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a b s t r a c t

Carbonate scaling in the Brazilian pre-salt oil production systems represents a challenging flow assur-
ance issue driven by the release of CO 2 caused by head loss. This reduction in pressure causes CO 2 
degassing, increases the pH and thereby promotes the CaCO 3 precipitation. Recent studies indicate that 
scaling rates intensify with the inherent flowing fluid turbulence. However, this phenomenon has not 
been comprehensively studied at elevated temperatures, pressures, and high CO 2 content, typical of pre-
salt subsurface environments. This study uses a batch reactor equipped with a rotating cage system 

(according to the ASTM G184 standard) to investigate the effect of fluid dynamics on CaCO 3 scaling at up 
to 80 ◦ C, 70 barg, different levels of turbulence and shear stress, being subjected to the effects of CO 2 
degassing. Analyses were conducted using 3D profilometry, gravimetry, photomicroscopy, SEM, XRD, 
and Rockwell C scratch tests. The results reveal that, under oil well conditions, the turbulence distinctly 
influences the scaling rates compared to bench experiments (room temperature, atmospheric pressure, 
and without dissolved CO 2 ). What distinguishes the results of this study from other works is the 
appearance of a reversal point at sufficiently high turbulence—that is, the scaling rates begin to decrease 
with increased turbulence—still within the pre-salt oilwell operation range. The material adhered to the 
rotating cage coupons was investigated to understand this phenomenon, identifying that the calcium 

carbonate polymorphs contribute to this reversal.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Inorganic carbonate scaling has become a significant opera-
tional challenge in oil production from Brazil's pre-salt reservoirs. 
Notably, calcium carbonate (CaCO 3 ) is the most common species in 
these assets (Bezerra et al., 2013). The reservoir rocks of the pre-
salt are mainly carbonates and naturally supplies large amounts
of ions, such as Ca 2+ and HCO−

3 , which are the elements of the
scaling problem. The fluids of these reservoirs also typically 
contain a high concentration of CO 2 , with molar fractions reaching 
up to 79% in some cases (Souza et al., 2024). Pre-salt reservoirs 
generally experience pressures of around 500 bar or more (Fraga 
et al., 2015), and reservoir temperatures can reach 120 ◦ C or

higher (Gessner and Barbosa, 2022). Over geological time, these 
systems reach a thermodynamic equilibrium where high pressures 
cause CO 2 dissolution, keeping the chemical species in the 
aqueous solution, as expressed by Eq. (1):

Ca 2+ 
(aq) + 2HCO−

3 (aq)⇄CO 2 (aq) + H 2 O + CaCO 3 (s): (1)

The equilibrium partitioning of CO 2 between the aqueous and 
gaseous (or supercritical) phases is governed by the system's 
pressure and temperature conditions (Segev et al., 2012), as 
described by Eqs. (2) and (3). The more CO 2 dissolved in water, the 
greater the system's acidity, corresponding to a low pH value 
(Cosmo et al., 2019; Lower, 1999):

CO 2 (aq)⇄CO 2 (g): (2)

During oil production, the pressure drops, leading to CO 2 
degassing, represented by a shift to the right side in the
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equilibrium of Eq. (2) and characterized by an increase in the 
aqueous phase pH. This CO 2 exsolution triggers a perturbation in 
Eq. (1), shifting the equilibrium to the right side and driving the 
precipitation of CaCO 3 . The precipitation process is further 
controlled by the solubility product of CaCO 3 (K sp ) and the acid-
base equilibria of the carbonate system (Segev et al., 2012):

HCO− 
3 ⇄H + + CO2−

3 ; (3)

where the carbonate ion (CO 2−3 ) reacts with Ca 2+ to form CaCO 3 ,
according to the Eq. (4):

Ca 2+ 
+ CO2−

3 ⇄CaCO 3 (4)

According to Frenier et al. (2008), the degassing of CO 2 from 

produced water is the key mechanism to explain the precipitation 
of calcium carbonate from a supersaturated water solution. As the 
pre-salt reservoirs have a high amount of dissolved CO 2 , the CaCO 3 
precipitation occurs in the earlier stages of oil production (Bezerra 
et al., 2013). This issue is expected to worsen as content increases 
with reservoir maturity (Cosmo et al., 2022).

The precipitation and scaling of calcium carbonate on produc-
tion facilities such as valves, pipelines, and sand control screens 
reduce the available flow area, increasing pressure drop and 
reducing production capacity over time. In severe cases, this 
phenomenon can completely block flow. When it occurs in 
equipment like inflow control valves (ICVs), besides obstructing 
the valve narrow channels, it might cause the valve mechanisms to 
seize, sometimes requiring production shutdown and valve 
replacement in the production string, which is a costly operation. 

Various factors contribute to inorganic scaling, including gas 
partial pressures (particularly CO 2 ), as explored by Cosmo et al.
(2019) and Jamialahmadi and Müller-Steinhagen (2012), bulk 
temperature and water ionic concentration (Doubra et al., 2017; 
Dyer and Graham, 2002), flow conditions such as turbulence 
(Løge et al., 2022; Martins et al., 2020; Segev et al., 2012), and the 
presence of oil and gas phases (Cosmo et al., 2022). Properties of 
surface materials such as composition, roughness, wettability, and 
surface tension also play a significant role, as noted by Gong et al. 
(2024), Vazirian et al. (2016), Cheong et al. (2013), and Collins 
(2002). Moreover, scaling is linked to factors such as nucleation 
rates, crystal growth (Contreras et al., 2022; Dyer and Graham, 
2002), polymorphism (Fathi et al., 2006), and the transport of 
chemical species or crystals to adhesion sites (Quan et al., 2008). 

Recent studies have specifically emphasized the link between 
turbulence and scaling rates. Martins et al. (2020), Yan et al. (2017), 
Nichols et al. (2016), and Vazirian et al. (2016) have all contributed 
to understanding how turbulence impacts scaling. For example, 
Moriconi et al. (2021) demonstrated that calcium carbonate 
scaling initially increases with flow rate under turbulent condi-
tions at pressures between 1 and 10 bar and ambient temperature 
(27 ◦ C). After a certain turbulence level, the scaling plateaus, 
suggesting a shift in the deposition mechanism at higher flow 

rates. Similarly, Martins et al. (2020) explored calcium carbonate 
adhesion in a small-scale oil well completion valve under low 

pressure and ambient temperature conditions, finding that higher 
Reynolds numbers led to increased scaling rates, particularly near 
the valve's narrow channels, where wall shear stress and turbu-
lence dissipation are relatively high, as discussed by Martins et al.
(2020) and Graham et al. (2014).

Løge et al. (2022) used tomography imaging to assess the ef-
fects of turbulent flows and rough surfaces on barium sulfate 
(BaSO 4 ) scaling in an experimental valve. With the test solution 
maintained at 60 ◦ C under low pressure, the results indicated that 
turbulence and rough surfaces led to increased scaling deposits.

Vazirian et al. (2016) also investigated the effects of turbulence 
on scaling using a batch system with field water at 56 ◦ C and 
environmental pressure. Their findings revealed that turbulence 
enhances scaling in both adhesion and deposition processes. 
Furthermore, the study showed that different surface coatings 
influence the extent of scaling, although turbulence generally 
amplifies scaling across various coatings.

According to Kadivar et al. (2021), in turbulent pipe flows, 
particles migrate toward walls via turbophoresis (turbulence-
driven gradients), secondary flows induced by roughness, and 
near-wall sweep events. Roughness regimes modulate this trans-
port: surface roughness enhances recirculation-driven deposition, 
while vortex shedding increases collisions. Turbulent fluctuations 
in the viscous sublayer further trap particles, with implications for 
scaling, as they augment both particle transport and retention near 
the wall. These mechanisms partially explain the observed hy-
drodynamic effects described by Løge et al. (2022) and Moriconi 
et al. (2021), whereby higher turbulence levels lead to increased 
scaling.

Zancanella et al. (2025) studied CaCO 3 scaling on 304 stainless 
steel under high CO 2 and flow conditions using a continuous flow 

apparatus, which included degassing part of the CO 2 through a 
local restriction valve at a constant flow rate and room tempera-
ture (resulting in the formation of only calcite crystals). They found 
that scaling increases with surface complexity (as measured by 
fractal dimension), not merely with roughness. High surface 
complexity may intensify interactions with the flowing fluid, 
modify the boundary layer, and generate a more turbulent and 
diffusive flow, thereby increasing the transport of crystal-forming 
species to the surface and enhancing adhesion.

The literature has not yet properly addressed the factors 
inherent in oil well environments, such as CO 2 degassing and high 
temperatures. It has been numerically (Cosmo et al., 2019) and 
thermodynamically (Cosmo et al., 2022) shown that CO 2 exsolu-
tion can contribute over 90% of the CaCO 3 precipitation. However, 
other effects of CO 2 degassing are not well established. Unlike 
temperature, which favors both CaCO 3 precipitation and the 
polymorphic change in crystals, as shown by Kawano et al. (2009). 
The authors observed that higher temperatures favor the stabili-
zation of aragonite and vaterite alongside calcite.

Calcite, aragonite, and vaterite are the three non-hydrated 
polymorphic forms of calcium carbonate, each distinguished by 
its crystalline structure (Bre � cevi � c and Kralj, 2007). Calcite, the 
most thermodynamically stable form, crystallizes in a trigonal 
rhombohedral structure. Aragonite forms in an orthorhombic 
crystal system with a needle-like shape (Lipus and Dobersek, 
2007). Vaterite, the least stable polymorph, crystallizes in a hex-
agonal system and is often transient, commonly transforming into 
calcite or aragonite (Zhao et al., 2024).

Liendo et al. (2022) examines the synthesis of calcium car-
bonate (CaCO 3 ) via carbonation, emphasizing CO 2 sequestration 
and industrial waste utilization. The polymorph (calcite, aragonite, 
vaterite), morphology, and particle size depend on process con-
ditions: pH (high pH favors calcite, low pH stabilizes vaterite), 
temperature (aragonite dominates > 40 ◦ C, especially with Mg 2+ ), 
and supersaturation (high levels promote nanoparticle nucle-
ation). Efficient CO 2 mass transfer, influenced by concentration, 
flow rate, and reactor design, is critical for achieving high 
carbonation rates.

According to Fathi et al. (2006), aragonite exhibits a very weak 
adhesion to the substrate, whereas calcite forms dense and tena-
cious layers, which are difficult to remove mechanically. Namely, 
while the temperature relates to the CaCO 3 scaling, the literature 
does not provide studies concluding a positive, neutral, or negative
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effect for an aqueous solution subjected to CO 2 partial pressure 
and degassing.

This study aims to investigate the impact of turbulence on 
CaCO 3 scaling under high-temperature and high-pressure CO 2 
degassing conditions. Although there is evidence that suggests 
that elevated temperatures influence the underlying phenomena, 
the role of CO 2 degassing remains insufficiently explored. Thus, 
some tests were performed to illustrate the importance of 
including CO 2 degassing in the experimental matrix.

The basis of this study is experiments in a batch reactor 
equipped with a high-temperature and high-pressure pH probe. 
Turbulence was generated by a rotating cage attached to the 
reactor impeller, following the ASTM G184 standard (ASTM, 2016). 
Originally designed for corrosion evaluation (Xue et al., 2024), this 
setup has long been used to study inorganic scaling (Goodwin 
et al., 2018; Nichols et al., 2016; Graham et al., 2014; Silvestri 
et al., 2010). The rotating cage holds thin plates (coupons) that 
either lose mass due to corrosion, or gain mass due to particle 
deposition, when used in scaling experiments.

The experimental results were evaluated by measuring mass 
changes in coupons, testing adhesion friction resistance with 
Rockwell C scratch tests, and analyzing solid deposits using 3D 
profilometry, gravimetry, photomicroscopy, SEM, and XRD to 
correlate mass and adhesion force with calcium carbonate 
polymorphs.

2. Materials and methods

The experimental unit employed in this work was specially 
design to meet requirements for investigating flow assurance 
phenomena in the pre-salt context (Fig. 1(a)). Additional details 
can be found in Cosmo et al. (2023). Precipitation and scaling tests 
were carried out under high-temperature, high-pressure, and 
shear conditions, enabling control of CaCO 3 precipitation due to 
CO 2 degassing.

The batch reaction system controls reactants injection, rota-
tional velocity, and temperature, with the solution pH monitored 
over time. It has a transparent side-viewing window for solution, 
reaction, and crystal growth visualization. The vessel and coupon-
holding system, with adaptations, comply with the ASTM G184 
standard (ASTM, 2016). The necessary adaptations and experi-
mental steps were established based on a series of preliminary 
experiments and computation fluid dynamic simulations. These 
efforts allowed the definition of several key parameters, including 
the sequence of experimental steps, the configuration of double 
coupons in each rotating cage (RC) slot, the vertical positioning of 
the cage relative to the coupons' axis, and the mixing scheme for 
the reactive solutions under high-pressure and high-temperature 
conditions using a pressurized pipette.

Significant differences in hydrodynamic variables, such as ve-
locity gradient and wall shear stress, can occur between the in-
ternal and external faces of coupons in rotating cage systems. This 
makes it difficult to directly correlate mass gain with these vari-
ables in scaling studies. To address this, a pair of half-thickness 
coupons were installed in each slot of the rotating cage (Fig. 1 
(c)), allowing separate measurement and correlation of mass gain 
for each face under its respective hydrodynamic condition.

The average wall shear stress on the coupons was quantified 
according to the ASTM G170 standard (ASTM, 2006) and Vazirian 
et al. (2016). For RC rotational velocities of 0, 50, 125, 200, and 
300 rpm, Eq. (5) estimates mean wall shear stresses (τ w ) at external 
coupons of 0, 0.1599, 0.9993, 2.5581, and 5.7558 Pa, respectively, for 
a 60 ◦ C solution (ρ = 984.98 kg/m 3 , μ = 5.59 × 10 − 4 Pa⋅s (Kestin et al., 
1978)).

τ w = 0:0791Re − 0:3 ρR 2 ω 2:3 (5)

where Re is the Reynolds number; ω is the angular velocity; R is the 
rotating cage radius; and ρ is the fluid density.

The coupons were prepared using a tumbling technique to 
ensure uniform surface roughness. This treatment not only stan-
dardizes the roughness across all coupons but also aligns their 
roughness magnitude with the surface finish of well completion 
valves. These valves are commonly identified as prone to fouling 
due to turbulence generation and significant localized pressure 
losses at the throat (Martins et al., 2020; Graham et al., 2014). To 
estimate roughness, 3D optical profilometer measurements were 
performed according to ISO 4287 standard (ISO, 1997) and Mirabal 
et al. (2023). As presented in Fig. 1(d), analysis of nine points across 
30 coupons revealed a normal, random, and homogeneous 
roughness distribution.

The average roughness (R a ) was 0.324±0.095 μm in the hori-
zontal direction and 0.569±0.149 μm in the axial direction. Fig. 2 
shows that both linear and surface average roughness were sta-
tistically in the same magnitude order, allowing the assumption 
that roughness is similar between the coupons. Fig. 2 also shows 
the corresponding S a values, a three-dimensional extension of R a , 
used to describe the arithmetic mean of the absolute heights on a 
3D surface.

The reaction medium is formed by mixing an anionic solution 
with a cationic solution and injecting pure gaseous carbon dioxide. 
Both solutions were prepared with distilled water, containing 
37.48 mmol/L of sodium bicarbonate and 74.99 mmol/L of calcium 

chloride dihydrate, respectively.
The experiments were conducted at 60 and 80 ◦ C, with the 

maximum temperature limited to 80 ◦ C due to the pH probe's 
capacity. The pH, an important parameter when CO 2 is present, 
was monitored in real-time by the probe. The high-pressure CO 2 
degassing is 50 barg and represents CO 2 partial pressure before the 
flash (before the CO 2 exsolution). In some runs, CO 2 partial pres-
sure is the total pressure. In other tests, it was injected N 2 to reach 
70 barg (total pressure), so the CO 2 partial pressure is 71%. It 
represents some pairs of pressures and CO 2 content in the gas 
phase. For example, 50 barg of pure CO 2 equals a total pressure of 
250 barg with 20% of CO 2 content. The system can reach up to 110 
barg; however, it was determined that a pressure of 50 barg of CO 2 
is sufficient to represent the conditions of interest in this study. 

To confirm that CO 2 degassing must be part of the experimental 
matrix, some preliminary assays were performed. The tests were 
conducted at 80 ◦ C with a rotation of 200 rpm and injecting CO 2 to 
reach 50, 15, or 0 barg (no CO 2 injection, subjected to atmospheric 
air). The reactants (presented above) and the experimental pro-
cedure (to be detailed below) were similar to the main matrix. 
Some technique analyses were also applied to identify, quantify, 
and understand the scaling. In the two cases with CO 2 , materials 
with different morphology were observed and more mass than in 
the case without CO 2 . Furthermore, in the essays with CO 2 , the 
material adhered (impregnated, scaled) to the coupons, while 
without CO 2 , the material just deposited (settled, rested) to the 
coupons. It was sufficient to incorporate the CO 2 degassing effects 
in the experimental matrix. A more detailed discussion lies beyond 
the scope of this study, although Fig. 3 presents preliminary ob-
servations of adhered mass on the coupons under these condi-
tions. The mass measurement was averaged across eight internal 
and external coupons, highlighting the significant role of CO 2 in 
adhesion. This opens a new field of study, requiring further 
research to deepen the understanding of carbonate scaling in CO 2 - 
rich environments, such as Brazil's pre-salt reservoirs, where high 
CO 2 molar fractions are dissolved in water and oil phases.
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In the main experiments, for each test, a 3 L solution was made 
with 2.9 L of NaHCO 3 solution and 0.1 L of CaCl 2 ⋅2H 2 O solution. At 
first, the anionic solution was pressurized with gaseous CO 2 at 50 
barg for 1 h until pressure and pH stabilization, then heated to 60 
or 80 ◦ C. After heating, it was mixed with 0.1 L of cationic solution 
previously placed in a pipette (illustrated in Fig. 1(a)). This solution 
is injected into the reactor and mixed with the bicarbonate solu-
tion by pressurizing the pipette with 70 barg of N 2 . After mixing, 
maintaining a rotational velocity of 125 rpm, and letting time for 
pH stabilization, a release valve was opened to allow degassing, 
triggering the precipitation reaction (Eqs. (1) and (2)). After the

valve opening, different rotational velocities of 0, 50, 125, 200, and 
300 rpm were used to simulate various flow conditions, with 
300 rpm being the maximum for safety. To illustrate the experi-
ments, Fig. 4 shows the precipitation process after degassing, 
highlighting gas bubbling and the increase in turbidity over time. 

Fig. 5 shows pH values of the aqueous solution during different 
experimental stages for the 50, 125, and 200 rpm tests. Each 
stage—pressurizing with CO 2 (I), heating the solution (II to III), 
injecting CaCl 2 ⋅2H 2 O solution (IV), degassing the reactor (V), 
maintaining rotational velocity (V to VI), and opening the reactor 
(VI)—affects the chemical dynamics and pH response, influenced

Fig. 1. (a) Schematic diagram of experimental setup with feeding and relief lines, an injection system, a reactor with rotating cage, and a controlling, monitoring, and data 
acquisition system. (b) Front view of the reactor. Left: coupon-holding cage attached to the axis. Right: split coupons (60.4 mm in length, 14 mm in width, 1.5 mm in thickness) in 
the rotating cage. (c) Rotating assembly with coupon cage. Coupon sampling point on the right. (d) Coupon analysis points for surface characterization.
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by temperature, pressure, and CO 2 levels. The degassing process 
reduces the CO 2 concentration and increases the solution's pH, 
leading to calcium carbonate precipitation, as indicated by the 
increased turbidity in Fig. 4.

After the tests, the coupons were dried in a glass desiccator for 
24 h, and the scaling mass was measured according to the ASTM 

G184 standard (ASTM, 2016) by weighing each coupon (each half) 
before and after the test to account for the mass gain. The scaling 
mass was averaged between the eight internal and eight external 
coupons, and the scaling growth rate was calculated in millimeters 
per year (mm/year) by considering the test duration after degass-
ing, the reference density of calcium carbonate (2790 kg/m 3 —a 
weighted CaCO 3 polymorphs average density, representative of the 
assays in this study), and the average mass gain, using Eq. (6).

L = 0:845m (6)

where L is the scaling growth rate, mm/year; m is the average mass 
of the internal or external coupon, g; A is the flow exposed coupon

area, mm 2 ; t is the test time after the degassing step, h; ρ CaCO 3 is
the density of calcium carbonate, kg/m 3. 

Scanning electron microscopy (SEM), optical microscopy, and 
optical 3D profilometry provide detailed insights into crystal 
morphology and surface distribution, while X-ray diffraction 
(XRD) elucidates the proportions of polymorphs present in the 
scaling samples. XRD, together with SEM, enables the identifica-
tion and quantification of the proportions of different polymorphs 
adhered to the surfaces. The results of these analyses help estab-
lish a correlation between hydrodynamics and scaling phenomena 
under test conditions at 60 and 80 ◦ C. These analyses are com-
plementary to gravimetry and aim to reveal the role of tempera-
ture in polymorphism and the effect of hydrodynamics on scaling 
deposits from a microscopic perspective.

Subsequently to gravimetric analysis, sclerometry tests were 
performed on coupon surfaces to quantify the coefficient of fric-
tion (COF) under a linear ramp of normal load (0.5–10.5 N). This 
test (also called Rockwell C scratch test), conducted according to 
the ASTM C1624-05 standard (ASTM, 2005), assesses coatings' 
adhesion strength and failure mechanisms. This complements the 
gravimetric data, while microscopic evaluation helps uncover the 
hidden scaling mechanisms influenced by rotational velocity and 
temperature.

3. Results and discussion

This section presents the results obtained from the experi-
mental procedures outlined, focusing on the scaling behavior of 
calcium carbonate under varying flow conditions and tempera-
tures. The data collected from the batch reactor experiments, 
including scaling rates, crystal morphology, and the effects of CO 2 
degassing, are analyzed in relation to the key variables of rota-
tional velocity and temperature. The following analysis provides a 
detailed examination of the observed scaling phenomena.

Fig. 6 illustrates the accumulated scaling on the internal and 
external coupons at both temperatures. At 60 ◦ C, the external 
coupons exhibited qualitatively more scaling than the internal 
ones, with deposit volumes increasing up to a specific rotational

Fig. 2. Average roughness in the horizontal direction (measured along a line in two 
dimensions) and average S a (the average surface roughness measured in three di-
mensions over the sample area) for coupons 1 to 30.

Fig. 3. Qualitative and quantitative scales aspect in the coupons in assays with CO 2 degassing (50 and 15 barg) and in the assay without CO 2 degassing (0 barg).
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threshold. Beyond this threshold, the scaling amount decreased as 
shear stress exceeded the adhesion forces, leading to crystal 
detachment from the surface.

At 80 ◦ C, however, the distribution of calcium carbonate crys-
tals remained consistent across different rotational velocities, 
suggesting a reduced influence of flow intensity at higher tem-
peratures. This behavior indicates that at elevated temperatures, 
factors such as crystal stability and the relative proportions of 
calcium carbonate polymorphs, such as aragonite and calcite, may 
play a more dominant role than flow-induced effects alone.

Mass gain measurements and scaling rate estimates calculated 
using Eq. (6), provide average values and experimental deviations 
from eight internal and external coupons. This behavior, illustrated 
in Fig. 7, is particularly noticeable in the 60 ◦ C tests. The high 
amplitude of some experimental deviation bars is associated with 
a significant presence of aragonite crystals on the coupon surfaces.

This is evident because the deviations are reduced under condi-
tions where aragonite crystals do not efficiently deposit over 
calcite crystals, as observed for certain temperature and shear 
conditions.

The overall trend indicates a dynamic balance between the 
transport and removal rates of material as rotational velocity in-
creases. At 60 ◦ C, scaling rates initially increased with velocity, 
peaking between 50 and 125 rpm, and then decreased while 
remaining higher than under static conditions. This suggests that 
increased shear is insufficient to completely remove the scaling, as 
the overall scaling rate continues to rise, albeit with a decreasing 
trend within the range of 125–300 rpm. At 80 ◦ C, a similar in-
flection point was observed at higher velocities (200–300 rpm), 
likely due to the greater stability of aragonite crystals at elevated 
temperatures and the smaller average wall shear stress, as well as 
the lower average shear stress on the test coupon surfaces at 80 ◦ C 
compared to 60 ◦ C, as shown in Fig. 8. Despite the reduction in 
scaling rates at higher velocities, for both test temperatures, the 
rate at 300 rpm remains higher than under static conditions. 

Aragonite crystals, although less stable than calcite under 
standard conditions (Kawano et al., 2009), exhibit greater stability 
at higher temperatures, such as 80 ◦ C, compared to 60 ◦ C. This 
promotes their preferential precipitation at elevated tempera-
tures, even though calcite crystals are still observed in smaller 
quantities.

Higher temperatures accelerate crystal precipitation and 
growth rates while fostering agglomeration in the bulk phase 
(Zauner et al., 2000). Once formed, these agglomerates are more 
likely to be carried away by the flow due to fluid drag, reducing the 
amount of material that effectively adheres to the coupon. This 
drag-out effect leads to the lower adhered mass rate observed in

Fig. 4. Frontal viewing window images of the reactor at different moments after degassing.

Fig. 5. pH dynamics across operational phases for the 50, 125, and 200 rpm tests.
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tests conducted at 80 ◦ C, despite similar wall shear stress 
compared to tests at 60 ◦ C.

According to Quan et al. (2008), the stabilization of the scaling 
layer is due to a balance between deposition and removal rates. 
The deposition rate is influenced by two main effects: the

transport of precipitated crystals or clusters from the bulk to the 
surface, driven by turbulent diffusion, turbophoresis, and inertial
deposition, and the diffusion of chemical species (Ca 2+ and CO3

2− ),
leading to heterogeneous nucleation directly on surfaces.

The removal term, on the other hand, is associated with wall 
shear stress, which can reduce deposition by increasing fluid drag 
forces that exceed adhesion forces or by directly removing 
deposited material, depending on the stress intensity and the 
scale's resistance. Additionally, temperature plays a critical role, 
influencing polymorph stabilization, precipitation rates, and 
crystal growth, thereby indirectly affecting both transport and 
removal processes.

Fig. 8 shows the average shear stress on the internal and 
external surfaces of the coupons, estimated using Eq. (5), consid-
ering the properties of water, with density and viscosity varying 
with temperature as per Kestin et al. (1978). Shear stress esti-
mates, based on the ASTM G170-06 standard (ASTM, 2006), indi-
cate higher surface shear stress compared to internal surfaces, and 
show, more clearly for higher rotational velocities, that the shear 
stress is lower at the higher temperature.

Fig. 6. Calcium carbonate deposits on the internal and external coupons for tests at 0, 50, 125, 200, and 300 rpm for 60 and 80 ◦ C tests.

Fig. 7. Scaling rate dependency on flow intensity and rotational velocity.

Fig. 8. Wall shear stress on internal and external coupon surfaces under different 
rotational conditions for 60 and 80 ◦ C tests (internal diameter of 50.70 mm and 
external diameter of 57.15 mm).
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Shear stress values are higher at 60 ◦ C compared to 80 ◦ C for 
the same rotational velocities on both internal and external 
coupons. This difference is attributed to the lower fluid viscosity 
at 80 ◦ C, which reduces the resistance to flow. Consequently, the 
scaling rate turning point at 60 ◦ C occurs at a lower rotational 
velocity.

At 80 ◦ C, the reduced shear stress coincides with a higher 
proportion of aragonite relative to calcite, as evidenced by 
microscopic images (Figs. 9 and 10) and XRD compositional anal-
ysis (Fig. 11). The shift in polymorph proportion, whether precip-
itated in the fluid or directly on the wall, significantly impacts the 
transport of materials to surfaces and their removal, with fluid 
dynamics playing a key regulatory role.

Overall, the results at both test temperatures suggest a dynamic 
balance between scaling and removal rates (or the prevention of 
deposition), controlled by rotational velocity and wall shear stress. 
This finding contrasts with previous studies, which predominantly 
show that turbulence accelerates calcium carbonate scaling under 
low-temperature conditions near ambient environments (Moriconi 
et al., 2021; Martins et al., 2020; Vazirian et al., 2016), without 
presenting a turning point. At lower temperatures, calcite is the 
dominant calcium carbonate polymorph (Kawano et al., 2009), 
likely due to its higher mechanical strength and resistance to fluid 
shear compared to aragonite and vaterite. This increased resistance 
may dampen the effect of shear stress, reducing the impact of flow 

on calcite's detachment compared to the weaker aragonite crystals. 
To enhance the phenomenological analysis of scaling and 

complement the assessment of scale mass, microscopic images

were analyzed to uncover key aspects of adhesion and precipi-
tation (Figs. 9 and 10). Additionally, compositional characteristics 
were examined through XRD analysis (Fig. 11), while the resis-
tance of scaling to shear stress was investigated using scratch 
tests (Figs. 12–14). These analyses contribute to a deeper under-
standing of the scaling process and clarify several points, such as 
the relationship between temperature and polymorphism, as well 
as how different crystal types and proportions interact with fluid 
flow.

SEM images from the 60 ◦ C scaling test on the external coupon 
surfaces revealed four distinct calcium carbonate crystal types: 
rhombohedral calcite, acicular or hexagonal aragonite, and flower-
like vaterite (Figs. 9 and 10). At 0 rpm, the surfaces were pre-
dominantly covered with calcite crystals. At 125 rpm, a stable 
mixture of vaterite and aragonite appeared alongside calcite, likely 
due to enhanced transport of calcium carbonate crystals or ions to 
the surface. At 300 rpm, the proportion of vaterite and aragonite 
decreased, leaving calcite as the dominant crystal type, similar to 
the 0 rpm condition but with a slightly higher scaling rate. Addi-
tionally, SEM images showed that crystals formed at 0 rpm were 
larger than those at 300 rpm, indicating that higher rotational 
velocities inhibit crystal growth.

Fig. 9 also highlights the emergence of aragonite crystals from 

calcite interstices on the 0 rpm coupon substrate. These high-
aspect-ratio aragonite crystals exhibit fragility due to their 
smaller cross-sectional area and reduced support from neighboring 
crystals, making them more susceptible to detachment under fluid 
shear or particle impacts in higher-flow conditions.

Fig. 9. SEM images illustrating calcium carbonate polymorphs under different rotational conditions, highlighting the polymorphs: calcite (c), vaterite (v), and aragonite (a), on the 
external surfaces, for 50 barg of CO 2 initial pressure at 60 ◦ C tests.
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The reduction in scaling rates at high turbulence levels (Fig. 7) 
requires careful interpretation. Although the overall deposition rate 
decreases, SEM images show a densely packed surface of calcite 
crystals at 300 rpm, with minimal voids between them— 

contrasting with the less compact distribution observed at 0 rpm 

under 60 ◦ C conditions. Calcite's high shear resistance allows it to 
remain adhered even under intense flow conditions. While a lower 
deposition rate was observed at 300 rpm, the rate remained

positive. Over an extended period, scaling would likely consist 
primarily of calcite, forming a tougher, more resilient deposit that 
could pose significant challenges for mitigation.

Optical microscopy of bulk samples collected after reactor 
opening for the 125 and 200 rpm tests at 60 and 80 ◦ C (Fig. 10) 
revealed that higher temperatures lead to the formation of larger 
aragonite crystals. These larger particles or clusters are more 
effectively carried by turbulent flows due to their increased

Fig. 10. Optical microscopy images of calcium carbonate polymorphs (calcite (c) and aragonite (a)) from bulk samples tested at 125 and 200 rpm, at bulk solution temperatures of 
60 and 80 ◦ C.

Fig. 11. XRD patterns.
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surface area and lower density, as observed in the images. As more 
material remains suspended in the fluid, less material is available 
for deposition and adhesion. Additionally, aragonite crystals are 
more susceptible to shear forces due to their needle-like shape and 
smaller cross-sectional area, which contributes to the reduction in 
scaling rate at 80 ◦ C. These images also show that as the rotational 
velocity increases, aragonite aggregates decrease in size, while 
calcite crystals grow, as also observed in Fig. 9 for the 60 ◦ C tests. 

XRD analysis of CaCO 3 samples from external coupons at both 
test temperatures reveals a mixed-phase composition of majority 
of calcite and aragonite. Fig. 11 illustrates that sharper peaks 
characterize calcites, while aragonite displays broader, less intense 
peaks.

These measurements corroborate that the turbulence effect, at 
both test temperatures, increases the mass fraction of aragonite at 
the expense of calcite. The higher relative intensity and distribution 
of aragonite peaks observed in samples from the 80 ◦ C tests high-
light the increased mass fraction of aragonite relative to calcite as 
the temperature rises. These findings are consistent with the 
microscopic observations presented in Figs. 9 and 10, confirming 
the dominant presence of these polymorphs and their indirect 
relationship with temperature and rotational velocity. These results 
align with those of Benkhaled et al. (2024), who analyzed calcium 

scaling from electrical submersible pumps (ESPs) in a carbonate 
reservoir with a low water cut (~1%). The scale was composed of 95% 
aragonite, which the authors attributed primarily to thermody-
namic factors—particularly the high temperature that favors 
aragonite formation—as well as to hydrodynamic fluctuations and 
the turbulent flow regime within the ESP.

In addition to gravimetric measurements, microscopic analysis, 
and compositional analysis, Rockwell C scratch tests were per-
formed on coupon surfaces. Fig. 12 shows the average COF over the 
normalized load ramp along the 10 mm scratch on external 
coupon surfaces at different rotational velocities. COF data from 

the 60 ◦ C test and measurements on non-scaling 316L stainless 
steel coupons are scattered. Values are averaged from three 
scratches per coupon, with two coupons per velocity. Tests at 60 ◦ C 
indicate that rotational velocity influences the COF, following a 
trend similar to the scaling rate: it increases with rotational ve-
locity up to a peak, then decreases.

Higher COF values for coupons with scaling indicate increased 
resistance to the indenter's motion. Lower COF values for non-
scaled coupons suggest easier sliding, likely due to higher surface 
hardness and lower roughness compared to scaled surfaces. This 
parameter indirectly correlates with the scaling layer's resistance,

Fig. 12. Scratch friction coefficient (COF) in the normal load ramp normalized by the 
maximum vertical load, Fz max (Fz is the vertical load applied by the indenter on the 
coupon surface along the linear scratch length, N), for internal and external coupons 
in the 60 ◦ C tests conducted at rotational velocities of 0, 50, 125, 200, and 300 rpm.

Fig. 13. Slide friction coefficient (COF) in the normal load ramp normalized by the maximum load for internal and external coupons in the 60 ◦ C (above) and 80 ◦ C (below) tests 
conducted at rotational velocities of 0, 50, 125, 200, and 300 rpm.
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as the COF is the ratio of the frictional sliding force to the normal 
force.

Quantifying the average COF over scratches at different rota-
tional velocities and temperatures (Fig. 13) shows that COF is less 
affected by rotational velocity at 80 ◦ C compared to 60 ◦ C. The 
average COF at 60 ◦ C is higher than at 80 ◦ C, and at 300 rpm, COF 
values exceed those of non-scaled coupons, indicating that high 
shear forces cannot completely prevent scaling. The results sug-
gest that the indenter was unable to fully detach the scaling layer 
under all conditions, leaving material between the indenter and 
the stainless-steel surface. This is confirmed through linear optical 
profilometry images of the scratches (Fig. 14), which show the 
absence of collapse in the average COF over that measured on the 
stainless-steel coupon without scaling. In all cases, a compressed 
film of material is observed between the indenter and the metal 
tip. The scratch images also show a considerable accumulation of 
aragonite crystals on the coupon surface at 80 ◦ C, although 
gravimetric measurements indicate a smaller mass compared to 
the results from the 60 ◦ C tests. The lower COF value measured for 
the 80 ◦ C coupons, along with the predominant aragonite 
coverage, suggests that this configuration is less resistant to the 
indenter's mechanical sliding within the linear ramp from 0.2 to 
10.2 N.

Although derived from a batch reactor, these findings are sig-
nificant, highlighting scaling behavior under various flow condi-
tions and temperatures, and leading to distinct observations 
compared to studies that analyzed scaling at lower temperatures 
and in environments without CO 2 (Løge et al., 2022; Moriconi 
et al., 2021; Martins et al., 2020; Vazirian et al., 2016). These 
studies, which examined the effects of hydrodynamics on scaling

behavior, have consistently shown that scaling rates tend to in-
crease with turbulence intensity. These differences underscore the 
importance of considering variable temperatures in experimental 
analyses of calcium carbonate scaling.

The CO 2 degassing effect, which initiates the precipitation re-
action, was also an important variable, resulting in an increased 
deposition mass compared to non-CO 2 conditions. The degassing 
effect creates a chemical potential that drives the system toward a 
new equilibrium state, thereby accelerating the precipitation rate 
and increasing scaling mass. This study is a pioneering effort in 
considering this effect with a high degree of control.

4. Conclusions

Through a systematic application of the developed methodol-
ogy, this study unveils the intricate relationship between hydro-
dynamics, temperature, and CO 2 content in calcium carbonate 
scaling under high-temperature and high-pressure wellbore con-
ditions. Gravimetric analysis quantified scaling rates at 60 and 
80 ◦ C, both at 70 barg, while X-ray diffraction (XRD) identified and 
measured polymorph distributions influenced by temperature. 
Scanning electron microscopy (SEM) and optical microscopy pro-
vided detailed insights into crystal morphology and surface adhe-
sion patterns. Additionally, scratch tests evaluated the mechanical 
resistance of scaling to shear forces. Collectively, these techniques 
have enhanced the understanding of the scaling process and 
adhesion strength, emphasizing the role of hydrodynamics and its 
effects at elevated temperatures. Hydrodynamics directly impacts 
scaling through a dual mechanism: It enhances the mass transfer of 
bulk particles or chemical species to the adhesion surface, but,

Fig. 14. Microscopic images from optical profilometry, SEM, and optical microscopy of scratches on external coupons at rotational velocities of 0, 125, and 300 rpm (60 ◦ C) and 
125 rpm (80 ◦ C).
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when shear forces exceed a critical threshold, mechanically 
removes the scale or inhibits its growth—particularly for less-
adherent and less-resistant polymorphs.

The findings challenge the conventional assumption that tur-
bulence intensity consistently promotes scaling. In contrast, our 
results indicate that while higher flow velocities initially increase 
scaling rates, beyond a certain threshold, turbulence inhibits 
adhesion due to elevated shear forces. This effect is particularly 
pronounced at 60 ◦ C, where rotational velocity significantly in-
fluences scaling rates.

Temperature plays a crucial role in both precipitation rate and 
crystal polymorphism. As expected, tests conducted at 80 ◦ C 
revealed a greater tendency for aragonite formation, which 
resulted in lower adhesion rates due to its less compact crystal 
structure. Conversely, at 60 ◦ C, calcite predominates under higher 
shear conditions, potentially leading to long-term scaling chal-
lenges due to its greater resistance to detachment. The study's 
methodology, designed to replicate Brazilian pre-salt well condi-
tions with a high CO 2 molar fraction and elevated temperatures, 
provides a valuable framework for further investigations in more 
complex and realistic environments, such as high-salinity solu-
tions, mixed gas phases, and the presence of potential scaling 
inhibitors.

These insights contribute to a more refined understanding of 
scaling mechanisms in CO 2 -rich systems, where temperature and 
hydrodynamic forces jointly influence scaling behavior.

Lastly, the batch rotating cage system, although it does not fully 
replicate the hydrodynamic characteristics of pipe flow due to 
inherent geometric discrepancies, provides substantial experi-
mental advantages for scaling studies. Despite its relative 
simplicity, this system enables precise control and monitoring 
under high pressure and temperature conditions—parameters 
that are not commonly reported in the literature—while also 
facilitating the achievement of turbulent flow regimes. Scaling 
phenomena observed on test coupons can be quantitatively 
correlated with those observed in pipe flow through the applica-
tion of equivalent wall shear stress matching (ASTM, 2016). 
Therefore, the results obtained may be further validated by 
comparative analysis with wellbore flow conditions, utilizing 
advanced computational fluid dynamics (CFD) methods.
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