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Abstract. The method of multiple reflections has several important informative parameters of the sig-
nal which allow to determine of the presence or the absence of defects in the testing object. Some pa-
rameters can be calculated using only numerical methods. In this article, the calculation algorithm of
several key informative parameters of the signal is represented such as reflection coefficient on the in-
terface “transducer — testing object”, attenuation coefficient, probe pulse amplitude and position. Nu-
merical values of informative parameters of the signal are obtained for pipes with diameter 18, 32, 57
and 73 mm by using developed algorithm and experimental data which are consistent with theoretical
data. It is shown that the geometric dimensions of the pipe and the presence of the features such as
electric welding seam or foreign inclusions in material of the testing object have a significant impact
on the dependencies of informative parameters of the signal from the level of clamping force of pie-
zoelectric transducer on the cylindrical surface of the pipe. The obtained results can be used at the im-
provement of ultrasonic inspection techniques and development of new approaches in material struc-
ture testing of the cylindrical long range objects.

Keywords: reflection coefficient, method of multiple reflections, calculation algorithm, attenuation
coefficient, piezoelectric transducer, acoustic wave, clamping force, cylindrical long range objects,
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INTRODUCTION

In modern industry the cylindrical long range objects such as rod rolling and pipelines for
different purposes are widely used which is needed in mandatory inspection both at manufac-
turing company and during exploitation. For testing of such objects the active methods are
basically used using torsional [1-3], rod [4—6], longitudinal [1-3, 7-9], or shear [2, 3, 10, 11]
waves thus it is known cases of application of passive methods, in particular, the acoustic
emission technique [12]. Among acoustic testing methods of cylindrical long range objects
guided wave testing is widespread which have several advantages over classical ultrasound
methods of nondestructive testing including an opportunity of rapid long range inspection,
absence of necessity in scanning, and testing range of cylindrical long range objects up to 100
meters in the selected direction [13, 14]. Recently many authors are paid much attention to
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modeling and experiments aimed at the investigation of the influence of external and internal
viscoelastic media on the propagation of acoustic waves in pipes of different diameters [ 14—16].

The implementation of guided wave technique is available using piezoelectric dry
coupled transducers [1, 3, 9, 17], magnetostrictive transducers [11, 18, 19] and electromagnet-
ic acoustic (EMA) transducers [20-24] which have advantages: the possibility of testing with-
out any contact with testing object at small gaps, generate any type of wave mode, absence of
wear of element design and low absorption of acoustic wave energy by transducer [20, 21, 24,
25]. However, EMA transducers usually have low efficiency of EMA transformation in com-
parison with piezoelectric transducers and can not be used for testing of non-ferromagnetic
materials [24-27].

Guided wave testing is predominantly used in the oil, gas and petroleum industry for the
cylindrical long range objects and products from them such as sucker rods [5, 28], oil well
tubing and pipes [24, 29, 30], metal cables [31-33], reinforcing bars [34, 35], workpieces for
the steel springs [36], rock bolts [37, 38], and etc. Since the products represent the objects of
the final length for such objects the technique has been developed and successfully used based
on the method of multiple reflections (MMR) which have several advantages [4, 29, 39]:

— increases sensitivity and calculation accuracy of the wave speed and attenuation when
analyzing the acoustic signals of distant reflections;

— has high informative value of testing through using additional characteristics of the
acoustic signal,;

— improves the distance resolution;

— decreases the dead zone through a low quality factor of the signal.

At the implementation of the MMR it is needed to consider the wave attenuation in the
testing object and incomplete reflection of the signal on the interface between transducer and
the surface of the testing object, called the reflection coefficient, which depend on several fac-
tors such as a clamping force of the transducer to the testing object, quality of acoustic coupl-
ing, roughness of the surface of the testing object, exact location of the transducer system on
the cylindrical surface of the testing object. Reflection coefficient depend on the informative
parameters of guided wave testing such as the reflection coefficient from the defects, attenua-
tion of multiple reflection pulses, velocity of the wave propagation, efficiency of EMA and
piezoelectric transformations [4-6, 29, 39]. As a rule, the reflection coefficient values may
vary within the range from 0 to 1. Decreasing of this value to 0.7 and below there is the ab-
sence of growing defect amplitude effect at the distant reflections that leads to low efficiency
of the MMR [39].

In this article, the algorithm and program implementation is represented and designed for
increasing of the informative value of guided wave testing of the cylindrical long range ob-
jects using the MMR in real time during testing allowing, in particular, to compute the reflec-
tion coefficient and attenuation coefficient at the distant reflections, to determine probe pulse
amplitude and position. There are the results of experiments confirming the efficiency of the
algorithm operation on the real data.

APPROACHES USED

It is known, that at the implementation of the MMR a part of the acoustic wave energy is
absorbed on the interface between transducer and the surface of the testing object and this
physical phenomenon can be described by mathematical model taking into account of equip-
ment parameters, geometric and elastic properties of the testing object, wave attenuation, and
interaction with defects. The law of propagation of the rod and torsional waves in the cylin-
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drical long range objects at the implementation of the MMR is known and a series of the mul-
tiple reflections is described by the expression [39]:

Ul’l =U0~Ren-e_6'(xn_x0)’ (1)

where U, — echo pulse amplitude from the end of the testing object at the n-th reflection; Uy —
probe pulse amplitude; R, — reflection coefficient on the interface between transducer and the
surface of the testing object; 6 — attenuation coefficient of acoustic wave; x,, = 2-L-n + xo — po-
sition of the n-th reflection, 2 L n — traveled distance of acoustic wave at the n-th reflection;
Xo — probe pulse position, L = C-¢t — length of the testing object, C — propagation velocity of
acoustic wave, t — propagation time of acoustic wave.

The problem is to find the reflection coefficient R, for which the equation (1) on the ref-
lection n at the reflection amplitude U, and the distance to the reflection x, has a unique solu-
tion. It also follows from the equation (1) that the variables R,, U, and  are interdependent,
therefore, the calculation of their values should be carried out on the different reflections n.

THE CALCULATION ALGORITHM

The solution of the problem can be accomplished by using the bisection method based on
the successive approximation to the desired value of the unknown quantity by dividing the
search interval into two and calculation of interdependent unknown variables on each iteration.

Input data

As the input data, the peak coordinates of the two pulses reflected from the end of the
testing object are used: U,, U,, — amplitudes of the echo pulses from the end of the testing ob-
ject at the n-th and m-th reflection respectively, x,, x,, — propagation distance of acoustic wave
to the n-th and m-th reflection respectively x,, = 2-L-n + xo and x,, = 2-L-m + xo, when condition
m > n must be satisfied, where n and m — whole numbers.

It is calculated the distance which equal to double size of the length of pipe and corres-
ponding to the space between the two pulses on the distance scale:

X

Ax=2L="m"%n )
m-—n

Probe pulse position on the x-axis is determined as
Xy =x, —n-Ax. 3)
Initial value of attenuation coefficient is introduced and reflection coefficient is calcu-
lated for launching the calculation cycle
1

5=0, R, =1, Ry, =| 2 |", R, =RentRem )
Uy 2

where R., — reflection coefficient at the n-th reflection; R.,, — reflection coefficient at the m-th
reflection.
Probe pulse amplitude is calculated by using this data

L (5)
R

e
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Formulas (2)—(5) are used for the calculation one time only and they are needed for
launching the main calculation cycle.

Main calculation cycle

The calculation algorithm of the informative parameters of the signal in the main calcula-
tion cycle at iteration step & looks as follows.
1. Computation R, at the n-th reflection

1

_ Un ;
Ren - [UO -6_6.(x”_x0) ] . (6)

2. Computation R, at the m-th reflection
1

U m
R,, = 1 . 7
- [UO .o O (m=Xo) ] 0
3. Calculation of the average value R,
R, = Ron + Rom ) (®)
2
4. Evaluation of the value AR,
AR, = ‘(Re )k _(Re )k—l" )
5. Calculation of the attenuation coefficient with considering the calculated reflection
coefficient R,
In [U’” - J
Uy R
§=——n0 "¢ J (10)
Xm — X0

6. Calculation of the probe pulse amplitude with considering the calculated reflection
coefficient R, (formula 8) and attenuation coefficient 6 (formula 10)

U}’l

Ren '6—8-(xn —Xg)

UO:

(11)

The exit from the cycle body is carried out when the condition AR, < 107° is satisfied.
Thus, the represented algorithm allows to obtain the values of reflection coefficient R,, atten-
uation coefficient d, probe pulse amplitude U, and position x, with a specified accuracy.

Implementation of algorithm

The algorithm is implemented as part of program in the software called Prince which is
written using high level programming language Object Pascal and designed for equipment
management, recording of acoustic signals and the output of main informative parameters of
the signal in the real-time, including the values of reflection coefficient, attenuation coefti-
cient, probe pulse amplitude and position on the monitor screen. A scheme of calculation al-
gorithm of the reflection coefficient is provided in Fig. 1 and it includes a data input unit, pre-
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liminary calculation unit, result output unit and main cycle body which contains the units of
reflection coefficient calculation, error checking, computation of attenuation coefficient and

probe pulse amplitude.
/ u,u. ,x,x ,nm / Input data

v

_ B Preliminary calculation for
Ax %, 8=0,R, =1LR,,, R, Uy launching of cycle
4 Main computing in cycle
A 4

A

R,,R,.R,AR,

en’ " “em’®

AR <10 >SFbe 5

True I— ")

A 4

/ R, 3, U, x, / Output data

End

Figure 1. A scheme of the calculation algorithm of the informative parameters of the signal

For instance, the operation of the algorithm on the real data is represented in table 1. As
the input data for calculating, the following data are used: n=1, m=5, U,=931.091 mV,
Un,=711914mV, x,=2.018m, x,=9.630m, C=3250m/s. The output data:
R.=0.954193, 6 =0.010744, Uy = 995.710785 mV, xo = 0.1144 m.

Table 1. An example of the operation of the algorithm on each iteration

Reflection Reflection A ! Prob I
Iteration coefficient at coefficient at \;‘erage \t'a ue Attenuation roﬁ: I:l“ s;} Condition
number k  n-th reflection m-th reflection otre .ec ton coefficient & amphitude Yo AR,
R., R.,, coefficient R, mV
1 1 0.9477353 0.9738677 0 956.0757988 -
2 0.9738677 0.9427294 0.9582985 0.0086066 987.6548819 0.0155692
3 0.9582985 0.9520905 0.9551945 0.0103168 994.0947786  0.0031040
4 0.955195 0.9539537 0.9545741 0.0106584 995.3877881 0.0006204
5 0.9545741 0.954326 0.9544501 0.0107267 995.6465917 0.0001240
6 0.9544501 0.9544004 0.9544253 0.0107404 995.6983605 0.0000248
7 0.9544253 0.9544153 0.9544203 0.0107431 995.7087146  0.0000050
8 0.9544203 0.9544183 0.9544193 0.0107437 995.7107855 0.0000010

As shown from table 1, for calculating with certain accuracy according to the condition
AR, < 1076 the eight iterations are enough to reach of satisfactory solution.
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EXPERIMENTAL SETUP

The experiment for verifying the operation of the calculation algorithm of the informative
parameters of the signal was prepared and performed. The experimental setup is represented
in Fig. 2 described in [40] and consists of two EMA transducers, piezoelectric transducer,
probe pulse generator, control block with preamplifier, analog-digital converter board embed-
ded in personal computer. EMA transducers are located on the cylindrical surface of the pipe
at the diametrically opposite sides near the pipe end and piezoelectric transducer is located in
the middle between two EMA transducers on the cylindrical surface of pipe as well. The pipes
with length 950 mm, diameter 18, 32, 57, 73 mm and wall thickness 3, 4.2, 5, 5.5 mm respec-
tively are used in the experiment and pipe with diameter 18 mm has electric welding seam
along the entire length of pipe.

EMAT

-~— PET Pipe Sg

EMAT

A 4

A 4

Probe pulse generator

A

A 4

Control block and preamplifier

L_T

ADC PC

Figure 2. A scheme of the experimental setup, EMAT — electromagnetic-acoustic transducer,
PET — piezoelectric transducer, ADC — analog-digital converter, PC — personal computer

The echo signal is the measurement result (Fig. 3) obtained by using the software Prince
and represented the series of echo pulses of multiple reflections from the opposite ends of the
pipe. For example, in figure 3 the echo signals are illustrated for pipe with diameter 18 mm
under one of minimum clamping force and pipe with diameter 57 mm under maximum
clamping force. From the presented echo signals it can be concluded that acoustic wave atten-
uation, acoustic noise level and amplitude of unwanted types of wave modes for pipe with
diameter 18 mm is higher than for pipe with diameter 57 mm, it can be explained the presence
of electric welding seam along the pipe.

RESULTS AND DISCUSSION

Calculated dependencies of reflection coefficient, attenuation coefficient and probe pulse
amplitude from the wave propagation distance for the pipe with diameter 18 mm and 57 mm
are given in Fig. 4. The following graphs for the pipe with diameter 18 mm (Fig. 4 a, c, ¢)
demonstrate the insignificant nonlinear dependence of reflection coefficient (Fig. 4 a) from
the wave propagation distance the cause of which can be high amplitudes of acoustic noise
and unwanted types of wave modes due to structural and geometrical features of the pipe as
well as the presence of electric welding seam along the testing object.
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Figure 3. Experimental signals of the series of echo pulses of multiple reflections
obtained on the pipes with diameter 18 mm (a) and 57 mm (b)
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Figure 4. Dependencies of calculated reflection coefficient (a, b), attenuation coefficient (c, d), and probe pulse
amplitude (e, f) from the wave propagation distance at the multiple reflections in pipe with diameter 32 mm
(a, ¢, e) and 73 mm (b, d, €)
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Main values of attenuation coefficient are within the range 0.016+0.021 for pipe with di-
ameter 18 mm (Fig. 4 c¢) and 0.006+0.012 for pipe with diameter 57 mm (Fig. 4 d). Since the
attenuation coefficient is a constant value in defined medium then the average value of atten-
uation coefficient at the 5™ — 8" reflection is taken as a constant where unwanted types of
wave modes and acoustic noise amplitudes have insignificant influence. Using such approach
the calculated attenuation coefficient for pipe with diameter 18, 32, 57, 73 mm is amounted
0.018, 0.024, 0.009, 0.016 m’! respectively.

For comparison of the calculated results the definitions of graphs are accepted on the eval-
uation of clamping force which carried out the amplitude of the first echo pulse from the oppo-
site end of the pipe (first reflection). Generalized dependencies of average values of reflection
coefficient from the first echo pulse amplitude from pipe end for different diameters are
represented in Fig. 5. Reflection coefficient for pipe with the smallest diameter 18 mm varies
widely from 0.78 to 0.93. However, the variation range of reflection coefficient for pipes with
large diameters 32, 57, and 73 mm varies within a range 0.04+0.08 (0.84+0.92, 0.93+0.97,
0.95+1 for pipe with diameter 32, 73, and 57 mm respectively). Thus, reflection coefficient at
the amplitude 500 mV of the first echo pulse from the opposite end of the pipe for pipes with
diameters 18, 32, 57, and 73 mm is amounted 0.82, 0.86, 0.97, and 0.94 respectively.
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Figure 5. Dependence of average value of reflection coefficient from echo pulse amplitude
on the first reflection for pipes of different diameter
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General decreasing dependence of reflection coefficient from the first echo pulse ampli-
tude from the opposite end of the pipe is observed on the graphs (Fig. 5). However, this de-
pendence is most pronounced for pipe with diameter 18 mm that can be related with presence
of electric welding seam which has a structure differing from main material structure of pipe.
Therefore, it can be assumed that the presence of structural inhomogeneity of material in the
testing object leads to significant changes of the reflection coefficient at the different clamp-
ing force of piezoelectric transducer to the cylindrical surface of pipe. Hence, this approach
can be used for development of the technique of guided wave testing for the evaluation of the
material structure and the presence of foreign inclusions in pipes with different diameters.

CONCLUSIONS

Thus, according to the results of the developed calculation algorithm of the informative
parameters of the signal and experimental investigations at the implementation of the method
of multiple reflections it is possible to make the following conclusions:

— presented algorithm allows to obtain with high accuracy in real-time of reflection coef-
ficient (absolute error of the calculated values of reflection coefficient for pipe with diameter
57 mm and 73 mm is amounted 0.02), attenuation coefficient, probe pulse amplitude and po-
sition;

— calculated values of reflection coefficient (from 0.77 to 0.99) by using algorithm on the
real testing object are consistent with the theoretical data;

— the presence of acoustic noise and unwanted types of wave modes does not have signif-
icant influence on the calculation results;

— with increasing the clamping force of piezoelectric transducer to the cylindrical surface
of the pipe the reflection coefficient slightly decreases;

— the reflection coefficient has a nonlinear dependence in pipes of small diameters at the
presence of foreign inclusions.

The results of the work can be used for the improvement of existing techniques of guided
wave testing as well as for the development of approaches in the evaluation of material struc-
ture of cylindrical long range objects based on detection of dependence of reflection coeffi-
cient from clamping force of piezoelectric transducer on the pipe surface.
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