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The Application of a New Formula of Nakaoka Coefficient in
HF Inductive Welding

Miroslav S. Mili¢evi¢"
High Technical School Beograd, Serbia

The high-frequency welding procedure represents the complex theory which is possible to be used
as an approximate calculation of important data such as current, voltage and the power of inductor and
the welding object itself as well as the degree of usage. By applying so far known procedures, long and
complex calculations are done through the use of the terms as well as many tables and graphic
dependences. In this paper, a new analytical dependence is shown by the use of which the value of
Nakaoka coefficient is being calculated through specific approximation, and by which important
parameters and the range of high-frequency inductive welding of steel pipes are also calculated. By
applying the results of this paper, the calculating procedure is shortened and made easier which makes
way for optimizing the choice of thermal regime.
© 2010 Journal of Mechanical Engineering. All rights reserved.
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0 INTRODUCTION y

The case of high-frequency inductive
welding of steel pipes can be reduced to the H e~ ~
induction case on the semi-infinite area according
[1] to [19]. Thus, the semi-infinite area in Fig. 1.
is exposed to the electromagnetic wave influence
under the assumption that this is electro-
conducting board. The wave influence occurs
from the dielectric area into the conducting area X
where displacement currents are being neglected,
so that Maxwell equations can be written
according [1] to [4].

Fig.1. The influence of electro-magnetic wave on
semi-infinite area
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From the Eq. (7) we conclude that while
penetrating the wave becomes suppressed in the
conductible area according to the exponential

law. Variable A =.2/ouy is the penetration

depth within which the value of surface magnetic
field falls down to 1/e value of the field.

There is a term for magnetic field now

X X
H,=H,.e »-e’a. ®)

In a similar way we get the electric field
power along axis x:

N R J[E—ij

E,=—H,; *-e 48 )

YA

which enables us to see that it is being moved in
phases and that it is being exponentially
suppressed along penetration axis. Penetrating,
both fields are more and more late compared to
inward field, and electric field is always ahead of
magnetic field for n/4.

Current density is:

Jm ZY'Em’ (10)
that is after the shift from Eqs. (9) and (10):
RPN S ER ST

Surface power density is derived from
Poynting vector:

s=1le, ). (12)

where S represents flow energy vector, E,,

vector complex amplitude of the electric field and
H,, conjugated complex amplitude of the

magnetic field, which transfer vector to scalar
value, after being changed and fixed, gives:

2x
S:ﬂHﬁloe Al cosZ+ jsin = |. (13)

2yA 4 4

Only active power part performs heating
and it is:

2 2%
pzﬂe A (14)
2vA

At the entrance into semi-infinite area, x=0

and substitute value of A, area power is:

B =05 28 p2 (15)
2y

Within the penetration depth A, 86% of
overall heat is lost.

Previously described case of semi-infinite
area expands in the [1] to [4] to the real case, that
is to say, to welding of the rims of steel band of V
loop which is in the zone of inductor and
concentration field influence.

Starting from the basic equations of
electro-magnetic circuit, an equivalent scheme
can be established with concentrated parameters
and it is shown in Fig. 2.

Fig. 2. Changeable scheme with concentrated
parameters

Fig. 2 is valid for the case of encircling
inductor which is most applied in practice, and
the signs are: R; is active resistance of single coil
inductor, R, is active resistance of steel pipe, X; is
inductive resistance of dispersion between
inductor and pipes, Xy, is external resistance of
dispersion, Ry, is active resistance of the steel
band rims, X, is inductive resistance of the steel
band rims and Z, is impedance conditioned by
the resistance of internal pipe opening and
internal magnetic concentrator.

External inductive resistance of inductor
dispersion is calculated by [1] to [4]:

Xk,
"o1-k, (16)

where £, represents Nakaoka coefficient whose
values are in the Figure 3. depending on the
relationships D/D and a;/D, where D; represents
internal inductor diameter, D is external pipe
diameter and a; inductor length.

Nakaoka coefficient %, is a function of
many variables and its dependability is given in
the Fig. 3 within the function D;/D and the range
a;/D is taken as a parameter.

If known interpolation formulas are to be
used we will get complex analytical terms which
are inadequate for use in engineering practice.

In this paper with adequate substitution,
before approximation, a simple link %, is reached
in the function of dependable variables which in
the end gives simple analytical dependability.

X
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The precision of Nakaoka coefficient
calculation according to this approximation is
illustrated by a practical example where other
ranges which characterize the model of high-
frequency welding of one solid steel pipe are
calculated as well.
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Fig. 3. Nakaoka coefficient values

1 APPROXIMATIVE CALCULATION
BY THE USE OF NUMERIC METHOD

In order to calculate Nakaoka coefficient,
whose graphic dependences are given in the Fig.
3, numeric method known from [7] as the method
of the smallest squares will be used. Having in
mind what has been presented in [7] as well as the
experience in application and further research of
the approximation of the author of this paper,
adequate form for its use in programming consists
of the following.

If there is an experimental or other cluster

(x;, ;) of specific values where (i = 1, 2, ..., n),
then we can find the polynomial in the form of
m
y= Z ax', (17)
=0

which approximates the function given by the
cluster of points, where coefficients a; are being
determined by the system of

z j+t / Zi»

The coefficient wy from the system of Egs.
(18) is calculated by the formula:

=0,1,...,m). (18)

n
W, = zx,." , (k=0,1, ...
i=1
unknown z; from the relation:

=3 yx'. (=01, m). (20)
i=1

The precision of approximated function is
achieved by an adequate choice of the m degree
in the polynomial (17). The way this
approximation is laid out in this paper offers the
possibility of doing the programming in C
language. The system of Egs. (18) is solved by
Gauss’s elimination by means of which we do the
calculation of coefficients of a; polynomial (17)

, 2m), (19)

which approximates a specific functional
dependence which is required.
Nakaoka coefficient, whose Graphic

dependences are given in Fig. 3, is a function of 2
variables D/D and a/D and it is obvious that
those are non-linear functions. Due to this,
calculations at HF welding have been done in
such a way that the value k,, has been determined

graphically.
To make it simple, we introduce shift:
o1
k, =—, 21
p 1)

and thus by applying cited approximation and C
programming, which is not being mentioned in
this paper due to its size, linear dependences good
at approximation are achieved, with a small bug,
coefficient Nakaoka. During the approximation
proportion a/D is used as the parameter and thus
how many linear analytical dependences we will
get depends on how many approximations we do.
Let us list some of the achieved approximations:

a; ' D;
—+=0.5, k,, =0.9712+1.6210| ——1|, 22
s, 2
a; D,
—=038, k, —0.9735+0.9987 —+4—1] 23
2 2} ey

G_11. K, =0.9772+ 0.7298(&— lj- 24
D D

From the cited relations the change of the
coefficient in front of the bracket in the function
a/D can be seen since that function is non-linear,
and having in mind other approximations, finding
reciprocal values algorithm for determining
coefficients is done in a similar way. Based on the
approximation bug, on many practical examples,
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we get adequate linear approximation for
engineering practice.

Since we introduced shifts in two steps and
applied algorithm for approximate calculation of
polynomial coefficient twice, by replacing the
known and ordering we get:

' D a;
k, =1+0.73171] 2L 1 |% 25
(1) es)
and
k, = 1D .
1+0.73171| 21 |% (26)
D D

In the Table 1 there are examples of
calculation with the help of new analytical
dependence of Nakaoka coefficient (26) which
were compared to the values from Fig. 3 and the
percentage of relative error discrepancies were
calculated.

Table 1. Evaluating the approximation accuracy

D |4 | k Fin .
D D Eq. (26) Fig. 3 [%]
14 1.2 0.804 0.800 0.50
1.1 0.5 0.8723 0.88 0.87
1.25 1.1 0.8574 0.855 0.28
1.325 | 0.85 | 0.78138 0.775 0.80
1.50 1.50 | 0.8039 0.815 1.36

By analyzing the movement of relative
flaw from the Table 1 it can be seen that it does
not exceed one percentage which is a very good
approximation for engineering practice. That is
why the dependence (26) for Nakaoka coefficient
with the HF welding will be used further by
making calculation process easier.

The inductive resistance of dissipation,
between the inductor and steel pipes, from the
scheme in the Fig. 2 and (16) is [1] to [7] given in
the form of:

2 2

X, =025 a)yoﬂu, (27)
which after the shift in (6) gives
D’ -D* 'k
X, =025 oy —4—— - —4—. (28)
a 1-k,

By substituting the value k,, according to
the new analytical dependence (26) into (28) we
get:

Xy, =0.342 0uyr (D, + D), (29)
through which we come to the new conclusion
which was hidden until now, that the exterior
induction resistance of inductor dissipation,
which is supplied by HF current, does not depend
on the length of the inductor. Such a conclusion
can be used when optimizing parameters in the
process of HF welding which was presented here
by the substitution Fig. 2.

In order to check the results of the paper
for calculating according to the new dependence
and due to the presentation of the special values
of the substitution scheme in the Fig. 2, a
practical solving example will be given.

Example: Design and calculate the
parameters of HF welding of the steel pipe of
76.1 mm in diameter and of 4 mm wall thickness
in such a way that production velocity is 60
m/min. The interior diameter of the inductor is 85
mm, generator frequency is 440 kHz, welding
temperature is 1500 °C, mean distance of the
inductor from the joint point of the tape rim 111
mm, 5.36 mm thick conduction pellet in the space
of 600 mm. The gap between ferrite and interior
rim of the steel tape is ;=5 mm and the inductor
length is a; = 72 mm. Heating characteristics are
adopted in the usual way like in [1] to [6].

]

0.00074 Q | 0.0543Q 00224 Q
0.0568 Q
U § 0.6Q § Zn
0.1084 Q

Fig. 4. The substitutional scheme with calculated
values for the pipe of 76.1 mm in diameter and 4
mm of wall thickness

After the application of the procedure from
[1] to [19] and this paper we get special values of
the equivalent scheme.

In order for this welding to take place, the
power P, = 163.8 kW which is released on the
rims of the steel tape is needed; thus the power
flowing through the tape is [, = 1698 A and
voltage of the steel tape noose is U, = 207.8 V.

The coefficient of the power use is
n; = 0.717 and electric coefficient of the useful
effect is # = 0.985 and with this the calculation of
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the necessary power for the inductor has been
enabled:

P = L =232 kW - (30)
n-n
By elementary calculation we get the
inductor current

I, =2160 A (31
and the voltage on the inductor
U, =297V. (32)

It has been considered that impedance Z,, ,
which is the function of the interior opening of
the pipe and the characteristic of ferrite as the
concentration field, has an infinite value. The
depth of the heat penetration in the steel tape is
A= 0.824 x 10° m.

Having in mind the approximate losses in
the oscilator and other generator appliances as
well as done calculation it is proven that it is
really possible to make a quality welding of this
steel pipe by the chosen velocity of the welding.

2 CONCLUSION

The general theory of HF welding has
been described in this paper starting with the case
of electromagnetic wave influence on half-infinite
environment.

A real model has been formed, for a so-
cold V noose formed by the rims of steel tape
during the pipe welding and equivalent
substitutional scheme has been given. The
problem of calculating unknown values is pointed
out when using complex analitical expressions
and graphic dependences dependent on many
parameters.

In order to get analitical dependences, a
numerical coefficient approximation has been
approached and, so far, it has had only graphic
presentation. A numerical approximation method
has been chosen and adjusted and it is adequate
for solving through the application of the C
programming language.

The procedure of numerical approximation
is made easier by introducing adequate scheme
prior to algorithm application. As a result, the
simple formula for calculating Nakaoka
coefficient value has been reached as a function
of two variables.

By applying it to many practical examples
it can be concluded that approximative formula,
beside being simple, has good approximation

because relative flaw of line deviation is equal to
one procentage. A new conclusion has been
drawn that the inductive resistance of inductor
dissipation is independent of the inductor length
which opens up a new way of optimizing
parameters.

The results of this paper are applied to the
complete calculation of HF welding of the steel
pipe of 76.1 mm in diameter and 4 mm wall
thickness which is of great interest for
engineering and productional practice and it
represents a new way of further research in the
field of electromagnetic theory applied in the
field of thermia. The application is principal
through optimizing parameters with the tendency
of achieving greater energy saving and better use
coefficient along with improved structure and the
qualitiy of welded and thermically treated
products.
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