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Abstract:

Principles of nonlinear ultrasonic mixing impulspestroscopy (NUMIS) show great
potential advantages in comparison with other no@dir ultrasonic methods. It is first

of all from the point of view of sensitivity andsgibility of quick, simple and precise
localization of a defect. This paper elaboratesthe principles and algorithms of

calculation of the defect place for this methode Tgoint idealization of ultrasonic

transducers and receivers are supposed for this &ifith the successive increase in
delay of the second excitation pulse to the first @ can be obtained distribution of
image defects on test subjects in a 2D plane wibionds.
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1. Introduction

The non-linear ultrasonic spectroscopy is develdpeatder to obtain more appropriate
methods in comparison with conventional ultrasenéthods. Specifically, the goal is to
achieve a particularly high sensitivity to smallfaitds, less sensitivity to parasitic
reflections of the ultrasonic signal and capaletitior complex shapes of test objects [1].

These nonlinear methods are considered in diffed@pttions; mainly this is for
case with one [2], two or more excitation signalsgitation by continuous signal or by
impulse signal. The most published method usesntbdulation principle [3-6]. The
Time-Reversal method is considered as the most@ssiye in this time [7].

Published results show that these methods didcfoeee expected results, mainly
in terms of higher sensitivity and accuracy of laaion. These problems were
analysed in [8] and different principles were conepla This paper shows advantages of
the mixing methods to enable effective analog prefion and due to this increasing
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dynamic range and sensitivity of the method. Th&idhlock diagram of this method is
shown in Fig. 1.

The main idea consists in sending two impulsess{suwith harmonic signals with
different frequencies$; andf,, (see Fig. 2). These bursts are mutually timetesthiin
successive steps. When two waves come across ipldbe of defect with nonlinear
properties, the new frequency component with déffiéfrequencyy will be created. The
example with exciting frequencids = 1.5 MHz andf, = 1 MHz and the difference
frequencyfy = 500 kHz was shown in [8]. This choice of thegfriency values fulfils two
aims. It enables the use of sufficient analog prexfion, and it also allows the
sufficiently precise localization because the hidldifference frequency corresponds to
a short wavelength.
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Fig. 1 Principal block diagram of nonlinear ultrasic mixing impulse spectroscopic
method [8] (CU — control unit, OSC- oscillator, RAower amplifier, LNA — low noise
amplifier, DSP — digital signal processing).

Further analysis of the principles of this methbdwed the need for detailed analysis of
time and geometry of spaced ultrasonic transmitheid receivers on the tested object
(considered 2D plane). Following this, it is neecagsto derive adequate ways of
computing the coordinates of the defect for theppses of localization, which is the

subject of this article.

2. Geometric and Time Relations at Localization System

Basic of geometric lay-out in 2D plane with dottsinplification of the places of
ultrasonic receivers and transmitters is shownig Z Two transmitters for sending
ultrasonic signals are located in poifitsand T,. In comparison with first article [8]
there are considered two ultrasonic receiviersand R, because one receiver cannot
allow the explicit localization of the defect place

For simplicity, the geometric sizes were normalizedthat transmitter; andT,
are located on x-axis in points —1 and 1. This radised distance 2 corresponds to the
time tr, of the ultrasound propagation between these pldEas 2). As it was
mentioned, the main principle of this method cassis sending two burst signals from
two transmitters with different frequencies witHaletp of the impulseT; in comparison
with T,. This delay can be normalized according to ratio

2a=_ 1)
see Fig. 2 and Fig. 3 a, b. A geometric place efa@hcounter of both waves will create
hyperbolah, as shown in Fig. 2. Focus of this hyperbola ithi point of transmitter;
(normalized coordinate —1) and half-axs In case of the reverse mutual time shift
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between transmitterE; andT,, the solution will be second hyperbola branchhim tight
half plane and it will be in total symmetry to thirest solution.

Fig. 2 Basic normalized geometrical relations begweltrasonic transmitters and
receivers

Further, it is necessary to express the receiverdioates of poinR; andR,. They can

be found by measuring the time of ultrasonic prepiag from transmitters to receivers.
The corresponding intervals I, m, ncan be obtained by normalization of these time
intervals bytr,/2. The normalized coordinates of both receivers loa obtained from
the normalized transmitters coordinates (—1; 0 an@) and normalized lengtHs |,

m, n

3. Geometric Analysis and Time Ratio for the Focus Pat

Now, let us consider two waves come across at #fectl place on this hyperbola.
Nonlinear property of this defect causes that gust becomes a source of ultrasonic
signal with different frequencfy and this new signal will radiate to all directiod$en
we will measure beginnings of this pulse with tméeimodulation frequencyy by
receiversR; andR, after the corresponding times of propagationt &svisible in Fig. 2
and as it is shown in the timeline of Fige)3and d). With a view from receivé, the
potential places of the defect poildg, andD,, are shown in Fig. 4). It is obvious that
it is sufficient to consider the time of signal pegation from transmitteF, to receiver
R;, which corresponds to the normalized lenigth k; + ks in Fig. 3c). This is based on
the consideration that a time delay between sigfral® transmitterst; and T, will
always correspond to normalized delay r the location of a potential defect on
hyperbola h. Furthermore, the normalized time shié can be expressed by the
inequality

k, =k +k, 2k @)
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Fig. 3 Time relations between transmitted and reeeisignals.

d)

In casek; =k, the place of defect is located in the crossintheflineT,R; and hyperbola
h. If k; >k, the geometric place of potential defects corredpoto ellipsee; with
focusesT; andR;. The points of the potential defedds, and D, have to be on the
crossing of ellipsee; and hyperbolah. Time of signal propagation through poiidg,
respectivelyD,;, is the same from both transmittefs and T, (Kia+ koa = kap + Ko,
kra21 + Koa = Kr22 + ko), S€€ Fig. 4.

Fig. 4 Normalized geometrical relations for potahfplaces of defects:
a) solution for receiver Rb) solution for receiver R

Analogically we can obtain a solution of the poigindefect place®,, respectivel\D,,
from the view of receiveR,, as it is shown in Fig.H). In this case, time of signal
propagation from transmittdr; to receiverR, is the intervaim, = m; + my (Fig. 3d) and
this interval must be equal to or greater than mimh propagation intervam.
Analogically, the geometric place of potential di$ecorresponds to ellips® with
focusesT; andR; and potential defecf3,, andD,, are on the crossing of this ellipse
and hyperbolé.

The final location of the real defect place hasdbktion which corresponds to two
cases for the propagation of signal to recei®grandR, (Fig. 3c, d). If both wave edges
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come across at the defect place, there is only smietion, which corresponds to
intersection of both above-discussed solutionsréoeiversR; andR,. The case from
Fig. 4 shows that result solution is poibt,=D,, as intersection of both partial
solutions.

Because the exciting impulses are not extremelytshe cannot exclude the
situation when the front of first wav@,j meets with the other later waves from the
second impulseTp) in the place of the defect. In this case thelafcthe defect is not in
curve of corresponding hyperbdtaand above expressed conditions will not apply and
the defect places will not be found as an intersedbr the both receivers.

4. Finding Coordinates of Potential Defect Plac®, and D,

As input data there are used normalized intervata/den detached sensoks If m, 1,
normalized time shift 2 between both exciting signals and measured intekyar m,
(Fig. 3c, d). The anglea of rotation ellipsee; (Fig. 6) can be expressed from
appropriation law of cosine

+k2 -2
a= arccos;T . 3)

Normalized values of the hyperbola parameters afnetl ase,=1 anda,=a.
Parameters of the ellipse can be expressed byiegsat

& =k/2, 4)

a, =kz/2 (5)
The core of the solution is looking for the cooates of crossing points between
hyperbola and ellipse. Because the hyperbola digselhave one joint point and the
main axis of the ellipse is rotated by an angle.(Ba and Fig. 6), it is suitable to use

polar coordinates for formulation of the ellipsedaryperbola. The ellipse (Figa) can
be described by equation

oo ad ©
8, ~€C0S8p, @~ € CoSp,

the hyperbola (Fig. B) can be expressed by equation

B SR o S U .
a, +&,Cosp, a,+&,Ccosp, &, +cosp,

whereg, = 1 in our model.

fe

I

If we consider the simple case with non-rotatedpsdl, the crossing points are
defined by conditions, =r, and¢. = ¢. The phasep can be expressed by equation (3)
and (4) as

sel-a))-a, @ -€)

ai - +a,(1-af)

¢ =arcco

(8)
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Fig. 5 Basic description of ellipse and hyperbola

The angle shiftr of rotated ellipse according to Fig. 6 changesetiigation (6) to form

fo = %€ )
3, —6,Cos@, —a)

R

Fig. 6 Definition of angles for solution of intecs®mn of hyperbola and ellipse

In this case the set of equations (4) and (6) doéhave a simple, explicit solution and
that is why a numerical solution was useddfarithin the interval—r, ).

The algorithm was designed and verified in Matlalogpam for this kind of
solution. One example is used for demonstratiothisfsolution. We used the following
input values:a = 60°,a. = 1,e, = 0.9 anda, = 0.5. The result of this algorithm with the
crossing points of the ellipse and hyperbola issshm Fig. 7.
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Fig. 7 Example solution of intersections of thedngola and shifted ellipse for
a=60°a.,=1,e.=0.9anda,=0.5

5. Conclusion

The article shows the principles and computatiaqo@thm for solution of the defect
place for the new method which is based on nonlindaasonic mixing impulse
spectroscopy. This method should be more sensitideshould offer an easier way of
localization the defect place in comparison withestnonlinear ultrasonic methods.

It is important to note, that this solution wasided from simplified conditions as
dotted sources of the ultrasonic signals and do#edivers. We also assumed the dotted
place of defect. It is necessary to complete thgorahm with considering all real
factors and influences for practice use.

Practical application of these algorithms will requthe addition of defining areas
of real fulfilment of the conditions of existencétbe defect and it will need to analyse
the effects of all factors on the accuracy of lazdion.
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