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Abstract: - Brazing of copper tubes or copper pieces is widely used in industry for different applications. This study deals with a design of
different complicated and non-traditional shapes and geometries of induction coils such that they will match the same power supply. Two
shapes of induction coils (Coil A and Coil B) were designed and simulated. The design of each coil is done using the Electromagnetic—
Thermal coupled algorithm adopting the finite element method (FEM) through ANSYS computer package. The real coils are tested
practically to determine their inductance and resonance frequency. Different voltages and frequencies applied to each coil in order to obtain
the best operating point. The results are documented and discussed, the practical results are well matched with the theoretical one. The
results show that Coil B is more effective than Coil A, consume less power and complete the job in less time.
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I. INTRODUCTION

The induction heating (IH) technology is commonly used in industrial applications. This is done by applying
an alternating voltage of certain frequency across an induction coil (IC) to produce an alternating magnetic flux
affecting the specimen considered as a core in that IC. This will induce alternating eddy currents in the specimen
at the same frequency as that of the IC voltage. Faraday's and Lenz's laws are the basis of induction heating [1],
[2]. The Joule effect will generate heat due to the induced eddy currents. The design process of IC must handle a
number of issues, including simulation of the required coil and its thermal operation during the heating process
[31, [4].

The goal of this research is to design and simulate two shapes of IC mounted to a handheld welding instrument
used for brazing copper tubes and copper pieces by IH. This instrument can be powered by a standard single
phase, 220 V, 50 Hz power supply or by a battery or a solar photovoltaic (PV) panel [5]. This device is intended
for usage in remote places when traditional electric power is unavailable. Despite its acceptable efficiency, this
handheld welding instrument has a simple design, light weight, low price, and flexible.

A Self tuned single-phase inverter is used as a high frequency power source to feed power for the parallel tank
circuit composed of the IC and a suitable parallel capacitor is able to determine the equivalent circuit of the IC
practically [6]. To select the appropriate inverter, as a power supply for this handheld welding instrument, the
following information must be available about the load (the tank circuit):

1. The required current for the brazing process at the predetermined time.
2. The required frequency.

The step preceding the design of the power supply is the simulation of the brazing process including the
electromagnetic-thermal coupled analysis. This step will afford the required data mentioned above, because the
tank circuit is the only load of this power supply, and its operation throughout the brazing process must be
examined as a prior step [7].

To design an IC for this purpose, the flux distribution and eddy currents created in the copper tube components
under process must be determined using Maxwell's equations, which are partial differential equations [8]. A
transient thermal study must be performed after this stage to evaluate the heat spreading caused by these eddy
currents. Then the electromagnetic-thermal coupled of the brazing procedure must be performed. To do so, the
Finite Element Method (FEM) was used to numerically solve the relevant equations. The computer package
ANSYS R17.0 was used to complete the FEM solution [9], [10], [11].

The literature on this issue is only some. In [12], khazaal designed and simulated an IC of cylindrical shape
13 turn, this furnace used for brazing two copper solid rods. In [13], Dragomir and Nikolay, design a butterfly
coil and examines the computer forming of complex inductors using Comsol Multiphysics. In [14], Hanan
designed a single turn coil and simulated by ANSYS. In [15], Aziz designed a spoon shape open sided coil and
simulated by ANSYS.

Il. THEORETICAL BACKGROUND
A. Electromagnetic Analysis

Maxwell equations that explain this phenomenon include:
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Ampere’s circuital law [8]:

_~ . aD
VXH=]+ T 1
Faraday’s law of induction:

VXE = 05 ()
ot
Gauss’s law for magnetism:
V.B=0 3)
Gauss’s law:

V.D=p 4)

H = The magnetic field intensity, in A- m™2.

J = The current density inside the specimen, in A - m™2.
D = The electric flux density, in C - m™2.

E = The electric field intensity, in V-m™1.

B =The magnetic flux density, in Wb - m™2.

p = The electric charge density, in C- m™3.

Also,
] = oE (5)
D = g,¢.F (6)
B = uopuH (7)

&0 = The permittivity of vacuum, in F- m™1,
& = The relative permittivity of material.
Uo = The permeability of vacuum, in H- m™2.
ur = The relative permeability of material.
o = The material's conductivity when it is being heated (the workpiece), in S- m™1.

Since J is larger than the displacement current and the induction heating frequencies are often less than 10

MHz, it is necessary to ignore the right term (2—?) in equation (1)[18]. In addition, the specimen'’s power per unit

volume may be represented as follows by ignoring the hysteresis losses in a copper specimen and using other
mathematical manoeuvres:

|1eddy|2
Qinauction = . )]
core

Qinauction = The amount of power generated by the induced eddy currents in the workpiece per unit volume, in
W-m™3,

B. Thermal Analysis
The thermal transient analysis uses the results of the electromagnetic steady-state analysis to determine the
temperature distribution within the specimen using the Fourier equation below:

oT )
meP E = kV°T + Qinduction (C))

pm = The specimen metal density, in kg - m™3.

Cp = The specific heat of the specimen, in k] - kg1 -°C™1 .

T = The temperature, in °C.

k = The thermal conductivity of the workpiece metal, in W-m™1-°C™1,

The temperature inside the workpiece and on its surface is uniform and equal to the ambient temperature in
its starting state at time (t = 0). However, due to the workpiece shape, its radiation ability to the space, and the
turbulence of the air around it, the distribution changes during the heating process [16]. These circumstances
change the equation (9) solution. The following formula results from including these components' effects in the
equation:
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aT 5 . 4
mep E = kV°T + Qinduction — fo_s(T = Tair ) -« (T - Tair) (10)
& = The surface emissivity of the workpiece.
os = Stefan-Boltzman constant.
a = The transfer coefficient of the workpiece, in W+-m=2 - K1,
Tair = The temperature of the air, in °C.

C. Eddy Current and Skin Effect

When eddy currents are generated inside the workpiece by applying an alternating current, the induction
heating process is carried out [17], [20]. Eddy current can be distributed asymmetrically, which is known by skin
effect. The current density in this phenomena is hardly detectable in the middle and almost close to the workpiece's
surface [2], [4].

I11. DESIGN IMPLEMENTATION

A 3D FE analysis as a numerical method is applied using the ANSYS computer package as a solver of partial
differential equations is well recognized [18]. By solving Maxwell and heat transfer equations, this method is
considered to simulate the electromagnetic-thermal coupled analysis of the brazing process [22]. Only a computer
program that follows the flowchart presented in Figure 1 can achieve this goal [19].

The load is a tank circuit made up of an induction coil and its (workpiece), which are the copper tube portions
to be joined, connected in parallel to the tank capacitor. The brazing coil surrounds the the welding position coated
by a thin strip of a Brazing Filler Metal (BFM) type (BAg-1) as a brazing catalyst [7]. This catalyst must be heated
to its melting temperature of 618 °C to perform the brazing. To examine how the induced eddy currents are
distributed inside the workpiece, the 3-D FE model must perform a steady-state electromagnetic analysis [12],
[16], [21].

The following parameters must be determined when designing such coils:

1. The size of the copper tube used to wound the IC.

2. The required current passing through it.

3. The necessary frequency for such a brazing procedure.

4. The period of time it takes to complete the brazing procedure.
5. The induction coil's equivalent circuit parameters (R-L).

These parameters can be established by creating a 3-D finite element (FE) model for the copper tube to be
welded, and the brazing process is performed using an induction coil [23], [24]. The magnetic field distribution
and eddy currents induced in the copper tube portions to be joined are calculated using Maxwell's equations.
According to the flow chart provided in Figure 1 that explains this iterative process, these data are transferred to
the related thermal analysis to compute the heat distribution in the workpiece to be joined.
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Fig. 1 The electromagnetic-thermal coupled analysis flow chart.

Two coils are designed with different shapes, simulated to show their different performances, using the same
copper pipe cross section, air gap applied, and the same workpiece. The simulation reveals that the current and
frequency for coil A to perform the process in (57) seconds are 1324 A and 34 kHz respectively, while those for
Coil B are 328 A, 18.5 kHz, and (56) seconds. When Coil B is tested practically in lab. It reaches the melting
point of the catalyst 618 °C in 52 s, 328 A, 141.42 V.

A. The Workpiece

The most popular pipe used in industrial factories and any other kind of buildings were chosen to be the
workpiece, which is a two pieces of copper tube required to be brazed, with outer diameter of 8 mm and inner
diameter of 7 mm. as shown in Figure 2(a) and (b).
B. Coil A

The shape of Coil A as shown in Figure 2(a) is open sided, butterfly, single turn, hollow pipe, the outer
diameter is 4 mm and the inner diameter is 3 mm. The mesh of Coil A with the workpiece is shown in Figure 3(a).
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Fig. 2The shape of coil A and B with the workpiece (a) Coil A (b) Coil B
C. Coil B
The shape of Coil B as shown in Figure 2(b) is open sided, butterfly, with two sides, each side is of multi-turn
and of spiral shape, hollow pipe, the outer diameter is 4 mm and the inner diameter is 3 mm. The mesh of Coil B
with the workpiece is shown in Figure 3(b).
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Fig. 3 The mesh of induction coil and the workpiece (a) Coil A (b) Coil B

IVV. DETERMINATION OF THE COILS BEST OPERATING CONDITION
Table 1 shows the simulation results of both coils by selecting the tank voltage equal to Vy4py,,,, =260V,
and tested at five different resonance frequencies. The results of Coil A show that, the first value at 10 kHz and
20 kHz are not accepted in spite of short brazing time due to the limitation of the coil current (Icrms). Also, the
fifth value is not accepted due to the long brazing time. Coil B show an acceptable result at 20 kHz.
To use Coil A, it is recommended to raise the applied voltage across it and raising the operating frequency
too in order to achieve an acceptable brazing time. The results for Vi, . =400 V and f =34 kHz for coil A
show a 56 second to heat the catalyst (BAg-1) to its melting point of 618 °C as shown in Figure 4 (a), while Coil
B at tank voltage of V;4py,, .. = 200 V with frequency 18.5 kHz reaches the same temperature at 56 seconds as
shown in Figure 4(b).

TABLE |
A Comparison Between Coils A and B Fed by 200 Vma at Different Frequencies

Coil A (open side one turn), L=1 yH

f (kHz) X, (Q) g, (A) | time (s)

10 0.063 4127 18

20 0.126 2063 68

30 0.188 1382 130

40 0.251 1035 197

50 0.314 828 260
Coil B (two sides spiral), L=3.7 uH
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f (kHz) X, (Q) I (A time (s)
10 0.232 1120 13
20 0.465 559 33
30 0.697 373 55
40 0.93 279 76
50 1.162 223 98

There is a difference in the temperature between the middle point of copper pipe (the BAg-1 position) and the
end of the pipe shown in about 180 °C in both cases as shown in Figure 5.
V. PRACTICAL CONSIDERATIONS
The practical implementation of the designed coils according to the obtained simulation results must consider
the impact of the real fabrication of the IC and the connection requirements with the parallel tank capacitor as
shown in Figure 6 (a) and (b). The practical consideration of the manufactured coil and the real connected parts
to the required tank capacitor affecting the value of the series resistance with the 1C inductance in the equivalent

circuit.
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Fig. 4 The heat distribution in the workpiece (a) Coil A and (b) Coil B
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The resistance of these parts must be added to the value of the ordinary series resistance of the coil due to its
considerable effect of the resonance frequency of the tank circuit as shown in the following relation:
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(b)
Fig. 5 Temperatures increase vs. time of two points on the workpiece, middle point and end point for both, (a)
Coil A, (b) Coil B
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(a) (b)
Fig. 6 Tank circuit of Coil A and B with the workpiece (a) Coil A (b) Coil B

R, represents the equivalent resistance of the IC which is composed of three parts these are the ordinary
resistance of the copper tube forming the coil body, the reflected resistance of the specimen, and that of the
practical connection parts to form the tank circuit. This value is very essential to be considered in the analysis
because its increase leads to reduce the resonance frequency. This relation is considered for a certain parallel tank
circuit of self-inductance (L = 1 uH) for Coil A with resonance capacitance C, = 22 pF, (L = 3.7 uH) for Coil
B with resonance capacitance C, = 20 pF.

IC’s in IH furnaces are typically made of a hollow conductor that allows cooling water to circulate, and these
hollow conductors are coated with thermal and electrical insulators. Because of this, a reasonable space between
turns must be exist [13], [25]. Hence, it differs in geometry from typical coils. In addition, the induced eddy
currents in a conducting and non-magnetic specimen will be large. Figure 7 shows the equivalent circuit of the
tank circuit [26].

Fig. 8 Sinusoidal voltage waveform of Vygpy,. .. = 200 V across the tank circuit.

Testing Coil B practically, the resonant voltage at the tank circuit of peak value of 200 V as shown in Figure
8. (Using an oscilloscope lead attenuated by a ratio of 1:100). The heated workpiece reaching temperature of 618
°C is shown in Figure 9. The calculated reactive power for induction coil equal to 46.386 kVVAr. Table 2 illustrate
the final comparison between the analytical and practical results, which improves the validity of the analytical
algorithm.
fr = 18.5kHz
Xy, = 2nf;L. = 2m x 18500 X 3.7 x 107¢ = 0.43 Q
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Veankay = 200 V, Vegnie,, . = %" = 14142V
Ic _ Viankrms — 141.42 — 328 AIC — 378 x \/E = 465 A
rms XLe 0.43 max
Ity s X Veank 328 x 141.42
KVAr = —1ms rms — = 46.386 kVA
' 1000 1000 r

Because of the shape of Coil (A) it cannot achieve the required brazing time with this power and frequency.
Hence, several analytical iterations indicate that the coil could do this job by increasing the tank voltage up to 400
Vmax and frequency up to 34 kHz.

Fig. 9 Practical test for Coil B

TABLE Il. Comparison between analytical and practical results for Coil B

Parameters | Analytical | Practical | Unit
Frequency 18500 18500 Hz
Current 465 465 A
Time 56 52 S

V1. CONCLUSIONS

This work leads to many conclusions, these are:
a- Each coil's design parameters are chosen after a lengthy procedure, as all parameters are dependent on current
density, current frequency, geometry, time, and temperature. Extensive investigations were undertaken to achieve
a suitable value for each of these characteristics for each coil. To keep the focus on the research goal, these
attempts are not mentioned in the content of this paper.
b- Because the practical resonance frequency is affected by the tank circuit's connection requirements, it differs
from theoretical calculations and must be determined experimentally in a real tank circuit.
c- Depending on the application, the induction coil geometry might be of various shapes. To establish the
parameters of any geometrical shape, an Electromagnetic-Thermal coupled analysis must be performed. Coil A
as shown in Figure 2 (a) is smaller in size than Coil B, so it could be used in cramped spaces where bigger coil
like Coil B shown in Figure 2 (b) could not be used.
d- Coil A generate heat in the workpiece in smaller area than Coil B, while Coil B generate heat in a larger area,
so it could be used not only for joining the ends of two pipes, but also for fixing a crack in the workpiece by
moving the coil along it.
e- The simulation's results cannot be matched in practice. This is because the high frequency, high current circuit
is extremely sensitive to the geometry of the connections. Furthermore, exact component values, such as tank
capacitance, are not commercially available. As a result, the obtained results lead to a better understanding of the
system's behavior.
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