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Abstract. The effective use of ultrasound energy in various technological
processes largely depends on the type of ultrasonic vibrations. Wide
application in practice has found longitudinal ultrasonic fluctuations in
connection with simplicity of realization, and also presence of the developed
theoretical and settlement base. The longitudinal-torsional ultrasonic
oscillations, the realization of which practically does not differ from the
realization of longitudinal oscillations, and the efficiency and technological
flexibility are much higher than for longitudinal or torsional ultrasonic
oscillations, practically no applications have been found. This is due to
several circumstances and, above all, from the theoretical basis for the
transformation of this type of oscillation, since the theory of compressed-
twisted rods was developed mainly in connection with the problem of
longitudinal stability. The article deals with the case of transformation of
longitudinal ultrasonic oscillations into complex ones by attaching to the last
stage of the concentrator of the longitudinal acoustic system of the twisted
waveguide.

Introduction

The wide and effective use of ultrasound in different processes largely depends on the type
of oscillation. Application of ultrasonic vibrations in various processes found the use of
longitudinal, torsional and integrated fluctuations. In connection with the ease of
implementation, well-designed mathematical models and calculation bases, wide use in
practice found longitudinal ultrasonic vibrations. Torsional ultrasonic vibrations have not
found wide application due to the complex methods of implementation. Complex fluctuations
include the coupling of longitudinal and torsional vibrations. The implementation of such
fluctuations does not differ from longitudinal, and their effectiveness and technological
flexibility is much higher.

The expansion of effective use of energy in the technological practice of complex narrow
can be associated with the development of the theory of transformation of this type of
oscillations. The theory will allow to consider the dynamics of complex oscillations in a form
convenient for engineering calculation, and, in addition to the basic formulas, to give a
General method of calculation.
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The formation of complex oscillations is possible through the use of a naturally twisted
waveguide connected to the last stage of the concentrator of the longitudinal acoustic system.
The consideration of the twisted waveguide as a naturally twisted rod [1, 2, 3], subject to the
action of forces arising in the process or other type of processing leads to a certain dynamic
three-dimensional problem.

Mathematical model. Equation of motion

When developing the dynamics of a twisted waveguide, a mathematical model was obtained.
It allowed to simplify the research and showed its behavior in any cross section quite
accurately [5, 6, 7, 9].

The averaged movement of the cross-section as a whole is considered in the construction
of a mathematical model. Although in the process of operation the cross-section of the
waveguide does not remain flat and experiences a complex deformation [4, §].

In addition, the mathematical model of the waveguide was based on the following facts
obtained from the experiment and the solution of the corresponding static problems [1]:

- tension — compression of the waveguide by longitudinal force in the absence of external
torque is accompanied by its torsion deformation;

- twisting of the waveguide by external torque in the absence of longitudinal force is
accompanied by its lengthening or shortening;

the magnitude and direction accompanying the deformation of the waveguide (in the
absence of torsion torque and the tensile (compression) in the absence of the tensile
(compressive) force) is determined by the material of the waveguide and its geometric
characteristics (length of the twisted portion, the twist angle, cross sectional area etc.).

Consider in figure 1 waveguide, in a fixed coordinate system X, Y, Z, choosing the plane
of one of the normal sections of the unloaded waveguide for the coordinate plane (Y, Z) and
directing the x axis along the axis of the waveguide.

We introduce two values in the mathematical model: the longitudinal movement U of the
cross-section X and ¢ — the angle of its rotation relative to the natural (undeformed) state.

Consider the waveguide section lying to the right of section X (Fig. 1), in order to

maintain the previous state, the force T(x, ¢) directed along the ox axis and the torque relative
to this axis equal to M(x, ¢) must be applied to the section X.
To obtain the differential equations of motion of the waveguide let us consider the time t —
land, limited to two infinitely close cross-sections x and x+Ax. Using this plot, the main
theorem the dynamics of the system about the amount of motion and kinematic moment about
the axis OX, considering the given above assumptions, we find that when Ax—0:
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Fig. 1. The scheme of the forces applied to the cross section X.
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where: p - density of the waveguide material; QQ - cross-sectional area of the waveguide;
Jo — moment of inertia of the cross-sectional area relative to its center.

Equation (1) becomes more specific, given the elastic nature of the deformation of the
waveguide.

T=a,¢+a, 0, M=a, &+a,,-0. 2)
a, =E-Q; aIZ:aZI:TO-E-(JQ—TO); 0y =G-T. 3)

where: £ — modulus of elasticity; 7p — relative angle of rotation of the waveguide;
—1(R2+4 . — geometric torsional rigidity of the untwisted waveguide, G — shear
To=] |R“+dy |

module;
T=T,+2-(1+v)-6; -(J°-T°). 4
where v — Poisson's ratio, ;0 _[r440; 7° = I(RAL(%/ )z]dQ. ¢v'/ = y? ¢ _ Z? 4
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@ — torsion function of the corresponding unbroken waveguide.
Expressing the deformation components & and 6 through the displacement U and the
angle ¢ by the known Cauchy formulas [2]

U, , 0 ¢ 5
o x 9_0" x’ )
after, using equality (2), we transform equation (1) to form:
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Oscillations of the unloaded waveguide

The work was carried out within the framework of initiative research

When studying the steady-state oscillations of an unloaded waveguide, in which the
extreme cross-section of the swirled part makes longitudinal harmonic oscillations with a
constant frequency and amplitude, the following boundary conditions for U(x,?) and ¢(x,?)
were established [7].

U=4-¢", ¢=0 ifx=0;

(3)
T=M-=0, ifx=1
We will look for a solution in the form:
Vv, (xt)= 4, (x) e )
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After some transformations [7] we obtain:
U(xt)= U, (x)- e ¢ (x,t) = ?, (x)«ef‘k'l, (10)

where Uy(x) and @y(x) are the amplitude factors determined by the formulas:

k k-l k k'l
a cos| —(I1—x) |-cos——aj cos| —(I—x) |cos—
U (=t " o e a
0\ =R, 12N ’
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Analyzing the ratio of the oscillation amplitude of the waveguide end at x =1

a ‘COSE*G ‘COSﬁ
Uo(l) 1 c 2

- 2 < (12)
¢0(1) COSE—COSﬂ
(&) a
We can conclude that the resonance, when cosﬁzo :
Cm
/
Ull) g, (m=12). (13)

do(!)

Having received a mathematical model of the dynamics of the longitudinal-torsional
ultrasonic waveguide, it became possible to construct the AFC for this type of waveguides.
For analysis were selected waveguides of titanium alloy VTS5 and Steel 45. The calculated
(dashed line) and experimental (solid line) frequency response are shown in figures 2 and 3.

Analysis presented in Fig.2 and 3 the frequency response for a complex waveform shows
their good agreement. This fact can be the basis for considering that the obtained
mathematical model, the assumptions made, as well as the boundary conditions set are
correct.
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Fig. 2. Frequency response of longitudinal-torsional waveguide for VTS5.
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Fig. 3. The frequency response of a longitudinal-torsional waveguide for the Steel 45.

Conclusion

The analysis of the obtained ratio (12) and the sign of the coefficient a,, in (13) makes it
possible to assume that the difference between the two resonance frequencies f; and /> is that
at a frequency close to one resonance frequency, the longitudinal and torsional components
will be in phase, and to the other — is in the antiphase. This conclusion allows us to obtain
two limiting states, when only one component is present in the complex oscillations:
longitudinal or torsional. This property can be widely used in practice to control the type of
vibrations when using complex ultrasonic vibrations.

Having considered the dependence of the amplitude of complex ultrasonic vibrations
(figure 2 and 3) on the obtained mathematical model and comparing them with the
experiments, we can draw the following conclusions:

1. Changing the geometry and material for the waveguide leads to a change in its
frequency response.

2. By reducing the angle recess of the waveguide in the plane of the resonant peaks to the
main resonance frequency and sub-harmonics, which become closer, with the frequency of
the fundamental resonance is reduced and the sub-harmonics, which increases.

3. The increase in the ratio of the outer radius and the radius of the recess of the naturally
twisted waveguide leads to a decrease in the resonance frequency. The difference between
the main resonance frequency and the subharmonic frequency does not change significantly.

4. The quality of the waveguide material affects the frequency of the main resonance and
subharmonic. So, when the quality of the material decreases, the amplitude-frequency
characteristic is shifted to the lower frequency range, and the frequency range between the
main resonance and the subharmonic increases.
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