model the pressure and temperature profiles alongside the
geochemical evolution of the produced fluids in the wellbore. This modeling approach offers significant value by
potentially enabling the optimization of inhibitor usage and reducing the length of required inhibitor injection
line.

Menderes grabens, Turkey (Haklidir et al., 2019). Similarly, in the
Kizildere geothermal field in Turkey, Tarcan et al. (2016) noted that
water samples exhibit an undersaturated state for calcite and aragonite,
with a lower saturation index under reservoir conditions. However,
these minerals become supersaturated and have a precipitation ten-
dency in the sampling line, likely due to degassing occurring in the
wellbore, pipeline, and valves. (Tonkul et al., 2022a) characterized
mineral precipitation in the hypersaline geothermal system at the Tuzla
geothermal power plant in northwestern Turkey. They reported galena
(PbS) and calcite scaling in the wellbore Demir et al. (2014) reported the
same scale composition in the Tuzla field, noting that a 7 mm thick
mineral deposit formed within four months. The type of scaling may
vary between the wellbore and surface infrastructure, such as injection
lines and heat exchangers. Tonkul et al. (2022) investigated stibnite
scaling in the preheaters of power plants at the Germencik geothermal
site in western Turkey to determine the optimal reinjection temperature

1. Introduction

The degassing of dissolved gases, such as carbon dioxide (CO2), and
geothermal water commonly changes the water chemistry, leading to
mineral precipitation within the wellbore, pipelines, and separators
(DiPippo 2008; DiPippo 2016; Zhang et al., 2022; Cao et al. 2024). The
types of precipitated minerals may vary across different geothermal
fields due to a range of geochemical composition and thermodynamic
condition of aquifer fluids. The primary mechanism driving precipita-
tion is the change in thermodynamic conditions and the degassing
process, which typically occur in the wellbore during fluid flow.
Changes in water composition and temperature during degassing
generally lead to shifts in mineral saturation, resulting in precipitation
(Tarcan, 2001). To illustrate, the precipitation of carbonate minerals
such as calcite and aragonite has been reported in Gediz and Biiyiik
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Nomenclature

Q Flowrate

U Overall heat transfer

K Flow parameter

T, Formation temperature

T Fluid temperature

dy Inside well diameter

A Internal cross sectional area of the pipe
Sg Static gas volume fraction
Vg Gas superficial velocity
Py Gas density

M Total mass flow rate

Qr flowing quality

Qs static quality

St static liquid volume fraction
Z correlation variable

Ry Reynolds number

F. Froude number

Y; flowing liquid volume fraction
W Weber number

a, B, W constants

S.V. pseudo-variance

that prevents efficiency loss due to stibnite precipitation. The inhibitors
are not only used for inhibiting mineral precipitation in geothermal
industry but also to protect infrastructure and wellbores from corrosion.
Gunnlaugsson et al. (2014) reviewed the corrosive nature of geothermal
wells in Iceland, categorizing sources of corrosion as chloride, hydrogen
sulfide, carbon dioxide, ammonia, oxygen, and sulfate. Similarly, van de
Watering and van der Velde (2019) reported that only corrosion in-
hibitors are used in the geothermal sector in the Netherlands. Although
this study focuses primarily on mineral deposition, the effectiveness of
corrosion inhibitors is also time and temperature dependent. Therefore,
understanding this relationship provides valuable insights for reducing
corrosion effect.

The continuous injection of inhibitors offers a potential mitigation
method for flow assurance challenges arising from mineral precipitation
within geothermal wells (Mercado et al., 1989; Sugiaman et al., 2004).
Inhibitors act in two different ways: On one hand they complex specific
cations by forming water soluble complexes. On the other hand, they
inhibit the growth of crystals by adsorption on growth active surfaces
which leads thereby effectively to retardation or blocking of the growth
rate (Scheiber et al. 2013). To ensure a homogeneous inhibitor mixing
within the geothermal brine before it enters the two-phase zone, the
inhibitor injection line is set below the flashing depth (T. Akin and Kargi,
2019). However, precise determination of the flashing depth is crucial
for optimal inhibitor injection. If the injection line is lowered excessively
below the flashing depth, the inhibitor chemical will be subjected to
high temperatures for an extended travel time, resulting in less effec-
tiveness. The Henry’s constant approach has been effectively used to
calculate the degassing pressure of a saline geothermal fluid with a
specific amount of carbon dioxide at a given temperature (Cramer,
1982; Fournier, 1989). The degassing depth of a flowing well can be
determined through wellbore flow simulation and by dynamically
measuring the pressure and temperature profiles of the well. The depth
at which the flowing pressure drops below the degassing pressure is the
beginning of multi-phase flow. Numerous geothermal wellbore simula-
tors have been developed to simulate fluid flow in geothermal produc-
tion wells. These models typically use liquid hold-up correlations to
model two-phase flow. Bjornsson (1987) developed a wellbore simula-
tion model for multi-feed zone geothermal wells. Aunzo (1990) pro-
posed a wellbore simulator called GWELL, which was based on
Bjornsson’s study. Upton (2000) released a wellbore simulator,
SIMU2000, using a homogeneous flow model to incorporate fluid me-
chanics theories. Garg et al. (2003) modified the WELBOR simulation
program, originally developed by Pritchett in 1985. Wasch et al. (2019)
coupled a wellbore flow simulator, LedaFlow, with a geochemical
modeling tool, PHREEQC, to better evaluate scaling potential. The in-
tegrated workflow was applied to a Dutch doublet and successfully
mimicked the observed calcite scaling. Chauhan et al. (2021) used Euler
two-phase fluid flow to simulate the degassing process, which affects
calcite precipitation inside geothermal wellbores. They showed a higher
likelihood of mineral deposition in sections where phase transitions

occurred, leading to an increase in slip velocity. These works are
recently used in artificial intelligence algorithms, typically providing
input for learning and training. For example, Aydin et al. (2020)
incorporated the WELBOR simulator with an artificial neural network to
estimate the bottom hole flowing pressure and temperature of
geothermal wells.

In the laboratory, two types of tests, namely, a static batch test and
an in-line tube blocking test with different setups are used to evaluate
inhibitor efficiency under high-pressure and high-temperature (HPHT)
conditions (Zotzmann et al., 2018). In the static batch test, geothermal
fluid and inhibitor are fully mixed, then heated and pressurized until
equilibrium is reached. The extend of the scaling is quantified by
monitoring a variety of fluid properties such as the electrical conduc-
tivity, pH value, concentration of ions, and amount of solid precipitation
on-line during experiments, or off-line after termination of the experi-
ments (Zotzmann et al., 2018). As an example of static batch test, Pau-
wells et al., (2022) examined the stability of the two different inhibitors
(Diethylenetriamine Pentamethylene Phosphonic Acid and TD1100) at
temperature ranging from 75 °C to 120 °C at 45 bars. They conducted
the tests for seven days at 120 °C and another seven days at 75 °C to
simulate the temperature drop occurring across the heat exchanger in
geothermal plants. However, the autoclave experiments were performed
in a batch system rather than under fluid circulation or in-line condi-
tions. Therefore, the test may not fully mimic the heat exchanger flowing
conditions. After autoclave experiments, both of the inhibitors showed
inadequate stability in these conditions and lost their ability to reduce
mineral scaling. Similarly, Zotzmann et al. (2018) conducted a static
batch test using a stainless-steel autoclave to assess the effectiveness of
inhibitors on calcite scaling under conditions up to a pressure of 150 bar
and a temperature of 125-200 °C, prevailing in geothermal reservoirs.
The experiments were conducted over four weeks and sampled after
certain time intervals (1,2,7,14, and 28 days). They showed that the
inhibitor performance decreases at HPHT compared with ambient con-
ditions. In the in-line tube blocking test, the mixed fluid is circulated
through a tube by pumping. The pressure drop across the tube, resulting
from physical and chemical changes over time, is monitored to assess the
inhibitor’s performance (Bazin et al. 2005). The efficiency of scaling
inhibitors is ranked by comparing the concentration of inhibitor
required to achieve a predefined level of inhibition during fluid circu-
lation. The lower inhibitor concentration for a scaling inhibitor, the
higher its performance (Graham et al. 2006). He et al. (1996) performed
dynamic flow-through inhibitor testing and developed a semi-empirical
model to predict effective concentrations in oil and gas production
systems. They conducted tests with polyphosphonate-based inhibitors to
prevent common water scales, such as calcium carbonate, calcium sul-
fate, and barium sulfate, across a wide range of saturation indices, pH
levels, and temperatures up to 70 °C. The study found that the inhibition
efficiency increases as the solution pH increases, probably because of the
advancing dissociation of the inhibitor acid. Also, the inhibition effi-
ciency decreases as the temperature increases. Scheiber et al. (2013)
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Fig. 1. Calcium carbonate scaling in a geothermal wellbore from Alasehir field,
Turkey (Tezel, 2018).

noted that the degree of efficiency of an inhibitor is impacted by several
physical-chemical parameters: pH, thermal stability, adsorption affinity,
and the presence and concentration of co-ions like Ca?*, Mg?*, Sr?* or
Pb?* in solution, and the thermal stability of the phosphonate. A greater
quantity of inhibitor is needed (He et al., 1994) with increasing tem-
perature, and the thermally induced decomposition of phosphonates
must also be taken into account (Scheiber et al. 2013).

In field applications, the inhibitor dosing system is attached to the
ESP string and is positioned below the ESP’s motor. In this practice, the
inhibitor dosing concentration is typically adjusted to determine the
optimal concentration for scale inhibition (Wylde and Fell, 2008a).
However, the thermal exposure time of the inhibiting chemical is also a
critical parameter that affects the dosing concentration. Most studies in
the literature focus on the thermal stability tests of scale inhibitors and
do not address the modeling of dynamic pressure, temperature, and
geochemical simulations along the wellbore. This study begins with a
wellbore flow simulation to determine the thermodynamic properties of
geothermal fluid along the wellbore, including the flashing depth.
Subsequently, the geochemical profile of the fluid is obtained using
PHREEQC to identify potential mineral precipitations. Unlike standard
industry practices, the inhibitor dosage tubing is configured differently
to reduce the inhibitor’s travel time, thereby minimizing exposure to
high temperatures.

In this study, a liquid blended product based on organic phosphate
and dispersants was used to investigate thermal stability and the effect
of travel time, specifically determining the duration the inhibitor is
exposed to high temperatures. The dosage of the inhibitor depends on
various factors, including conductivity, hardness, well depth, travel
time, and temperatures of inhibitor exposure. Thermal exposure tests in
autoclaves were conducted using a stirrer and autoclaves at a pH of 8.2,
with a temperature range of 180-220 °C, 35 bar pressure, and a duration
of 3 h. The results showed no performance reduction for calcium car-
bonate inhibition. However, in the beaker test, the metal-silicate inhi-
bition performance decreased by >10 %, and the sulfide inhibition
performance dropped by about 5 % at 180 °C after one hour. The per-
formance reduction was found to be linear over time. Both the literature
studies mentioned above, and the scale inhibitor used in this study
demonstrate that the efficiency of inhibitors in geothermal systems is
highly dependent on their thermal stability, as well as other critical
parameters previously discussed. Therefore, reducing thermal exposure
time will decrease the dosage of inhibitor needed for scale inhibition.
Considering other parameters remain the same, decreasing high-
temperature exposure time may reduce the required inhibitor dosage.

As an illustration of wellbore diameter reduction, Tezel (2018) pre-
sented a scaling issue in Alagehir geothermal field, mainly calcium
carbonate precipitation in the production wells (Fig. 1). Similarly,

Geothermics 127 (2025) 103238

- »Metal band

Pump
Intake

- 3 -

’Spqre tubing at the
Pump intake

, Inhibitor tubing
below motor

Protector
e

Fig. 2. A view from ESP installation in Alasehir field, showing inhibitor in-
jection lines and ESP parts.

Haklidir and Balaban (2019) characterized mineral precipitation of
geothermal wells in western Anatolia. Their findings indicated that
calcite deposition was the dominant form of mineral scaling observed
within production wells. Phosphonate polymer-based inhibitors were
suggested to address clogging issues in these wells.

The flashing depth is influenced by a range of flow and well pa-
rameters, including reservoir temperature, pressure, non-condensable
gas (NCG) content, and production flow rate. Strong connectivity be-
tween injection and production wells generally ensures effective pres-
sure support but it may reduce both temperature and NCG production,
resulting in a shallower flashing depth. Consequently, it is essential to
conduct periodic dynamic pressure and temperature (PT) surveys to
update the conditions of dynamic wells. To illustrate, Akin et al. 2020
reported a substantial NCG decline of Alasehir field, in Turkey due to
high connectivity between injection and production wells. Additionally,
Aydin and Akin (2021) observed a premature temperature decline in the
same field, likely attributable to cold reinjection brine. Effective pres-
sure support, coupled with reduced NCG and production temperature,
can collectively shift the flashing depth shallower points in the wellbore.
Therefore, to maintain optimal inhibitor delivery, it becomes essential to
regularly monitor and adjust the depth of the inhibitor injection line
based on these dynamic well conditions.

Electrical submersible pumps (ESPs) are effectively utilized in
geothermal wells with low reservoir pressure and gas content (Aydin
and Merey, 2021). The recent studies are focused on ESP design and
performance. Yang et al. (2021) analyzed pressure pulsation in
multi-stage ESPs, which causes noise and vibration. They found that
pressure interference between the impeller and diffuser is the main
cause of pressure pulsation. Similarly, Han et al. (2023) investigated the
effects of tip clearance on the energy performance of multi-stage ESPs.
They predicted flow loss in the ESPs, leading to an optimized design of
the ESPs.

In the industry-standard practice of inhibitor injection for ESP ap-
plications, the inhibitor injection line is attached to the ESP string and
positioned below the ESP motor (Fig. 2 and Fig. 3). The current practice
may lead to inhibitor deposition in the pump. J.J. Wylde and Fell (2008)
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Fig. 3. Industrial practice for inhibitor dosage in geothermal wells with ESP.

reported inhibitor deposition on the pump resulting in ESP failure.
However, since the ESP is set below the flashing depth, the geothermal
fluid is pressurized within the pump, initiating the flashing process in
the production tubing at a shallower depth. Therefore, the standard
practice of inhibitor injection is inefficient due to the prolonged travel
time of the inhibitor, which results in extended exposure to high tem-
peratures. Therefore, a higher inhibitor concentration is required for
inhibiting mineral precipitation. Besides, shortening the length of the
tubing has led to a higher inhibitor concentration at the surface,
resulting in more effective inhibition.

To predict wellbore flow and scaling conditions, different wellbore
simulators were coupled mostly with geochemical modeling tool
PHREEQC. For instance, Abouie et al. (2017) developed a wellbore
simulator (UTWELL) coupled with geochemical modeling tool
IPHREEQC to calculate multiphase flow and deposition of solid particles
in the wellbore. Bozou et al., (2015) utilized PHAST wellbore model tool
to inspect corrosion effects and barite scaling in geothermal wellbores
using PHREEQC. On the other hand, Cen and Jiang (2018) developed a
novel tool to couple multiphase flow and geochemical modeling as a
wellbore simulator.

This study was motivated by observations in the Alasehir geothermal
field, where a significant decrease in reservoir temperature and NCG
content and pressure maintenance through reinjection support resulted
in a substantial shift in the flashing depth to the shallower depths.

Geothermics 127 (2025) 103238

Flashing depths previously were ranging from 400 to 700 m, shifted to a
shallower depth between 50 and 300 m for various wells’ characteris-
tics. Consequently, the depth of inhibitor injection capillary tubing was
revised. It was found that this revision improved the effectiveness of the
inhibitor chemical, allowing for a reduction in the dosage concentration
from 2.5 ppm to 1 ppm. These observations suggested the possibility of
achieving the same effect by adjusting the inhibitor dosing depth in ESP
applications.

Based on observations of successful inhibitor injection in artesian
wells, this study aimed to investigate and mitigate inhibitor-associated
mineralization within the pump and production casing (6 5/8") of a
geothermal well equipped with an ESP. Mineral deposits observed in the
ESP string were hypothesized to result from prolonged inhibitor resi-
dence time, leading to degradation (burning) and subsequent reactions
with other elements to form mineral deposits. In geothermal power
plants in Western Anatolia, common scale control methods involve
chemical inhibitors, including phosphate salts, phosphonate salts, and
polymer-formulated inhibitors (Haklidir and Balaban, 2019). We pro-
pose relocating the inhibitor capillary within the 6 5/8-inch production
tubing closer to the flashing depth. This reduces inhibitor travel time
and has the potential to significantly improve inhibitor effectiveness. To
evaluate this approach, a wellbore simulation tool (WELBOR) and a
geochemical modeling tool (PHREEQC) were employed to dynamically
model the pressure and temperature profiles alongside the geochemical
evolution of the produced fluids throughout the wellbore. This modeling
approach offers significant value by potentially enabling the optimiza-
tion of inhibitor usage and reducing the length of required inhibitor
capillary tubing.

2. Materials and methods

Following verification with dynamic pressure-temperature (P&T)
surveys from well X-3, the WELBOR software was employed to simulate
the P&T profile of well X-10 equipped with ESP. Additionally, PHREEQC
software was utilized to perform a geochemical evaluation of the
geothermal fluid along the wellbore of well X-10.

The WELBOR code is designed to model the steady-state flow of
water, steam, and carbon dioxide within a borehole. The working flow
diagram of the WELBOR is illustrated in Fig. 4. To utilize this code, users
must provide specific input parameters related to the well’s geometry,
including the internal diameter and the angle of deviation from the
vertical along the length of the borehole (Aydin et al. 2020). The
WELBOR model employs a steady-state solver that utilizes empirical
correlations to address the complex dynamics of two-phase flow in
geothermal wellbores. Specifically, it applies the Dukler I correlation
(Dukler et al., 1964) to calculate frictional pressure drop as part of the
pressure and temperature profile calculations along the wellbore. This
solver iteratively adjusts parameters to align with observed downhole
and wellhead measurements, rather than functioning as a fully transient
or time-dependent solver. The WELBOR model does not explicitly use a
drift flux model. Instead, it relies on empirical correlations, including
the Dukler I correlation, to account for slip between the liquid and gas
phases in two-phase flow. While drift flux models typically describe
velocity differences between phases, WELBOR indirectly addresses
phase slip by adjusting liquid hold-up and friction factors. It in-
corporates a modified version of the Hughmark correlation (Hughmark,
1962) to adjust liquid hold-up along the wellbore, allowing for relative
motion between phases without directly implementing a drift flux
approach. Furthermore, the WELBOR model does not directly utilize a
mixture model in its calculations. Instead, it approximates two-phase
flow of steam and water by applying separate empirical correlations
for liquid hold-up and friction factor, which capture the behavior of each
phase individually. This method, combined with the Dukler I correla-
tion, enables WELBOR to calculate the overall pressure and temperature
profiles without directly solving for mixture equations. It manages each
phase through empirical adjustments, differing from the combined
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Fig. 4. Working flow diagram of WELBOR (Created from Garg and Pritchett, 2001; Garg et al. 2004).

phase equations typically used in traditional mixture model approaches.

The users need to specify a stable formation temperature profile with
depth and an "effective thermal conductivity" to represent the conduc-
tive heat transfer between the wellbore fluid and the surrounding
geological formation (Garg and Pritchett, 2001). Key parameters such as
static reservoir pressure, temperature, and productivity index at the
flowing feed point must also be defined (Fig. 4).

The WELBOR code discretizes the length of the wellbore into smaller
intervals, from the bottom of the well to the wellhead for fluid flow
calculations. During fluid flow, heat transfer and momentum loss are
calculated within these intervals. Temperature reduction in the wellbore
fluid is attributed to both adiabatic processes and conductive heat
transfer to the surrounding formations.

During fluid flow in the wellbore, at a given wellhead flowing tem-
perature, pressure, and flow rate, phase transition begins at a depth
known as the flashing point. Steam and carbon dioxide gas (CO2(g)) start
to separate from the geothermal brine. The dissociated CO3(g) and
steam create partial pressure during the two-phase flow. As a result, the
wellhead flowing pressure and temperature are influenced by mo-
mentum loss, heat loss, and the flashing process along the length of the
wellbore. A variety of flow patterns, such as slug, churn, and annular
flow, may occur as fluid ascends in the wellbore, determined by the
relative amounts of gas and liquid. Pritchett (1985) and Garg et al.
(2003) employed modified Hughmark liquid holdup (Hughmark, 1962)
and Dukler I friction (Dukler et al., 1964) correlations to simulate
two-phase flow in geothermal wells. The WELBOR uses Eq. (1) to
calculate heat transfer between the fluid and the surrounding forma-
tions, assuming an outward-directed heat flux. The heat transfer coef-
ficient is approximated using Eq. 2. Garg et al. (2004) reported a typical
value for liquid flow in geothermal wellboreas 4 W/m/ °C. The liquid
holdup correlation establishes a relationship between flowing and static
gas quality (through Egs. (3)-(6)).

Q=U(T-T, €Y
where T represents local temperature of the fluid in the wellbore, T is

the undisturbed formation temperature, and U is an overall heat transfer
coefficient (W/mz/ °QC).

_ 0.6K

U 4,

(T-T, ®)

Where K is the effective thermal conductivity of the formation and d,,
is the inside well diameter.

_ ASgbgve
Q== ®
Q- e )
[1 _ Qs]K+ Qs 1 PJ(;gK):|
Q= ®)
Dm
Pm =Sip1 + Sgpg (6)

Where, A is the cross-sectional area of the pipe, M is the total rate, Qs is
the static quality, Qy is the flowing quality, py, is mixture density, pg is
gas density, K is a flow parameter, vy and v, represents superficial gas
and liquid velocity, S; and S; are static liquid and gas volume fraction.
For homogeneous flow (no slip) the static quality is equal to the flowing
quality and flow parameter is equal to unity. Due to buoyancy, gas phase
is expected to rise more rapidly than liquid, which implies Eq.7.

Q>QandS; <K<1 7
K = K(Z(Rn, ., Y1, W, Sy)) ®

where, Ry, F;, Y, W, and Sy are the variables used by (Hughmark, 1962).
To find a correlation for K, Garg et al. (2004) used a single variable Z:

Z = K(Z((Ra)" (Y (Y1) (S)")) ©

where o, B, y and w are undetermined exponents, which can be esti-
mated by minimizing the variance between the calculated and measured
values for K. Garg et al. (2004) introduced a non-parametric measure of
variation:
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where K; denotes the value of K corresponding to Z;, n is the number of
points in the dataset, and Z,, is the largest value of Z. The exponents are
obtained by minimizing the pseudo-variance (S.V.). To verify the holdup
correlation an improved version of WELBOR code was created by Garg
et al. (2004).

In this study, PHREEQC version 3, a robust geochemical modeling
software, is utilized to simulate geochemical processes occurring within
the wellbore during flow (Parkhurst and Appelo, 2013). The working
diagram of the PHREEQC is illustrated in Fig. 5. PHREEQC offers a
comprehensive range of capabilities, including the determination of
mineral saturation indices and speciation, the modeling of mineral and
gas equilibria, advective transport calculations, inverse modeling for
parameter estimation, the simulation of surface complexation reactions,
and the incorporation of ion exchange reactions (Parkhust, 2005).
PHREEQC utilizes the Peng-Robinson equation of state and fugacity
concept (Peng and Robinson, 1976) to model CO; solubility in the
aqueous phase. Furthermore, various thermodynamic databases, such as
PITZER, Palandri, LLNL, and the PHREEQC database itself, can be
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Fig. 6. Dynamic PT survey and Wellbore simulation of well X-1 for January 2016.
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Fig. 7. Dynamic PT survey and Wellbore simulation of well X-1 for January 2023.
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Table 1
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Geochemical measurements for capillary tubing at depths 450 m and 100 m at well X-1.

Capillary Injection tubing at 450 m depth

Capillary Injection tubing at 100 m depth

T(°C 27 Br (mg/1) 1.1562
pH 6.546 NOs ~(mg/1) 0.0814
EC (pS/cm) 2170 S04 ~2 (mg/1) 30.281
F(mg/1) 9.879 PO, 3 (mg/1) 0.7993
Cl ~(mg/1) 270.52 Li *(mg/1) 3.478
K *(mg/1) 39.047 Na *(mg/1) 523.556
Si0, (mg/1) 256 NH 4 *(mg/1) 18.113
Ca™2 (mg/1) 9 Mg*2 (mg/1) 0.45

T(°C 22.2 Br(mg/1) 1.200
pH 6.538 NO3; ~(mg/1) 0.333
EC (pS/cm) 2380 S04 2 (mg/1) 17.803
F(mg/1) 9.111 PO4 ~3 (mg/1) 1.370
Cl ~(mg/1) 280.507 Li *(mg/1) 3.325
K *(mg/1) 36.380 Na *(mg/1) 507.35
Si0, (mg/1) 253 NH 4 *(mg/1) 18.488
Ca™2 (mg/1) 9.1 Mg %(mg/1) 0.33

Fig. 8. Coupon view for a) Capillary tubing at 450 m b) at 100 m depth.

integrated with PHREEQC to simulate fluid geochemistry under diverse
thermodynamic conditions (Horbrand et al. 2018). Recent geochemical
studies investigating geothermal wells in Western Anatolia with similar
water compositions (Akin and Kargi, 2019b; Erol et al., 2023a; Aydin
and Akin, 2023) demonstrated that the best matches were obtained with
the LLNL database comparison to field measurements and experimental
evaluations. Therefore, we have used LLNL as reference database in this
study.

3. Results and discussion

This study was motivated by the observation of a significant
enhancement in inhibitor effectiveness following an adjustment of the
injection depth based on updated wellbore dynamics. As aforemen-
tioned above, the Alasehir field experienced a substantial decline in NCG
content and reservoir temperature, which has been attributed to re-
injection well connectivity. Aydin and Akin (2020) corroborated this
finding through the implementation of a comprehensive tracer test
within the Alasehir field. Besides, reservoir temperature was reduced
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Fig. 9.

from 176 °C to 150 °C as shown in Fig. 6 and Fig. 7. Consequently, the
flashing depth of the well-X3 exhibited a significant reduction, shifting
from a depth of 630-meter (Fig. 6) to 30-meter (Fig. 7) within a pro-
duction timeframe of seven years.

Before changing the setting depth, reducing the inhibitor dosing
depth led to a decline in the total hardness of the fluid sampled at the
wellhead, indicating the presence of mineral scale. Following an upda-
ted P&T survey in well X-1, the depth of the capillary tubing was
adjusted from 450-meter to 100-meter in 2023. This adjustment resulted
in a reduction of inhibitor travel time from 97 min to 21 min. Conse-
quently, due to increased inhibitor effectiveness, the dosage concen-
tration was lowered from 2.5 ppm to 1 ppm. Table 1 presents
geochemical data collected before and after this capillary tubing depth
optimization in 2023. Geochemical measurements (Table 1) suggests a
slight decrease in SiO, and Mg*? indicating magnesium-silicate pre-
cipitation; however, the observed changes are negligible, and no pre-
cipitation was evident on coupons (Fig. 8) retrieved from the production
line at the wellhead.

Geochemical modeling of well X-1 was conducted using PHREEQC

pH
6 6.2 6.4 6.6 6.8 7
b) ¢ : : :
200+
-400 +
E 600}
N
-800
Ca
-1000 F — Mg
—-SIO2
-1200 : s
10° 10" 107
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Geochemical modeling of well X-1: a) Saturation index of minerals and b) concentration of elements along the flow profile.
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Fig. 10. Sensitivity analysis with a reservoir pressure of 100 bar and 130 bar a) Pressure profile, b) Temperature profile.
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Fig. 11. Sensitivity analysis with a reservoir temperature of 177 °C and 140 °C a) Pressure profile, b)Temperature profile.

3cm

Fig. 12. Precipitation materials collected from inside of 6 5/8-inch casing.

(Fig. 9). The calculated mineral saturation indices (Fig. 9a) exhibited
good agreement with the results obtained from coupon analyses and
geochemical measurements (Table 1). Furthermore, no significant
changes were observed in the concentrations of calcite, magnesium,
silicate elements, or wellbore fluid pH along the flow profile (Fig. 9b).
This suggests that minerals such as calcite, quartz, chalcedony, and
enstatite are currently undergoing dissolution, with no evidence of
precipitation.

A sensitivity analysis was conducted in WELBOR to understand how
changes in reservoir pressure and temperature conditions affect the

wellbore pressure and temperature profiles, with a specific focus on the
flashing depth. When reservoir pressure was decreased from 130 bar to
100 bar, the flashing depth dropped from 30 m to 345 m from the
wellhead (Fig. 10a). Additionally, the decline in wellhead flowing
temperature became more pronounced due to the phase transition,
falling below 160 °C, compared to 174 °C at a reservoir pressure of 130
bar (Fig. 10b). A sensitivity analysis was also conducted on the reservoir
temperature to demonstrate its effects on changes in flashing depth. It
was found that as the reservoir temperature decreased from 177 °C to
140 °C, the wellhead flowing pressure was reduced by 5 bar However,
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Table 2
XREF results of the deposit material accumulated on internal surface of casing.
Si/ % Mg /% Fe /% Ca/% P/ % Ba/ % Sr/ % Mn / %
13.1 5.23 4.21 2.14 0.83 0.14 0.12 0.094
Ti/ % S/ % Sb/ % K/ % As/ % Hg/ % Cu/ % Ag /%
0.077 0.063 0.06 0.051 0.021 0.012 0.012 0.008
W/ % Ni/ % Pb/ % In /% Se / % Rb / % Bi/ % Y/ %
0.008 0.008 0.007 0.007 0.005 0.003 0.003 0.002
T1/ % Al/ % Nd / % Pr/ % Ce /% La/% Co/ % Cs/ %
0.002 <0.12 <0.065 <0.050 <0.043 <0.038 <0.029 <0.019
Pressure (bar) & Temperature (°C)
0 25 50 75 100 125 150 175 200
0 1 1 1 1 1 1 1
200 A flashing depth: 222 m
400 A .
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600 A
E 800+
<
P
@ 1000 -
[a)]
1200 A
1400 A
1600 A
—— Pressure —— Temperature
1800
Fig. 13. Simulated P&T profile of well X-10 with ESP application.
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Fig. 14. Geochemical modeling of well X-10 with ESP: a) Saturation index of minerals and b) concentration of elements along the flow profile.

no flashing was observed in the wellbore due to the lower saturation
pressure associated with the lower temperature (Fig. 11).

Fig. 12 illustrates the accumulation of precipitated material on the
internal casing surface of ESP string. Table 2 presents the results of X-ray
Fluorescence (XRF) analysis performed on the mineral deposits. The
analysis suggests the presence of magnesium-silicate and calcium-
phosphate phases. This result was also reported by Nowak (2003),
who noted that a high concentration of co-ions can trigger the precipi-
tation of metal-phosphonates. The observed presence of iron may be
attributed to contamination from the carbon-steel casing during sample
collection from the casing surface.

To investigate the mineral deposition problem within well X-10, a
simulation of its dynamic pressure-temperature (P&T) profile was con-
ducted with WELBOR (Fig. 13). The simulation revealed that the pres-
sure at the pump intake is already higher than the flashing pressure. The
increased pressure within the pump leads to a calculated flashing depth
for well X-10 of approximately 222 m.

Geochemical modeling of well X-10 was performed using PHREEQC
software (Fig. 14). The calculated mineral saturation indices (Fig. 14a)
indicate a trend of precipitation for calcite and magnesium silicate
(enstatite) from a depth of approximately 222 m towards the wellhead.
This finding is further corroborated by the observed decrease in the
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Fig. 16. Geochemical modeling of well X-10 with ESP: a) Saturation index of minerals and b) concentration of elements along the flow profile.

concentration of calcium and silica elements within the brine (Fig. 14b).
The increasing pH profile of the geothermal fluid (Fig. 14b) is also
consistent with a flashing process occurring around 222 m. This rise in
pH can be attributed to the dissociation of CO5 gas from the geothermal
brine.

To increase the reliability of the proposed model, a sensitivity
analysis was performed in WELBOR using parameters such as produc-
tivity index, flow rate, casing roughness, salt content, reservoir pressure,
and reservoir temperature, all kept constant except for the CO: content.
The P&T profile of the wellbore was simulated for different CO2 weight
contents of 0.2 %, 0.6 %, and 1 % (Fig. 15). It was found that as the CO,
content increased, the degassing depth occurred at a greater depth
(Fig. 15a). The temperature profile of the cases aligns with the pressure
profile due to thermodynamic equilibrium. The temperature profile

10

decreases as water transitions from liquid to gas (steam), and it begins to
decrease at greater depths with higher CO, content due to degassing
(Fig. 15b).

Using the P&T profiles obtained from WELBOR with different cases
of CO; content, the PHREEQC model was employed to show the effects
of varying conditions on the geochemical profile along the wellbore. The
calculated mineral saturation indices (Fig. 16a) indicate a trend of
calcite precipitation beginning at the depths where degassing occurs for
CO4 concentrations of 0.2 %, 0.6 %, and 1 %. To prevent mineral pre-
cipitation related scaling issues, inhibitor injection line should be set
below degassing depth for each case. A similar behavior was observed
for Enstatite (Fig. 16b), however SI is negative along the wellbore. The
variation of the SI exists along the wellbore profile because a higher CO,
content results in a lower pH value (Fig. 16c¢). Silica precipitation begins
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Fig. 17. Proposed inhibitor dosage configuration for well X-10 with ESP.

at the degassing depth and was found to be higher in the case with lower
CO4, content (Fig. 16d). Silica dissolution increases at pH values above 9
and below 5 (Utami et al. 2014; Bush et al. 2018). Therefore, higher CO,
content is favorable for SiO5 dissolution in brine with a pH lower than 7.

To address the observed mineral deposition within well X-10 and
achieve inhibitor effectiveness comparable to that observed in artesian
well X-1, we propose the deployment of capillary tubing within the
production casing of the ESP string at a depth of approximately 300 m
(Fig. 17). This approach aims to reduce the inhibitor residence time from
108 min to 48 min, thereby enhancing inhibitor effectiveness and
mitigating mineral precipitation. This leads to a reduction in inhibitor
dosage from 3 ppm to 1 ppm. Shortening the length of the tubing has led
to a higher inhibitor concentration at the surface, resulting in more
effective inhibition. Additionally, the pH value shows an increasing
trend due to COz degassing, which enhances the progressive dissociation
of the phosphonate inhibitor, thereby increasing its effectiveness. A
similar result was reported by (He et al., 1996). Therefore, it can be
inferred that the effectiveness of the inhibitor increases from the depth
at which flashing occurs to the surface. Scheiber et al. (2013) found
similar results from efficiency tests of a phosphonate-based inhibitor in
laboratory and on-site studies in Soultz-sous-Foréts, France. They noted
that phosphonates are very effective at very low concentrations. This
type of threshold inhibition is related to adsorption of phosphonates or
their dissociated compounds on growth-active surfaces (Weijnen and
Van Rosmalen, 1986; He et al.,, 1996). As a consequence of these
adsorption processes the crystal morphology shifts from typically idio-
morphic crystals to smoothed and rounded surfaces (Black et al., 1991).

The inhibitor dosage was reduced from 3 ppm to 1 ppm and the
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required length of capillary tubing is expected to be diminished by
approximately 400 m. Consequently, the implementation of capillary
tubing is anticipated to yield annual cost savings of approximately USD
10,000, coupled with the mitigation of mineral deposits within the well
X-10.

A potential limitation of the proposed design is that the current 1.5-
inch diameter sinker bar may cause a reduction in the flow cross-
sectional area within the production casing. To mitigate this concern,
we recommend using a 1-inch diameter sinker bar, thereby ensuring an
unrestricted flow cross-section. An additional potential risk associated
with the proposed design is the possibility of ESP malfunction in the
event of sinker bar failure or capillary tubing loss.

4. Conclusion

This investigation aims to enhance inhibitor effectiveness within
geothermal wells. The motivation of this research stemmed from a prior
observation of significantly improved inhibitor performance following
an adjustment of the injection depth based on updated wellbore dy-
namics. Drawing upon this principle, namely inhibitor injection closer to
the flashing depth, the present study proposes the relocation of capillary
tubing within the production casing of the ESP string. Although the
current study focuses on a geothermal well with an ESP, the method-
ology can be applied to any type of well. The following key conclusions
can be drawn from this work:

- The industry-standard practice of inhibitor injection for ESP appli-
cations, the inhibitor injection line is attached to the ESP string and
positioned below the ESP motor leads to mineral deposition in the
pump and production casing.

- The integration of wellbore flow simulation using WELBOR and
geochemical modeling with PHREEQC proved to be an effective
approach for determining the precise location of the flashing point
for optimal inhibitor dosage

- Magnesium-silicate and calcium carbonate were identified as the
dominant mineral deposits within geothermal wells located in Ala-
sehir field, in Western Anatolia.

- Relocating the capillary tubing within the production casing is pro-
jected to achieve a reduction in inhibitor travel time from 108 min to
48 min. This intervention is anticipated to yield annual cost savings
of approximately USD 10,000 while concurrently mitigating mineral
deposition within well X-10.

- To ensure an unrestricted flow cross-sectional area within the pro-
duction casing, the proposed design is recommended to utilize a 1-
inch diameter sinker bar.
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