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ABSTRACT: Comparing with the traditional chemical and
physical method, the electromagnetic water treatment technology
draws more attention of researchers for its advantages of easy
application, small investment, low cost, and being pollution free in
recent years. However, due to the less study of the formation
process and adhesion of fouling on the surface of heat exchange
equipment, the electromagnetic anti-fouling performance cannot
be well evaluated. This paper studies the numerical simulation of
the flow states of circulating cooling water in heat exchange tubes
with a straight shape and U-shaped ones and analyzes the
experimental data of fouling resistance on heat transfer surface
under the action of 0.5, 0.75, 1, and 1.5 kHz electromagnetic fields.
The variations in the velocity field and pressure field at various
points in heat exchange tubes declare that the velocity of the circulating cooling water is smaller in the outlet of the pipeline. The
change of the circulating cooling water flow state with the pipeline shape causes a certain impact on fluid velocity, and the pressure
value at the outlet is larger. It is obtained that the flow velocity in the area with high surface pressure of circulating cooling water is
relatively small. The experimental results indicate that the fouling resistance on the surface of the magnetic heat exchange tube is
smaller than that of the nonmagnetic one. The anti-fouling efficiency in 0.5, 0.75, 1, and 1.5 kHz magnetic and contrast experiments
are 46.8, 84.8, 91.2, and 63.6%, respectively. Better anti-fouling performances are obtained under the action of about 1 kHz
electromagnetic frequency. The induction period of fouling on the heat exchange surface is lengthened under electromagnetic fields.
All these studies are of significant importance to further understand the formation process and adhesion of fouling on the surface of
heat exchange equipment, as well as to better evaluate the electromagnetic anti-fouling performance.

1. INTRODUCTION

In industrial production, the concentration of circulating
cooling water has become a major issue related to the fouling
phenomenon of on-site heat-exchange equipment, which
brings about the fouling problem.1 Chemical water treatment
technology based on a water treatment agent is mature and
widely used to suppress scaling, biological fouling, and
corrosive fouling, which plays a leading role in the research
of water treatment. However, chemical fouling removal and
inhibition will cause serious environmental pollution problems
and is high-cost with less effectiveness. Variable-frequency
electromagnetic water treatment technology is employed due
to its advantages of easy application, small investment, low
cost, and being pollution free.2

Electromagnetic fields have significant influence on the
fouling formation process of industrial heat-transfer equip-
ment.3 The effect of electromagnetic anti-fouling technology
on fouling mitigation in a heat exchanger has gained wide
attention.4 There are sufficient works on chemical and physical

methods for fouling removal and inhibition, though the
mechanism and effectiveness of electromagnetic water treat-
ment technology have not been fully studied.5 This paper
conducts numerical simulation research on the flow states of
circulating cooling water, as well as experimental analysis for
the characteristics of fouling resistance in the electromagnetic
anti-fouling process, to further draw conclusions regarding the
pace for fouling formation and adhesion of fouling on the
surface of heat exchange equipment. Flow states include fluid
property parameters (dynamics characteristics of fluid flow,
water quality parameters, etc.)
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It is proved that electromagnetic water treatment has an
effect on many physical and chemical properties of water.6 It is
hard to distinguish which parameter can establish a closer
relationship with the electromagnetic frequency to better
reflect the effect of scale removal and inhibition. The treatment
effects of electromagnetic fields are mostly focused on the
action of various factors that influence fouling.7 In ref 8, to
study the influence of the particle property to fouling forming,

a deposition and scaling model is set up. A processing of
particle fouling under conditions of different particle properties
is simulated in Fluent with the method of CFD. In order to
investigate the microbial fouling characteristics in a Ca2+

environment, having the artificial ratio method adopted to
add iron bacteria and CaCl2 into the heat exchanger’s
recirculating cooling water system was implemented so that
the cooling water system’s fouling characteristics at different

Figure 1. Water treatment technology and anti-fouling effect of the online monitoring evaluation system (research group, Jilin, China). (a) 1:
Outlet temperature monitor; 2−4: water temperature monitor; 5: inlet temperature monitor; 6: electric heater; 7: flowmeter; 8: upper tank; 9:
upper tank temperature monitor; 10: lower tank; 11: heat exchanger; 12: overflow pipe; 13: cooling water circulation pump; 14: air-cooled radiator;
15: air circulating pump; 16: air-cooled tank; 17: data acquisition card; 18: proportion integration differentiation (PID) controller; 19: industrial
computer; 20: water bath temperature monitor. (b) Physical model of the online evaluation experiment. (c) Structure principle of the parallel
electromagnetic field.
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temperatures, velocities, and iron bacterial concentration can
be studied.9,10 CFD simulation is performed to study the heat
and mass transfer coefficients of the alternating absorber of
staggered tube bundle with M-W mesh guiders. The CFD
simulation results of liquid film velocity, temperature, and
concentration are obtained in the literature.11 Reference 12
calculates and analyzes gravitational force, adhesive force,
Saffman force, Magnus force, and fluid resistance under
different particle diameters of Pearl River water, silt particle,
and lake water blending with silt, respectively. The adhesion
and abrasion effects of different forces under different flow
rates qualitatively are educed. The corresponding change
relation of various factors under the influence of electro-
magnetic parameters has rarely been studied.
The fundamental research on water quality parameters

(conductivity, fouling induction period (FIP), scanning
electron microscopy, and particle size distribution) in the
process of circulating cooling water flowing through the heat
exchange tube, which is under the impact of different magnetic
induction intensities, has been carried out.13 The parameters of
solution such as conductivity, pH value, zeta potential of
colloidal particles, and surface tension will change with the
change of electromagnetic fields, and eventually will directly
affect the formation and growth process of fouling.14 The
variable frequency electromagnetic water treatment method
acts on different water bodies, and the treatment effect is also
different due to different electromagnetic frequencies; there-
fore, there are still many problems to be studied in this
field.15,16 Magnetic field lines can indeed be perpendicular to
the water flow direction. Based on the variation of water
quality parameters (conductivity, pH value, dissolved oxygen,
turbidity) under the influence of the frequency conversion
electromagnetic field, the relationship between conductivity,
pH value, and magnetic acting time was analyzed by using the
correlative degree analysis, balanced adjacent degree method.17

Then, the relationship between conductivity, pH value,
dissolved oxygen, turbidity, and magnetic acting time was
analyzed by using SPSS statistical methods.18

This paper focuses on the dynamic simulation results of the
velocity field and pressure field of circulating cooling water on
calcium carbonate fouling formation in industrial heat
exchanger tubes with a straight shape and U-shaped ones
under the action of 0.5, 0.75, 1, and 1.5 kHz electromagnetic
fields by using Fluent software. Variations in the flow state of
circulating cooling water reflect the formation process of
fouling from different aspects. Based on an experimental
platform with structure principle of a parallel electromagnetic
field,13,17 we study the velocity field and pressure field at
various points in the process of circulating cooling water
flowing through the heat exchange tube combined with Fluent
dynamic analysis.18,19 The experimental data of fouling
resistance on the heat exchange surfaces in 0.5, 0.75, 1, and
1.5 kHz magnetic and contrast experiments are carefully
analyzed by Origin. Dynamic analysis is employed to indicate
the significance of the flow state of circulating cooling water in
the fouling formation process.20 The degrees and effects of
heat transfer and the flow states of circulating cooling water are
obtained to study the formation process of fouling and further
explore the electromagnetic anti-fouling theory.

2. MATERIALS AND METHODS
2.1. Experimental System. The principle of water

treatment technology and anti-fouling effect of online

monitoring evaluation experiment is displayed in Figure 1.
An experimental platform with magnetic and contrast treat-
ments is proposed, and the flow states of circulating cooling
water and characteristics of fouling resistance are studied with
the same heat exchange condition.13,18,21 Additionally, due to
the influence of the electromagnetic field, the formation of
coarse particulate fouling is inhibited.
The experimental platform focuses on calcium carbonate ion

concentration, which is more conducive for drawing electro-
magnetic anti-fouling conclusions. Reducing the time for
fouling formation from 1 or 2 years to approximately 7 days
simulates the heat exchanger fouling process, allowing rapid
fouling to be achieved. While setting the constant temperature
water tank to 50 °C, the solution of calcium carbonate, which
is with high hardness of 1000 mg/L, flows through thin
stainless steel or copper pipes at 29 °C. Five groups of
polyvinyl chloride (PVC) pipes wound with insulated copper
wire are buckled at one circulating cooling water tube that is
used in the heat exchanger. Based on the self-developed
variable frequency electromagnetic water treatment equipment,
a 3 A alternating current with a square signal output is
produced and two ends of the insulated copper wire coil is
connected, making the magnetic field lines parallel to the water
flow direction. A nonmagnetic contrast experiment is
conducted in the other circulating cooling water tube. Through
the regulating valve of the upper tanks, the circulating cooling
water flow velocity is maintained at 0.4 m/s. In order to ensure
collection and reliability of experiment data, the inlet
temperature of circulating cooling water and fouling resistance
are measured every 3 h.

2.2. Calculation of Magnetic Field Intensity in the
Experimental Pipeline. In the process of electromagnetic
water treatment, magnetic field intensity is closely related to
the effect of magnetic treatment. Therefore, before simulating
the flow state of circulating cooling water in the experimental
pipeline, the magnetic field intensity produced by the variable-
frequency electromagnetic device in the inlet section is
statistically calculated, allowing the formation of fouling to
be more accurately simulated based on the known magnetic
field intensity.
Method 1: As shown in Figure 2, the angles between the Z-

axis of insulated copper wire coil and the lines of point in the

Z-axis and the ends of pipeline are β1 and β2, respectively. The
radius is r, the length is L, the turns are W, and the current is I.
The distance between the center point and the field point is a.
The magnetic induction intensity at any point of the Z-axis is
then

Figure 2. Electromagnetic structure of wire coil.
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where μ = 4π × 10 −7 H/m represents the air permeability.22,23
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Method 2: If the cross-sectional area of wire coil is A, the
magnetoresistance can be represented as follows:

R
L
Aμ

=
(3)

The magnetomotive force is

F WI R= = Φ (4)

When the area S is vertical to B, then B can be calculated
according to the following eq 5:

BS BWA ,Φ = = (5)

During the process of actual experiments, the gauss meter is
employed to directly and accurately measure the magnetic field
intensity of the points in wire coil while simultaneously taking
into consideration the relationship between B, rated voltage,
output current, and magnetic field intensity H.24,25 This
research serves as a reference for obtaining more experimental
data, analyzing the pipeline heat transfer process, and
discussing the electromagnetic anti-fouling performance
under the influence of electromagnetic fields.
The coupling between a fluid flow field and a magnetic field

can be obtained based on two basic actions: the inducted
current due to the motion of conductive materials in the
magnetic field, and the Lorentz force due to the electrical
effect, which leads to the interaction between the current and
the magnetic field. However, inducted currents and Lorentz
forces are usually the opposite of the mechanism by which they
are produced. Thus, the resulting Lorentz force will system-
atically cause an electromagnetic-induced motion. The electro-
magnetic induction phenomenon also occurs in the process of
alternating magnetic fields.
Maxwell’s equations describe the electromagnetic field:

0,
B

∇ × → =
(6)

E
B
t

,∇ × ⃗ = − ∂ ⃗
∂ (7)

D q,∇· ⃗ = (8)

H j
j
t

,∇ × ⃗ = ⃗ + −
∂ ⃗
∂ (9)

Here,
B

→ (T) and
E

→ (V/m) are the magnetic induction

intensity and electric field intensity, and
H
→ (A/m) and

D
→ (C/

m2) are the magnetic field intensity and electric field flux
density, respectively. q (C/m3) is the charge density, and

j
→

(A/m2) is the current density. In the magnetic field,
H
→ and

D
→

is defined as follows:

1
,

H Bμ
→ = →

(10)

,
D E

ε→ = →
(11)

The μ (H/m) and ε (F/m) here are the magnetic
permeability and dielectric constant, respectively. It is
important to obtain the current density when studying the
interaction between the fluid flow field and the magnetic field.
The current density can be estimated by solving the magnetic
induction equation and the potential equation.

2.3. Dynamic Analysis. In this paper, we employ Fluent
for numerical simulation. Fluent is a computational fluid
dynamics CFD software package, which is widely applied in
industrial production, especially in heat transfer, fluids, etc. In
Fluent, all of the flows can be modeled and calculated through
solving the mass and momentum conservation equations.
Fluent mainly solves viscous incompressible flow in which
density is constant. The conditions of heat transfer can be
modeled and calculated by solving the mass and momentum
conservation equations. The compressibility of water is small,
signifying that for each additional atmospheric pressure, the
volume of water only changes by one in ten thousand, making
water exhibit incompressible flow. In the turbulent state of
multiphase flow, the velocity field and pressure field will
appear. Considering that actual data cannot always be
described by a theoretical distribution, the inherent character-
istics of viscous incompressible flow and relationships among
variables were studied using Fluent software (Fluent 14.0,
ANSYS 17.0, Inc., Canonsburg, PA, USA, 2017) combined
with Origin software (Origin Pro8.0, OriginLab, Hampton,
Massachusetts, United States, 2008). These programs can
vividly and effectively solve the issue of fluid calculation
through their simulation process.
There are two key sections in the Fluent numerical

simulation process: pre-module ICEM CFD and the Fluent
solver. Tecplot is a data visualization program that can realize
post-processing function.26 The flow state of circulating
cooling water can be pre-processed by ICEM CFD and
calculated by Fluent solver. Tecplot is finally applied for further
processing and obtaining the effect graph of fouling formation
process.27

Pipeline flow is very common in real life and industrial
production process, such as the fluid flow in a heat exchanger.
Also, Fluent has provided a more comprehensive simulation
environment and process. The experimental conditions will be
detailedly simulated and analyzed in this paper. ICEM CFD
(draw the calculation area and the type of relevant specified
boundary condition) exports mesh file, then imports Fluent
solver (settings), forms the case file and solves the situation,
and finally imports Tecplot visual processing software for
further simulation.

2.4. Evaluation Metrics. Due to the increased fouling,
fouling resistance is known as a coefficient of measurement for
the heat exchange surface. Variation in fouling resistance is
closely related to the magnetic field intensity and heat
exchange equipment working conditions.28 Anti-fouling
efficiency, which is a measurement of fouling inhibition effects,
can be calculated as follows:

R R

R
,f i f i

f i

0 1

0
η =

−

(12)
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where Rf 0i denotes the fouling resistance value in the contrast
experiment at moment i, and Rf1i denotes the fouling resistance
value in the magnetic experiment at moment i. The average
anti-fouling efficiency can be expressed as

,
i

n

i
1

∑η η̅ =
= (13)

where n denotes the experimental data number.29,30

2.5. Epsilon Turbulence Model. Since the 1960s,
researchers have proposed different schemes for the selection
of a characteristic parameter Z, which characterizes the
turbulence effect. Thus, various bilateral models are estab-
lished. The k-ε model is the most mature and widely used,
where ε is the dissipation rate of turbulent energy. A
generalized transport equation of turbulence parameter Z can
be established as

k lZ ,m n= (14)

where m and n are constants. The k equation after simulation is
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The ε equation after simulation is:
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ϵ (16)

The calculation of the k differential transport equation is the
same as that of the single equation model, which is simulated
term by term from the precise transport equation and has
certain theoretical and experimental basis.
The k-epsilon turbulence model is the most common

turbulence model. It is widely employed in the industrial flow
simulation due to its good robustness, economy, and
reasonable prediction of the turbulence effect. The k-epsilon
turbulence model is a two-equation model, which is suitable
for fully developed turbulence, but the calculation results are
not ideal for the practical engineering application of transition
conditions and near-wall regions with a low Reynolds number
(laminar flow). Based on the water treatment technology and
anti-corrosion effect of online monitoring evaluation exper-
imental and simulation conditions in this paper, the high
Reynolds number is carried out on the assumption that the
flow of the circulating cooling water is completely turbulent,
and the influence of molecular viscosity is negligible.31

Equations 15 and 16 are combined as the standard two-
equation k-ε turbulence model. Using ε instead of character-
istic length l, the expression of turbulence viscosity coefficient
in the k-ε model is obtained:

C k / ,t
2μ ρ ε= μ (17)

The standard k-ε model is a semi-empirical formula with a
wide range of applications, economical application, and
reasonable accuracy. The turbulent kinetic energy transport
equation is derived by a precise equation, and the dissipation

rate equation is obtained by physical reasoning and
mathematical simulation of a similar prototype equation.
This paper studies mainly the flow states of circulating

cooling water in heat exchange tubes under the action of
electromagnetic fields. The circulating working medium is an
incompressible fluid, so that the inlet boundary conditions
change along with the change of working conditions, and the
free outflow of fluid is the export boundary condition. Other
boundary conditions are set as wall insulation, fluid without
sliding and zero pressure gradient. Without considering the
gravity factor, the standard wall function is selected for near-
wall treatment.

3. RESULTS AND DISCUSSION
Pipeline flow is very common in real life and industrial
production processes, such as the fluid flow in a heat
exchanger. Through using the ICEM pre-treatment and
modeling by the Fluent solver, we can learn the commands
about copy, move, split, unite, and surface mesh, volume mesh
division, etc. Also, in the post-visual process of Tecplot, it can
be clearly observed that the pipeline fluid flow at the initial
speed of 0.4 m/s by using animation display of pathlines
(streamline). The experimental conditions are carefully
analyzed and proposed in the second section. As an
incompressible viscous fluid, the circulating cooling water
flows from the inlet to the outlet at a speed of 0.4 m/s and its
velocity and pressure are different at points of different
pipelines.
Figure 3 shows the working condition of heat exchange tube

of water treatment technology and anti-corrosion effect of

online monitoring evaluation experiment, where the radius is r
= 2.2 cm, the thickness is h = 0.2 cm, and the length is L = 220
cm.
Figure 4 shows the working condition of heat exchange tube

of the improved experiment, where the radius of the straight
pipeline is r = 2.2 cm, the thickness of the pipeline is h = 0.2
cm, the length of the straight pipeline is L = 220 cm, and the
radius of the U-shaped pipeline is R = 20 cm.

Figure 3. Structure of the circular pipeline (research group, Jilin,
China).

Figure 4. Structure of the U-shaped pipeline (research group, Jilin,
China).
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3.1. Three-Dimensional Fluid Flow State of the
Circular Pipeline. The simulation results of steady-state
magnetic induction intensity of an electrified solenoid are
shown in Figure 5a. The magnetic induction intensity inside
the electrified solenoid is greater than that outside the
solenoid. The magnetic induction intensity at the internal
center is the largest, which can reach 84 Gs. The magnetic
induction intensity decreases with the increase of the distance
from the center to ends, and the damping speed of the

magnetic induction intensity is faster with the increasing
distance from the center of the solenoid.32 Therefore, the
magnetic induction intensity at both ends of the solenoid is
much smaller than that at the center, which can reach several
Gs.
In order to verify the radial variation of magnetic induction

intensity B when z is constant, as shown in Figure 5b, z
represents the axial distance between the spatial point and the
solenoid center, where the solenoid center is located at 70.5

Figure 5. (a) Steady-state magnetic induction intensity of electrified solenoid. (b) Magnetic induction intensity of different locations from the
center of the Z-axis.
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mm. When z is small, B increases with the increase of the
radius r. In the radial direction from the solenoid, the value of
B is a constant at 20−25 mm from the coil with only a small
fluctuation. B then decreases with the increase of radial
distance. When z is large, the increase of B is small. B also
increases with the increase of r and gradually decreases. The
difference is that it exhibits a damping trend while B increases
to 20−30 mm from the center of the coil. B is smallest at the
center of coil, signifying that around the edge of the solenoid,
the magnetic induction intensity at the edge of coil is greater
than that at the center. Therefore, the magnetic induction
intensity at arbitrary points inside the solenoid can be
determined after choosing the geometrical size of solenoid
and the current parameters. Furthermore, the electromagnetic
anti-fouling process can be studied from the angle of magnetic
induction intensity.33

The velocity field of circulating cooling water in the straight
pipeline is conducted, where the radius is 2.2 cm, the thickness
is 0.2 cm, and the length is 220 cm. The ICEM pre-treatment
of Fluent is used to draw grids. The number of grids must
satisfy the requirement of non-overlapping grids at different

locations, and it is very important for the simulation. Here, the
number of grids is set to 220. The non-overlapping grid
distribution is provided on the surface of the entrance and exit
areas. It can be seen that the grids are non-overlapping and
evenly distributed. Figure 6a shows the velocity field at the
outlet of pipeline with inlet velocity of 0.4 m/s. The right side
of Figure 6b shows the inlet of pipeline. The speed value in the
red area is larger than others. It can be noticeably observed that
the velocity of the circulating cooling water is larger when it
leaves the outlet of the pipeline and the other areas are slightly
smaller. There is the velocity stratification at the outlet of
pipeline, and the closer to the center of the heat exchange tube,
the greater the velocity of circulating cooling water is. Figure 7
shows the velocity field in the pipeline from the point of the
Cartesian coordinate system. The red lines are clear and
smooth, and the circulating cooling water flows evenly in the
straight circular pipeline.
The circulating cooling water near the edge of heat exchange

tubes is affected by the friction caused by the hydraulic
pressure and loses a part of the kinetic energy. Therefore, the
slow velocity of the circulating cooling water at the outlet of

Figure 6. Velocity field in the circular pipeline (m/s). (a) Velocity field at the outlet of circular pipeline in the simulation process. (b) Velocity field
on the Z-axis in the simulation process.

Figure 7. Certesian diagram of velocity field in Tecplot.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02193
ACS Omega 2021, 6, 28515−28527

28521

https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02193?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pipeline will further promote the formation process and
adhesion of fouling on the surface of heat exchange tubes. Near
the circulating pipe wall, the working medium flow speed is
slow and the scouring effect on the heat exchange tube is small,
so there will be scale on the heat exchange tube wall.
3.2. Three-Dimensional Fluid Flow State of the U-

Shaped Pipeline. The simulation results of alternating
magnetic induction intensity of the electrified solenoid are

shown in Figure 8a, demonstrating that the internal magnetic
induction intensity of the electrified solenoid is much greater
than the external magnetic induction intensity and that
distribution of internal magnetic induction intensity is uniform.
The average magnetic induction intensity of the interior
solenoid can reach up to 77 Gs, which is much larger than that
of the steady magnetic field, demonstrating that when the
square wave current is applied alternately in the coil, the

Figure 8. (a) Alternating magnetic induction intensity of the electrified solenoid. (b) Magnetic induction intensity of different locations from the
center of the Z-axis.
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alternating magnetic field will be produced, and the alternating
magnetic field with time will excite the induced electric field.
Then, the alternating change of the induced electric field with
time will again excite the additional magnetic field, which will
be excited in turn. Therefore, the total magnetic field inside the
electrified solenoid can be classified as the superposition of the
magnetic field generated by current and a series of additional
magnetic fields. This determines that the magnetic induction
intensity is relatively high.
In order to verify the radial variation of magnetic induction

intensity B when z is constant, as shown in Figure 8b, z
represents the axial distance between the spatial point and the
solenoid center, and the solenoid center is located at 70.5 mm.
When z is constant, B increases with the increase of r. In the
radial direction from solenoid, the magnetic induction intensity
tends to be stable when the radial distance from the Z-axis is
15−20 mm, and then it decreases with the increase of the r
value. From the simulation results, the magnetic induction
intensity of each point of the axial distance is not very different
and more uniform when z is below 40 mm. Furthermore, the
magnetic induction intensity of the point at the axial edge
fluctuates greatly when z is between 40 and 50 mm.
The velocity field and pressure field of circulating cooling

water are conducted in this section, where the radius and
length of the straight pipeline part are 2.2 and 220 cm,
respectively, and the radius of the U-shaped part is 20 cm. It is
very important for the simulation to have the number of grids
in Figure 9 satisfy the requirement of non-overlapping grids at
different locations, especially for the U-shaped part. Here, the
number of grids is set to 220, and the number of grids is set to

68 at the bend. Non-overlapping grids are provided on the
surface of the entrance and exit areas of the pipeline. It can be
seen that the grid distribution at the bend is non-overlapping
and evenly distributed. The iteration will terminate when the
accuracy requirement is satisfied, and in this simulation, the
requirement can be satisfied after 100 iterations. The
circulating cooling water fills the entire heat exchanger tube,
and the heat transfer process is sufficient, which demonstrates
one of the satisfactory conditions of fouling formation. In
Figure 10, the red area indicates that the velocity value is
slightly larger than others, which means that the change of
circulating cooling water flow state with the pipeline shape will
cause a certain impact to fluid velocity. In Figure 11, the red
area represents the outlet of the pipeline, so the pressure value
at the outlet is larger. The pressure value of the inside part of
the U-shaped pipeline is noticeably smaller. In other words, the
impact on the inner side of the pipeline is small when the
circulating cooling water flow state changes following the
change of pipeline shape. Fouling runs are carried out in
pipelines with different shapes and heat transfer surfaces by the
entire simulation process.
In the U-shaped pipeline, it can be obtained that the flow

velocity of the circulating cooling water is uniform in the
straight part of the heat exchange tube. Then, the flow
direction of circulating cooling water is changed in the U-
shaped part due to the turbulence effect. The velocity at the
outlet of the heat exchange tube is large. The pressure outside
the U-shaped part is greater than the pressure inside the U-
shaped part. The velocity and pressure of circulating cooling
water in the heat exchange tube have great impact on the

Figure 9. U-shaped pipeline grid diagram.

Figure 10. Velocity field of the U-shaped pipeline (m/s).
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fouling on the tube wall, which means that the fouling is not
easy to be produced, the fouling resistance value will be small,
but the heat exchange tube is easy to be eroded. The numerical

simulation process can also reflect the state of fouling attached
to the tube wall.

3.3. Fouling Inhibition Performance Analysis. Dichot-
omy is employed to investigate the influence of electro-
magnetic frequencies on fouling resistance. Figure 12 displays
the inhibitory effects of electromagnetic fields on fouling in 0.5,
0.75, 1, and 1.5 kHz magnetic experiments. Results show that
variations in fouling resistance in magnetic experiments tend to
be different from those in contrast experiments. After the end
of the induction period, the fouling resistance on the surface of
the two heat exchange tubes begins to rise, and eventually, it
stabilizes to some value. The induction period refers to the
period from the moment when the solution reaches super-
saturation to the arrival of crystallized sediment. Fouling
resistance on the surface of the magnetic heat exchange tube is
smaller than that of the nonmagnetic one when the initial
values return to zero. The result indicates that the induction
period of fouling on the surface of the heat exchange tube
under the action of electromagnetic fields can be relatively
prolonged. After calculating eqs 6 and 7, the value of anti-
fouling efficiency in 0.5, 0.75, 1, and 1.5 kHz magnetic and

Figure 11. Pressure field of the U-shaped pipeline (kg/m·s2).

Figure 12. Trend diagram of fouling resistance in the experimental process. (a) Fouling resistance in 0.5 kHz magnetic and contrast experiments.
(b) Fouling resistance in 0.75 kHz magnetic and contrast experiments. (c) Fouling resistance in 1 kHz magnetic and contrast experiments. (d)
Fouling resistance in 1.5 kHz magnetic and contrast experiments. ① Contrast experiment data. ② Magnetic experiment data.
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contrast experiments are 46.8, 84.8, 91.2, and 63.6%,
respectively. The growth rate of fouling resistance in magnetic
experiments is also smaller than that in contrast experiments.
Better anti-fouling performances are obtained under the action
of about 1 kHz electromagnetic frequency.
In this paper, the Fluent software is used to simulate the

pressure field and velocity field distribution of circulating
cooling water in heat exchange tubes under the action of
electromagnetic fields to explore the fouling generation
mechanism. Figure 13 is added to show separately the results

of fouling resistance based on the Fluent numerical simulation
and the water treatment technology and anti-fouling effect of
online monitoring evaluation experiment under non-magnetic
conditions, so as to verify the effectiveness of the pressure field
and velocity field of circulating cooling water obtained by the
standard k-ε model of Fluent software.
In order to evaluate quantitatively the accuracy of the

standard k-ε model, the absolute percentage error can be
expressed as:
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(18)

where Rfi and R fi
̂ denote the experimental value and the

simulation value of the fouling resistance at moment i,
respectively. The absolute percentage error is 5.0315 by
calculation, so it meets the needs of the engineering veracity.
The results show that it is feasible for the numerical simulation
study on the formation process and adhesion of fouling on the
surface of heat exchange tubes by using Fluent software.
As shown in Figure 14, the velocity field and pressure field

are simulated under the influence of electromagnetic
frequencies. It is clear that magnetic parameters have influence
on fouling inhibition and flow states of circulating cooling
water. The flow velocity in the area with high surface pressure
of circulating cooling water is relatively small, which is the
result of more energy loss caused by a larger friction force. In
the area with large flow velocity, the washing effect of
circulating cooling water on the heat exchange tube is also
large, and the fouling will be washed to a certain extent, so the
fouling in this area is less. However, the corrosion appearing on

the area with a large scour effect is more likely to be caused,
which makes the heat exchange tube damaged.
Electromagnetic water treatment technology can have great

influence on the formation process of fouling. Variations in
fouling resistance provide application guidance on the practical
application of electromagnetic field anti-fouling, fouling
removal, and corrosion inhibition performance. Velocity field
and pressure field can be employed as important contents in

Figure 13. Comparison diagram of simulation values and
experimental values of fouling resistance.

Figure 14. Trend diagram of the velocity field (m/s) and pressure
field (kg/m·s2) on the Z-axis in the simulation process. (a) Velocity
field under a non-magnetic condition. (b) Pressure field under a non-
magnetic condition. (c) Velocity field under a 0.5 kHz magnetic
condition. (d) Pressure field under a 0.5 kHz magnetic condition. (e)
Velocity field under a 0.75 kHz magnetic condition s. (f) Pressure
field under a 0.75 kHz magnetic condition. (g) Velocity field under a
1 kHz magnetic condition. (h) Pressure field under a 1 kHz magnetic
condition. (i) Velocity field under a 1.5 kHz magnetic condition. (j)
Pressure field under a 1.5 kHz magnetic condition.
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the study of fluid dynamic field for the heat exchange process.
Moreover, the flow states of circulating cooling water can be
further studied to reflect the electromagnetic anti-fouling
mechanisms.

4. CONCLUSIONS
In this study, the dynamic simulation results of the velocity
field and pressure field of circulating cooling water were
conducted on calcium carbonate fouling formation in industrial
heat exchanger tubes with a straight shape and U-shaped ones,
respectively, by using Fluent software. Based on a self-designed
online evaluation experimental platform of the electromagnetic
anti-fouling effect, the experimental data of fouling resistance
on the heat exchange surfaces by employing Origin is obtained.
The flow state of the circulating cooling water is uniform in

the straight pipeline, and the velocity of the circulating cooling
water is smaller in the outlet of the pipeline. The pressure on
the surface of circulating cooling water is inversely propor-
tional to the velocity when the heat exchanger tube changes
from the straight tube to the U-shaped tube. The velocity and
pressure of circulating cooling water in the heat exchange tube
have great impact on the fouling on the tube wall, and the
fouling is not easy to be produced. The numerical simulation
process can reflect the state of fouling attached to the tube
wall. The experimental results indicate that fouling resistance
on the surface of the magnetic heat exchange tube is smaller
than that of the nonmagnetic one when the initial values return
to zero. The pace for fouling formation is slowed down. The
anti-fouling efficiency in 0.5, 0.75, 1, and 1.5 kHz magnetic and
contrast experiments are 46.8, 84.8, 91.2, and 63.6%,
respectively. Better anti-fouling performances are obtained
under the action of about 1 kHz electromagnetic frequency.
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