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The focused acoustic field generated by an annular array transducer and its reflection field on a solid—liquid
interface are investigated theoretically and experimentally. Theoretically, the concise analytic expressions about
the radiation and reflection acoustic fields of the annular phased array are obtained by the ray approach method
(saddle-point method). In experiment, an annular transducer with 8 equal-area elements is designed and fabri-
cated, and a series of experiments about the radiation acoustic field and its reflection on the liquid-solid interface
are carried out. The experimental characteristics of the transducer are in good agreement with the numerical
ones. It shows the correctness of the theoretical result and the feasibility of dynamic focusing of the experi-
ment system. With the maximum amplitude and its emergence time of the reflection wave, we can acquire the
information and the imaging of the reflection interface by the annular phased array dynamic focusing.

PACS: 43.35.+d, 43.58. +z

Ultrasonic phased array testing can accomplish dy-
namic focusing and the inspection of workpieces with
complex geometry. Also, it can greatly improve the
detection sensitivity, resolution and SNR, which lead
to its high recognition in NDT research domain. The
most frequently used phased arrays nowadays are lin-
ear phased arrays, two-dimensional (2D) phased ar-
rays and annular phased arrays. Annular arrays have
been somewhat overlooked, compared with the others.
The main reason for this is that annular arrays are axi-
ally symmetric and they can only focus on the axial di-
rection, which make it necessary to mechanically scan
an annular array to form a 2D image.[l] However, an-
nular arrays can form a high quality radiation focusing
pattern with far fewer elements. This reduces greatly
the cost of the transducer and the technology difficul-
ties associated with developing transducers, and this
simplifies the circuits and control system./?) In many
medical and NDT applications, useful information is
acquired with the reflection waves on the interface of
two media. In previous studies, a great deal of atten-
tion was paid to the acoustic radiation field of the an-
nular phased array transducers. However, few authors
studied the reflection of the focused field of a phased
array on a solid-liquid interface. In this Letter, we
investigate the reflection on a solid—liquid plane of the
focused acoustic field excited by an annular phased
array.

This study can be used in other applications of
acoustic borehole televiewers (BHTVs).1*! In acoustic
BHTVs about petroleum logging, the ultrasonic trans-
ducer, which rotates along the borehole axis, trans-
mits the acoustical pulse to the borehole wall that is a
solid—liquid interface and then receives the reflection
signal. The variation of the borehole radius and the
formation character can be extracted from the propa-
gation time and the amplitude of the received signal.
For the present acoustic BHTVs, the transducer is a

concave or a plane piston. The focus of this kind trans-
ducer is fixed and cannot be adjusted dynamically.
Thus, the testing result of BHTVs is not good for
the boreholes whose radius varies significantly along
the borehole axis, and different transducers should be
adopted for the boreholes with different radii in prac-
tice applications. If the annular phased array is used
to BHTYV transducers, the focus could be changed dy-
namically by electrical manners. The transducers can
be applied to the boreholes with different radii and the
boreholes whose radius varies significantly. However,
the annular phased array is yet not applied to BHTV
instruments in practice because the theoretical study
is not perfect.

Consider an ultrasonic array composed of N ho-
mocentric annular piezoelectric discs that are marked
by number 1,2,---, N from inner to outer. The inner
and outer radii of the jth annular array element are
azj—1 and apj, respectively. Define a cylindrical co-
ordinate system centred at the centre of the annular
array and oriented along the symmetric axis of the ar-
ray. Each element vibrates along the z direction when
they work.

The annular array is excited in liquid medium.
The acoustical waves from each element to the field
point have different propagation times and cannot co-
herently strengthen. If we hope that the waves from
each element arrive at a given point M on the z axis in
phase, each element should be excited with different
original phases. When it is accomplished according to
this sense, the annular phased array is realized and
the field is focused at the point M that is called the
focus. This time, the focused radiation field can be
written asl*l
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where 7, = /72 + 13 — 2rrg cos(0p — ¢); (r, ¢, 2) and
(ro, 60, 2z0) are the coordinates of the field point and
source point; A¢; is the phase delay of the jth ele-
ment and determined by the focus position; and k is
the wavenumber in liquid media. The integration area
s; for s is on the surface of the jth element.

It is inconvenient to calculate the radiation field
by Eq. (1) in numerical simulation. For this reason,
the approximation representation for the radiation far-
field (the distance from the field point to the trans-
ducer is much greater than the wavelength) of the an-
nular phased array has been given by the ray approach
method and can be written as the following form in
the frequency domain,[®~9

) eikra
¢ = WPoUq
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where r, = V72 + 22 is the distance from the centre of
the array to the field point, ¢ = arctg(r/z), po is the
density of the liquid medium, w is the angle frequency,
and ATy 2;_1 is the controlled time delay of the jth
element. The radiation field of the annular phased ar-
ray is calculated by Eq. (2) in numerical simulation in
this study.
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Fig. 1. The reflection on a solid—liquid interface of focused
acoustical field excited by an annular phased array.

When the focused acoustical field of the annular
phased array propagates to the solid-liquid interface,
the reflection wave should be generated. As shown
in Fig. 1, the reflection field ¢, in the liquid and the
transmission fields (compressional wave ¢; and shear
wave ;) in the solid can be all written as follows ac-
cording to the form of the radiation field given by

Eq. (1):
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where ko;, and kyr are the wave numbers of the com-
pressional and shear waves in the solid, respectively;
Vi, Wi, and Wy, are the weighting coefficients which
can be determined by the boundary conditions on the
solid-liquid interface.

The reflection field of the annular phased array on
the solid—liquid interface can be calculated numeri-
cally by Eq. (3). However, it is inconvenient to calcu-
late because of the computing efficiency and precision.
If the distance from the field point to the transducer is
much greater than the wavelength, the ray approach
method!¥ can be used to obtain the concise analytic
reflection field. Here, only the result of the reflection
acoustical field is given because of the limitation of
the paper length,

N Ao, eikR1
©Or = jgle J //;J Rl V”(Oj)ds, (4)

where R; is the distance from the mirror image of the
integral element ds about the liquid-solid interface to
the field point, V;;(6;) is equal to the reflection coeffi-
cient of a plane wave propagating to the solid—liquid
interface with the incident angle 6;. It can be found
that the reflection field is similar to the direct field
from the mirror imaginary imaging of the annular ar-
ray about the solid-liquid interface.

We design an annular phased array with eight ele-
ments. The inner and outer radii of each element are
shown in Table 1. This is an equal-area-element an-
nular transducer with working frequency of 0.3 MHz.
The areas of each element are the same. Thus the
acoustical fields, which are excited by the same elec-
tric signal from each element to the field point, are rel-
atively approximate. Then, the annular phased array
is connected to the digital transmission and collect-
ing system to perform experimental measurements. A
sine pulse with 30 periods is used to excite each ele-
ment.

First, the experiment about the radiation field ex-
cited by the annular phased array is carried out. Fig-
ure 2 gives the acoustical field distribution along the
axial and lateral directions when the focal length F'
(the distance from the centre of the array to the fo-
cus) is equal to 80 mm and 100 mm respectively. The
real and plus lines represent the numerical simulation
and experimental results. It can be seen from Fig. 2
that the experimental characteristics along the lateral
distribution at the focal plane are in good agreement
with the numerical simulation ones, especially in the
main lobe parts. The width of the main lobe does
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not change as the focus changes. The amplitudes of
the lobes nearby the main lobe slightly increase as the
focus increases. It can also be found that the forms
and changing tendencies of the axial distributions of
the theoretical and experimental results are also the
same. However, the position of the maximum ampli-

Table 1. Parameters of the fabricated annular phased transducer.

tude in the axis distribution of the theoretical result is
not the same as that of the experimental result. There
is a definite distance between them. Although some
errors exist in the experiments, further investigation
should be conducted.

Serial number 1 2 3

4 5 6 7 8

Inner radius (mm) 5 14.40  20.05
Outer radius (mm) 13.07 18.75 23.25

24.65 28.72 3245 3595 39.28
27.45 31.18 34.65 37.95 41.23

(2)
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Fig. 2. The radiation acoustical field distribution along the axial and lateral distributions. The abscissa represents
directions of the annular phased array. The solid line and the circles represent the distances between the transducer
the numerical simulation and experiment results, respectively. (a) Axial dis- and the reflection interface. (a) Focal
tribution, focal length F' = 80 mm; (b) lateral distribution in the focal plane, length F = 100mm; (b) dynamic fo-
F = 80 mm; (c) axial distribution, F = 100 mm; (d) lateral distribution in cusing reflection acoustical field. The

the focal plane, F' = 100 mm.

Then, the experiments of the reflection field mea-
surement are conducted. Figure 3(a) depicts the re-
flection field of the annular phased array on the solid—
liquid interface when the pre-designed focal length is
equal to 100mm. The abscissa represents the dis-
tances between the transducer and the reflection in-
terface, and the y axis represents the normalized am-
plitude of the received wave. The receiver is located at
the centre of the annular array. The real and the rect-
angle lines represent the theoretical and experimental
results, respectively. Clearly we can see that both the
matches are very well. When the distance between the
transducer and the interface equals to the focal length
of 100 mm, the acoustical reflection wave is highest.
When the distance varies around the focal length, for
example, from 95mm to 110 mm, the reflection wave
varies slightly. Also, it can be noticed that for differ-

radiation field always focuses on the
interface.

ent solid-liquid reflection interface, the reflection pat-
tern varies greatly. It is found that the reflection at
organic glass-water interface is greatly different that
on aluminium—water interface. It is possible for us to
evaluate some acoustic characteristics, such as the re-
flection coefficient, of the interfaces with the relative
amplitude change of the reflection wave amplitude.

We alter the time delay of each annular element
and let the radiation field always focus on the inter-
face when the distance between the transducer and
the interface changes. That is to say, the dynamic
focusing is realized. Figure 3(b) gives the dynamic fo-
cusing reflection field when the distance between the
transducer and the interface changes. We can see that
the reflection field decreases as the distance increases.
This is just what we expected.

With the maximum amplitude and its emergence



878 ZHANG Bi-Xing et al. Vol. 23

time of the reflection wave, we can acquire information
of the acoustical parameters of the reflection interface
and the distances between the transducer and the re-
flection interface. To display this sense, we show the
reflection result on an aluminium block with cracks in
Fig.4 that gives the real structure and the acoustic
reflection amplitude imaging of the aluminium model.
The wave reflects at the aluminium-water interface
when the transducer is above the aluminium surface,

and there is no reflection interface when the trans-
ducer is above the cracks. The real size and experi-
mental size of the cracks in the aluminium block are
shown in Table 2. It can be seen from Fig. 4 and Table
2 that the positions of the cracks with widths of 14,
12, 10, 8, 6, 4mm are very clear and the crack sizes
can be determined. However, the cracks with widths
of 2mm and 1mm cannot be distinguished because
the working frequency is too low.
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Fig. 4. The model of the aluminium
block with cracks (a) and its reflection
amplitude image (b).

Table 2. The size of the cracks in the aluminium model.

Real size (mm) 1412108 6 421
Experimental size (mm) 10 8 7 6 4.5 3 — —

The reflection on a three-edge aluminium block is
also measured. Figures 5(a) and 5(b) give the profile
structure of the three-edge aluminium block. When
the transducer moves above the three-edge aluminium
block, the position of the reflection interface changes
gradually. The arriving time of the reflection wave also
varies gradually. According to the emergence time of
the maximum amplitude of the reflection wave, we can
obtain the distances between the transducer and the
reflection interface. Figure 5(c) depicts the intuitive
acoustic reflection image obtained by the emergence
time of the maximum of the reflection waves. It clearly
reveals the real surface structure of the three-edge alu-
minium block.

In this study, the acoustical radiation and reflec-
tion fields excited by a planar annular phased piezo-
electric transducer are studied numerically and exper-
imentally. The concise analytic representation about
the radiation field excited by the annular phased ar-
ray and its reflection field on a solid—liquid interface
is theoretically obtained. The radiation and reflection
acoustical fields are also measured in the ultrasonic
experiments.

It is demonstrated that the reflection field reaches

Fig. 5. The model of the three-edge aluminium block [(a) and (b)] and its
reflection image (c).

the highest when the focus is on the interface. With
the maximum amplitude and its emergence time of
the reflection wave, we can obtain the distances from
the transducer to the reflection interface and other
information about the interface. By the transmission-
collection system and electric controlling system, the
annular phased array can realize dynamic focusing and
give accurately the imaging of the reflection interface.

This study lays a theoretical foundation for acous-
tic BHTYV in practice although further study should
be carried out in our next works.
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