Article

Influence of an Axial-Electromagnetic Field Treatment Device

with a Solenoid Structure on Crystallization Fouling on the
Tube Side of a Shell-and-Tube Heat Exchanger

Yaxuan Peng 1, Xuefei Xu 2 and Yandong Liang >*

check for
updates

Citation: Peng, Y.; Xu, X; Liang, Y.
Influence of an Axial-Electromagnetic
Field Treatment Device with a
Solenoid Structure on Crystallization
Fouling on the Tube Side of a
Shell-and-Tube Heat Exchanger.
Entropy 2023, 25,962. https://
doi.org/10.3390/e25070962

Academic Editor: Jia Yan

Received: 31 May 2023
Revised: 14 June 2023
Accepted: 17 June 2023
Published: 21 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Civil Engineering and Architecture, Northeast Electric Power University, Jilin 132012, China;
pengyx_neepu@sina.com

School of Automation Engineering, Northeast Electric Power University, Jilin 132012, China;
xuxuefei2022@163.com

*  Correspondence: liangyd_neepu@sina.com

Abstract: In this study, the influence of an axial-electromagnetic field treatment device (AEFTD)
with a solenoid structure using different electromagnetic frequencies on calcium carbonate (CaCOj3)
crystallization fouling on the tube side of a shell-and-tube heat exchanger was investigated. The
experimental results indicated that the application of the AEFTD could effectively reduce fouling
resistance and decelerate the growth rate of CaCOj3 fouling. The opposite trend between fouling
resistance and the outlet temperature of an experimental fluid indicated that the application of the
AEFTD could enhance heat transfer. Meanwhile, the crystal morphologies of the fouling samples were
analyzed by means of scanning electron microscopy (SEM). The axial-electromagnetic field favored
the formation of vaterite as opposed to calcite. Non-adhesive vaterite did not easily aggregate into
clusters and was suspended in bulk to form muddy fouling that could be carried away by turbulent
flow. Furthermore, the anti-fouling mechanism of the axial-electromagnetic field is discussed in
detail. The anti-fouling effect of the AEFTD on CaCOj fouling exhibited extreme characteristics
in this study. Therefore, the effectiveness of the AEFTD is contingent upon the selection of the
electromagnetic parameters.

Keywords: heat exchanger; crystallization fouling; electromagnetic field; heat transfer enhancement

1. Introduction

Recycling cooling water is rich in Ca?* and carbonic species. Many carbonates exhibit
reverse solubility characteristics and gradually become oversaturated, precipitated, and
accumulate on the heat exchange surface as the temperature increases, thus forming crystal-
lization fouling, such as with calcium carbonate (CaCO3). Therefore, fouling formation is a
common problem encountered in heat exchangers. The main concern with fouling is that it
reduces heat transfer efficiency, affecting device life and production [1-3]. The increasing
cost of energy and the decline in fossil fuels have intensified the emphasis on enhancing
energy conversion efficiency. Therefore, the negative effects brought by fouling must be
taken into account in the heat exchange field. Chemical and physical methods are the main
approaches for controlling fouling in industrial production. Chemical methods include
ion exchange, the preprecipitation of slightly soluble and insoluble salts, as well as the
addition of fouling inhibitors [4,5]. However, these methods not only incur high costs but
also change the physicochemical properties of aqueous solutions, potentially posing risks
to human health and aquatic organisms. Chemical fouling inhibitors are highly effective in
solving the fouling problem, yet they may produce synergistic effects and contain phos-
phate compounds that could lead to environmental harm, such as water eutrophication
and algal bloom. Physical methods mainly encompass the application of electromagnetic
fields [6], ultrasonic waves [7], catalytic materials [8], and other physical technologies. They
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induce alterations in the physical and chemical properties of aqueous solutions, leading
to a reduction in salt supersaturation and fouling generation on heat exchange surfaces,
so there will be no negative effects brought about by chemical methods. For example, the
application of ultrasonic technology can induce significant cavitation and thermal effects
in aqueous solutions, generating strong shock waves and microflows that prevent foul-
ing [9,10]. Small amounts of catalytic materials, such as Zn, can decelerate the nucleation
rate of CaCOj3 and facilitate CaCOj3 crystallization in the form of aragonite instead of calcite.
This is a contributing factor in inhibiting fouling formation [11,12]. Among them, the elec-
tromagnetic treatment device, which generates an electromagnetic field inside the cavity
through pulse signals of varying frequencies and amplitudes, is capable of treating aqueous
solutions as they pass through. This treatment alters the physicochemical properties of the
solution and modifies the CaCOj crystallization process to achieve anti-fouling effects.

Previous studies have reported the application of electromagnetic fields in mitigating
fouling and yielded favorable outcomes [13-16]. Simoni¢ et al. [17] studied the impact of an
electromagnetic field on the fouling behavior of pump diffusers in drinking water systems
and analyzed the fouling components using scanning electron microscopy (SEM). The re-
sults revealed that in the experimental group, without the application of an electromagnetic
field, CaCO3 precipitated as calcite; however, upon exposure to the electromagnetic field, it
transformed into non-adhesive aragonite and could be easily removed by water flowing
through the pump diffuser, thereby inhibiting fouling deposition. Additionally, it was
found that the precipitation of aragonite required an electromagnetic treatment time of at
least 2 h, which could be shortened under a higher magnetic induction intensity. Wang
et al. [18] examined the influence of an electromagnetic field under different magnetic
induction intensities (0, 0.01, and 0.02 T) on CaCOj3 fouling in a shell-and-tube heat ex-
changer. The results showed that the asymptotic value of fouling resistance decreased as
magnetic induction intensity increased, and the anti-fouling rates corresponding to 0.01 T
and 0.02 T were 3.26% and 7.72%, respectively. Wang et al. [19] considered electromagnetic
frequency as a crucial parameter in electromagnetic anti-fouling treatment and established
a calculation model to determine the optimal electromagnetic frequency for inhibiting
CaCO; fouling in copper pipes under the action of an electromagnetic field. According
to the calculation model, the ideal range for the electromagnetic frequency was found to
be between 70-75 kHz. Then, the electromagnetic frequency range was partitioned into 0,
60-65, 65-70, 70-75, and 75-80 kHz for dynamic simulation experiments. The experimental
results showed that the asymptotic value of fouling resistance initially decreased and
then increased with increasing electromagnetic frequency, reaching its minimum within
the range of 70-75 kHz. Under this working condition, the asymptotic value of fouling
resistance decreased by 69.5% when compared to the untreated group. Kamar et al. [20]
studied the influence of a low-frequency electromagnetic field on fouling in a plate heat
exchanger. The results indicated that, when compared to the untreated group, the amount
of fouling deposition on the heat exchange surface decreased by 80% after electromagnetic
treatment. Most of the precipitates were calcite, and their average diameter reduced sig-
nificantly. Zhang et al. [21] designed orthogonal experiments to discuss the synergistic
effects of electromagnetic, flow, and temperature fields on CaCOj3 fouling growth on the
surface of a shell-and-tube heat exchanger. The experimental results indicated that the
fouling resistance of a heat exchange surface decreased gradually with increasing magnetic
induction intensity. The anti-fouling effect could be enhanced when the magnetic induction
intensity and flow velocity acted together. Moreover, when the inlet temperature was 30 °C,
the flow rate was 0.4 m/s, and the magnetic induction intensity was 20 mT, and the best
experimental condition for anti-fouling effect was obtained in the paper.

The process of fouling formation is influenced by various factors, such as pH, temper-
ature, concentration, and pressure, among others. Furthermore, fouling exhibits unique
characteristics when subjected to electromagnetic fields. There is a dearth of widely ac-
cepted mechanisms to account for this experimental phenomenon. Despite the fact that the
first patent was registered in the mid-1950s, the anti-fouling effect derived from electro-
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magnetic fields remains a subject of numerous debates. Investigating fouling formation on
heat transfer surfaces using electromagnetic fields and analyzing the relevant mechanism
is helpful in further applying physical anti-fouling technology so as to achieve energy
saving and consumption reductions. In this study, the primary objective was to investigate
the influence of an axial-electromagnetic field treatment device (AEFTD) with a solenoid
structure under different electromagnetic frequencies on CaCOj crystallization fouling on
the tube side of a shell-and-tube heat exchanger.

2. Materials and Methods
2.1. Experimental Rig

Figure 1 shows a schematic of the experimental rig used in this study. It has two
circulation loops with the same structure. The experimental fluid is pumped out from the
experimental fluid tank by the variable-frequency pump, then passes through the ultrasonic
flowmeter, AEFTID, and the experimental section, and returns to the experimental fluid
tank. The variable-frequency pump can maintain the desired volume flow rate, which can
be accurately measured using an ultrasonic flowmeter. The inlet temperature was kept
constant through a water-cooling system, including a water chiller and cooling apparatus.
The medium in the thermostatic bath is deionized water, for which the temperature was
kept at a desired value by using five internal cartridge heaters. The temperatures of the
experimental fluid at the inlet and outlet of the heat exchanger (T, and Toyut) were measured
by two DS18B20 digital-temperature sensors, respectively. The wall temperatures were
measured using three DS18B20 digital temperature sensors uniformly installed under the
shell side of the heat exchanger (Tyy1 to Tyw3). The temperature of thermostatic bath was
measured by using a DS18B20 digital-temperature sensor inside the water. The temperature
and volume flow rate data were uploaded to a data-acquisition system. All the temperature
sensors were calibrated using a thermostat before the experiment.

Figure 1. Schematic of the experimental rig. 1—Water chiller; 2—Cooling apparatus; 3—Experimental
fluid tank; 4—Variable-frequency pump; 5—Ultrasonic flowmeter; 6—Circulation loop of side A;
7—Circulation loop of side B; 8—AEFTD; 9—Electromagnetic signal generator; 10—Thermostatic
bath; 11—Shell-and-tube heat exchanger; 12—Inlet temperature; 13—Outlet temperature; 14—Wall
temperature; 15—Bath temperature; 16—Data-acquisition system; 17—Drainage system.

Figure 2 shows the shell-and-tube heat exchanger, made of red copper, with an effective
length of 1000 mm for heat transfer. The internal and external diameters were 20 and 25 mm,
respectively. The behavior of heat transfer will result in crystallization fouling formation on
the tube side of the heat exchanger. The AEFID is composed of a PVC tube, solenoid, and
a cold-water shell. The solenoid is made of 21 layers of enameled copper wire entwined
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around the PVC tube. A voltage signal in the form of an alternating square wave with
a specified amplitude and frequency is applied to the signal terminals of the solenoid,
resulting in the generation of an axial-electromagnetic field within the treatment device.
Due to the presence of resonant capacitors corresponding to different frequencies in the
electromagnetic signal generator, a constant magnetic induction intensity can be maintained
despite the change in frequency. During the experiment, the AEFTD generates a large
amount of heat during operation. In order to prevent it from overheating, the cold water in
the water chiller is pumped into the cold-water shell to absorb the heat from the solenoid
and then flows back to the water chiller.

25 mm

Figure 2. The shell-and-tube heat exchanger.

2.2. Experimental Process

The fouling generated in the previous experiment was removed using dilute hy-
drochloric acid before a new experiment was performed. Subsequently, the experimental
rig was then repeatedly cleaned by using distilled water to prevent any residual acid. The
steps for running the experiment were as follows:

(1) Distilled water (25 L) was introduced into two tanks. The electrical heater inside the
thermostatic bath, variable-frequency pump, and water-cooling system was activated;

(2) When the experimental rig had been running for some time and reached a stable state,
the volume flow rate was kept at 0.3 m3/h, the inlet temperature was kept at 30 °C,
and the temperature of the thermostatic bath was kept at 60 °C. The temperature
difference between the tube side and the shell side of the heat exchanger was 30 °C;

(8) The NayCOj and CaCl, analytical reagents were separately dissolved in two measur-
ing cups, each of which contained 1 L of distilled water from the experimental fluid
tank, with a molar ratio of 1:1. Thereafter, the CaCl, solution was first poured into the
experimental fluid tank. After circulating for 5 min, the Na,COj3 solution was poured
into the tank;

(4) Turning on the data acquisition system and electromagnetic signal generation: the
experiment was considered complete when fouling resistance no longer increased.
Both the circulation loops were subjected to the same operating procedure.

The specific working parameters are shown in Table 1.

Table 1. Working parameters.

Parameter Specific Value
The volume of distilled water 25L
Na,COj3 analytical reagent 265¢g
CaCl; analytical reagent 2775 g
Hardness of experimental fluid 1000 mg/L
Inlet temperature 30°C
Bath temperature 60 °C
Volume flow rate 0.3m3/s

Table 2 lists six experimental groups subjected to varying electromagnetic frequencies.
Experiment-0 served as a control group without the application of AEFTD. In order to
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ensure a consistent magnetic induction intensity, the experimental groups using the AEFTD
were subjected to a voltage of 40 V. This was carried out in order to investigate the impact
of electromagnetic frequency on CaCOj fouling on the tube side of heat exchangers.

Table 2. Axial-electromagnetic field parameters of experimental groups.

Experimental Group Frequency (kHz) Voltage (V)
Experiment-0 0 0
Experiment-1 0.5 40
Experiment-2 1 40
Experiment-3 15 40
Experiment-4 2 40
Experiment-5 2.5 40

2.3. Data Reduction

Fouling formation on the tube side of the heat exchanger increases heat-transfer
resistance, which is termed fouling resistance. In this study, fouling resistance can be
calculated by the following equation [22]:

M

where R is the fouling resistance (m2-K/W), Ty is the wall temperature (°C), T; is the
interface temperature (°C), and g is the heat flux (W/m?).

Ty is the average wall temperature measured by three DS18B20 digital temperature
sensors and can be calculated by the following equation:

wal + wa2 + wa3

Tw = 3 (2)
where Ty1, Twe, and Ty¢3 are the wall temperatures on the same heat exchanger (°C).
Ts can be calculated by the following equation:
Ty, — e 45Ty
Ts=———5— ®)
1— 6_75t

where Ty; and Ty, are the temperatures of the inlet and outlet (°C), respectively; | and d
are the length and internal diameter of the heat exchanger (m), respectively; and St is the
Stanton number.

g can be calculated by the following equation:

_ GCPP(TfO - Tﬁ) (4)
7T(d - 25f)l
where ¢ and p are the specific-heat capacity (J/(kg-K)) and density (kg/m®) of the ex-
perimental fluid, respectively, and G is the volume flow rate of the experimental fluid
(m3/h).
¢ is the thickness of the fouling layer, which can be calculated by the following
equation:
Ap
0 =05(1—- — 5
f (1-3 Pz) ©)
where Ap; and Ap; are the pressure drops (Pa) before and after the J; change (m), respec-
tively. In the calculation process, because J¢ is much smaller than d, J¢ can be considered
negligible; that is, 6 = 0.
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The anti-fouling rate can be calculated by the following equation:
Rip—R
g =m0 100% 6)
R

where ( is the anti-fouling rate, Ry is the asymptotic value of fouling resistance without the
AEFTD (m?-K/W), and Ry, is the asymptotic value of fouling resistance with the AEFTD
(m?-K/W).

2.4. Uncertainty Analysis
The uncertainty of fouling resistance in this study can be calculated by the following

equation:

dR; , JdR; dRy , ORy , OJdRy , OJR; ,
= R S S 7
VRf awal VT+ awaz‘uT_’_ awa3 luT+ anin+ ano]/lT+ 3G ‘Z/lG ( )

where g, is the uncertainty of fouling resistance (m?-K/W); y} and p(; are the compound

L . OR
unce;tamtles of temperature and volume flow rate, respectively; o’ TToy? 3Ty ? 3Te7 3Tt
IR¢

and 7 are transfer coefficients, which can be obtained from Equation (1).
p'y can be calculated by the following equation:

Wr =\ HE + HEr (8)

where purt is the uncertainty of the DS18B20 temperature sensor (°C), and pcr is the uncer-
tainty of the intelligence data collection block (IDCB) during temperature measurement
(°QO).

ji; can be obtained as follows:

UG = \/ MG + Heg ©)

where G is the uncertainty of the ultrasonic flowmeter (m3/h), and Ucg is the uncertainty
of the IDCB during the measurement of the volume flow rate (m3/h).

According to the operating instructions of the DS18B20 temperature sensor, its uncer-
tainty is 0.167 °C [23], namely pr.

The measurement error of the IDCB was +(0.02% x measured value + 0.02% x
measurement range) °C, and the temperature did not exceed 40 °C under all working
conditions. The uncertainty of the IDCB during the temperature measurement is

per = 0.02% x 40 + 0.02% x 100 = 0.028 °C (10)

The permissible error level of the ultrasonic flowmeter used in this study was 2%, and
the flow range was 0.035-7 m?/h. Its uncertainty is

He =2% x 7 =0.14m3/h (11)

The volume flow rate was 0.3 m3/h as the experimental rig was running. The uncer-
tainty of the IDCB during the volume flow rate measurement is

picg = 0.02% x 0.3 +0.02% x 7 = 0.00146 m>/h (12)

Hence, g, is 4.812 x 107% m?-K/W.
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3. Results and Discussion
3.1. Formation of Crystallization Fouling

Figure 3 shows the formation process of crystallization fouling on the heat exchange
surface. A decrease in solution temperature will result in a reduction in solubility for
salts with normal solubility. Due to supersaturation, the dissolved salt will crystallize
and precipitate on the cooling surface. However, for salts with inverse solubility, the
solubility decreases with increasing solution temperature, leading to supersaturation and
the subsequent precipitation of the dissolved salts on heating surfaces. When the solution
flows through the heat exchange surface, a boundary layer is generated with a temperature
gradient. The CaCOj dissolved in the solution is an insoluble salt with inverse solubility.
It will be supersaturated at high temperatures, accelerate crystallization, and adsorb on
the heat exchange surface, thus forming crystallization fouling, which can also be called
water scale. In water-cooling systems, the most common fouling components are CaCOs,
MgCO3, CaSOy4, MgSOy, etc.

Although supersaturation is a necessary condition for the formation of crystallization
fouling, it is not a sufficient condition. In fact, crystal growth requires a decrease in Gibbs
free energy as the crystal size increases. If the crystal is smaller than its critical size, its
Gibbs free energy will increase with increasing crystal size, and the crystal will tend to
be redissolved in solution. Therefore, the solid boundary, such as the heat exchange
surface, or suspended particles, like embryos, often serve as crystallization sites. As a
result, there are two ways of forming crystallization fouling. The first way is that the ions,
such as Ca?* and CO;2~, form crystal nuclei in a solution and then grow into crystals
(bulk crystallization). These crystal particles are then transported and attached to the heat
exchange surface, which is called homogeneous precipitation, as shown in Figure 3a. The
second way is that the ions are directly transported to the nearby heat exchange surface by
the fluid. They make contact with the heat exchange surface and nucleate and grow into
crystals, thus forming crystallization fouling (surface crystallization). This process is called
heterogeneous precipitation, as shown in Figure 3b. During the process of heat transfer,
both homogeneous and heterogeneous precipitation occur simultaneously. Therefore,
the main factor affecting crystallization fouling is solution supersaturation. The higher
the solution supersaturation, the stronger the driving force of crystallization. The heat
exchanger surface is more likely to form crystallization fouling.

Test fluid

[

(a) Nucleation (Supersaturated) ‘

Surface crystallization Bulk crystallization

& e

Transport
and

Nj;es ion

V.
. ‘ M’\’k Remval
ouling Shear force  m—)

Heterogeneous nucleation Homogeneous nucleation
(induced by foreign factors) (spontaneous)

Figure 3. The formation process of crystallization fouling: (a): homogeneous precipitation; (b): het-
erogeneous precipitation.

3.2. Fouling Resistance

In order to validate the accuracy of the data obtained from the experimental rig,
two groups of experiments were performed under the same conditions. The inlet and
thermostatic bath temperatures were 40 °C and 60 °C, respectively. The concentration of
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CaCOs3 was 1000 mg/L, while the volume flow rate was 0.3 m3/h. No AEFTD was used
to treat the experimental solution. A comparison of the experimental results between the
two groups is presented in Figure 4. Fouling resistance was a function of time. The results
showed that there was no significant difference between the two fouling resistance curves
in the growth stage. After 150 min, the asymptotic values of fouling resistance tended to be
consistent, with a discrepancy of only 3.23% between the two experimental groups, thus
demonstrating the reproducibility of the results obtained from the experimental rig.

12

Y 3‘ Ly e e ,-" A
PRI P

s

Nl
1
-
s
f &
(e

R (107°m* K/W)
N
" 1 "

w
1

'/]' 7,=30°C T=60°C G=0.3 m*h ¢(CaCO,)=1000 mg/L

(without the axial-electromagnetic field treament device)

0 F— T y T T T T T T T T
0 50 100 150 200 250 300
¢ (min)

Figure 4. A comparison of the experimental results between the two groups of experiments.

Figure 5 shows six fouling resistance curves under different electromagnetic frequen-
cies, while Tables 1 and 2 present the specific experimental conditions. As the experimental
fluid flowed through the heat exchange surface that was clean and without pollutants,
the CaCOj; precipitated and gradually deposited on the tube side of the heat exchanger,
thus resulting in fouling resistance. It can be observed from Figure 5 that, over the whole
experimental period, the fouling resistance curves showed the same trend, rising first and
then gradually stabilizing. Therefore, they can be divided into the rising stage and the
stable stage. During the rising stage, the CaCOj3 continually crystallized and adhered to the
tube side [24]. The fouling resistance of the heat exchange surface rapidly increased, during
which the deposition rate (¢4) was higher than the removal rate (¢;). Thereafter, as ¢4
was equivalent to ¢y, the fouling resistance reached the stable stage and ceased to increase.
The fouling resistance curves show obvious differences under different electromagnetic
frequencies. When compared to the control group, the fouling resistances with the AEFTD
were greatly reduced, indicating that the application of the AEFTD could effectively inhibit
CaCO;s fouling formation on the tube side of the heat exchanger. Xing [25] reached the
same conclusion.

15

0 kHz 0.5 kHz 1 kHz
——1.5kHz——2kHz 2.5 kHz
12 4 T;,=30°C T=60 °C G=0.3 m’/h ¢(CaCO;)=1000 mg/L V=40 V

R (107 m* K/W)

¢ (min)

Figure 5. Fouling resistance curves under different electromagnetic frequencies.
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Figure 6 shows the fouling resistances at 50, 100, and 150 min under different elec-
tromagnetic frequencies. By comparing the fouling resistances that have the same elec-
tromagnetic frequency at different moments, it can be found that the fouling resistance
gradually increased as the experiment proceeded. However, different electromagnetic
frequencies corresponded to varying degrees of fouling resistance increments. The fouling
resistance increment in the control group was the highest, and 1.5 kHz had the smallest
increment. In addition, at three specific time points, fouling resistance initially decreased
and subsequently increased and reached its minimum at 1.5 kHz with increasing electro-
magnetic frequency.

12

¢+ 50 min 100 min ¢ 150 min
. T
AIO -JL:
2
A
< 8 -
5 6 1 T
S - T %
3 I I
7 ¥
ES
=
2 I 1 I I 1 T 1
0 0.5 1 1.5 2 2.5
f(kHz)

Figure 6. Fouling resistances at 50, 100, and 150 min under different electromagnetic frequencies.

The asymptotic value of fouling resistance can serve as an indicator for the final state
of fouling accumulation on the tube side of a heat exchanger when the experimental system
is in equilibrium. Achieving a smaller asymptotic value for fouling resistance is a desirable
result when using an AEFTD. Table 3 shows the asymptotic values for the fouling resistance
and anti-fouling rates under different experimental groups. The maximum asymptotic
value for fouling resistance in the control group was 10.15 x 107> m?-K/W. The anti-
fouling rate was between 36.65% and 71.13%, corresponding to different electromagnetic
frequencies. When the electromagnetic frequency was 1.5 kHz, the asymptotic value of
fouling resistance reached the minimum, which was 2.93 x 107> m?-K/W, with an anti-
fouling rate of 71.13%. It can be found that the treatment effects of the axial-electromagnetic
field are different under different electromagnetic frequencies. The effectiveness of the
AEFTD is contingent upon the selection of the appropriate electromagnetic parameters.
This study revealed an extreme character in the treatment effect of an axial-electromagnetic
field, with the optimal performance achieved at the electromagnetic frequency of 1.5 kHz.

Table 3. Asymptotic values of fouling resistance and anti-fouling rates under different electromag-
netic frequencies.

Asymptotic Value of Fouling

Experimental Group Resistance (103 m2-K/W)

Anti-Fouling Rate (%)

Experiment-0 10.15 None
Experiment-1 6.43 36.65
Experiment-2 4.64 54.29
Experiment-3 2.93 71.13
Experiment-4 5.59 4493
Experiment-5 6.07 40.20

Experiment-0 10.15 None
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3.3. Growth Rate of CaCO3 Fouling

It is conceivable that during the fouling formation period, the fouling components
will be deposited on the heat exchange surface, leading to an increase in fouling resistance.
However, there is a phenomenon through which the fouling components are removed
by fluid, thus resulting in a reduction in fouling resistance. Therefore, changes in fouling
resistance over time are influenced by both the deposition and removal factors. The fouling
formation process can be described using the following differential equation:

W~ g — i 13
where 1 is the mass of fouling deposition per unit area (kg/m?), riq is the deposition rate
(kg/(m?-s)), and 71, is the removal rate (kg/(m?-s)).

Assuming that the characteristics of the fouling components and the thickness of the
fouling layer are evenly distributed along the heat exchange surface, the fouling resistance
can be defined as follows:

R¢ = mg¢/(psAs) (14)

where py is the density of the fouling components (kg/m?3), and A is the coefficient of
thermal conductivity (W/(m-K)).
The differential of Equation (14) can be obtained as follows:

dms = peAedRy (15)
Thereafter, Equation (15) is substituted into Equation (13), and the result is as follows:

deimd*ﬁ’lri
W-w—(!’d—q’r (16)

where ¢4 is the deposition rate (m-K/N), and ¢y is the removal rate (m-K/N).

Equation (16) indicates that the growth rate of fouling resistance per unit area can be
described as the difference between the deposition rate (¢4) and removal rate (¢;), which is
termed the Kern—-Seaton model [22].

As shown in Figure 7, by taking the experimental data from the control group as
an example, it can be found that the entire period of the fouling resistance curve can be
divided into two stages: the rising and stable stages. The experimental data were fitted
using the Boltzmann function, and the R? of the fitting curve marked in red was greater
than 0.96, which indicated that the fitting effect was excellent and the fitting curve could
correctly reflect the variation in the fouling resistance during the experiment. In addition,
the R?s of the six fitting curves in the experimental groups were greater than 0.94.

2
i —e— Experimental data Fitting curve
N — — Growth rate curve
12 415
s &
Z 1N e oy TWR VP =
X | 41 <
™ [0}
g 81 ! - E
o the stable stage | the rising stage =
S =) | (04> 9) {05 %
“— ]
a1 4 | (5
S B ——— )
1
t, !
|
0 T T T T T T T T —0.5
0 50 100 150 200 250 300
¢ (min)

Figure 7. Fitting and growth rate curves of the fouling resistance in the control group.
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The fitting curve marked in red in Figure 7 can be expressed as the following equation:
Ri=Ax+ (A1 — Ax)/ (1 +exp((t—tg)/A3)) (17)

where R; is the fouling resistance (m?-K/W), t is the running time of the experimental rig
(min), and A; = —9.95 x 107>, A; = 1.03 x 10, A3 =26.71, and t = —2.16.

The growth rate curve of fouling resistance, which is marked with a green dotted line,
can be expressed by the differential equation of the fitting curve:

Ry _ (Ay — Aq) exp((t — to)/ A3)/ As(1+exp((t — tg)/ A3))? (18)

dt

The fouling resistance of the heat exchange surface can characterize the accumulation
state of CaCOj fouling. Therefore, the growth rates of fouling resistance and CaCOj fouling
were considered equivalent. According to the above analysis, t4 in the control group
(Figure 7) was taken as the deadline, and the average growth rates for CaCOj3 fouling
on the tube side of the heat exchanger under different electromagnetic frequencies were
determined using Equation (18), as shown in Figure 8. The average growth rates showed a
large difference with and without the AEFTD. When comparing the experimental results
of the asymptotic value for the fouling resistances in Figure 6, both exhibit a similar trend
with increasing electromagnetic frequency, indicating that the average growth rate was
proportional to the asymptotic value of fouling resistance. In other words, the slower the
growth rate, the smaller the fouling resistance asymptotic value. The average growth rate
without the AEFTD was 6.95 x 10~7. After the application of the AEFTD, the average
growth rates dropped by 37.12% to 68.20%, corresponding to different electromagnetic
frequencies, indicating that CaCOj3 fouling formation on the tube side was retarded. A
minimum average growth rate of 2.21 x 107 was achieved at the electromagnetic frequency
of 1.5 kHz. The reduced growth rate using the AEFTD is the desired result.
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Figure 8. Average growth rates of CaCOj3 fouling under different electromagnetic frequencies.

3.4. Outlet Temperature of Experimental Fluid

During the experiment, the inlet temperature and volume flow rate of the experimental
fluid and other working parameters remained constant. When the experimental fluid
passed through the heat exchange surface, the heat exchange behavior resulted in an
increase in the temperature of the experimental fluid. As the experiment proceeded, fouling
accumulation on the heat exchange surface could reduce heat transfer efficiency, which led
to a decrease in the outlet temperature of the experimental fluid. At the beginning of the
experiment, the average outlet temperature of the experimental fluid was 32.7 £ 0.15 °C,
indicating that the temperature of the experimental fluid had increased by 2.7 °C after
passing through the shell-and-tube heat exchanger. Subsequently, the outlet temperature
of the experimental fluid gradually dropped and then stabilized due to fouling. Figure 9
shows the outlet temperatures of the experimental fluid at 50, 100, and 150 min under
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different electromagnetic frequencies. The experimental results illustrated that the outlet
temperatures of the experimental fluid with the AEFTD were higher than that of the
control group. In addition, the outlet temperature of the experimental fluid at 1.5 kHz was
significantly higher than that of the other experimental conditions. Except for the results of
the control group and the 1.5 kHz condition, there was no significant difference in outlet
temperatures among other experimental conditions.

Therefore, by combining the conclusions from Figure 5, the experimental results of the
control group and 1.5 kHz condition were taken as examples for analysis. The asymptotic
value of fouling resistance in the control group was the maximum: 10.15 x 10~ m?-K/W,
indicating that fouling accumulation on the heat exchange surface was more serious and
obviously hindered heat transfer and the asymptotic value for fouling resistance at 1.5 kHz
was the minimum: 2.93 x 10~° m2-K/W. Meanwhile, it can be seen from Figure 9 that
the outlet temperatures of the experimental fluid corresponding to the former were the
lowest at each moment, while the outlet temperatures corresponding to the latter were the
highest. When the experiment was carried out for 150 min and was compared with the
initial outlet temperature, the outlet temperature of the control group decreased by 1.04 °C,
and the outlet temperature of the 1.5 kHz condition decreased by 0.34 °C, indicating that the
application of the AEFTD at 1.5 kHz increased the outlet temperature by 0.7 °C. The above
analysis results show that the trend change was the opposite between fouling resistance
and the outlet temperature of the experimental fluid, which indicated that the application
of the AEFTD enhanced heat transfer.

e (0OkHz = 0.5kHz ¢ 1kHz
4 15kHz » 2KkHz 2.5kHz
32.7
~ 324
&
=320 -
318 - 1.04 °C
315 . . r . ;

50 100 150
¢ (min)
Figure 9. Outlet temperatures of experimental fluid at 50, 100, and 150 min under different electro-
magnetic frequencies.

3.5. SEM of CaCOj Fouling

Crystallization fouling is affinitive to the nucleation and growth of crystals. Therefore,
variation in crystal morphology is also important for investigating the influence of the
AEFTD on the crystallization fouling of a heat exchange surface. The three main types
of CaCOs crystal morphologies are vaterite, aragonite, and calcite [26], which belong to
hexagonal, trigonal, and orthorhombic systems, respectively. Regarding the stability of
the crystals, vaterite, with a spherical structure, is the least stable, followed by metastable
aragonite with an acicular structure, whereas calcite, with a rhombohedral structure, forms
the most stable crystal morphology and is widely found in nature. Prior to commencing
the experiment, a red copper plate with a thickness of 0.5 mm, length of 20 mm, and
width of 20 mm was bent and placed close to the tube side of the heat exchanger. The
fouling samples on the red copper plate were dried and analyzed using SEM during the
experiment. SEM micrographs (x2000) under different electromagnetic frequencies are
shown in Figure 10.
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Figure 10. SEM micrographs of fouling samples under different electromagnetic frequencies.

According to the SEM micrographs in Figure 10, it can be found that the AEFTD has
a significant impact on the morphology of CaCOj crystals. The CaCO3; without the use
of the AEFTD (Figure 10a) was found to be regular calcite with a rhombohedral structure
and clustered together, which preferably formed dense hard fouling on the tube side of
the heat exchanger and could not be easily removed. However, when compared to the
control group, the morphology of the CaCOj crystals was different from that of the axial-
electromagnetic field. In addition to calcite, vaterite with a spherical structure was observed
(Figure 10b—f). Vaterite is a nonpolar crystal, which does not easily aggregate into clusters
and is suspended in the fluid to form muddy fouling that is carried away by turbulent
flow, as opposed to accumulating on the tube side of the heat exchanger. Therefore, the
appearance of vaterite crystals is a good phenomenon for inhibiting fouling formation on
the tube side of the heat exchanger.

The proportion and size of vaterite in Figure 10b (0.5 kHz) were relatively small
because the unstable crystal morphology grew further and recrystallized into calcite. How-
ever, with increasing electromagnetic frequency, the proportion of vaterite and crystal
size increased. When the electromagnetic frequency was 1.5 kHz (Figure 10d), the CaCO3
remained vaterite in its morphology (with a large size) and did not transform into calcite.
Vaterite was the major crystalline phase formed during this period. Furthermore, the
proportion and size of vaterite slightly decreased when compared with those in Figure 10d
(1.5 kHz), as the electromagnetic frequency continued to increase to 2.5 kHz (Figure 10f).
These results indicate that the axial-electromagnetic field promoted CaCOj crystallization
in vaterite, as opposed to calcite. When combined with the experimental results obtained
in Section 3.2, it was found that the formation of vaterite, which did not easily adhere to the
tube side of the heat exchanger under the axial-electromagnetic field, was the main reason
for the reduction in fouling on the heat exchange surface.

3.6. Anti-Fouling Mechanism

The anti-fouling mechanism of the AEFTD for crystallization fouling can be explained
from two perspectives.

On the one hand, calcium carbonate is a kind of typical crystallization fouling. From
the perspective of crystal growth, unstable vaterite was formed in the first stage through
spheroidal crystal growth during CaCOj crystal formation. This was followed by the
conversion of vaterite to stable calcite in the second stage through dissolution and recrys-
tallization. Crystal growth is accompanied by a decrease in the energy of the system, which
is termed the Gibbs free energy [27]. Unstable crystalline phases first appeared and were
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gradually transformed into stable products. The system achieved minimum energy when
the reaction reached equilibrium. Crystal nucleation is the first step of crystal growth, and
its driving force is determined by the difference in volume-free energy between CaCOs3
crystals and the experimental fluid. This force is proportional to the degree of supersat-
uration in the experimental fluid. The resistance to nucleation is the interfacial energy
between the CaCOj crystals and the experimental fluid. Therefore, there is a critical radius
for the crystal nucleus, r,. When r > ry, the embryonic crystal can form a crystal nucleus.
The relationship between the variation in free energy and the radius of a crystal nucleus is
shown in Figure 11.

A |

AG

Figure 11. The relationship between the free energy variation and the radius of the crystal nucleus.

The free energy variation can be calculated as follows:
AG = —AGy + AGs (19)

where AG is the free energy variation (J), AGy is the volume of free-energy difference
between the liquid and solid phases in the system (J), and AGg is the interfacial energy in
the system (J).

AGy and AGg can be calculated as follows:

AGg = 4nr? - o (20)

AGy = %nr3 -AGp (21)
where AGp is the free energy difference per unit volume (J/m?), and ¢ is the surface energy
per unit area (J/m?), i.e., the specific surface energy.

When combined with the axial-electromagnetic field, there are many particles associ-
ated with fouling in the experimental fluid, such as with Ca%*, CO3%2~, and CaCO; crystals,
and they have their own natural frequencies. When the electromagnetic frequency is close
to or consistent with their natural frequencies, the particles resonate, absorbing more energy
from the electromagnetic field, transforming this into internal energy in the fluid. Different
frequencies correspond to different energies absorbed by the experimental fluid. When
0 < r < ry, the energy provided by the electromagnetic field will increase AG so as to reach
the nucleation barrier AG* quickly and promote the growth of the embryonic crystal to
the critical radius, . When r > ry, the volume-free energy becomes dominant, resulting
in a decrease in AG, promoting further crystal growth. However, the energy from the
electromagnetic field will inhibit the decrease in the AG, which can prevent the crystal size
from continuing to grow and maintain the crystal in a metastable state. As a result, the
decrease in Gibbs free energy was suppressed [28], thus impeding the transformation of
vaterite into calcite. SEM micrographs of the fouling samples show the crystal morphology
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of vaterite. The greater the amount of energy absorbed by the fluid, the better the effect of
inhibiting the transformation of vaterite to calcite. Fouling formation on the tube side of
the heat exchanger surface was inhibited. In this study, the experimental fluid absorbed the
most energy from the axial-electromagnetic field at 1.5 kHz.

On the other hand, water is the most common carrier of crystallization fouling in
nature. Deionized water was used as the experimental fluid in this study. The angle
between the two hydrogen-oxygen bonds in a water molecule is 104.5°. As a result, the
center of oxygen and hydrogen atoms do not coincide, and water molecules are polar,
which causes a type of electrostatic attraction force between the positive and negative
charges of the two water molecules, namely the hydrogen bond. Due to the existence
of hydrogen bonds, multiple individual water molecules will be associated with water
molecular clusters [29]. Because the charges at each end of the hydrogen bond have
opposite electrical properties. When the experimental fluid passes through the AEFTD, the
Lorentz force from the axial-electromagnetic field will change some of the properties of the
water body. The equation is shown as follows:

F—quxB (22)
N —
where g is the quantity of the charge (C), v is its velocity vector (m/s), and B is the magnetic
induction intensity vector (T).

The mass center of the molecular water cluster is on the central oxygen atom, and the
whole water molecular cluster moves around this oxygen atom, around which the whole
cluster moves and rotates. The water molecular clusters are in equilibrium without the
axial-alternating magnetic field, and under the action of the axial-alternating magnetic
field, when the rotation axis of the water cluster is in line with the direction of the axial-
alternating magnetic field, the water molecules will also rotate around the central axis. The
energy of the hydrogen bond is very sensitive to the distance between the two charges. As
can be seen from Equation (23), the axial-electromagnetic field causes positive and negative
charges (linked by hydrogen bonds) to move in opposite directions periodically, which
breaks or distorts the hydrogen bond, hence weakening or destroying the hydrogen bond
network in the molecular water clusters. This results in the formation of smaller clusters,
water molecule dimers, or individual water molecules.

The spectroscopy results also showed that the angle of the hydrogen bond in a water
molecule decreased from 104.5° to 103.0° under the action of the magnetic field, indicating
the distortion of the hydrogen bond [30]. Toledo et al. [31] obtained a similar conclusion
through theoretical calculations, where a magnetic field weakened the hydrogen bonds
between the water molecules and destroyed larger molecular water clusters, which formed
more and smaller molecular water clusters with stronger hydrogen bonds.

According to the Stokes-Einstein equation [32], the self-diffusion coefficient of a
particle is inversely proportional to its radius, which is defined as follows:

kT
(H) = 37D

(23)

where d(H) is the radius of the particle (m), k is the Boltzmann constant (J/K), T is the
thermodynamic temperature (K), 7 is the viscosity (Pa-s), and D is the self-diffusion coeffi-
cient (m2 /s).

Therefore, the axial-electromagnetic field enhances the diffusivity and activity of water
molecules. When combined with the experimental conditions in this study, the experimental
fluid contains molecular water clusters, Ca?*, CO32~, and CaCOj3 crystals. Ca?t, CO52-,
and CaCOjs crystals have a layer of water molecules arranged in order. The former two are
formed by hydration, which is called hydration ions. These peripheral water molecules
provide a barrier to the interaction between Ca?* and CO3%~ and to the adsorption of
Ca?* and CO32~ on the surface of the CaCOj3 crystals. Under the action of an axial-
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electromagnetic field of 1.5 kHz, the diffusion capacity of water molecules is significantly
enhanced, and the peripheral water molecules will break free, thus promoting the reaction
between Ca?* and CO32~ and the homogeneous nucleation of CaCOj crystals in bulk,
which reduces the probability of CaCOj3; adhering to the tube side of the heat exchanger.

4. Conclusions

In this study, the influence of an AEFTD using different electromagnetic frequencies
on calcium carbonate (CaCO3) crystallization fouling on the tube side of a shell-and-tube
heat exchanger was investigated. The experimental results indicated that the application
of the AEFTD could effectively reduce fouling resistance and decelerate the growth rate
of CaCQO;3 fouling. The anti-fouling rate was between 36.65% and 71.13%, corresponding
to different electromagnetic frequencies. The opposite trend between fouling resistance
and the outlet temperature of the experimental fluid indicated that the application of
the AEFTD could enhance heat transfer. Furthermore, the axial-electromagnetic field
favored the formation of vaterite as opposed to calcite. Non-adhesive vaterite did not easily
aggregate into clusters and was suspended in bulk to form muddy fouling that could be
carried away by turbulent flow. The anti-fouling effect of the AEFTD on CaCOjs fouling
exhibited extreme characteristics in this study. Therefore, the effectiveness of the AEFTD
is contingent upon the selection of the electromagnetic parameters. Subsequent studies
will explore the synergistic effect of electromagnetic frequency and magnetic induction
intensity so as to obtain the optimal electromagnetic parameters for fouling treatment.
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Nomenclature

Symbol Description Unit

Ry fouling resistance m?-K/W
Tw wall temperature °C

Ts interface temperature °C

q heat flux W/m?
T4 inlet temperature °C

Tto outlet temperature °C

) length of the heat exchanger m

d internal diameter of the heat exchanger m

St Stanton number

p specific-heat capacity J/(kg-K)
0 density kg/m3

G volume flow rate m3/h

Of thickness of the fouling layer m

Ap pressure Pa

4 anti-fouling rate

Ry asymptotic value of fouling resistance without the AEFTD ~ m?-K/W
Rim asymptotic value of fouling resistance with the AEFTD m?-K/W
HR; uncertainty of fouling resistance m2-K/W
wh compound uncertainties of temperature °C

HG compound uncertainties of volume flow rate m3/h
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my mass of fouling deposition per unit area kg/m?
my deposition rate kg/(m?-s)
Ty removal rate kg/(m?-s)
of density of the fouling components kg/m3
As coefficient of thermal conductivity W/(m-K)
o deposition rate m-K/N
@r removal rate m-K/N
t running time of the experimental rig min
AG free energy variation ]
AGy volume free energy difference J
AGg interfacial energy J
AG* nucleation barrier ]
AGg free energy difference per unit volume J/m?3
o surface energy per unit area J/m?
q quantity of charge C
v velocity vector m/s
B magnetic induction intensity T
d(H) radius of the particle m
k Boltzmann constant J/K
T thermodynamic temperature K
7 viscosity Pa-s
D self-diffusion coefficient m?/s
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