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Abstract: Calcium carbonate scaling causes significant damage and financial losses to
various industries, particularly in deep-water oil exploration. It is affected by factors
like pressure, temperature, pH, solution chemistry, and surface finish. Surface finish is
critical, as it interacts with the fluid and serves as a substrate for the anchoring of calcium
carbonate crystals. However, many studies investigate this phenomenon under conditions
that differ from those encountered in deep-water oil exploration. Tests are commonly
performed under atmospheric pressure and lacking fluid flow or CO, influence, which
limits their relevance to industrial conditions. This study aims to evaluate the influence
of surface finish on the formation of calcium carbonate scaling under conditions that
more closely resemble actual operating environments. 304 stainless steel was selected to
replicate industrial conditions, owing to its chemical stability and common use in industrial
settings. The tests were conducted in a plant with high-pressure capabilities, operating
under continuous flow conditions with CO; injection. Controlled surfaces were prepared
through metallographic polishing, machining, sandblasting, and laser texturing techniques.
Surface characterization was performed using a 3D optical profilometer and scratch testing
to measure the average adhesion force. The polymorphs formed were characterized by
Raman spectroscopy. Fractal dimension analysis was applied to quantify the complexity
of the analyzed surfaces. The results indicate that surfaces with higher fractal dimensions
exhibit greater scaling mass and higher adhesion force. The main polymorph observed was
calcite. Additionally, it was noted that the texture orientation relative to the flow affects
scaling, with higher scaling values observed on surfaces oriented perpendicular to the
flow. These findings are crucial for optimizing material selection and surface treatments in
deep-water oil exploration, enhancing operational efficiency and reducing costs.

Keywords: scaling; calcium carbonate; surface finish; carbon dioxide injection

1. Introduction

Scaling is a phenomenon that occurs when inorganic and/or organic material adheres
to pipeline walls, partially or completely obstructing fluid flow. Inorganic fouling is
common and has significant relevance, as it is present in various segments of industry, from
offshore oil extraction, seawater desalination plants, sanitary landfills, and water treatment
stations, among other applications, causing a great impact on the productive process [1-3].
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Among the problems faced in offshore oil extraction, mineral scaling is one of the
phenomena of great relevance, as it reduces the efficiency of the productive process and
increases operational costs. The phenomenon of fouling occurs mainly in areas where there
is a pressure drop, such as valves, heat exchangers, membranes, measurement instruments,
and reductions, obstructing the component and potentially leading to its uselessness.
Typically, the phenomenon of scaling can lead to losses on the order of billions of dollars
per year for the oil industry [2,3].

In the leachate drainage of sanitary landfills, the low solubility of calcium, combined
with the presence of organic material, causes the release of carbon dioxide, favoring the
formation of calcium carbonate, thus leading to scaling in drainage pipelines [1].

Some chemical elements have been used as a means to inhibit scaling, achieving good
results. However, the observed disadvantages include the occurrence of corrosion in carbon
steel equipment, limited action time, and the possible contamination of the water [4-8].

Worldwide, there is a special interest in offshore oil exploration. When analyzing the
water present in extraction wells, it was observed that due to the chemical composition,
the main scaling is calcium carbonate (CaCO3). Therefore, understanding the factors that
govern the formation of calcium carbonate scale holds significant technical and economic
importance [9].

Among the variables that influence encrustation, surface finish has a strong influence
on calcium carbonate scaling [10-21]. Generally, higher roughness values lead to higher
encrustation rates; however, this trend is not always observed. According to studies [10,11],
surface roughness alone is an insufficient parameter to relate scaling to surface finish.

Typically, scaling studies use only the average surface roughness R, or the volumetric
roughness S, [11] for surface characterization [10,13,15,17,19,22-24]. Other authors do
not clarify how the roughness analysis was conducted [7,12,14,16,18,25,26]. However,
according to [10,11,27], the average roughness R, is insufficient to characterize a surface,
as very distinct surfaces can have the same average roughness value. Thus, the scaling
problems addressed require a systematic approach to surface analysis. Various tools for
surface characterization are presented and analyzed in the work of [28].

One alternative tool for surface characterization is fractal dimension analysis, which
quantifies surface complexity. The higher the fractal dimension, the more intricate the
surface, providing a greater area for heterogeneous nucleation [21]. According to [27],
fractal dimension provides an accurate description of the complexity of a surface at all
roughness scales. In the works of [29,30], methodologies for surface analysis using fractal
dimension are presented.

Some of the typical parameters for surface evaluation are R;, Rsy;, and R,. In the
discrete case, the R, value is calculated by summing the absolute values of the heights z ;,
measured relative to the mean line at each measurement point, and dividing by the total
number of points N [27,28], as shown in Equation (1):

Z

1
R, = N - |z 1)

1
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_

The Rs, parameter provides the mean spacing between surface irregularities, cal-
culated as the sum of the adjacent horizontal distances x; divided by the number of
consecutive peaks and valleys M [27,28], as shown in Equation (2):

| M
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Another basic parameter for describing a surface is R. This parameter provides the
average height between the five highest peaks p; and the five deepest valleys v; relative to
a mean line, as shown in Equation (3). It offers an indication of how high the largest peaks
and how deep the largest valleys of a surface are [27,28].
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The fractal dimension tool provides a measure of surface complexity and is useful for
characterizing rough surfaces, as more complex surfaces have higher fractal dimension (D)
values [27,29,30].

The most commonly used method for calculating fractal dimension is the Box-
Counting Method, where the surface is divided into a grid of boxes with size e, and
the number of boxes N(e) containing part of the surface is counted; the D is then estimated
from the slope of a log(N(e)) vs. log(1/e) plot. The fractal dimension tool, also known as
texture analysis, is used to quantify the complexity of two-dimensional images, providing
a measure that ranges from 1 to 2. For a two-dimensional image to have a well-defined
fractal dimension; it must exhibit self-similarity, meaning it displays patterns that repeat
across different scales; it must have scalability, where the image retains its properties across
varying scales; and it must have complexity, indicating it has a complex structure rather
than simply representing a geometric shape [27,29,30].

The choice of method depends on the application and the type of data (2D profile
or 3D surface). Modern computational tools, such as surface analysis software, automate
these calculations, making the process more efficient and accurate [29,30].

Focusing on the phenomenon of scaling, surfaces with high complexity and elevated
roughness values exhibit a larger number of surface cavities, with numerous peaks and
valleys, which enhance the propensity for calcium carbonate scale formation [31-36]. Ad-
ditionally, surface roughness may influence mass transport by inducing a more turbulent
regime near the surface, thereby increasing mass transfer and, consequently, promoting
greater scaling [23].

The conditions of pressure and temperature are also important, as they can affect the
allotropic phase of calcium carbonate, causing the adhesion strength between the substrate
and the carbonate to be altered [37].

The studies conducted so far have not been carried out under high-pressure conditions,
which are conditions close to those in offshore oil wells [8]. The presence of CO, affects
the reaction for the formation of calcium carbonate, leading to a greater amount of mineral
being formed [38].

Experimental research in the area of encrustation commonly fails to accurately repre-
sent the conditions found in oil wells, as turbulence and abrupt variations in thermody-
namic parameters are not fully represented under laboratory conditions [25,39,40]. The
high pressures found in these environments make it difficult to conduct these studies.
Furthermore, most of these experiments are carried out in static tests in reactors or nearly
static conditions and by flow in capillary tubes, which often limits the control of flow rates
and higher pressure conditions [41]. Another important consideration is understanding
the influence of CO, on carbonate scaling, as the Brazilian pre-salt presents high levels
of CO; [42]. The release of CO; from the solution is a factor of great importance, from a
thermodynamic point of view, in favoring precipitation. CO; remains dissolved along with
the fluids under pressure and temperature conditions. During a possible depressurization
of the system, CO;, is released from the solution (flash of CO,), making the medium less
acidic and more favorable for the precipitation of CaCOs [43,44]. It is known that the
mass portion of precipitate resulting from the flash of CO; can represent up to 85% of
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the total amount of precipitated calcium carbonate, compared to the 15% attributed to
thermodynamic effects at a temperature of 40 °C [45-48].

The primary objective of this study is to evaluate the influence of surface finish on the
formation and adhesion of calcium carbonate scaling under conditions that closely replicate
industrial environments, including high-pressure conditions, continuous flow, and CO,
injection. The study uses 304 stainless steel with varying surface finishes and employs the
fractal dimension technique to quantitatively assess the scaling potential of the surfaces.

2. Materials and Methods
2.1. Experimental Setup for the Evaluation of Calcium Carbonate Scaling at High Pressure

The setup used for the tests was built to investigate the scaling phenomenon at high
pressures. Figure 1 shows schematic of the system used in the scaling tests.

(1) Tank of Bicarbonate
of soda (5) Pressure Gauge

e 4§ ©

(3) Pump  (4)Flow meter

(8) Globe Valve

(7) System of Q - :
CO: Liquid |co: Liq {1 @ Di]—.H @ L%
)

injection

5 (3) (8)
(2) Tank of Calcium pl'l(:: mr‘ (9) Samples
Chloride
m (@) (») CaCOs
‘ - (10)Tank of
(3) 4) (5) Discard

Figure 1. Schematic representation of the experimental scaling plant.

At the beginning of the setup, there are two tanks (1) and (2), where the calcium
chloride and sodium bicarbonate solutions are contained. The solutions are pumped
individually by high-pressure piston pumps (3) from Bertolini Pumps (Pump, Bertolini,
Reggio Emilia, Italy) capable of operating at 500 bar and with a flow rate of up to 600 L/h.
The pipes used have a diameter of 3/4 inch and are made of stainless steel 316L. The system
includes Coriolis flow meters (Flow Meter, Emerson, MO, USA) (4), with an uncertainty
of 0.01 kg/h, a pressure transducer (5) with a capacity of 0-300 bar and an uncertainty of
0.01 bar (Pressure Transducer, Warner, WI, USA), and pH meters (6) with an uncertainty of
0.01 (pH meters, Corr Instruments, Nevada, USA).

The setup includes a liquid CO; injection system (7), which mixes with the sodium
bicarbonate (NaHCO3) and calcium chloride (CaCly) lines. After injection, the fluids flow
through a section of piping of adequate length to ensure complete solubilization of the CO,
in the liquid phase. The liquid CO; is pressurized by a piston pump.

For pressure control in the analysis section, globe valves are used to control the
pressure (8) (Valve, Emerson, MO, USA), with an operating capacity of up to 500 bar and
controlled remotely by a pneumatic system. The test specimens are inserted after the
control valve (9). Finally, there is the solution disposal tank (10).

The test specimens are connected to the pressure line via a flange system, as illustrated
in Figure 2a. In the central region, there is a bipartite cylindrical test specimen cell, as
shown in Figure 2b,c, with a capacity for six rectangular prism-shaped test specimens.
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(b) (c)

Figure 2. Illustration of the sample coupling system in the line. (a) The flanges where the test
specimen cell is inserted along with the test specimens. (b) The bipartite test specimen cell. (c) The
assembled cell.

The flange is made of stainless steel 316L, and the assembly of the line is performed
with controlled torque using a torque wrench. The cell where the test specimens are
inserted is divided into two parts, facilitating handling without damaging the samples after
the tests.

The test specimens with different surfaces can be easily manufactured and replaced.
The rectangular surface provides a good geometry for subsequent analysis in the 3D optical
profilometer.

Figure 3 shows the main parts of the experimental setup. In (Figure 3a), the region
where the pumping system and the reservoirs of sodium bicarbonate and calcium chloride
solutions are located is shown. In (Figure 3b), the region where the sensors, globe valves,
and specimen coupling system are shown.

Figure 3. Illustration of the experimental setup. (a) The pumping system and solution tanks. (b) The
location of the sensors, globe valves, and specimen coupling flange.

2.2. Operational Conditions for the Scaling Tests

The experimental control parameters are shown in Table 1, and all samples were tested
in triplicate. In the region where the test specimens are inserted, the pressure is reduced to
atmospheric pressure in order to optimize the formation of calcium carbonate favoring the
phenomenon of CO, flash [38,45].
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Table 1. Experimental parameters.
Variables Average Uncertainty
pH 5.7 0.1
Flow rate of CO, injection (kg/h) 3.8 0.9
Flow rate of solutions (L /h) 310.7 2.1
Pressure (bar) 98.8 2.7

2.3. Methodology for the Solution Preparation

The water used for preparing the solutions was treated using a deionizer model CCT-
3300 from ROC. The treatment aims to reduce the amount of minerals that are not of interest
for analysis, thereby isolating the effect of calcium carbonate.

The solutions were prepared with the objective of optimizing calcium carbonate
formation in the line, based on the work [43]. To prepare the 3.67 g/L CaCl, solution, the
mixing tank was filled with 1000 L of deionized water (volume verified by the totalizer),
3.67 kg of CaCl,-2H,0 was weighed using a Marte LS20 balance and added to the mixer.
The mixture was allowed to homogenize for 1 h and then transferred to the IBC tank. After
7 days, the solution was ready for use.

To prepare the NaHCOj3 solution with a concentration of 6.30 g/L, the mixing tank
was filled with 1000 L of deionized water (volume verified by the totalizer), 6.30 kg of
NaHCO3 was weighed on a Marte LS520 balance and added to the mixer. The mixture was
allowed to homogenize for 1 h and then transferred to the main tank. The solution was
rested for 7 days for the solvation of the reagents. The methodology for preparing the
solution was based on the work of [43].

2.4. Fabrication of the Test Specimens

The test specimens were fabricated from stainless steel 304, with dimensions of 150 mm
in length, 12.9 mm in width, and 3.3 mm in thickness. 304 steel was chosen for its chemical
stability and extensive industrial applications. The specimens were obtained from a flat bar
measuring 12.9 mm in width, 3.3 mm in thickness, and 6 m in length. The samples were
cut using a metallographic cutter.

To produce different surface finishes, four techniques were used: metallographic
polishing, machining, sand blasting, and laser texturing, resulting in eleven distinct types
of surfaces: two polished, six machined, one blasted, and two laser-textured surfaces.

Two polished surfaces were produced using the metallographic polishing process, one
with a mirror finish, where polishing was performed with alumina with a particle size of
4 um, and the other with a rougher surface, where polishing was completed with 400-grit
sandpaper. For the metallographic polishing, a Struers DP3 machine was used (Polisher,
Struers, Ballerup, Denmark) maintaining a rotation of 300 RPM, and the sandpapers used
were 400, 800, and 1200 grit, and finally alumina with a particle size of 4 um.

To vary the surface finish on the machined surfaces, a DPT FU301 milling machine was
used (Milling Machine, Promil, Sao Paulo, Brazil). In all cases, a rotation of 1000 RPM and
a cutting depth of 0.2 mm were employed. The parameters used for milling are displayed
in Table 2, where M1-M6 are the machined samples. The tool used was a 17 mm diameter
titanium-coated end mill with four cutting edges.

To fabricate the test specimens with laser texturing, the equipment used was the
Scanlab brand, model BasiCube 10 (Laser texturing, Scanlab, Puchheim, Germany) which
operates at a wavelength of 1064 nm. The spacings produced via laser were made uniformly,
measuring 200 pum, in both the longitudinal and normal directions to the flow. Figure 4
illustrates the surface finish of the samples produced via laser. The images were obtained
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using an Eclipse MA200 optical microscope (Microscope, Nikon, Tokyo, Japan). The
textures are observed in two directions, longitudinal and normal relative to the flow, both
with an average spacing of 200 um.

Table 2. Machining parameters used.

Machined Test Specimens M1 M2 M3 M4 M5 M6
Cutting Speed (mm/min) 63 125 250 315 500 630
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Figure 4. Samples with laser-structured surfaces, viewed under a microscope at 100 x magnification;
(a) textures oriented longitudinally and (b) textures oriented transversely.

2.5. Surface Characterization and Detachment Force

For surface characterization, the 3D optical profilometer Sensofar, model NEOX SS-
NEOXOO was used. The analysis was conducted according to the ISO 21920 standard [49],
and the region of the analyzed surface was 5500 pm by 650 pm. For each type of test
specimen, five distinct samples were analyzed, where the average values of their properties
were evaluated.

It is also important to highlight the significance of the surface area used in predicting
roughness values, as roughness varies depending on the size of the analyzed region. Since
roughness values depend on the analyzed area, it is crucial to specify the area used when
comparing results with other studies.

In the analysis of the scaling mass with different surface finishes, the parameters of
fractal dimension (dimensionless) R,, Rz, and R, were selected. The parameters used
were obtained according to [28,29]. The measurements and procedures performed are
based on the ISO 21920 standard [49].

For the calculation of the fractal dimension, surface images were analyzed using
Image] software (version 1.53t) with the Fractal Box Count tool. The surfaces exhibited
characteristics of self-similarity, scalability, and complexity, allowing for the assignment of
fractal dimension values. Five regions from each sample were analyzed, with standardized
resolution across all surfaces, and the mean and standard deviations of the quantities of
interest were extracted.

To ensure consistent surface comparison, all images must have the same resolu-
tion. In this case, they were obtained via profilometry at a resolution of 1377 pixels by
1136 pixels. Figure 5 displays the image of machined surface 1. The image was converted
to 8-bit, and the contrast was adjusted to enhance the visualization of surface details. Sub-
sequently, the Box-Count tool was applied to calculate the fractal dimension value. The
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fractal dimension of the surfaces represents the degree of surface complexity, which is
proportional to the number of voids and surface reliefs that may serve as anchoring sites
for calcium carbonate crystals.

¢ Image) =
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Figure 5. An example of image processing and fractal dimension analysis.

To estimate the mechanical resistance of the calcium carbonate film, the technique of
sclerometry was used. The equipment utilized was an APEX (Sclerometry, CETR/Bruker,
MA, USA). All tests were conducted with a length of 20 mm, a speed of 0.167 m/s, a
Rockwell C-type indenter, a load application rate of 1 N/mm, and a pre-load of 0.5 N. The
standards used as references were ASTM C1624-22 [50] and ASTM G171-03 [51].

The detachment force was estimated by measuring the distance of the scratch pro-
duced, multiplied by the loading rate (1 N/mm), plus the value of the pre-load (0.5 N).
For this purpose, a Zeiss Stereo Discovery V20 microscope was used (Microscope, Zeiss,
Oberkochen, Germany). For each type of surface, five scratches were made, and the average
force values for each surface type were obtained. The tests were conducted in triplicate.

2.6. Analysis of Encrusted Mass and Polymorphism

The analysis of the mass of calcium carbonate encrusted was performed using the
gravimetric method. After the tests, the specimens were removed from the mold (Figure 4).
The unwanted encrustation, not located on the surface of interest, was removed using
10% acetic acid with the aid of a cotton swab on all samples. Subsequently, the samples
were dried at room temperature for 24 h in a glass desiccator. The mass measurement was
conducted using an analytical balance model MS304TS/A00 (Analytical Balance, Toledo,
OH, USA), with an uncertainty of 1 mg.
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For the characterization of the polymorphs of calcium carbonate, the Raman spec-
troscopy technique was used with an Alpha300 A model (Atomic Force Microscope, WITec
GmbH, Ulm, Germany).

3. Results and Discussion

The analysis of the surface at a microscopic level allows an understanding of how
the interaction with the fluid occurs and how its interstices can accommodate particulate
material and facilitate the nucleation and growth of crystals. This contributes to a better
understanding of how the phenomenon of scaling develops, enabling the mitigation of its
effects through the control of surface characteristics.

The proposed surfaces were analyzed using profilometry, exhibiting quite distinct
morphological characteristics (Figure 6 and Table 3). The polished surface (Figure 6a)
presents a flat aspect and a low roughness value compared to the others. This surface
exhibits an isotropic characteristic with low-frequency roughness and peaks and valleys
with a maximum height R, on the order of 1 um. In contrast, the sanded surface (Figure 6b)
displays high-frequency roughness with peaks and valleys having a maximum height R,
on the order of 10 um, and it also has isotropic characteristics.

&
&

pm
b@ "23, pm

&

S o
(e) Machined 3 (f) Machined 4

S o S o
(h) Machined 6 (i) Sandblasted

(j) Reference System and Deep Scale

Figure 6. Analyzed surfaces (a—i) and reference and scale system (j).
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Table 3. Surface parameters of the test specimens used.

Test Specimens Fractal Dimension R, (um) Ry, (um)
Polished 1.1015 0.03 140.1
Sanded surface 1.3221 0.18 70.6
Machined 1 1.9523 0.31 50.4
Machined 2 1.8507 0.42 55.4
Machined 3 1.8389 1.21 122.2
Machined 4 1.7943 1.40 143.7
Machined 5 1.9166 1.73 167.8
Machined 6 1.8455 2.06 203.2
Sand Blasted 1.9733 1.02 51.8

The complexity of the two surfaces produced by metallographic polishing (Figure 6a,b)
was low compared to the subsequent samples. The polished surface exhibited a fractal
dimension of 1.1015 (dimensionless), while the sanded surface had a value of 1.3221. Both
surfaces appeared flat compared to the others, resulting in reduced interaction with the
flowing fluid.

The machined surfaces (Figure 6¢-h) exhibit a periodic surface pattern, characteristic
of the manufacturing process. It was observed that as the cutting speed increased, the
peaks and valleys become wider and deeper. The machined surface with the lowest feed
rate (Machined 1, Figure 6¢) had an average roughness R, of 0.31 um and a R; of 1.85 pm.
In comparison, the machined surface with the highest feed rate (Machined 6, Figure 6h)
had a R, roughness value of 2.06 um, and the average height of the peaks and valleys R,
is 5.06 um. It is noted that although the average roughness and average height increase
with the feed rate, the surface with lower roughness exhibits a higher number of peaks and
valleys within the same analyzed area. The average alignment of the machined surfaces
concerning the flow was 45°.

Still regarding the machined surfaces, when analyzing surface complexity, samples
with lower roughness values (lower feed rates) exhibited lower fractal dimension values,
indicating that these surfaces are more complex, with a large number of peaks and valleys,
which can facilitate the scaling of calcium carbonate. The highest fractal dimension value
was 1.9523, obtained from machined surface 1, while the lowest value was displayed on
machined surface 4 (Figure 6f), with a value of 1.7943; as observed, the fractal dimension
value does not follow a linear trend with the cutting speed used in surface fabrication (See
Table 3).

Lastly, regarding the sandblasted surface (Figure 6i), an irregular and isotropic pattern
is observed, which is characteristic of the abrasive blasting process. This surface exhibited
an average roughness R, of 1.02 um, with a maximum height R, on the order of 10 pm. In
terms of complexity compared to the others, this surface had the highest value, displaying a
fractal dimension of 1.9733. The number of interstices on this surface may be a predominant
factor in achieving high levels of embedded mass on this type of surface; they can also
provide a large anchoring area, thereby making the removal of encrustation more difficult,
which translates into high values of force required for the removal of inorganic materials,
as will be discussed later.

The laser-produced surfaces were analyzed separately due to the nature of the manu-
facturing process used to create their textures.

The obtained values of fractal dimension, R, roughness, and peak and valley widths
Rgy, for each surface are summarized in Table 3. It can be observed that the polished surface
exhibits the lowest R, roughness and the lowest fractal dimension value, followed by the
sanded surface. The machined surfaces from 1 to 6 show increasing R, roughness; however,
the fractal dimension did not follow this order, achieving higher values in test specimens 1
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and 5. The pattern left on the machined surface results from the interaction with the cutting
tool and does not necessarily exhibit a fractal dimension proportional to the feed rate.
Explanations include heat transfer, tool-material interaction, altered metal deformation
mechanisms, and interaction with the removed material. A more detailed discussion is
beyond the scope of this work, and further data are required for comprehensive analysis.
Finally, the highest fractal dimension value was obtained for the sandblasted surface.
The table also includes the average values of peak and valley widths (Rs;;). Among the
machined surfaces, there is an observed increase in the average width of peaks and valleys
with the increase in cutting tool feed rate, obtaining the highest value in the machined
surface 6.

Surface energy is also commonly used to evaluate the effect of the surface on calcium
carbonate scaling [13,15]. However, the analyzed surfaces have the same chemical compo-
sition as the substrate, making the variation imperceptible. In the work of [15], different
materials with varying chemical compositions are evaluated, but this study emphasized
the effect of roughness only, maintaining the same material, which was stainless steel 304.

One notable aspect of the roughness measurements is the range of finishes used. In [13],
the range was 0.2-1.91 um, while in the present work, the range utilized was 0.03-2.06 pm.
Additionally, the study in [12] employed a smaller range of roughness values, specifically
0.01-0.1 pm. In this work, a broad range of roughness values was targeted for scaling tests,
ensuring compatibility with those commonly found in typical manufacturing processes.

In addition to roughness, the orientation of the surface in relation to the main flow
(Figure 6j) should also be discussed, which was not explicitly addressed in the analyzed
studies (except for [11], which evaluated the effect of roughness orientation relative to
the flow). The orientation of the surface roughness in relation to the flow affects how the
fluid interacts with the surface, potentially modifying mass transport characteristics, either
promoting or hindering the scaling phenomenon.

The scaling experiments were conducted with controlled parameters as specified in
Table 2. Triplicate tests were performed for all specimens tested.

After completing the surface characterization, bench tests were conducted using a
pressurized system to evaluate the influence of the surface on the scaling process. Figure 7
shows the scaling mass (m) for each analyzed roughness R,. It can be observed that
there is no clear pattern regarding how the surface affects the deposited mass. Among
the machined specimens tested, the surface with the lowest roughness exhibited a higher
scaling mass, while the surface with the highest roughness showed a lower scaling mass.
In the polished samples, despite the significant difference in finishing, the scaling mass
values were statistically similar.

The surface that exhibited the highest mass of scale deposition was the shot-blasted
one, even though it did not have the highest average roughness R,. These results indicate
that the roughness parameter R, is insufficient for evaluating the scaling effect. As an
average value, R, provides limited information about the analyzed surface, as different
surfaces with distinct characteristics can exhibit the same R, value according to [27].

In contrast to the present study, the research conducted by [11] concluded that rough-
ness did not significantly affect the scaling mass of calcium carbonate. However, the
tests were carried out with a narrower range of roughness compared to the one used in
this work.

Unlike the present study, where no clear pattern of variation in the scaling mass as
a function of the average roughness R, was observed, the works of [12,13,15,19,22,40]
associate the increase in deposited mass with the increase in average roughness. It is worth
noting that these studies used a smaller range of roughness and different surfaces. The
tests were also conducted under different conditions, such as low pressure and the absence
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of CO; injection, which makes them less representative of the actual scaling conditions in

the industry.
70
"y 4 Polished
60 ® Machined
® Sandblasted
50
oo
£ 40
w
5]
M 30
b=
20
10
0 A A
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

Ra (um)

Figure 7. Variation of the deposited mass with the average roughness R, for the different
analyzed surfaces.

Unlike the study presented herein, several authors have employed multiple materials
as substrates [12,15,19], which complicates the isolation of the roughness effect, given that
the chemical properties of the materials also significantly influence the scaling process.
In the current study, 304 stainless steel was selected to mitigate the impact of corrosion,
a phenomenon that may interfere with the scaling process and introduce an additional
variable, potentially leading to misleading results. For example, in the study by [22],
tests were conducted using ASTM 1020 carbon steel, a material prone to corrosion when
exposed to salts such as calcium carbonate, which could compromise the interpretation of
scaling behavior.

Regarding Figure 7, within the same surface class (green circular points), no linear
pattern of scaling was observed with the roughness R,; the complexity of the surfaces
cannot be represented by an average parameter. It is noted that the machined surface 1
had greater scaling than the others. When observed under the microscope (Figure 8a), it
was found that the dimensions of the peaks and valleys of this surface better anchored the
calcium carbonate crystals compared to the other surfaces.

Similarly to Ry, it was found that R, and Rs;, also do not provide an accurate descrip-
tion of a surface’s scaling potential.

It should be noted that the rougher surfaces, which were produced with higher feed
rates, have wider peaks and valleys that do not accommodate the calcium carbonate crystals
as effectively, making them more easily removed by the flow (Table 3 and Figure 6). The
parameter used to quantify the average width of the peaks and valleys of a surface was
R, which varies from 50.4 um on the machined surface 1 to 203.2 um on the machined
surface 6. It can be observed that the crystals have a width compatible with the peaks and
valleys of machined surface 1.

It can also be observed that from machined surface 1 to machined surface 6, there was
a decrease in the quantity of crystals (Figure 8); although, their size increased, which is a
result that aligns with the observations made by [11]. As the width of the peaks and valleys
increased, especially on surfaces 5 and 6, there was a decrease in the number of crystals
accommodated on the surface, as they were carried away by the flow.
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Figure 8. Machined surfaces after the 30-min encrustation test.

Upon observing Figures 7 and §, it is noted that the scaling mass did not follow a linear
trend with roughness. Despite the different testing conditions, this result is consistent with
the experiments conducted by the authors in [21].

As discussed thus far, the average roughness was unable to correlate the phenomenon
of encrustation with surface finish. Therefore, the use of the mathematical tool of fractal
dimension is proposed to quantify the complexity of the surfaces. Figure 9 displays the
mass (m) of calcium carbonate encrusted against the fractal dimension (D) of the evaluated
surfaces. An increase in the mass of encrustation is observed with the increase in surface
complexity; more complex surfaces show a greater scaling tendency.

Higher fractal dimension values are associated with larger surface areas, consequently
providing a greater area for anchoring and growth of calcium carbonate crystals, a fact that
agrees with the observations made by [13].

Surfaces with higher fractal dimension values exhibit greater irregularity, which
may intensify their interaction with the flowing fluid. This interaction could modify the
formation of the boundary layer near the surface, resulting in a more turbulent and diffusive
flow. Consequently, the mass of calcium carbonate adhered to the surface increases. These
explanations align with the results reported in [21,23].
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Figure 9. Variation of the encrusted mass with the fractal dimension.

Another factor that deserves attention is the influence of the surface orientation
relative to the flow. For this purpose, two surfaces were produced by the laser texturing
process. The surfaces are considered statistically identical, with the same R, value of
1.2 + 0.4 um and the same fractal dimension of 1.9601 £ 0.010 pm. Figure 10 shows the
laser-produced surfaces, with orientation parallel to the flow (Figure 10a) and normal to
the flow (Figure 10b), as well a deep scale color (Figure 10c).

Scale pm
25

20

o

=
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(a) Textures parallel to the flow (b) Textures normal to the flow (c) Deep Scale

Figure 10. Profilometry of the samples produced via laser, with (a) horizontal orientation to the flow
(parallel to the flow), (b) normal orientation (perpendicular to the flow), (c) Deep scale color).

The mass results obtained were higher in the test specimens oriented perpendicular to
the flow, with a scaling mass of 61.7 £ 0.1 mg, compared to 16.7 & 1 mg for surfaces with
parallel textures. These results highlight that, depending on the orientation of the surface
roughness, different scaling mass results can be observed, even for statistically identical
surfaces. Therefore, it is important to also consider the flow direction in relation to the
texture of the roughness imposed on the surface.

The surface that is oriented parallel to the flow of the solution will tend to disturb
the flow less, making it less turbulent and consequently less diffusive, leading to lower
encrustation values. These results may vary as the velocity values are altered, in accordance
with what has been discussed by [21,23].

In contrast, [11] concluded that the texture parallel to the flow exhibited a higher
scaling mass. However, it should be noted that the flow conditions in the studies are entirely
different, as the authors used a magnetic stirrer to generate the flow, which may lead to
significant differences compared to the flow presented in the present study. Furthermore, it
should be noted that the test conditions were completely distinct, as they were conducted
by the authors at atmospheric pressure and without CO, injection.
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To conclude the discussion about surface orientation, it is important to highlight that
the phenomenon of scaling is complex and should be analyzed with the aid of various
surface parameters. As observed, even with the same fractal dimension, changing the
orientation of the textures resulted in different values of encrusted mass. For scaling mass
analysis, fractal dimension proved to be a useful tool, providing a consistent relationship
between the increase in scaling mass and surface complexity, being more efficient than the
traditional R, parameter. However, for surface description, without relation to scaling mass,
it is still necessary to use traditional surface parameters like R,, R;, and Rs;,. Nevertheless,
these parameters alone are not good estimators of scaling potential.

An important measure that complements the study of scaling is the detachment force.
Figure 11 shows the results of the detachment force measured for the selected samples.
It can be observed that the detachment force on the sandblasted surface was the highest
among all samples. Among the machined surfaces, machined surface 1 exhibited the
highest detachment force. The graph also presents the fractal dimension values for the
samples. It is noted that higher fractal dimension values lead to greater detachment force
values, as they are associated with larger amounts of interstices for anchoring calcium
carbonate crystals, necessitating a greater force to detach them.
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Figure 11. Detachment force (N) and fractal dimension for the evaluated test specimens, where P is
the polished specimen, S is the sanded specimen, M1-M6 are the machined specimens, and SB is the
blasted specimen.

Another important observation is that, in machined samples 1 and 5 and the blasted
one, the fractal dimensions, although seemingly similar, lead to varying detachment force
results. It is worth noting that the fractal dimension is a parameter ranging from 1 to
2 in two-dimensional images, and even small variations in this parameter can lead to
significant changes in surface properties (Table 3). Machined surfaces exhibit a periodic and
well-defined texture, with patterns determined by the manufacturing process (Figure 6).
In contrast, the blasted surface displays an isotropic character, with more interstices and
smaller dimensions, which promotes stronger adhesion of the calcium carbonate film
compared to the machined surfaces.



Surfaces 2025, 8, 13

16 of 19

These results are consistent with findings from [13,15,20], where surfaces with a high
degree of complexity exhibited greater adhesion forces. It is noted that surfaces with high
levels of scaling also demonstrate elevated values of detachment force.

In the study by [20], it is discussed that the interaction force between calcium carbonate
and the surface is of the van der Waals type, where substrates with greater interaction
forces exhibit higher adhesion forces. Additionally, greater interaction was observed on
complex surfaces with higher surface area values, which also corresponded to higher
fractal dimensions.

Another important variable in the study of calcium carbonate scaling is the polymorph
present, as this variable influences surface adhesion. Regarding the polymorphism of the
obtained calcium carbonate, it was observed through Raman spectroscopy (Figure 12) that
the polymorph obtained was calcite. This result is consistent with the findings of [46—48].
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Figure 12. Raman spectroscopy curve of the calcium carbonate obtained in the tests.

The result of the Raman spectroscopy is confirmed by the microscopy images of the
calcium carbonate obtained in the experiments, where calcite is observed as the main
polymorph in rhombohedral form (Figure 13). Although the experiments were conducted
dynamically, with continuous pressurized flow, the results agree with theoretical pre-
dictions and static tests performed by other authors [31,32,34,36,37]. For the pressure
and temperature in which the experiments were conducted, calcite is expected to be the
thermodynamically stable polymorph.

Figure 13. Calcite polymorph resulting from the experiments, which has a rhombohedral structure.

4. Conclusions

The use of surface roughness R, as a way to quantify the potential for scaling on a
surface is insufficient, as it does not describe the details of a surface. Within the range
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of roughness evaluated, its utilization did not provide a well-defined trend, making it a
poor estimator of encrustation potential, providing a misleading notion of following a
trend in certain ranges. In the experiments, a good correlation was observed between the
scaling mass and the fractal dimension, making it a good estimator of a surface’s scaling
potential. Even so, for surface description and analysis, it is still necessary to use basic
parameters such as R,, R; and Rg,,,. The complexity of a surface is related to the number of
available sites and area for the occurrence of encrustation. It was observed that surfaces
with higher scaling mass values, resulting from a high fractal dimension, also exhibited
elevated values of detachment force of the calcium carbonate film. It was noted that
statistically identical surfaces, oriented differently in relation to the flow, did not exhibit
the same encrustation mass, highlighting the importance of not only fractal dimension and
roughness measurements for surface characterization but also the orientation of surface
textures concerning the flow.
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