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Abstract. The paper describes the algorithm of reconstruction of tomographic image used in
the through-transition method in a small angle sounding of acoustic linear arrays and the results
of practical application of the proposed algorithm. In alternate probing of each element of
emitting array and simultaneous reception of all elements of the receiving array is a collection
of shadow images of the testing zone. The testing zone is divided into small local areas and
using the collection of shadow images computed matrix normalized transmission coefficients
for each of the small local area. Tomographic image control zone is obtained by submitting the
resulting matrix of normalized transmission coefficients in grayscale or colors.

1 Introduction

Through-transition method has a higher sensitivity and noise immunity, and also has no dead area, in
comparison with the pulse-echo method. This method is particularly effective in the testing of the
multi-layer composites are widely used at present in aircraft and aerospace [1]. Traditionally, two
transducers, emitter and receiver, are used in this method. They are arranged on the opposite sides of
the testing object [2, 3]. But, to use only two sensors will not make it possible to determine the
distance to the defect [4]. In order to calculate the distance to the defect one must have the projections
from different angles, as it is implemented in the computed tomography, which has been widely
developed in recent years [5]. It is possible to use two different methods of the acoustic testing:
mechanical scanning of the testing object with two sensors - a receiving and emitting, with its position
that is fractional to the object testing by discrete and independent of each other, or an electronic
scanning of the testing object with two linear arrays.

The advantage of the first option - the possibility of setting an arbitrary step and tracing.
Disadvantages: - long time of the scanning, because of the mechanical sensors travel, - the complicacy
and high cost of high-precision mechanical scanner with a programmable control, - the need for high
stability of measuring system.

The advantage of the second option — possibility to have a high-speed scanning, but only under
such condition — with a fixed geometrical structure of a concrete device. Disadvantage: need of a high
stability of equipment when sensor of antenna arrays is emitted.
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2 Problem statement

In practice, the electronic scanning is used. It should be noted that when the acoustic testing is used it
is impossible to obtain a collection of projection angles from 0 to 360 degrees. When linear arrays are
had the electronic scanning we can have a limited number of projections with a small angular
deviation, under the testing of planar structures such as multilayer composites as a rule, no more than
+ 30 degrees [6, 7]. Firstly, limitation is linked with the need, in order to provide access from different
sides, and secondly, to provide an acoustical coupling sensor with the object of testing. Therefore, it is
of interest to study the possibilities of small-angle sensing. For this purpose it is proposed 2D-model
of acoustic through-transition detection system with linear arrays and logical and analytical image
reconstruction algorithm (visualization) of the internal structure of the object in the testing zone.

3 Two-dimensional model

A two-dimensional model of the acoustic patch with the emitting and receiving arrays is shown in
Figure 1.

y m=12.N

Figure 1. The acoustic path of through-transition method with linear arrays.

Each acoustic arrays consists of N elements with sizes of element "a" equal to the actual diameter
of cylindrical piezoelectric element and placed at the same distance A from each other. The latter
condition is not fundamentally necessary for a real system and introduced only for the convenience of
the analytical description of the model. Antenna arrays, dispose on the opposite sides of the testing
zone, located collinear with the x-axis at a distance /# from one another. Thus, the area of the testing
zone is:

s=[(a+a)N-4]n, (1)

where a - the size of the piezoelectric element, 4 - the distance between the piezoelectric element,
N - number of elements in the array, # - the distance between the antenna arrays.

Sounding of the testing zone is carried out by means of alternately switching of the emitting
sensors. All these elements of the receiver array are recorded by signal that has been passed through
the testing object [8]. The result of monitoring procedures is the transmission coefficient matrix of
size (N * N). The coefficients are calculated in accordance with the formula:

K = Amn/AO ) )
where 4, — the signal amplitude at the receiver m when the transmitter » shots and the object has the

defect, 4y — the signal amplitude at the receiver m when the transmitter » shots and the object doesn’t
have the defect.
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When the testing object doesn’t have the defects then the coefficient matrix of transmission is an
unitary matrix. It is assumed that elements of the transmitter and receiver are isotropic in the model,
the medium loss equals zero, the radiation from » element of the emitting array into m element of the
receiving array is equivalent of geometrical acoustics within the zone (radiation tape), formed by
straight lines connecting the beginning of the radiation element to the beginning of the receiver
element and the end of the radiation element to the end of the receiving element, and diffraction is
ignored. (The concept of radiation tape was introduced for 2D-model and analogical with the meaning
of Williams tube (lightpipe) for 3D-model). Zone borders described by the equations of straight lines
[9], which are convenient to represent, in accordance with, in the form:

the left (odd) boundary x-xl(n) - el s 3)
xZ(m)-xl(n) yZ(m)-y](n)
the right (even) boundary *-(d (n) t9 _ Yy 4

(x2(m)+a)—(x1(n)+a) - yZ(m)—y](n) '

where x/ (n) — the left end n-th element of radiating array (n = 1,2..N), x2 (m) — the left end of the m-
order element of receiving array (m = 1,2..N), yI (n) and y2 (m) — the coordinates of the radiating and
receiving elements arrays. They are easy to take equal y/ (n) = 0 and y2 (m) = -h.

A defect in the model is simulated by a straight line segment that is parallel to the x axis, and it is
located in the testing zone with the coordinates X1, X2, Y. The defect supposed to be opaque. The
defect attenuation depends on the overlap of radiation tape (Figure 2). Therefore, the transmission
ratios are calculated in accordance with formula [10]:

Ky = 1= Sy /S %)

where Sy the shadow length from the defect on the receiver m for angle of the emitter n, S 0 the

length of the receiver.
If there is not defect in the radiation tape, then k,,, = 1. If the defect covers the radiation tape on
the half, then k,,, =0.5.
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Figure 2. Options of the defects location in the testing zone, X1, X2 — coordinates of the defect boundaries, Xodd,
Xeven — coordinates of the radiation boundaries tape at different level Ydef (Y1, Y2 and etc.).

v

Options of the possible defect location relatively to the radiation tape and the corresponding
transmission coefficients are summarized in Table 1.
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Table 1. Options of the possible defect location.

Conditions characterizing the defect placement in the testing zone transmission factor kim,»

X1 < Xodd(n,m)<xeven(n,m)<X2 0
Xodd(n,m)<X1<Xeven(n,m)§X2 0< X1- Xt (n,m) /a<l

Xodd(1, 1) <Xeven(n,m)<X1<X2 1
Xodd(n, m)<X1<X2<Xeven(n,m) 0<a—(X2—X1)/a <1
X1<xodda(n,m)<X2<xeven(n,m) 0<x_ (nm) —X2/a<l
X1<X2<x0dd(n,m)<Xeven(n,m) 1

A matrix of N*N transmission coefficients k., (Figure 3) was given as an example of simulation
results. The results were obtained with linear radiating and receiving arrays located at distance
h =60 mm, each array consists of N = 8 elements with size « = 6 mm and distance between elements
is 4 = 3mm. Defect coordinates are X1 = 32.1 mm, X2 = 37.1 mm and Ydef = -40 mm.

1 1 1 1 1 1085 0.167
1 1 1 1 1 085 0.167 0.817
1 1 1 1 085 0167 0817 1
1 1 1 085 0.167 0817 1 1

1 1085 0167 0817 1 1 1
1 085 0.167 0817 1 1 1 1
0.85 0.167 0.817 1 1 1 1 1

0.167 0817 1 1 1 1 1 1

Figure 3. Matrix of coefficients £, , , when the location of defect coordinates are X1 = 32.1 mm, X2 = 37.1 mm
and Ydef = -40 mm.

A graphical matrix representation of transmission coefficients k., , in grayscale is shown in figure 4.

N

Figure 4. A graphical matrix representation of the coefficients k.

Analysis of a graphical matrix representation of the transmission coefficients &, is shown, if the
testing zone has a defect then it is possible:
- determine the position of the defect on the slope of the line, representing a linear approximation of
the location of the minima of the transmission coefficients 4, , in the matrix rows, for example,
performed by the least square method,
- make an assessment of the size of the defect and its transfer properties by the transmission
coefficients value ky,, ,
- it can be inferred by the linear dimensions on the bandwidth of the minima defect of the matrix
coefficients k,,, in the graph.
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4 Calculation of the matrix transmission coefficients

The greatest interest is the investigation of the possibility to evaluate the state of the testing object at
each point of the testing zone when one use the transmission matrix coefficients is obtained, in this
case, with linear acoustic arrays that is equivalent to obtain the tomographic image of the testing zone.
The matrix transmission coefficients for the model with acoustic linear arrays from N elements each
represents (2N-1) truncated collections of radiation projection, transmitted through the testing zone to
the receiving array at angles from 0° to = ¢ (k):

o(k) = arctg (k(a+A)/h) , (6)

where £ =0,1..(N-1).

Moreover, if collections of projections for £ = 0 is equal to N (the only complete), for k = 1 is
equal to (V-1) and so on, then for k= (N-1), it is equal only to one (unitary) [11].

It is impossible to use Radon’s transformation [12] for visualization because we have a truncated
collections of projections from emitters to receivers that probe the testing zone at different angles. In
this regard, for the reconstruction of tomographic image of the testing zone the algoritm was proposed
and its modeling was carried out in Mathcad .The algorithm is based on the following principles:

- testing zone is divided into small local areas that are considered to be point,

- every point of space in the testing zone (between the emitting and receiving arrays) because of its
abnormality (defects) has the affect on the transmission coefficients &, , . Thus each specific point
affects to the value k,,, of those radiation tapes, where the point comes to these fields,

- the resulting attenuation characterized by abnormal of this concrete point as it was supposed to

define as the sum of the transmission coefficients &, y =X f(x,y )km)n / P(x,y) , divided into the number

of radiation tapes that were passed through this point (normalized transfer coefficient for a point with
coordinates x and y),

- if even one or more of the coefficient &, , of radiation tapes, in which the given point came, occurs
equal to one (transmission in the radiation tape is maximum in this case), then the resulting
normalized sums of k., for the given point, it should be taken up as equal to one, because this point of
space does not inject the losses (correcting condition).

The structure of tomography reconstruction algorithm is shown in figure 5.

Input: arrays parameters: the number of transducers and its coordinates, the defect
parameters: the size and position

‘ Calculation of the radiation tapes parameters: Xouad(#,M), Xeven(1,), ¥ = Yder ‘

| Calculation of transfer coefficient of k., for the testing zone |

Coordinates settings of the points (x, y) in the testing zone

| Matrix calculation of normalized coefficients k., for the points in the testing zone |

| Tomography reconstruction of the testing zone |

Figure 5. Tomography reconstruction algorithm.
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The calculation result of the matrix transmission coefficients k., in the testing zone in the
proposed algorithm on the dates analogical with figure 4, shown in figure 6. The point of space in the
testing zone were set at a distance of 2.5 mm from one another in the coordinates of «x» and «y».
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Figure 6. Matrix of the distribution of the resulting transfer coefficients of k., in the testing zone
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location of the defect with coordinates X1 =32.1 mm, X2 = 37.1mm, Ydef = -40 mm.

5 Results

0.979
0.836
0.803
0.835
0.75
0.813
0.75
0.813
0.75
0.813
0.767
0.767
0.831
0.769
0.85
0.873
0.974
1
1
1
1

If each value in the normalized coefficient matrix to represent as grayscales,
tomographic image of the testing zone (figure 7).
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Figure 7. Tomographic image of the testing zone, corresponds to the normalized coefficient matrix.

Result shown in figure 7 was obtained without using the correction of the conditions: if even one
or more of the coefficient k., of radiation tapes, which belongs to this point, it is equal to one, then
kxy , passed through this point is equal to one.
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Figure 8 shows the imaging testing zone with the defect with coordinates X1 = 17,1lmm,
X2 =25,1 mm and ydef = -30 mm without using the conditions correction (a) and with its using (b) for
N=4,a=6mm, 4 =3 mm, # =60 mm, the distance between the points in the testing zone is 5 mm
with total number of points M = 66 (100%). Thus, if in the first case we record as the abnormal points
53 (80.3%), while in the second case, only 18 (27.7%), this increase the localization of the defect
position significantly. However, the area of the minimum values of the coefficient k., remained
unchanged.

I'\I // I ///
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Figure 8. Tomographic image of testing zone without correction (a), and with correction (b), for N =4,
a=6 mm, 4 =3 mm, 2= 60 mm, the coordinates of the defect X1 = 17,1 mm, X2= 25,1 mm and Ydef =-30 mm.

6 Conclusion

The performed simulations have shown the possibility of tomographic reconstruction of the testing
zone at a small-angle sensing with linear acoustic arrays use. The algorithm allows you to specify the
number of local points in the testing zone, the parameters of acoustic arrays: the number of emitting
and receiving elements, the distance between them, as well as the distance between the arrays.
Application of the proposed algorithm of tomography reconstruction of the testing zone allows to
localize the spatial position of the defect with an error of no more than 10% of the size of the testing
zone. The change of the local areas number in the testing zone, with the fixed parameters of the
acoustic path, does not significantly increase the accuracy of the localization of the spatial position of
the defect. It is possible to increase the accuracy by means of increasing the number of angles and
angular deflection angles that is achieved by means of increasing the number of elements in the
arrays.
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