
Citation: Zhang, Z.; Yang, Z.; Xie, P.;

Zhao, Y.; Shan, J.; Liu, Y.; Wu, A.; Ma,

S.; Zhang, L.; Chen, H. Key

Parameters and Optimal Design of a

Split Induction Coil for T-Shaped

Pipe Brazing. Coatings 2023, 13, 940.

https://doi.org/10.3390/

coatings13050940

Academic Editor: Ramachandran

Chidambaram Seshadri

Received: 18 April 2023

Revised: 11 May 2023

Accepted: 15 May 2023

Published: 17 May 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/).

coatings

Article

Key Parameters and Optimal Design of a Split Induction Coil
for T-Shaped Pipe Brazing
Zhenlin Zhang 1,2 , Ziheng Yang 1,2, Pu Xie 3, Yue Zhao 4,5,*, Jiguo Shan 4,5, Yan Liu 1,2,*, Aiping Wu 4,5, Sida Ma 6,
Lei Zhang 7 and Hui Chen 1,2,*

1 School of Materials Science and Engineering, Southwest Jiaotong University, Chengdu 610031, China;
zzl21@swjtu.edu.cn (Z.Z.)

2 Key Laboratory of Advanced Technologies of Materials, Ministry of Education, Chengdu 610031, China
3 Department of Aeronutics and Astronautics, Stanford University, Stanford, CA 94305, USA
4 Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China
5 Key Laboratory for Advanced Materials Processing Technology, Ministry of Education, Beijing 100084, China
6 Beijing Institute of Radio Measurement, Beijing 100009, China
7 State Key Laboratory of Advanced Brazing Filler Metals and Technology, Zhengzhou Research Institute of

Mechanical Engineering Co., Ltd., Zhengzhou 450001, China
* Correspondence: zhao-yue@tsinghua.edu.cn (Y.Z.); liuyanzt@163.com (Y.L.); xnrpt@swjtu.edu.cn (H.C.)

Abstract: The heat exchanger made up of several T-shaped joints is a critical component in energy
equipment. A split induction coil was designed for T-shaped aluminum pipe brazing, and the Taguchi
method was combined with multi-physical simulation to solve the multi-factor optimization of the
split coil. The results showed that the multi-physical simulation model had high precision. The
melting of filler metal was almost consistent with the spatial distribution of the temperature field, and
the average simulation error was approximately 5.753 ◦C. The optimal coil parameters were obtained
with a turn number of 3.5, a turn space of 7 mm, a heating distance of 15.6 mm, a coil diameter of
8 mm, and a coil length of 9 mm. Three well-formed T-shaped joints could be obtained at one time
via the optimal split coil. During the induction brazing, the skin effects and the proximity effects
induced a high magnetic field intensity around the joint, which had a significant relationship with the
coil length and coil diameter. The high magnetic field intensity promoted a high eddy current density
in this place, and as a result, the high Joule heat could be generated around the joint. In addition, the
significant decrease in the heating rate at high temperatures promoted the homogenization of the
temperature and the melting and filling of the filler metal as well as avoided local overheating.

Keywords: induction brazing; numerical simulation; Taguchi method; split coil; temperature field

1. Introduction

The heat exchanger is a device that is used for the transfer of internal thermal energy
between two or more fluids available at different temperatures, and it plays an impor-
tant role in energy efficiency and physical size of the refrigeration and air conditioning
system [1,2]. Figure 1 shows one type of heat exchanger morphology. One of the most
important issues in the manufacturing of the heat exchanger is the joining of the header
tubes and flat tubes, which are its key heating transferring components. Furthermore, tubes
and fins belong to thermal conductive adhesive joining, and when the temperature reaches
200 ◦C or more, the joint loses efficacy. Therefore, brazing without using the furnace can
be used to join the flat tube and header pipe of the heat exchanger in the air conditioner,
and the distribution of temperature is very essential. In addition, the deformation should
be controlled in the length direction during brazing, or it will produce a force that is
perpendicular to the header pipe, thus reducing the lifetime of the brazing joint.
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plex structure. In addition, induction heating is a highly efficient heating method for elec-
trically conductive materials. During the induction brazing, resistance to the flow of elec-
tricity induced by coils placed around the workpiece provides the heat for the induction 
brazing process, and the heating is accomplished by generating eddy currents within the 
material when it is placed in an alternating magnetic field. The resistive, or Joule, losses 
created by the current cause the material to heat internally [7]. Therefore, the design of the 
coil has a significant influence on the control of the temperature field in the process of 
induction brazing. 

Studies have shown that current parameters [8], coil shape [9–11], positional relation-
ship between coil and workpiece [12], ferrite slices [13], and even the environmental char-
acteristics [14] can significantly influence the temperature field on the workpiece. For ex-
ample, Patil et al. [9] analyzed the magnetic fields and temperature control profiles of four 
different helical coils, including classical, conical, square, and oval coils, for tubular spec-
imens; the results showed that the coil with the oval shape had the most uniform temper-
ature distribution and the highest energy efficiency, at 62%. Ankan et al. [11] reviewed the 
matching relationships between the workpiece shapes and coil shapes, including single-
turn coil, multi-turn coil, hairpin coil, and split coil, which are used for customized heating 
of work parts. However, the parameters of the coil should be designed according to the 
shape of the workpiece to obtain a suitable temperature field [15]. It is still difficult to 
choose the suitable coil due to the large number of parameters. To solve the multi-objec-
tive optimization problem under the condition of multi-factors, orthogonal experiments 
were usually designed and carried out, but the influence of accidental factors on the test 
results were often ignored; as a result, the optimal results were likely biased. In addition, 
artificial intelligence algorithms, such as machine learning, have been introduced to solve 
multi-factor optimization [16]. According to the research of Zhang et al. [17], the compo-
sition of precipitation-strengthened copper alloys was designed using machine learning, 
obtaining excellent combined mechanical and electrical properties, with the ultimate ten-
sile strength of 858 MPa and electrical conductivity of 47.6% IACS. Liu et al. [18] proposed 
a material design strategy to simultaneously optimize multiple targeted properties of 
multi-component Co-based superalloys via machine learning, and a series of novel Co-
based superalloys was successfully selected from more than 210,000 candidates. However, 
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Brazing without using furnace technologies includes mainly torch brazing [3], resis-
tance brazing [4], dip brazing, ultrasonic brazing [5], and induction brazing [6]. Because of
its reliable control, nonnecessity of contacting the workpiece, and high flexibility, induction
brazing has a significant advantage over brazing the heat exchanger using a complex
structure. In addition, induction heating is a highly efficient heating method for electrically
conductive materials. During the induction brazing, resistance to the flow of electric-
ity induced by coils placed around the workpiece provides the heat for the induction
brazing process, and the heating is accomplished by generating eddy currents within the
material when it is placed in an alternating magnetic field. The resistive, or Joule, losses
created by the current cause the material to heat internally [7]. Therefore, the design of
the coil has a significant influence on the control of the temperature field in the process of
induction brazing.

Studies have shown that current parameters [8], coil shape [9–11], positional rela-
tionship between coil and workpiece [12], ferrite slices [13], and even the environmental
characteristics [14] can significantly influence the temperature field on the workpiece. For
example, Patil et al. [9] analyzed the magnetic fields and temperature control profiles of
four different helical coils, including classical, conical, square, and oval coils, for tubular
specimens; the results showed that the coil with the oval shape had the most uniform tem-
perature distribution and the highest energy efficiency, at 62%. Ankan et al. [11] reviewed
the matching relationships between the workpiece shapes and coil shapes, including single-
turn coil, multi-turn coil, hairpin coil, and split coil, which are used for customized heating
of work parts. However, the parameters of the coil should be designed according to the
shape of the workpiece to obtain a suitable temperature field [15]. It is still difficult to
choose the suitable coil due to the large number of parameters. To solve the multi-objective
optimization problem under the condition of multi-factors, orthogonal experiments were
usually designed and carried out, but the influence of accidental factors on the test results
were often ignored; as a result, the optimal results were likely biased. In addition, artificial
intelligence algorithms, such as machine learning, have been introduced to solve multi-
factor optimization [16]. According to the research of Zhang et al. [17], the composition of
precipitation-strengthened copper alloys was designed using machine learning, obtaining
excellent combined mechanical and electrical properties, with the ultimate tensile strength
of 858 MPa and electrical conductivity of 47.6% IACS. Liu et al. [18] proposed a material de-
sign strategy to simultaneously optimize multiple targeted properties of multi-component
Co-based superalloys via machine learning, and a series of novel Co-based superalloys
was successfully selected from more than 210,000 candidates. However, a large number of
samples are needed to train the model during machine learning to ensure its accuracy.

To balance the accuracy and efficiency, the Taguchi method [19], a type of orthogonal
experiment method which considers the influence of experimental noise, has often been



Coatings 2023, 13, 940 3 of 15

adopted [20]. Zhang et al. found that the optimum condition obtained from the Taguchi
method to produce the maximum results was almost the same as that from the full factorial
design via the comparison among the Taguchi method, orthogonal design, and full factorial
design [21]. However, it is time-consuming and expensive to make different coils to
carry out the brazing experiment. Thanks to the development of numerical simulation
technology, commercial software has emerged to calculate the temperature distribution and
stress distribution relevant to the physical process of brazing for the heat exchanger. In this
study, a type of split coil was designed for the heat exchanger, and the Taguchi method was
combined with multi-physical simulation to solve the multi-factor optimization problem.
In addition, the simulation results were introduced into the Taguchi method with two noise
factors to evaluate the feasibility of the split coil. Finally, the magnetic field, temperature
field, stress field, and deformation during the induction brazing were evaluated under
the optimized coil to clarify the mechanism of the successful brazing of three T-joints at
one time.

2. Multi-Physical Simulation of Induction Brazing
2.1. The Principle of the Induction Brazing

Induction heating relies on two mechanisms of energy dissipation for heating, includ-
ing Joule heating and energy losses. Joule heating is the sole mechanism of heat generation
in nonmagnetic materials. During induction brazing, the magnetic field is generated by the
alternating current on the surface of the coil; the alternating magnetic field induces an eddy
current on the workpiece, and the eddy current results in the Joule heat. Additionally, the
current distribution on the coil is affected by three special effects—ring effect, proximity
effect, and boundary effect—and the depth of the current in the workpiece is called the
skin depth because of the skin effect.

The skin effect can be described [6] by the following Formula (1). It depends on the
material of the workpiece and the frequency of the current.

∆ =

√
1

π f µγ
(1)

where f is the frequency of the current and µ and γ are the material properties of the
workpiece, permeability and conductivity, respectively.

In the model, the mathematical relation among current, magnetic intensity, and Joule
heat intensity can be described by Ampere’s law and Faraday’s law [9], which are shown
in Formulas (2) and (3). In the model,

∇× H = J +
∂D
∂t

(2)

∇× E =
∂B
∂t

(3)

where H, E, D, B, and J denote the magnetic field intensity, the electric field intensity,
the electric flux density, the magnetic flux density, and the conduction current density,
respectively.

The transient heat transfer process in a workpiece can be described by the Fourier
equation [9]:

cγ
∂T
∂t

+∇·(−k∇T) = Q (4)

where T, γ, c, and k denote the temperature, the density of the workpiece, the specific heat,
and the thermal conductivity of the workpiece, respectively. In addition, Q is the heat
source density per unit of time in a unit volume of the workpiece.
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2.2. Finite Element Model

As shown in Figure 1, the heat exchanger was composed of header pipes, flat tubes, and
round tubes, which were made of A3003, A1050, and A3003 aluminum alloy, respectively.
What’s more, the Al-Si solder (A4045) was adopted as the filler metal, which had been
pre-coated on the surface of the header pipe with a thickness of 0.15 mm. The chemical
compositions are listed in Table 1.

Table 1. Chemical Compositions of A1050/A3003/A4045.

Brand Si Fe Cu Mn Mg Zn Ti Al

A1050 0.25 0.40 0.05 0.05 0.05 0.05 0.03 Bal.
A3003 0.6 0.7 0.05 1.0 - 0.1 - Bal.
A4045 10.0 0.8 0.3 0.05 0.05 0.10 0.2 Bal.

According to the feature heat exchanger in Figure 1b, many T-shaped joints need to
be brazed at one time. A type of split coil was designed, as shown in Figure 2. Figure 2a
depicts the relationship of the split coil and heat exchanger. The coil parameters and the
positional relationship between the coil and workpiece are very important to the brazing.
To obtain the optimal coil parameters, a technique flow chart was designed, as shown
in Figure 2b. The multi-physical simulation was used to evaluate the influence of coil
parameters on the temperature field. In addition, the properties of the material that was
needed in the simulation model were provided by the JMatPro 7.0 software. Generally,
the data provided by JMatPro software are the theoretical values of the material. To
obtain relatively accurate data on the thermophysical parameters, they were calculated
by the thermodynamic software JMatPro first, and then the actual parameters were tested
and used to modify the calculated results. For example, the electrical resistivity of the
specimen had a significant influence on the Joule heat, and it was obtained by the four-point
technique whose principle and associated device are shown in Figure 2c; the result at room
temperature was 3.856 × 10−8 Ω∗m, which is a little higher than the calculated result of
3.4 × 10−8 Ω∗m.
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principle and device of the four-point technique.

Generally, the brazing process can be divided into three basic stages. First is the
melting of the flux. With the increase in temperature, the present flux melts and enters into
base metal clearance; this produces a physical and chemical reaction with the base metal
oxide surface to remove the oxide film and clear the surface of the oxide film. Second, the
filler metal melts and fills the brazing seam; in this model, the melting point of the filler
metal was 563 ◦C. Third is the mutual reaction between the base metal and filler metal.
Under the action of the molten solder, a small number of atoms of base metal will dissolve
in the solder, while the filler metal experiences atomic diffusion into the base metal. A
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complex chemical reaction occurs on the interface of solid and liquid. When temperature
holds after a certain period, the solder fills the gap and then begins a cooling solidification
and forms into the brazing joint. The simulation of filling the gaps is very time-consuming.
Therefore, in this model, there are two main assumptions. One is that the melt and flow of
the filler metal are ignored and the heat conductivity in the gaps will be set according to
the temperature change during the brazing experiment. The other is that the metallurgical
reaction heat between the filler metal and the base metal is ignored.

The brazing simulation model was established in ANSYS APDL software (R1 version).
In this model, the direct coupling method was adopted. In other words, the magnetic field
was calculated first, and then the Joule heat was applied as a heat source to the model
when simulating the distribution of the temperature and stress fields of the brazing process.
The element type was associated with the formulation type. Generally, there are three
types of formulation. Nodal MVP and edge-based formulations were adapted to our model
because the analysis type of our model was harmonic. Although an edge-based formulation
has higher precision than a nodal MVP, an iron zone in the model is required when an
edge-based formulation is used. As a result, in our model, the formulation type should
be nodal MVP and the solid 97 should be chosen to analyze the magnetic field. As for the
temperature field and stress field, the coupling element, Solid 5, will be used, as shown
in Table 2.

Table 2. Element type and material properties in the region of induction heating.

Field
Electromagnetic Field Temperature and Stress-Coupled Field

Element Type Material Properties Element Type Material Properties

Flat tube Solid 97 MURX, RSVX Solid 5 KXX, DENS, C, ALPX, EX, PRXY
Round tube Solid 97 MURX, RSVX Solid 5 KXX, DENS, C, ALPX, EX, PRXY
Header pipe Solid 97 MURX, RSVX Solid 5 KXX, DENS, C, ALPX, EX, PRXY

Gap Solid 97 MURX Solid 5 KXX, DENS, C, ALPX, EX, PRXY
Coil Solid 97 MURX, RSVX Solid 5 None
Air Solid 97 MURX Solid 5 None

2.3. Experimental Design and Model Modification

The brazing experiment was finished on a platform, as shown in Figure 3, which
consisted of an induction generator, controller cabinet, temperature controller, and split
coil. The equipment model of the induction generator was SSF-50A2, whose current can
be changed but which had a constant frequency. To obtain a suitable current value in
the brazing experiment, the thermocouples were used to detect the distribution of the
temperature field in the header pipe, and the current increased slowly until the filler metal
was melted. As a result, a current of 365 A and a frequency of 32 kHz were chosen. During
the experiment, the workpiece was laid flat on a ceramic substrate, which was used to
prevent the heat from escaping. In addition, a ceramic block was put on the workpiece to
prevent the workpiece from bouncing under the effect of electromagnetic force. There were
also four thermocouples embedded into different places of the workpiece to monitor the
temperature history during brazing.

The brazing simulation model and boundary condition are also shown in Figure 3.
The mapping grid partitioning method was used to improve the convergence of calculation
results, as shown in Figure 3d. Thermal boundary conditions had a very important effect
on the temperature field in the model. Generally, the method of heat transference between
the specimen and gas is radiation heat transfer and convective heat transfer. On the top and
bottom of the header pipe, the contacting-heat-transfer boundary condition was applied,
as in Figure 3e, due to the existence of the ceramic block (Figure 3b). In addition, there
was an exhaust fan around the specimen; as a result, the radiation heat transfer was so low
compared with the convective heat transfer that it could be ignored in the heating process.
Therefore, in the model, the convective heat transfer coefficient was used to represent the
level of heat transfer between the specimen and air.
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To modify the induction brazing model, a header pipe pre-coated with A4045 filler
metal on the surface was chosen to carry out the induction brazing. A thermocouple
welding machine was used to join the K type of the thermocouple to the header pipe, and
the thermo-detector readings under different currents of the induction generator were
obtained. The results of the temperature history of the simulation and experiment in Point 1
of the header pipe are illustrated in Figure 4a. The experimental results are shown as a solid
line, and the maximum value of the temperature history is different when the current value
is different. The simulation results are shown as dashed lines. It can easily be seen that the
curve produced from the experiment almost coincides with that from the simulation, even
when the maximum temperature in Point 1 is different. The average error of the simulation
results was approximately 5.753 ◦C when the maximum heating temperature was 570 ◦C.
That means that the 3D model was reliable. To further evaluate this model, the temperature
field and the filler metal condition were compared, as seen in Figure 4b. It can be noted that
the non-molten filler metal (Zone A) has the same shape with a temperature field below
563 ◦C (Zone B), which is the molten point of the filler metal. Therefore, the results of the
simulation are plausible.
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3. Coil Parameters Design

The melting point difference between the header pipe (A3003) and the Al-Si filler metal
(A4045) was less than 50 ◦C; as a result, the component was likely to melt first compared
with the filler metal due to the uneven temperature field caused by the induction generator.
Therefore, the design of the coil was very important in obtaining a uniform temperature
field on the header pipe. The distribution of the temperature field depended mainly on
the shape of the coil. In addition, the size, shape, contour, number of turns, and turn
spacing of the coil all affected the strength of the electromagnetic field and the heat pattern.
As a result, it was difficult to determine the best parameter combination from so many
parameters. Therefore, the Taguchi method, a type of orthogonal experimental design, was
engaged. As far as we have considered, the number of turns, the space of turn, the heating
distance, the diameter of the coil, and the length of the coil, as shown in Figures 5 and 6,
are the five most important coil parameters. Thus, the induction brazing model was used
to discuss the influence of these parameters on the temperature field and to obtain the
optimal parameters.
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On the basis of the Taguchi method, the heating experiments were designed to explore
the optimum coil parameters. The minimum temperature on the header pipe was used
to evaluate inductors for coil efficiency and temperature field distribution. In the Taguchi
method, the ratio of signal to noise (S/N), as a robust indicator of output characteristics,
was used to reduce the influence of uncontrollable factors (or named deviation) on the
desired target. Generally, for engineering analysis, S/N of the quality characteristics can be
divided into three types:

1. Larger-the-better (for example, production output);
2. Smaller-the-better (for example, carbon emissions);
3. On-target, minimum-variation (for example, a mating part in an assembly).

During the simulation, the header pipe will be heated to 600 ◦C (the maximum
temperature) with different coil. Furtherly, the minimum temperature of the header pipe is
higher, the distribution of temperature on the header pipe is more uniform. Therefore, the
value of minimum temperature (Tmin) of the header pipe is chosen to evaluate the influence
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of the coil and a smaller-the-better S/N is appropriate. A smaller-the-better S/N (S/NS)
can be calculated by Formula (5):

S/NS = −10× lg

(
1
n

n

∑
i=1

y2
i

)
(5)

where yi is the output characteristic value of the ith sample and n is the total number
of samples.

In this study, five main factors and their corresponding levels were chosen and are
listed in Table 3; the levels of noise factors also were considered and are shown in Table 4. In
the Taguchi experiment, the number of turns A, the space of turn B, heating distance C, the
diameter of coil D, and the length of coil E were set to 2.5–5.5, 6–9, 16.1–19.1, 4–10, and 0–9,
respectively. All the factors were set to four levels because of possible nonlinear influence.
According to the orthogonal design, to obtain the optimal coil parameters, 16 groups
of parameters, including the control factor and noise factor, needed to be generated via
simulation, as shown in Table 5. In addition, the yij was the scoring of the coil with the
parameters in the ith group of the control factor and the jth group of the noise factor, and
the scoring of every group was the average of yi1, yi2, yi3, and yi4.

Table 3. Levels of the control factors.

Influential Factor Unit
Factor Level

Level 1 Level 2 Level 3 Level 4

A. Number of turns 2.5 3.5 4.5 5.5
B. Space of turn mm 6 7 8 9

C. Heating distance mm 16.1 17.1 18.1 19.1
D. Diameter of coil mm 4 6 8 10

E. Length of coil mm 0 3 6 9

Table 4. Levels of the noise factors.

Influential Factor Unit Symbol
Factor Level

Level 1 Level 2

A. Lateral deviation mm ∆LA 0 ±0.5
B. Longitudinal deviation mm ∆LO 0 ±0.5

Table 5. L16 (45) × L4 (22) orthogonal array.

Orthogonal Table Type Inner Orthogonal Array L16 (45) External Orthogonal Array L4 (22)

Factor Control factor

Noise Factor

Exp. order
Arrangement

S11 S12 S21 S22

Exp. Order
Column

A B C D E
1 1 2 2 U
1 2 1 2 V

1 1 1 1 1 1 y11 y12 y13 y14
2 1 2 2 2 2 y21 y22 y23 y24
3 1 3 3 3 3 y31 y32 y33 y34
4 1 4 4 4 4 y41 y42 y43 y44
5 2 1 2 3 4 y51 y52 y53 y54
6 2 2 1 4 3 y61 y62 y63 y64
7 2 3 4 1 2 y71 y72 y73 y74
8 2 4 3 2 1 y81 y82 y83 y84
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Table 5. Cont.

Orthogonal Table Type Inner Orthogonal Array L16 (45) External Orthogonal Array L4 (22)

Factor Control factor

Noise Factor

Exp. order
Arrangement

S11 S12 S21 S22

Exp. Order
Column

A B C D E
1 1 2 2 U
1 2 1 2 V

9 3 1 3 4 2 y91 y92 y93 y94
10 3 2 4 3 1 y101 y102 y103 y104
11 3 3 1 2 4 y111 y112 y113 y114
12 3 4 2 1 3 y121 y122 y123 y124
13 4 1 4 2 3 y131 y132 y133 y134
14 4 2 3 1 4 y141 y142 y143 y144
15 4 3 2 4 1 y151 y152 y153 y154
16 4 4 1 3 2 y161 y162 y163 y164

To evaluate the effect of different parameters, a scale of 1 to 10 was created for each of
the results, and we assigned each result a score within this range from two sides (magnetic
field and temperature field). In addition, the principles of the scoring are listed as follows:

(a) The magnetic intensity around the joint is stronger, and the score is higher.
(b) The distribution of the magnetic field on both the round tube and the flat tube is more

uniform, and the score is higher.
(c) The temperature value on the flat tube is lower, and the score is higher.
(d) The temperature field is more important than the magnetic field. Therefore, the

magnetic field is defined as 40 percent of the full mark, and the temperature field is
defined as 60 percent of the full mark.

The detailed scoring regulations and rules are listed in Table 6.

Table 6. Detailed scoring regulations and rules.

Classification Magnetic Field Intensity around the Joint and Distribution
near the Flat Tube and Round Tube Minimum Temperature on Header Pipe/◦C

Score 1 2 3 4 1 2 3 4 5 6

Content High and
uniform

Higher and
more uniform

Higher and
most uniform

Highest and
most uniform <573 573–580 580–585 585–590 590–595 595–600

According to the results of the Taguchi method, when A was 3.5, B was 7 mm, C was
15.6 mm, D was 8 mm, and E was 9 mm, a uniform temperature field could be achieved.

4. Simulation and Experimental Results
4.1. Magnetic Field

Figure 7 shows the distribution of the current density on the coil and the induced
magnetic field around the split coil. According to the main view and left view Figure 7a,
the high current density area was located mainly on the inside of the induction coil and the
adjacent surface of two turns of the coil. It is worth noting that the current density on the
inside of the coil was almost twice as high as that on the outside. The distribution of the
current density on the coil was substantially consistent with the three effects, specifically,
proximity effects, ring effects, and skin effects. According to Lenz’s law, the eddy current
was created inside the coil in the opposite direction of the current in the coil, causing the
electromotive force at the center of the coil to be greater than the electromotive force at the
surface; as a result, the current flowed only on the surface of the coil. The distribution of
the current on the surface of the coil had a significant relationship with the magnetic field.
The distribution of the magnetic field induced by the coil is shown in Figure 7b, where the
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current in the same direction and magnitude was applied to the two coils. The magnetic
field was always more dispersed outside the coil, which caused the current outside the coil
to pass through more magnetic fields than the current inside. This created an alternating
back electromotive force, making the potential outside the coil less than the potential inside,
causing the current density outside the coil to be less than the current inside the coil. In
addition, it is easy to see that the magnetic field lines are mainly around the coil, as shown
by the arrows in Figure 7b. Although the distance between the two coils was large, there
were still a few magnetic field lines entering into the other coil.
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Figure 7. The magnetic field characteristics of the split coil. (a) The contour map of the current density
on the coil and (b) the vector diagram of the magnetic field induced by the coil.

The distribution of the magnetic field during the induction brazing is shown in
Figure 8. According to Figure 8a, the distribution of the magnetic field on the workpiece
was significantly uneven and the magnetic field intensity near the center of the coil was
larger than in other locations due to the strong magnetic flux in the center of the coil.
Compared with Figure 7b, a great deal of magnetic field was produced around the sample,
especially on the header pipe, as Figure 8b shows. In addition, quite a lot of magnet flux
was produced in the gap between the flat tube and round tube, which means the gap was
heated during the induction brazing. According to Figure 8c, the magnetic flux in the gaps
had a significant relationship with the length of the coil and the diameter of the coil.

Figure 9 illustrates the distribution of the eddy current density and Joule heat induced
by the magnetic field. It can be seen from the image that the shape of the eddy current field
was similar to the coil, and the eddy current density focused mainly on the surface of the
header pipe. It is worth noting that the shape of the eddy current field did not coincide with
the shape of the magnetic field strength on the workpiece. This shows that the distance
between the workpiece and the coil was a key factor affecting the shape and strength of
the eddy current field. Moreover, there was a high eddy current density around the joint,
which indicates that the gap was prone to producing high eddy current density (Figure 9b).
Alternating magnetic fields produce alternating electric fields. Therefore, the high eddy
current density likely had a relationship with the high magnetic field intensity, which was
affected mainly by coil length and coil diameter. As a result, the Joule heat in the joints was
higher (Figure 9c) which was very advantageous to the melting and filling of the solder in
the joint position.
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Figure 9. Other fields induced by the magnetic field: (a) the contour map of the eddy current density
on the component, (b) the vector diagram of eddy current density on the header pipe, and (c) the
contour map of the Joule heat on the component.

4.2. Temperature Field and Deformation

Figure 10 shows the joints using induction brazing technology. From the enlarged part
of the joint in Figure 10b, it can easily be seen that the joints had a good formation, and all
three joints are formed. Figure 10c provides the microstructure of the brazing joint. All the
joints are filled with filler metal; however, the fillets on two sides of the joint are different
because of the effect of gravity, and in the joint, there are a few holes. In addition, there
was quite a lot of residual filler metal on the surface of the header pipe; however, when the
soaking time was too long, the melted filler metal gathered and became a welding tumor
on the bottom of the header pipe. From the cross-section picture in Figure 10c, the base
metal was scarcely melted.
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Figure 10. The induction brazing experiment: (a) temperature field at the end of the heating process
and the induction brazing component, (b) morphologies of the joints in different positions, and
(c) microstructure of the joints in different positions.

On the brazing specimen, two feature points were chosen, and their temperature
histories are shown in Figure 11. Since Point B was less affected by the magnetic field
(Figure 8), most of the heat at Point B came from the collecting pipe, so the thermal cycle
curves at the two points were very similar in shape. During the heating process, the
temperature rose very quickly, and then the speed became very slow when the temperature
was approximately 560 ◦C; this illustrates the benefit of keeping the temperature of the
header pipe under its melting point, which also helped to make the distribution of the
temperature more uniform. During the cooling process, the two curves in Figure 11 are
almost coincident, which means the temperature on the flat tube and header pipe was
uniform during that time. In addition, the flat tube in Figure 11 had its lowest temperature
during the heating process; however, the time during which the temperature was higher
than 200 degrees lasted as long as 239 s, which could have a bad effect on the joint between
the flat tube and fins. Therefore, to successfully apply this type of coil to the connection
of the header pipe, round tube, and flat tube in the heat exchanger, on the one hand, the
distance between the fin (Figure 1a) and header tube should be increased; on the other
hand, one side of the fin can be cooled to avoid the failure of the adhesive joint between
fins and the flat tube caused by the high temperature. Figure 11b shows the deformation
curve along the length of Point B in the process of brazing. In the process of brazing, the
maximum deformation of Point B was approximately 0.33 mm, and the deformation after
welding was approximately 0.036 mm. Deformation had little effect on the heat exchanger.
By comparing Figures 9a and 11b, it can be seen that the deformation curve of Point B is
very close to its thermal cycle curve in shape. This indicates that the deformation of flat
tubes is due mainly to the action of heat.

The split coil with optimal parameters has a great advantage in production automation
because of its structure. When the coil is in operation, it can slowly move along the length
direction of the header pipe; additionally, it is easy to automate the connection of the T-joints
on the header pipe, which is very helpful in improving production efficiency. However,
there are still two important avenues to investigate to make the split coil better serve
production in the future. Firstly, it is necessary to explore the solution of restraining the
excessive temperature on the fin, and secondly, it is necessary to explore the temperature
field management process during the movement of the split coil.



Coatings 2023, 13, 940 14 of 15

Coatings 2023, 13, x FOR PEER REVIEW 13 of 15 
 

 

rose very quickly, and then the speed became very slow when the temperature was ap-
proximately 560 °C; this illustrates the benefit of keeping the temperature of the header 
pipe under its melting point, which also helped to make the distribution of the tempera-
ture more uniform. During the cooling process, the two curves in Figure 11 are almost 
coincident, which means the temperature on the flat tube and header pipe was uniform 
during that time. In addition, the flat tube in Figure 11 had its lowest temperature during 
the heating process; however, the time during which the temperature was higher than 200 
degrees lasted as long as 239 s, which could have a bad effect on the joint between the flat 
tube and fins. Therefore, to successfully apply this type of coil to the connection of the 
header pipe, round tube, and flat tube in the heat exchanger, on the one hand, the distance 
between the fin (Figure 1a) and header tube should be increased; on the other hand, one 
side of the fin can be cooled to avoid the failure of the adhesive joint between fins and the 
flat tube caused by the high temperature. Figure 11b shows the deformation curve along 
the length of Point B in the process of brazing. In the process of brazing, the maximum 
deformation of Point B was approximately 0.33 mm, and the deformation after welding 
was approximately 0.036 mm. Deformation had little effect on the heat exchanger. By com-
paring Figures 9a and 11b, it can be seen that the deformation curve of Point B is very 
close to its thermal cycle curve in shape. This indicates that the deformation of flat tubes 
is due mainly to the action of heat. 

 
Figure 11. Simulation results: (a) temperature history in feature points and (b) deformation history 
in the feature point. 

The split coil with optimal parameters has a great advantage in production automa-
tion because of its structure. When the coil is in operation, it can slowly move along the 
length direction of the header pipe; additionally, it is easy to automate the connection of 
the T-joints on the header pipe, which is very helpful in improving production efficiency. 
However, there are still two important avenues to investigate to make the split coil better 
serve production in the future. Firstly, it is necessary to explore the solution of restraining 
the excessive temperature on the fin, and secondly, it is necessary to explore the tempera-
ture field management process during the movement of the split coil. 

5. Conclusions 
In this paper, commercial software ANSYS and ANSYS Multiphysics modules were 

used to simulate numerically the effect of split coils on the induction brazing process of 
T-shaped aluminum alloy joints and optimize the split coil parameters. Brazing experi-
ments were conducted to verify the results, and the main conclusions are as follows: 
(1) A multi-physical simulation model with high precision was established. The melting 

of filler metal was almost consistent with the spatial distribution of the temperature 
field, and the temperature history in the header pipe could be consistent with the 

Figure 11. Simulation results: (a) temperature history in feature points and (b) deformation history
in the feature point.

5. Conclusions

In this paper, commercial software ANSYS and ANSYS Multiphysics modules were
used to simulate numerically the effect of split coils on the induction brazing process of T-
shaped aluminum alloy joints and optimize the split coil parameters. Brazing experiments
were conducted to verify the results, and the main conclusions are as follows:

(1) A multi-physical simulation model with high precision was established. The melting
of filler metal was almost consistent with the spatial distribution of the temperature
field, and the temperature history in the header pipe could be consistent with the
experimental results under different brazing parameters. The average simulation
error was approximately 5.753 ◦C.

(2) The Taguchi method was combined with multi-physical simulation to solve the multi-
factor optimization problem. The optimal coil parameters were obtained with a turn
number of 3.5, a turn space of 7 mm, a heating distance of 15.6 mm, a coil diameter of
8 mm, and a coil length of 9 mm. Three well-formed T-shaped joints could be obtained
at one time via the optimal split coil.

(3) The mechanism of a good joint form was clarified. The reason for the good joints lay
in the significant decrease in the heating rate at high temperatures, which promoted
the homogenization of the temperature and the melting and filling of the filler metal
as well as avoided local overheating.

(4) The relationship between the coil and the temperature field was clarified. The skin
effects and the proximity effects induced a high magnetic field intensity around the
joint, which had a significant relationship with the length of the coil and the diameter
of the coil. The high magnetic field intensity promoted a high eddy current density in
this place. As a result, the high Joule heat could be generated around the joint.
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