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Abstract: In order to alleviate the serious problem of scaling in oilfield water injection pipelines, we
developed a scale collection device and applied it in the field based on the idea to “change passive
descaling to active descaling”, but the effect is not stable, so we need to improve the descaling effect.
Firstly, this paper analyzed the effect of surface physical properties of eight non-metallic materials
on CaCO3 scale growth and their mechanisms through shear experiments. Then, the influence of
surface properties (roughness, contact angle, surface energy) on the scale growth characteristics
was investigated. Finally, the influence of material surface properties on the friction coefficient was
studied by a cyclic experiment. The results showed that except for PTFE (polytetrafluoroethylene),
the fouling amount of the other seven materials changed abruptly at 18 h, and the maximum fouling
amount of FRP was 2.05 g/m3. It was found by scanning electron microscopy that the fouling
particles on the surface of FRP were interconnected and presented in the form of flakes, which was
related to the larger surface wettability, surface energy, and roughness. At the same time, the surface
properties of the material have a certain relationship with the friction coefficient, and the influence of
the contact angle on the friction coefficient is greater than the surface energy and roughness.

Keywords: non-metallic; contact angle; roughness; surface energy; crystal morphology

1. Introduction

To meet the increasing demand of national oil energy strategic reserves, reservoir water
injection is widely used to improve oil recovery in oilfields. However, the incompatibility
between injected water and groundwater, the high mineralization of extracted water,
and the drastic fluctuation of equipment operating parameters have led to an increasing
phenomenon of pipeline fouling [1,2]. Therefore, scaling not only affects the normal
production of oil fields and increases the safety risks of oil field production but also
damages the economic benefits of oil field development.

Although the traditional descaling and anti-scaling methods have a certain effect on
descaling and anti-scaling, they often “treat the symptoms rather than the root cause”,
which needs to be further explored. Targeted analysis of scaling causes and anti-scaling
measures is not only the need for efficient and stable operation of an oilfield water injection
and gathering system but is also an important way to maintain normal production and
improve the comprehensive benefits of oilfield development [3]. In view of this, the
group and an oilfield jointly proposed a new “change passive scaling into active scaling”
descaling method, invented and designed a fixed-point descaling device for pipe networks
based on the principle of a shallow pool, and developed a collection and aggregation
device applicable to a CaCO3 scale type oilfield [4,5]. This technology has changed the
conventional anti-scaling and descaling ideas, artificially designed the scaling environment
of simulated fluid, realized the fixed-point aggregation and rapid descaling of fluid in a
specific device, and ensured that the scaling of subsequent process pipelines was minimized
or even not scaled [6,7].

However, scale formation is a complex and dynamic process, and the mechanism of
crystal growth is mainly surface heterogeneous nucleation and homogeneous precipitation
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in solution. The study of crystal growth mainly focuses on the surface properties of
materials. Some scholars have found that the adsorption of sediments depends on surface
free energy. Zhang Zhongbi [8,9] studied the relationship between CaCO3 fouling growth
and material surface properties through experiments. The results show that the increase
in material surface energy can directly affect the increase in the material surface scaling
amount, and low surface energy has a certain scale inhibition performance. Czetler [10]
found that the scaling behavior of metals and polymers can be affected by changing the
energy properties of the heat transfer surface. The experimental results show that the
reduction in the surface energy of the material will lead to the reduction in the scale
inhibition performance and the enhancement of the scale inhibition performance. Wan
Zhihao [11] studied the surface coating of the enhanced tube and found that, for the
enhanced tube with lower surface energy, it is more difficult for the pollutants in the fluid to
adhere to the heat transfer surface after contact with the heat transfer surface. In addition,
the surface energy is positively correlated with the progressive anti-fouling ability of the
coated tube [12].

At the same time, the roughness of the material has a certain relationship with the
growth of dirt on the surface of the material. Kong Xiangbing [13] studied the growth
characteristics of particle fouling in heat exchanger tubes by establishing a platform for
fouling growth characteristics in tubes. It is found that the greater the surface roughness,
the faster the ash deposition rate. Keyasar [14] investigated the relationship between heat
transfer surface properties and the nucleation rate of fouling crystals. It was found that the
adhesion strength of crystals to the heat transfer tube surface increased as the roughness of
the heat transfer tube surface increased. This led to the formation of fine fouling crystals
on the heat transfer tube surface. Bansal et al. [15] showed that materials with rough
surfaces can provide more fouling nucleation sites than materials with smooth surfaces.
New nucleation sites can be formed through the fouling layer and the fouling is enhanced.

Keogh et al. [16] experimentally studied the surface properties of different materials,
and it was found that the surface wettability is related to the material. The smaller the
contact angle, the stronger the wettability and the lower the growth energy of the nucleation
layer. Yamanaka et al. [17] studied the growth behavior of calcium carbonate crystals on
different substrates using atomic force microscopy. They found that the smaller the contact
angle of the droplets, the more hydrophilic the material is and the more pronounced the
heterogeneous nucleation on the material surface is. Andreas et al. [18] found that in the
presence of an oil–water interface, fractional wettability leads to the formation of a shell
composed of small calcite crystals around the hydrophobic spheres, while larger crystals
are formed on the hydrophilic spheres.

Scholars have carried out relevant research studies on the influence of material types
on the growth of fouling. However, the optimization of the flow unit material of the
aggregation fouling device is limited to the qualitative analysis of metal materials and the
influence of metal material types on the fouling laws. The influence mechanism of non-
metallic materials and surface physical properties on crystallization fouling is still unclear.
There are few studies on non-metallic materials to promote fouling in agglomeration
devices. Therefore, based on the preliminary research of the project, this paper intends to
systematically carry out dynamic simulation shear experiments of different non-metallic
materials and study the growth law of crystal fouling on the surface of different materials
from the macro-scale. Secondly, based on the surface wettability, surface free energy, and
surface roughness of different materials, SEM is used to further study the fouling pattern
and reveal the intrinsic mechanism of the material type affecting the growth of precipitated
fouling. Finally, the law of the influence of the physical properties of the material surface
on the friction factor of the material is investigated based on the experimental platform of
the indoor loop channel. The research of this paper provides some theoretical basis and
technical support for further optimization of the scale reduction stacking device.
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2. Materials and Methods
2.1. Materials

The scaling solution was taken from Xinjiang Oilfield, and the residual anions and
cations in water samples were determined by ion chromatography. The components in
oilfield water samples were detected by a Swiss Wantong 930 ion chromatograph. The
results are shown in Table 1.

Table 1. Table of ionic composition of experimental water samples.

Group Type Group Name Concentration, ppm Group Type Group Name Concentration, ppm

Cation

Na+ 7150.61

Anion

Cl− 11,944.69
K+ 15.05 HCO3

− 1338.37
Ca2+ 644.01 PO4

3− 299.79
Mg2+ 183.44 SO4

2− 40.15

The mineralized water prepared in this paper was prepared according to Table 1. The
use of mineralized water is to simulate the scaling of oilfield water. The water used in
the experiment was distilled water. All reagents had an excellent grade purity. CaCl2 was
obtained from Tianjin North Tianyi Chemical Reagent Factory, Tianjin, China; MgCl26H2O
and NaHCO3 were obtained from Tianjin Tianli Chemical Reagent Co Tianjin, China.;
NaCl2 was obtained from Tianjin Zhiyuan Chemical Reagent Co. Tianjin, China; KCl was
obtained from Tianjin Baishi Chemical Co. Tianjin, China; Ethylenediaminetetraacetic
acid (EDTA), hydrochloric acid standard solution, methyl orange indicator, and phenolph-
thalein indicator were obtained from Xi’an Chemical Reagent Factory Xi’an, China; Tri-
ethanolamine (TEOA) was obtained from Tianjin Damao Chemical Reagent Factory Tianjin,
China; C21H14N2O7 was obtained from Maclean Shanghai, China..

2.2. Main Experimental Equipment and Measurement
2.2.1. Mineralized Water Properties

In the experiment, the liquid we used was self-configured simulated mineralized
water. In order to measure the density and viscosity of the solution at 25 ◦C, we used a
petroleum densitometer and a plate viscometer, respectively; the experimental results are
shown in Table 2 [19].

Table 2. Basic property parameters of mineralized water.

Liquid Density (g/cm3) Dynamic Viscosity (mPa s) Kinematic Viscosity (mm2/s) Temperature (◦C)

Numerical value 1.126 0.810 0.72 25

2.2.2. Contact Angle Measurement

We generally use the contact angle to characterize the surface wettability, while using
the seat drop method to measure the contact angle of different material surfaces using the
SDC-100 contact angle measuring instrument (Dongguan Shengding Precision Instrument
Co., Ltd., Dongguan City, China) The test medium is 5 µL mineralizing water, fresh distilled
water, and dimethyl iodide liquid. The schematic diagram of the material surface contact
angle automatically fitted by using the software analysis system is shown in Figure 1 [19].
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Figure 1. Schematic of contact angle software fitting.

2.2.3. Roughness Measurement

The surface roughness of each material was measured by the TR200 roughness mea-
suring instrument. The surface roughness of all the pretreated materials was tested at
five points. One material was group 1, and the average value of the data was taken as the
roughness value of the material.

2.2.4. Observation of Crystal Morphology

The morphology distribution of crystalline foulants adhered to the material surface
was observed using a model jsm-6390a scanning electron microscope produced by the
Japan Electronics Company, Beijing, China.

2.2.5. Calculation of Surface Free Energy

Surface energy is an important factor affecting the amount of scaling. According to
the two-liquid method proposed by Owens and Wendt [20], as shown in Formula (1), the
surface free energy of each material is gradually obtained by the calculation.

σL > ( 1 + cos θ) = 2(
√

σd
S

σd
L +

√
σ

p
S σ

p
L ) (1)

In the calculation formula:
σL—Surface tension of liquid, mN·m−1;
σd

L—The dispersion component of liquid surface free energy, mN·m−1;
σ

p
L —Polar component of liquid surface free energy, mN·m−1;

σd
S

—Dispersion component of surface free energy of materials, mN·m−1;
σ

p
S —Polarity Components of Surface Free Energy of Materials, mN·m−1;

θ —Contact angle, ◦.
The surface tension (σL), dispersion (σd

L), and polarity (σp
L ) components of standard

liquid distilled water and dichloromethane are fixed values, as shown in Table 3.

Table 3. Standard Liquid Parameter Table.

Surface Tension/mN·m−1 σL σd
L σ

p
L

Distilled water 72.8 21.8 51
Diiodomethane 50.8 48.5 2.3

The contact angles of distilled water and diiodomethane on different test surfaces are
shown in Table 4.

Table 4. Summary of contact angles of different surface standards.

Contact Angle/◦ FRP PVC PP PC HDPE PET PEEK PTFE

Distilled water 70.86 79.50 82.15 82.35 84.69 86.26 81.96 103.10
Diiodomethane 48.44 55.70 67.21 67.81 69.86 55.65 56.37 70.14
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2.3. Dynamic Shear Simulation Experiment

In order to simulate the fluid shear effect on the surface of the scaling pipeline, the
experiment will be carried out under the condition of dynamic stirring, with the rotational
speed of 150 rpm and the hanging piece size of 50 mm × 25 mm × 2 mm. Considering the
full contact between the hanging piece and the solution, the hanging piece was suspended
in the middle of a 1000 mL water sample. The experimental schematic diagram is shown in
Figure 2. According to the feedback data on the spot, the experimental temperature was
controlled at 25 ◦C.
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2.4. Dynamic Loop Simulation Experiment Platform

Figure 3 [19] is a schematic diagram of the self-designed and built simulation experi-
ment platform of the aggregation fouling loop. The names of its components are shown in
the figure. The experimental platform is mainly composed of six systems: the liquid storage
system, flow measurement system, pressure drop measurement system, concentration
monitoring system, piping system, and power system.
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Figure 3. Diagram of the loop platform. 1—Liquid storage tank; 2—mercury thermometer;
3—motor-driven stirrer; 4—conductivity apparatus; 5—self-priming pump; 6—pressure buffer tank;
7—flowmeter; 8—test section; 9—entry section; 10—exit section; 11—differential pressure gauge; 12,
13, 14, 15, 16, 17—ball valve.

3. Results and Discussion
3.1. Effect of Non-Metallic Material Type on CaCO3 Crystallization Fouling Growth

Under the same experimental conditions (stirring speed 150 r/min, water temperature
25 ◦C), eight kinds of non-metallic hanging pieces were suspended in the middle of the
solution, and the volume of each solution was 500 mL. After 6 h, 12 h, 18 h, 24 h, 30 h, and
36 h dynamic simulation shear experiments, the influence of different material types on the
amount of fouling was different. Based on the weighing method, the amount of fouling
was measured. The variation of the amount of fouling per unit area of the material with
time is shown in Figure 4.
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The following can be seen from the above figure: (1) With the extension of reac-
tion time, the order of the scaling amount per unit area of non-metallic materials was
FRP > PVC > PP > PC > HDPE > PET > PEEK > PTFE. (2) When the reaction times were
6 h, 12 h, and 18 h, the amount of FRP fouling increased first and then decreased, and the
amount of PVC and PP fouling decreased first and then increased. (3) After the reaction
time was more than 18 h, the difference in the fouling amount of each material increased
gradually, and especially the FRP material had a greater tendency to form scale and higher
fouling than other materials. (4) Compared with other materials, PTFE and PEEK had
lower scaling increments and certain anti-scaling performance.

Domestic and foreign scholars have shown that the first stage of the scaling reaction
is the scaling induction period; this stage of scaling often has slow growth until after the
induction period, were there will be a substantial increase in the scaling phenomenon [21].
Based on this and Figure 4, the following is concluded: (1) The fouling amount of FRP,
PVC, PP, PC, and PET is small at the beginning of the reaction, and the increase in the
fouling amount per unit area of the material increases obviously after 18 h, so it can be
judged that the fouling induction period of these materials is about 18 h. (2) PEEK and
PTFE, two materials after FRP, PVC, PP, PC, and PET, increased significantly in the 18 h
period compared to a certain increase before, so the induction period is judged to be about
18 h. (3) The amount of HDPE fouling increased significantly after 24 h, so the induction
period is about 24 h.

In summary, after the scaling reaction under the same experimental conditions, it can
be found that there are some certain differences in the amount of scaling on the surface
of eight kinds of materials, and the amount of scaling of each material does not increase
with the reaction time. Among them, the amount of FRP fouling increased first and then
decreased during the induction period, and the amount of PVC and PP fouling decreased
first and then increased during the induction period. The fouling induction period of each
material is different, and some materials have no obvious increase in the amount of fouling
even through the induction period. These phenomena indicate that the material type has a
significant effect on the growth of CaCO3 crystallization fouling.



Processes 2023, 11, 2232 7 of 17

3.2. Effect of Surface Physical Properties of Non-Metallic Materials on the Growth of
Crystallization Fouling
3.2.1. Surface Wettability of Materials

Contact angle is an important characterization of surface wettability. The wettability
of mineralized water on the surface of the material is closely related to the growth of
fouling crystals. In view of this, this paper reveals the influence of wettability on the
growth mechanism of crystallization fouling by analyzing the surface contact angle of
different materials and the amount of fouling per unit area after a 36 h reaction time and
its relationship with crystal morphology and grain distribution. The contact angle of
mineralized water on the surface of each material was obtained with an SDC-100 contact
angle measuring instrument. The experimental results are shown in Figure 5.
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From Figure 5, it can be found that when the contact angle of mineralized water on
the surface of materials was in the interval of 78~93◦, the scaling amount per unit area of
all materials except PEEK materials decreased with the increase in the contact angle. This
is due to the following: (1) In this interval, as the contact angle increased, the material
surface was more hydrophobic, and foulants’ adhesion capacity on the surface weakened;
meanwhile, the corrosion rate of the fluid on the formed crystal evolution foulants rose,
which was not conducive to the growth of foulants. (2) Due to the increase in the indirect
contact angle in this area, the surface wettability becomes worse, and the contact resistance
between dirt and surface increases, the nucleation potential of dirt crystallization increases,
and the nucleation rate becomes lower [22], thus affecting the fouling amount. (3) The unit
area of the surface of the FRP test piece was significantly larger than that of other materials,
and its surface had polar functional groups such as hydroxyl and carboxyl groups, which
had a certain degree of chemical binding with calcium carbonate [23], which is conducive
to scaling. (4) The hydrophilic surface grain distribution is dense and can be connected into
sheets and the surface will form “crystal flowers” (see Figure 5), resulting in an increased
dirt mass.

For PEEK material, although its wettability is slightly better than that of PET material,
the scaling amount per unit area is much lower than that of PET. Thus, it cannot simply
explain the scale formation characteristics of the material surface by wettability, and it is
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necessary to further explain the influence of other surface properties on the crystal growth
mechanism.

3.2.2. Surface Free Energy of Materials

The surface free energy of each material and its fouling amount for a 36 h reaction are
summarized in Figure 6.

Processes 2023, 10, x FOR PEER REVIEW 8 of 18 
 

 

can be connected into sheets and the surface will form “crystal flowers” (see Figure 5), 
resulting in an increased dirt mass. 

For PEEK material, although its wettability is slightly better than that of PET material, 
the scaling amount per unit area is much lower than that of PET. Thus, it cannot simply explain 
the scale formation characteristics of the material surface by wettability, and it is necessary to 
further explain the influence of other surface properties on the crystal growth mechanism. 

3.2.2. Surface Free Energy of Materials 
The surface free energy of each material and its fouling amount for a 36 h reaction 

are summarized in Figure 6. 

 
Figure 6. The influence law of surface free energy of fouling. 

From Figure 6, it can be seen that, except for the two materials of PET and PEEK, 
there is a very obvious relationship between the free energy of the surface of the material 
and the amount of fouling per unit area: the higher the surface free energy of the material, 
the greater the amount of fouling on the surface [24]. The reasons for this phenomenon 
are as follows. (1) The larger the surface energy of the material, the stronger the adhesion 
between the CaCO3 crystal scale and the surface and the lower the probability of being 
peeled off by external forces. (2) The different surface energies of different materials lead 
to their different catalytic abilities for the formation of ionic bonds in the reaction between 
Ca2+ and CO32− [25]. Therefore, the surface of materials with high surface energy is more 
favorable for the formation of ionic bonds between calcium ions and carbonate ions [26]. 
(3) The surface of the test piece with higher surface free energy has higher energy [27], 
which is more suitable for the growth of new phases and is easier to nucleate. Therefore, 
the higher the surface energy, the more conducive the material is to the increase in scaling. 
(4) High surface energy materials have high attraction to free crystals [28], and thus scaling 
factors adhere more easily to high surface energy surfaces. 

For the two materials of PET and PEEK, although their surface energy is higher than 
that of PP, PC, and HDPE, the amount of fouling per unit area is much lower than these 
three materials. On the one hand, the reason is that the surface of PET and PEEK has high 

Figure 6. The influence law of surface free energy of fouling.

From Figure 6, it can be seen that, except for the two materials of PET and PEEK, there
is a very obvious relationship between the free energy of the surface of the material and
the amount of fouling per unit area: the higher the surface free energy of the material, the
greater the amount of fouling on the surface [24]. The reasons for this phenomenon are
as follows. (1) The larger the surface energy of the material, the stronger the adhesion
between the CaCO3 crystal scale and the surface and the lower the probability of being
peeled off by external forces. (2) The different surface energies of different materials lead to
their different catalytic abilities for the formation of ionic bonds in the reaction between
Ca2+ and CO3

2− [25]. Therefore, the surface of materials with high surface energy is more
favorable for the formation of ionic bonds between calcium ions and carbonate ions [26].
(3) The surface of the test piece with higher surface free energy has higher energy [27],
which is more suitable for the growth of new phases and is easier to nucleate. Therefore,
the higher the surface energy, the more conducive the material is to the increase in scaling.
(4) High surface energy materials have high attraction to free crystals [28], and thus scaling
factors adhere more easily to high surface energy surfaces.

For the two materials of PET and PEEK, although their surface energy is higher than
that of PP, PC, and HDPE, the amount of fouling per unit area is much lower than these
three materials. On the one hand, the reason is that the surface of PET and PEEK has high
adsorption due to high surface energy, which makes the surface form many “crystal bracts”,
while the crystal bracts do not grow “mature”, and the crystals are not full and small in
size, resulting in low scaling. On the other hand, due to the influence of wettability (see
Figure 5), the increase in contact resistance between the material surface and the formed
crystal scale under shear force is not conducive to scaling. Therefore, the determination
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of the fouling characteristics of the material surface is still limited to only wettability and
surface free energy. The roughness of the material may also affect the fouling behavior, and
the effect of roughness on the crystal growth mechanism needs to be further elaborated.

3.2.3. Surface Roughness of Materials

The roughness reflects the irregularity of the peaks and troughs of the surface texture
at the micro-scale [29]. In order to explore the influence of roughness on the scaling amount
of the material surface, the surface roughness of each material after being sanded by the
same sandpaper was measured with a TR200 roughness tester. The scaling amount and
roughness law of each material surface after a 36 h reaction are summarized as shown in
Figure 7.
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As can be seen from Figure 7, the amount of fouling per unit area increases with
the increase in roughness for all materials except PTFE. This is because of the following:
(1) With the increase in surface roughness, the contact area between the fouling and surface
also increases. (2) Strong mechanical interlocking is formed between the fouling crystal
nucleus and the interface with relatively large roughness, so that the fouling needs greater
peeling force when it falls off the rough surface. (3) A large increase in roughness means
more nucleation sites [30], and the nuclei are more likely to land when the scaling layer
produces more nuclei, thereby increasing the number of crystals (see Figure 8).

Although PTFE has a larger roughness than PC, HDPE, PET, and PEEK, its scal-
ing amount is the least. This phenomenon is explained as follows. First, among all
materials, PTFE has the worst surface wettability and the lowest surface free energy
(see Figures 5 and 6). The surface has insufficient adsorption on the crystal, and the fouling
particles are easy to separate from the surface, resulting in a slow crystal scaling rate and
loose fouling layer, which further affects the increase in the scaling amount. Second, it
can be seen from the surface crystal distribution and morphology of these five materials
(see Figure 8) that the PTFE surface has the least “mature” grains and most of them are
immature bracts, and the crystal particle distribution spacing is the largest, which makes
the minimum amount of scaling.
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3.3. Effect of Non-Metallic Material Surface on Grain Distribution and Crystal Morphology of
Crystallization Fouling
Crystal Morphology of Crystallization Fouling on Material Surface

The surface crystals of each material were amplified to 5000 times by SEM to further
observe the crystal morphology of the crystallization fouling. The experimental results are
shown in Figure 8.

It can be seen from Figure 8 that the crystal types of eight kinds of non-metallic
materials are mainly aragonite, and there are very few calcites on the surface of FRP, PVC,
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and PP. Among them, the aragonite crystals are mostly water droplets at the tip of the
upper circle and lower tip, and most of the water droplets have “spike tentacles” at the tip
of the crystal, while the calcite crystals are mostly rod and block. In addition, the formation
of aragonite is mainly related to the chemical properties of the material surface. The surface
of FRP has polar functional groups such as hydroxyl and carboxyl groups, and the polymer
surface with hydroxyl functional groups will selectively generate aragonite [31]. Although
there is no hydroxyl functional group on the surface of polymers such as PVC, the hydrogen
bond interaction will be gradually weakened and aragonite will be formed as part of the
water penetrates into the material.

The surface crystal size of FRP, PVC, PP, PC, and HDPE is uniform and appears to be
fuller, and the round ends are like a bract. The PET, PEEK, and PTFE surface crystal overall
volume is small, less, and there are many small “immature” bracts.

The crystal coverage was higher and arranged more tightly on the surface of the FRP
and PVC test pieces, and after magnifying the crystals, it can be seen that the new phase
grown crystals covered the crystals in the pre-experimental period and gradually filled
the inter-crystal voids; a layer of one stack then formed petal-like agglomerations, and the
sensation of the layer was obvious, so the fouling layer underwent densification and the
fouling weight increased. The crystal arrangement of particles on the surface of PP, PC,
HDPE, PET, PEEK, and PTFE is loose, with large gaps, which can be easily peeled off by
solution flushing and become detached from the material surface, which in turn make the
fouling amount small and the fouling rate low.

It can be seen that the larger the crystal particle size, the closer the arrangement, and
the more stacking layers, the more difficult it is to be washed away from the surface of the
material by the fluid; thus, the larger the amount of scaling, the faster the scaling rate and
the better the scaling performance.

3.4. Influence of Material Surface Properties on Friction Factor

With the friction factor data, we plotted the variation of friction factor subsets with
surface energy, contact angle, and roughness for nine tubes at the same Reynolds number
as shown in Figures 9–11.
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(1) Under the same Reynolds number, different surface characteristics have different
effects on the friction factor:

(a) When the pipeline material is different, with the same liquid flow in the
pipeline friction factor with the increase and decrease in the contact angle,
an increase in the contact angle will lead to poor surface wettability, while
dirt and surface contact resistance increase, dirt crystallization nucleation
potential increases, and the nucleation rate decreases, thereby reducing the
friction factor.

(b) Except for the PET material, the friction factor of the same liquid flowing in
different kinds of pipes increases with the increase in surface energy. The
reason may be that although the surface energy of the PET pipe is high, its
wettability is poor, its roughness is small, its surface is relatively smooth,
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the resistance between the pipe wall and the liquid is small, and the sliding
phenomenon occurs easily when the liquid flows in the pipe [32]. The joint
drag reduction effect of wettability and roughness is more obvious than the
surface energy, so the friction factor of the PET material does not increase due to
the high surface energy. In addition to PET, there is a very obvious relationship
between the surface free energy of the material and the scaling amount per
unit area, that is, the higher the surface free energy of the material, the greater
the scaling amount on the surface [25], which increases the friction factor.

(c) In addition to the PTFE material, the friction factor of the same liquid flowing
in different types of pipes increases with the increase in roughness. The reason
may be that although the surface roughness of the pipe is large, the contact
angle is large, the surface energy is low, and the adsorption force of the material
surface to the liquid is low, which makes it difficult for the mineralized water to
infiltrate and spread on its surface. In the case of liquid flowing in the tube, the
effect of wettability and surface energy on drag reduction is more obvious than
that of roughness, so the friction factor of the PTFE material does not increase
due to roughness. Besides PTFE, the friction factor increases with the increase
in roughness, because the contact area between fouling and surface increases
with the increase in roughness. Moreover, the fouling crystal nucleus and the
interface with relatively large roughness form strong mechanical interlocking,
so that the fouling needs greater peeling force when it falls off the rough
surface. Therefore, the increase in roughness will lead to an increase in the
amount of scaling, thereby increasing the friction factor.

(2) From the macro point of view, the law of the friction factor changing with contact
angle is more obvious relative to surface energy and roughness.

(3) With the increase in the contact angle, the reduction in the laminar friction coefficient
is greater than that of turbulent flow. Moreover, it is found that the decrease between
hydrophilic materials is more obvious than that between hydrophilic materials. The
laminar flow curve of hydrophilic material decreases by 37.74%, and the turbulent
flow decreases by 28.37% on average. The laminar flow curve of hydrophobic material
decreases by 22.83%, and the turbulent flow decreases by 4.14% on average. The
reason for this phenomenon is that, compared with turbulence, the velocity of laminar
fluid is slower and the flow resistance of the material surface increases. The contact
area between the liquid and the surface of the hydrophilic material is larger than that
of a few materials, so the flow resistance is more obvious.

3.5. Contact Angle, Roughness, and Surface Energy Function Model

The surface free energy (G) and solid surface roughness (Ra) are selected as indepen-
dent variables and the contact angle as the dependent variable to fit the corresponding
relationship equation.

Because the surface of the experimental materials is mostly smooth and the surface
roughness is small, the surface treated with different mesh sandpaper is selected; the
value range of roughness is 0.02–0.4 µm, and the value range of material surface energy is
18–40 mN/m.

3.5.1. Experimental Results

According to the uniform design table and the horizontal value table of various
factors, the experimental scheme of influencing factors of wettability is designed, and the
experiments are arranged according to the experimental scheme. The results are shown
in Table 5.
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Table 5. Uniform experimental design scheme and experimental results.

Number of Experimental Groups Roughness µm Surface Energy mN/m Contact Angle ◦

1 0.019 27.66 90.25

2 0.027 38.31 77.37

3 0.033 26.97 81.53

4 0.057 36.42 71.20

5 0.062 25.60 80.28

6 0.085 34.03 70.56

7 0.281 19.87 83.94

8 0.356 31.25 59.80

3.5.2. SPSS Regression Analysis

Because the three factors of wettability have different units, and the surface roughness
is not in an order of magnitude with the other two factors, in order to reduce the error of
the fitting model, the variables need to be normalized before regression analysis.

The function is normalized and converted as follows:

X′ =
X−Min

Max−Min
(2)

where X′—Normalized value;
X—Value to be processed;
Min—The minimum value in the array to be processed;
Max—The maximum value in the array to be processed.
According to the value range of the independent variable and dependent variable

affecting wettability, the normalized data are calculated by Formula (2), and the conversion
function is:

Surface energy G′ =
G− 19.87

38.31− 19.87

Roughness Ra′ =
Ra− 0.019

0.356− 0.019

contact angle θ′ =
θ − 59.80

90.25− 59.80

After multiple regression analysis with SPSS software(22.0), the results are shown in
Formula (3) and Tables 6–8.

(cos θ)2 = 0.972G3Ra + 0.025 (3)

where:
θ—Contact angle, ◦;
G—Surface energy,mN/m;
Ra—Roughness,µm.

Table 6. Model summary.

R R Square Adjust R Square Error of Standard Estimation

0.997 0.995 0.994 0.024
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Table 7. F test result table.

Project Sum of Squares df Mean Square F Sig

Regression 0.793 1 0.793 1327.022 0.00
Residual 0.004 7 0.001 - -

Total 0.798 8 - - -

Table 8. T-test and collinearity diagnosis results.

Term
Non-Normalized Coefficients

Standard
Coefficient T Sig

Collinearity Statistics

B Standard
Error Tolerance VIF

Constant 0.025 0.009 - 2.794 0.027 - -

RaG3 0.972 0.027 0.997 36.428 0.000 1 1

It can be seen from Tables 6–8 that the model has good accuracy, and through the F
test results, the T-test results of each coefficient are less than 0.05, and the VIF value after
collinearity diagnosis is also less than 10, and all test results meet the requirements.

4. Conclusions

This study is based on the dynamic simulation shear experiment. The unit scale of
the surface of eight kinds of materials such as glass-fiber-reinforced plastic was used as
the evaluation index to reveal the internal mechanism of the influence of different material
surfaces on the growth of scaling crystals. The main conclusions are as follows:

(1) Under the same experimental conditions, the amount of fouling per unit area of the
eight non-metallic materials, from large to small, is as follows: FRP (FRP) > PVC
(vinyl chloride resin), PP (polypropylene) > PC (polycarbonate) > HDPE (high-density
polyethylene) > PET (poly (terephthalic acid) plastic) > PEEK (polyether ether ketone)
> PTFE (polytetrafluoroethylene).

(2) When the contact angle of the material surface is in the range of 78◦~93◦, except for
the PEEK material, the adhesion force of the crystal to the surface decreases with
the decrease in wettability, which leads to the decrease in the scaling amount. The
scaling number of non-metallic materials is not completely positively correlated with
the surface free energy and roughness of materials. The deposition amount per unit
area of fouling decreases with the decrease in the surface energy of FRP, PVC, PP, PC,
HDPE, and PTFE, while PET and PEEK have no such rule. The deposition amount
per unit area of material fouling increases with the increase in roughness of FRP, PVC,
PP, PC, HDPE, PET, and PEEK, while the PTFE material has no such rule.

(3) The physicochemical properties of the material surface jointly affect the crystal mor-
phology of the fouling on the surface of the sample. The fouling on the surface of
FRP and PVC is dense and connected in flakes to form lamellar fouling, which is
related to the large surface wettability, surface energy, and roughness. Although the
surface roughness of PTFE is larger than that of PC, HDPE, PET, and PEEK, it does not
increase fouling because it is affected by low wettability and surface energy, resulting
in a small number and size of grains overall.

(4) By measuring the flow pattern of mineralized water in eight pipes, the results show that:

(a) The deviation between the calculated friction factor and the measured friction
factor increases when the material wettability decreases;

(b) The friction factor of solution flow in different pipes with the same Reynolds
number and solution is inversely proportional to the contact angle, the friction
factor of laminar flow decreases more than turbulent flow as the contact angle
increases, and the decrease is more pronounced between hydrophilic materials
than between hydrophobic materials.
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(c) The influence of the contact angle on the friction factor is greater than that of
surface energy and roughness.
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