
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

00
6 

67
5

B
1

TEPZZ ZZ6675B_T
(11) EP 2 006 675 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
01.11.2017 Bulletin 2017/44

(21) Application number: 06731169.6

(22) Date of filing: 05.04.2006

(51) Int Cl.:
G01N 29/04 (2006.01) G01N 29/22 (2006.01)

G01N 29/24 (2006.01)

(86) International application number: 
PCT/JP2006/307221

(87) International publication number: 
WO 2007/113907 (11.10.2007 Gazette 2007/41)

(54) Ultrasonic flaw detection method for a tubular metal body

Ultraschallfehlernachweisverfahren für einen metallischen röhrenförmigen Körper

Procédé de détection de défaut ultrasonique pour un corps métallique tubulaire

(84) Designated Contracting States: 
DE FR IT

(43) Date of publication of application: 
24.12.2008 Bulletin 2008/52

(73) Proprietor: Nippon Steel & Sumitomo Metal 
Corporation
Tokyo 100-8071 (JP)

(72) Inventor: Yamano, Masaki
Osaka-shi, Osaka 541-0041 (JP)

(74) Representative: J A Kemp
14 South Square 
Gray’s Inn
London WC1R 5JJ (GB)

(56) References cited:  
EP-A1- 1 043 584 EP-A2- 0 177 053
EP-A2- 0 981 047 JP-A- 01 232 256
JP-A- 04 142 456 JP-A- 2003 090 828
JP-A- 2004 251 658 JP-A- 2006 105 892
JP-B2- 01 043 906  



EP 2 006 675 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Technical Field

[0001] This invention relates to an ultrasonic probe, an
ultrasonic flaw detection method, and an ultrasonic flaw
detection apparatus. Specifically, the present invention
relates to an ultrasonic probe, an ultrasonic flaw detection
method, and an ultrasonic flaw detection apparatus
which can detect minute flaws present in the outer sur-
face, the inner surface, the interior and the like of a tubular
metal body being inspected and particularly a metal pipe
for which the ratio (t/D) of the wall thickness t with respect
to the outer diameter D is at least 15%, for example, with
certainty and with high precision by angle beam flaw de-
tection.

Background Art

[0002] A known nondestructive testing method for de-
tecting flaws which are present in a tubular metal body
being inspected, for example a metal pipe which is used
as an oil country tubular good (oil well tubing and casing),
line pipe, or a mechanical part (such as a hollow shaft,
mechanical tubing used in an automotive part, or a stain-
less steel pipe used in high temperature environments)
without destroying it is the ultrasonic flaw detection meth-
od in which ultrasonic waves are impinged on a metal
pipe and the reflected echoes from flaws present in its
interior are detected. Among ultrasonic flaw detection
methods, the angle beam ultrasonic flaw detection meth-
od in which ultrasonic waves are impinged on a surface
undergoing flaw detection at an angle is used in order to
detect flaws in the inner surface, in the outer surface, in
the interior, and in welds of a metal pipe. As is well known,
in the angle beam flaw detection method, normally, an
angle probe is used which has an housing in which a
transducer disposed so as to transmit ultrasonic waves
at an angle with respect to a surface undergoing flaw
detection, a sound absorbing material, and a couplant
for contacting the surface undergoing flaw detection (a
wedge or the like made of an acrylic or other resin) are
included. In cases in which water is used as a couplant,
instead of a wedge or other couplant being housed in a
casing, flaw detection is carried out with the metal pipe
and the angle probe immersed in water.
[0003] Figure 11 is an explanatory view showing the
relationship between incident waves 1 and refracted
waves 2 and 3 in an angle beam flaw detection method.
The dashed line in Figure 11 and in Figures 12 and 13
to be described later indicates a normal to the flaw de-
tection plane O.
[0004] As shown in Figure 11, in the angle beam flaw
detection method, when incident ultrasonic waves 1 are
obliquely incident on the flaw detection surface O of a
metal pipe (medium II), even in the case where the inci-
dent ultrasonic waves 1 emitted at an unillustrated trans-
ducer are longitudinal ultrasonic waves, refracted waves

in the form of refracted longitudinal waves 2 and refracted
transverse waves 3 are propagated inside the metal pipe.
If the sound velocity of incident ultrasonic waves 1 in
medium I (generally a liquid couplant typified by water or
a wedge housed inside an angle probe) is Vi, the sound
velocity of refracted transverse ultrasonic waves 3 in me-
dium II (a metal pipe which is a tubular body being in-
spected) is Vs, the sound velocity of refracted longitudinal
ultrasonic waves 2 in medium II is VL, the angle of inci-
dence of incident waves 1 is θi, the angle of refraction of
refracted transverse waves 3 is θs, and the angle of re-
fraction of refracted longitudinal waves 2 is θL, then
Snell’s law, i.e., the relationship sin (θi/Vi) = sin (θs/Vs)
= sin (θL/VL) is established between the incident waves
1 and the refracted waves 2 and 3.
[0005] Figure 12 is an explanatory view showing the
propagation of refracted waves 2 and 3 in the interior 5c
of a metal pipe 5. As shown in this figure, if incident waves
1 from a transducer 4 of an ultrasonic probe are incident
on the metal pipe 5 with an angle of incidence θi, refracted
ultrasonic waves 2 and 3 are propagated in the interior
5c of the metal pipe 5 while repeatedly reflecting off the
inner surface 5a and the outer surface 5b of the metal
pipe 5. If a flaw is present on the inner surface 5a or the
outer surface 5b or in the interior 5c of the metal pipe 5,
a reflected echo of ultrasonic waves reflected from the
flaw returns to the transducer 4 and is received as a flaw
echo. In this manner, ultrasonic flaw detection of the met-
al pipe 5 is carried out.
[0006] As explained with respect to Figure 11, refract-
ed longitudinal waves 2 and refracted transverse waves
3 are both propagated in the interior 5c of the metal pipe
5, namely, in medium II, so it is difficult to distinguish
whether an echo received by the transducer 4 is due to
refracted longitudinal waves 2 or refracted transverse
waves 3. As a result, the location of a flaw cannot be
specified, the wave shape of a received signal becomes
complicated, and the S/N ratio of a flaw echo decreases.
[0007] Consequently, in general, in order to carry out
ultrasonic flaw detection of a steel pipe 5 by the angle
beam flaw detection method, the angle of incidence θi is
set at an angle which is larger than the critical angle of
the refracted longitudinal waves 2 so that refracted trans-
verse waves 2 are not included in the refracted waves
propagated in the interior 5c of the metal pipe 5. For ex-
ample, when medium I is water, the sound velocity Vi of
refracted longitudinal waves 2 in medium I at room tem-
perature is approximately 1500 meters per second, and
if the sound velocity VL of refracted longitudinal waves
2 in the metal pipe 5 which is medium II is 5900 meters
per second and the sound velocity Vs of refracted trans-
verse waves 3 is 3200 meters per second, then from
Equation 1, the angle of incidence θi which becomes the
critical angle of the refracted longitudinal waves 2 (θL =
90°) becomes approximately 15°, and the angle of re-
fraction θs of refracted transverse waves 3 becomes ap-
proximately 33°. Therefore, in principle, if the angle of
incidence of θi of incident waves 1 is set to be at least
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15°, only refracted transverse waves 3 are present in
medium II.
[0008] In recent years, there has been an increasing
demand not only for a reduction in weight but also an
increase in strength of a steel pipe used as an oil country
tubular good, line pipe, mechanical part, or the like. As
a result, there is an increasing demand for a metal pipe
having a large ratio (t/D) of the wall thickness t to the
outer diameter D which is as high as at least 15%, for
example (referred to in this specification as "high t/D met-
al pipes"). However, as shown in Figure 13 which is an
explanatory view of the situation when carrying out flaw
detection on a high t/D metal pipe 6 by the angle beam
flaw detection method, when angle beam flaw detection
of a high t/D metal pipe 6 is carried out by the above-
described conventional ultrasonic flaw detection method,
even in case where waves are incident from the outer
surface 6 of a high t/D metal pipe 6 with an angle of
incidence θi of at least the critical angle of longitudinal
ultrasonic waves of the ultrasonic waves 1, the refracted
transverse waves 3 which are propagated in the interior
6c of the metal pipe 6 sometimes follow a propagation
path to the outer surface 6b without reaching the inner
surface 6a of the metal pipe 6. In this case, flaws present
in the vicinity of the inner surface 6a of the metal pipe 6
cannot be detected.
[0009] Patent Document 1, for example, discloses us-
ing a first ultrasonic probe having a first transducer for
which the refraction angle θs of refracted transverse
waves inside a metal pipe is increased, such as to greater
than 35°, and a second transducer for which the refraction
angle θs is decreased, such as to less than 35°. The first
transducer is used by itself when performing flaw detec-
tion of a metal pipe 5 having a usual ratio (t/D), and the
first transducer and the second transducer are used to-
gether when performing flaw detection of a high t/D metal
pipe 6.
[0010] If the ultrasonic probe disclosed in Patent Doc-
ument 1 is used to perform flaw detection of a high t/D
metal pipe 6, it is in fact possible for refracted transverse
waves generated by the second transducer to reach the
inner surface of the high t/D metal pipe 6. However, when
the second transducer is used, not only refracted trans-
verse waves but also refracted longitudinal waves are
generated, so the position of a flaw can not be specified,
the waveform of the received signal becomes complicat-
ed, or the S/N ratio of flaw echoes decreases.
[0011] Non-patent Document 1, for example, discloses
an invention in which an acoustic lens having a front end
surface with a spherical or cylindrical shape is disposed
in front of a transducer, or in which the front end surface
of the transducer is formed into a spherical or cylindrical
shape, and when detecting flaws which are short in the
axial direction of a metal pipe and have a small depth,
an acoustic lens having a spherical end surface or a
probe formed to have a spherical end surface is used,
and when detecting flaws which are shallow but contin-
uous in the pipe axial direction, an acoustic lens having

a cylindrical end surface or a transducer which is formed
to have a cylindrical end surface with the direction of cur-
vature of the cylindrical surface extending in the circum-
ferential direction of the metal pipe is used, whereby ul-
trasonic waves incident on the metal pipes are focused
onto the metal pipe, and as a result, the strength of ech-
oes is increased, whereby detection can be performed
with a good S/N ratio and minute flaws formed in the
interior of a metal pipe can be detected with high accu-
racy.
[0012] Figure 14 is an explanatory view showing the
propagation of refracted longitudinal waves 2 and refract-
ed transverse waves 3 which are propagated in the inte-
rior of metal pipes 5 and 6 when refracted transverse
waves 3 are focused on the inner surface of the metal
pipes 5 and 6 in accordance with the invention disclosed
in Non-patent Document 1. Figure 14(a) shows refracted
transverse waves 3 when using a high t/D metal pipe 6
for which the ratio (t/D) is at least approximately 15%,
Figure 14(b) shows refracted longitudinal waves 2 when
using this high t/D metal pipe 6, Figure 14(c) shows re-
fracted transverse waves 3 when using a metal pipe 5
for which the ratio (t/D) is less than approximately 15%
(around 10%), and Figure 14(d) shows the case when
using this metal pipe 5.
[0013] As shown in Figure 14(c) and Figure 14(d), in
the case of a usual metal pipe 5 for which the ratio (t/D)
is less than approximately 15%, ultrasonic flaw detection
can be carried out by easily establishing conditions such
that refracted transverse waves 3 are focused on the
inner surface 5a of the metal pipe 5 and refracted longi-
tudinal waves 2 are not generated. In contrast, as shown
in Figure 14(a) and Figure 14(b), in the case of a high
t/D metal pipe 6 for which the ratio (t/D) is at least ap-
proximately 15%, if it is attempted to make refracted
transverse waves 3 reach the inner surface 6a of the
metal pipe 6, refracted longitudinal waves 2 are also pro-
duced. A portion of the refracted longitudinal waves 2
which are generated reach the inner surface 6a of the
metal pipe 6 in the same manner as the refracted trans-
verse waves 3, and the arriving refracted longitudinal
waves 2 are propagated at an angle which is close to
perpendicular with respect to the inner surface 6a of the
metal pipe 6. As a result, they are reflected multiple times
between the inner surface 6a and the outer surface 6b
of the metal pipe 6.
[0014] Figure 15 is a graph showing one example of
reflected echoes observed when performing flaw detec-
tion of a high t/D metal pipe 6 in this manner. As illustrated
by the graph in Figure 15, an echo from an inner surface
flaw by refracted transverse waves 3 is buried among
the multiply reflected echo of the refracted longitudinal
waves 2. This multiply reflected echo of the refracted
longitudinal waves 2 becomes a noise signal which in-
terferes with detection of flaws, and minute flaws cannot
be detected with a high S/N ratio. Depending on the wall
thickness of the metal pipe 6, a flaw echo is completely
buried in the flood of multiply reflected echoes of the re-
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fracted longitudinal waves 2, and even an experienced
inspector cannot distinguish flaw echoes.
[0015] Patent Document 2 discloses an invention in
which flaw echoes in a high t/D metal pipe are found by
alternatingly performing flaw detection at two frequencies
in which flaw echoes and multiply reflected echoes are
detected by flaw detection at a certain frequency and
only multiply reflected echoes are detected by flaw de-
tection at a different frequency, and the multiply reflected
echoes which are noise are removed by differential
processing of the flaw detection waveforms at these fre-
quencies.

Patent Document 1: JP 10-90239 A1 (1998)
Patent Document 2: JP 06-337263 A1 (1994)

[0016] Non-patent Document 1: "Ultrasonic Flaw De-
tection", Japan Society for the Promotion of Science, 19th
Steelmaking Committee, published by Nikkan Kogyo
Shimbun, Ltd., pp. 224 - 227.
[0017] JP 2004-251658 discloses a method in accord-
ance with the pre-characterizing section of claim 1.

Disclosure of the Invention

Problem Which the Invention is to Solve

[0018] However, the invention disclosed in Patent Doc-
ument 2 has the problems (a) - (c) listed below.

(a) It is necessary to alternatingly collect flaw detec-
tion waveforms at two different frequencies at rough-
ly the same location, so the detection efficiency is
unavoidably reduced to roughly one half.
(b) When the strength of flaw echoes is the same or
smaller than the strength of the adjoining multiply
reflected echoes, or when the flaw echoes appear
in a location extremely close to the multiply reflected
echoes, even when differential processing of the
multiply reflected echoes is carried out, the majority
of the flaw echoes end up being subtracted, and flaw
echoes cannot be detected based on the waveform
after differential processing.
(c) It is necessary to use a special ultrasonic flaw
detection apparatus which can perform flaw detec-
tion at multiple frequencies, so detection costs nec-
essarily increase.

[0019] The present invention was made in order to
solve these problems (a) - (c) of the prior art, and its
object is to provide an ultrasonic probe, an ultrasonic flaw
detection method, and an ultrasonic flaw detection ap-
paratus which can perform flaw detection of minute flaws
with high accuracy and with certainty by angle beam flaw
detection, the minute flaws being present in the outer
surface, the inner surface, the interior, or the like of a
tubular metal body being inspected used as a oil country
tubular good, line pipe, or mechanical part (hollow vehicle

axle, mechanical tubing used in an automotive part and
the like, a stainless steel pipe used in a high temperature
environment, and the like) and particularly of a metal pipe
having a ratio (t/D) of the wall thickness t to the outer
diameter D of at least 15 %.

Means for Solving the Problem

[0020] As a result of performing diligent investigations
for solving the above-described problems, the present
inventors obtained the information (A) and (B) described
below and completed the present invention.

(A) As explained while referring to Figure 14(a) and
Figure 14(b), if flaw detection is carried out while
transmitting incident waves 1 from a transducer 7
having a front end surface which is spherical or cy-
lindrical, i.e., for which the longitudinal cross-section-
al shape of the front end portion is a circular arc and
focusing refracted transverse waves 3 on the inner
surface 6a of a high t/D metal pipe 6, simultaneously
generated refracted longitudinal waves 2 reach the
inner surface 6a of the metal pipe 6. The refracted
longitudinal waves 2 which reach the inner surface
6a of the metal pipe 6 are formed by incident waves
1 which are transmitted from the portion 7a posi-
tioned on the side in the direction of propagation of
ultrasonic waves as viewed from the center of the
metal pipe 6 (the left side in the plane of Figure 14)
with a small angle of incidence on the outer surface
6b of the metal pipe 6.
(B) Figure 1(a) is an explanatory view showing a
comparison between the longitudinal cross-section-
al shape of the front end portion 8c of an improved
transducer 8 conceived by the present inventor and
the longitudinal cross-sectional shape of the front
end portion 7c of the above-described transducer 7.
Figure 1(b) is an explanatory view comparing the
state during angle beam flaw detection of a high t/D
metal pipe 6 (outer diameter of 40 mm, wall thickness
of 10 mm) using this transducer 8 and during angle
beam flaw detection of the high t/D metal pipe 6 using
the transducer 7. In Figure 1(a), the location marked
0 mm on the abscissa shows the center of the high
t/D metal pipe 6 which is the object undergoing flaw
detection.

[0021] By satisfying the following two conditions, i.e.,

(i) as shown in Figure 1(a), the front end portion 8c
of the transducer 8 constituting an angle probe is a
shape at least a portion of which is an asymmetrically
curved shape having a radius of curvature which pro-
gressively increases from one end 8b towards the
other end 8a, and
(ii) angle beam flaw detection is carried out while the
transducer 8 is disposed in a predetermined position
with respect to the high t/D metal pipe 6 so that, as
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viewed from the center of the metal pipe 6, one end
8b of the front end portion 8c of the transducer 8 is
located on the side away from the direction of prop-
agation of refracted waves in the metal pipe 6 (on
the right side in Figure 1(a)) and the other end 8a of
the front end portion 8c of the transducer 8 is posi-
tioned on the side in the direction of propagation of
refracted waves (on the left side in Figure 1(a)),

as shown by the solid line arrow in Figure 1(b), large
values for the angle of incidence of incident waves 1
transmitted from the other end 8a and for the angle of
refraction of the refracted longitudinal waves 2 can be
obtained. As a result, refracted longitudinal waves 2 di-
rectly reach the outer surface 6b of the metal pipe 6 with-
out reaching the inner surface 6a of the metal pipe 6.
Accordingly, the occurrence of multiply reflected echoes
by the refracted longitudinal waves 2 can be eliminated.
[0022] As stated above, the longitudinal cross-section-
al shape of the front end portion 8c of the transducer 8
is a shape in which at least a portion thereof has an asym-
metrically curved shape having a radius of curvature
which continuously increases from the one end 8b to-
wards the other end 8a. The size and the degree of in-
crease of the radius of curvature, the proportion of the
portion having an asymmetrically curved shape, and oth-
er parameters can be suitably and separately selected
taking into consideration the type of metal pipe 6 and the
like so that refracted transverse waves 3 reach the inner
surface 6a of the metal pipe 6 and are focused at a spe-
cific location in the vicinity of the inner surface 6a.
[0023] The present invention is a method for perform-
ing ultrasonic flaw detection of a tubular metal body being
inspected, comprising: using an ultrasonic probe to ob-
liquely impinge ultrasonic waves on the tubular metal
body being inspected from a transducer housed in the
ultrasonic probe, generating refracted longitudinal waves
and refracted transverse waves which are propagated
inside the tubular metal body being inspected and receiv-
ing reflected echoes of the transverse waves by the trans-
ducer, characterized in that a front end portion of the
transducer has a portion with an asymmetrically curved
shape having a radius of curvature which progressively
increases from one end towards the other end of the front
end portion, the shape of the front end portion of the
transducer is determined by the following steps (S1) to
(S8): (S1) setting following conditions (1) to (5) (1) an
outer diameter and a wall thickness of the tubular metal
body being inspected, (2) a sound velocity of the refracted
transverse waves in the tubular metal body being inspect-
ed, (3) a sound velocity of the refracted longitudinal
waves in the tubular metal body being inspected, (4) a
sound velocity of the incident waves in a couplant, and
(5) a length of the front end portion of the transducer in
the circumferential direction of the tubular metal body
being inspected; (S2) provisionally setting a provisionally
set focal point of the refracted transverse waves on an
inner surface of the tubular metal body being inspected

as condition (6); (S3) calculating propagation paths of
the refracted transverse waves propagated to the provi-
sionally set focal point based on the conditions (1), (2),
(4), and (6); (S4) calculating the shape of the front end
portion of the transducer based on the propagation paths
of the refracted transverse waves calculated in step (S3)
and condition (5); (S5) calculating propagation paths of
the refracted longitudinal waves which propagate in an
interior of the tubular metal body being inspected based
on the shape of the front end portion of the transducer
determined in step (S4) and condition (3); (S6) determin-
ing whether any of the propagation paths of the refracted
longitudinal waves calculated in step (S5) reach the inner
surface of the tubular metal body being inspected; (S7)
in a case in which there are propagation paths which
reach the inner surface, changing the provisionally set
focal point of the refracted transverse waves to a position
spaced along the inner surface being inspected by a pre-
scribed pitch and repeating the calculations of the steps
(S1) to (S6); (S8) in a case in which there are no propa-
gation paths which reach the inner surface, determining
the shape of the front end portion of the transducer which
was provisionally set by the immediately preceding cal-
culation as a final shape of the front end portion of the
transducer; and angle beam flaw detection is performed
by receiving reflected echoes of transverse waves which
are reflected by a flaw present on the inner surface, on
an outer surface or in an interior of the tubular metal body
being inspected by the transducer.
[0024] In addition, the present invention is a method
for performing ultrasonic flaw detection of a tubular metal
body being inspected, comprising: using an ultrasonic
probe which has a transducer housed therein and an
acoustic lens which is disposed forward of the transducer
in the direction of transmission of ultrasonic waves to
obliquely impinge ultrasonic waves on the tubular metal
body being inspected through the acoustic lens, gener-
ating refracted longitudinal waves and refracted trans-
verse waves which are propagated inside the tubular
metal body being inspected and receiving reflected ech-
oes of the transverse waves by the transducer, charac-
terized in that the front end portion of the acoustic lens
has a portion with an asymmetrically curved shape hav-
ing a radius of curvature which progressively increases
from one end towards the other end of the front end por-
tion, a shape of the front end portion of the acoustic lens
is determined by following steps (S1) to (S8): (S1) setting
following conditions (1) to (5) (1) an outer diameter and
a wall thickness of the tubular metal body being inspect-
ed, (2) a sound velocity of the refracted transverse waves
in the tubular metal body being inspected, (3) a sound
velocity of the refracted longitudinal waves in the tubular
metal body being inspected, (4) a sound velocity of the
incident waves in a couplant, and (5) a length of the front
end portion of the acoustic lens in the circumferential
direction of the tubular metal body being inspected; (S2)
provisionally setting a provisionally set focal point of the
refracted transverse waves on an inner surface of the
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tabular metal body being inspected as condition (6); (S3)
calculating propagation paths of the refracted transverse
waves propagated to the provisionally set focal point
based on the conditions (1), (2), (4), and (6); (S4) calcu-
lating the shape of the front end portion of the acoustic
lens based on the propagation paths of the refracted
transverse waves calculated in step (S3) and condition
(5); (S5) calculating propagation paths of the refracted
longitudinal waves which propagate in an interior of the
tubular metal body being inspected based on the shape
of the front end portion of the acoustic lens determined
in step (S4) and condition (3); (S6) determining whether
any of the propagation paths of the refracted longitudinal
waves calculated in step (S5) reach the inner surface of
the tubular metal body being inspected; (S7) in a case in
which there are propagation paths which reach the inner
surface, changing the provisionally set focal point of the
refracted transverse waves to a position spaced along
the inner surface being inspected by a prescribed pitch
and repeating the calculations of the steps (S1) to (S6);
(S8) in a case in which there are no propagation paths
which reach the inner surface, determining the shape of
the front end portion of the acoustic lens which was pro-
visionally set by the immediately preceding calculation
as a final shape of the front end portion of the acoustic
lens; and angle beam flaw detection is performed by re-
ceiving reflected echoes of transverse waves which are
reflected by a flaw present on the inner surface, on an
outer surface or in an interior of the tubular metal body
being inspected by the transducer.
[0025] The present invention is also a method for per-
forming ultrasonic flaw detection of a tubular metal body
being inspected, comprising: using an ultrasonic probe
to obliquely impinge ultrasonic waves on the tubular met-
al body being inspected from a transducer housed in the
ultrasonic probe and generating refracted longitudinal
waves and refracted transverse waves which are prop-
agated inside the tubular metal body being inspected and
receiving reflected echoes of the transverse waves by
the transducer, characterized in that the transducer is
constituted by a plurality of oscillation-generating ele-
ments arranged in parallel, incident waves are generated
having a wave front having a portion with an asymmet-
rically curved shape having a radius of curvature which
progressively increases from one end towards the other
end of the wave front due to interference of ultrasonic
waves generated by the plurality of oscillation-generating
elements, the asymmetrically curved shape is deter-
mined by following steps (S1) to (S8): (S1) setting follow-
ing conditions (1) to (5) (1) an outer diameter and a wall
thickness of the tubular metal body being inspected, (2)
a sound velocity of the refracted transverse waves in the
tubular metal body being inspected, (3) a sound velocity
of the refracted longitudinal waves in the tubular metal
body being inspected, (4) a sound velocity of the incident
waves in a couplant, and (5) a length of the transducer
in the circumferential direction of the tubular metal body
being inspected; (S2) provisionally setting a provisionally

set focal point of the refracted transverse waves on an
inner surface of the tubular metal body being inspected
as condition (6); (S3) calculating propagation paths of
the refracted transverse waves propagated to the provi-
sionally set focal point based on the conditions (1), (2),
(4) and (6); (S4) calculating the asymmetrically curved
shape based on the propagation paths of the refracted
transverse waves calculated in step (S3) and condition
(5); (S5) calculating propagation paths of the refracted
longitudinal waves which propagate in an interior of the
tubular metal body being inspected based on the asym-
metrically curved shape determined in step (S4) and con-
dition (3); (S6) determining whether any of the propaga-
tion paths of the refracted longitudinal waves calculated
in step (S5) reach the inner surface of the tubular metal
body being inspected; (S7) in a case in which there are
propagation paths which reach the inner surface, chang-
ing the provisionally set focal point of the refracted trans-
verse waves to a position spaced along the inner surface
being inspected by a prescribed pitch and repeating the
calculations of the steps (S1) to (S6); (S8) in a case in
which there are no propagation paths which reach the
inner surface determining the asymmetrically curved
shape which was provisionally set by the immediately
preceding calculation as a final shape of the asymmetri-
cally curved shape; and selecting the oscillation-gener-
ating elements to be used so that the length in the hori-
zontal direction of the asymmetrically curved shape de-
termined by the steps (S1) to (S8) is approximately as
same as the length of the transducer, calculating the co-
ordinates of the center of the oscillation-generating ele-
ments constituting a selected element group and the rel-
ative distance from the asymmetrically curved shape,
with taking the relative distance between one of the os-
cillation-generating elements and the asymmetrically
curved shape as 0, and setting a value equal to the rel-
ative distance divided by the sound velocity of the incident
waves in the couplant as a transmission delay time and
a receiving delay time corresponding to the each of os-
cillation-generating element, and angle beam flaw detec-
tion is performed by receiving reflected echoes of trans-
verse waves which are reflected by a flaw present on the
inner surface, on an outer surface or in an interior of the
tubular metal body being inspected by the transducer.

Effects of the Invention

[0026] According to the present invention, by disposing
an ultrasonic probe according to the present invention in
a suitable location with respect to a tubular metal body
being inspected, particularly even with a high t/D metal
pipe for which the ratio (t/D) is at least 15 %, among the
refracted waves propagating inside the tubular body be-
ing inspected, refracted transverse waves can be fo-
cused on the inner surface of the tubular body being in-
spected, while refracted longitudinal waves can be pre-
vented from reaching it. Therefore, the strength of reflect-
ed echoes from minute flaws is increased by focusing
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the refracted transverse waves, while the occurrence of
multiply reflected echoes due to refracted longitudinal
waves can be eliminated because the refracted longitu-
dinal waves follow a path of propagation which does not
reach the inner surface of the tubular body being inspect-
ed. As a result, high-accuracy angle beam flaw detection
can be carried out with certainty, particularly on high t/D
metal pipes.
[0027] In this manner, according to the present inven-
tion, flaw detection of minute flaws present inside a tu-
bular body being inspected and particularly inside a high
t/D metal pipe for which the ratio (t/D) is at least 15 %
can be carried out with high accuracy and with certainty
by angle beam flaw detection without a decrease in de-
tecting efficiency or an increase in detection costs.

Brief Explanation of the Drawings

[0028]

Figure 1(a) is an explanatory view comparing the
longitudinal cross-sectional shape of the front end
portion of an improved transducer conceived by the
present inventor to the longitudinal cross-sectional
shape of the front end portion of a conventional trans-
ducer, and Figure 1(b) is an explanatory view com-
paring the state of angle beam flaw detection of a
high t/D metal pipe using this improved transducer
and the state of angle beam flaw detection of a high
(t/D) metal pipe using the conventional transducer.
Figure 2 is a block diagram schematically showing
the structure of an embodiment of an ultrasonic flaw
detection apparatus.
Figure 3 is a block diagram schematically showing
the steps in designing the shape of the front end
portion of a transducer.
Figure 4A is an explanatory view showing a step in
designing the shape of the front end portion of a
transducer when a high t/D metal pipe with an outer
diameter of 40 mm and a wall thickness of 10 mm is
the object being inspected.
Figure 4B is an explanatory view showing a step in
designing the shape of the front end portion of a
transducer when a high t/D metal pipe with an outer
diameter of 40 mm and a wall thickness of 10 mm is
the object being inspected.
Figure 4C is an explanatory view showing a step in
designing the shape of the front end portion of a
transducer when a high t/D metal pipe with an outer
diameter of 40 mm and a wall thickness of 10 mm is
the object being inspected.
Figure 4D is an explanatory view showing a step in
designing the shape of the front end portion of a
transducer when a high t/D metal pipe with an outer
diameter of 40 mm and a wall thickness of 10 mm is
the object being inspected.
Figure 5 is an explanatory view showing one exam-
ple of the results of designing the shape of the front

end portion of a transducer based on Steps S1 - S8
shown in Figure 3 for high t/D metal pipes having
three different dimensions (an outer diameter of 40
mm and a wall thickness of 10 mm, an outer diameter
of 26 mm and a wall thickness of 6.5 mm, and an
outer diameter of 60 mm and a wall thickness of 15
mm).
Figure 6 is a graph showing the relationship between
the flaw angle of incidence θ and the reflectivity (%)
of a slit flaw present in the form of a slit extending in
the axial direction of a high t/D metal pipe.
Figure 7 is a graph showing one example of the flaw
detection waveform which is the waveform of the out-
put signal of the main amplifier obtained when per-
forming flaw detection of a minute flaw with a depth
of 0.1 mm present in the inner surface of a mechan-
ical tube comprising a high t/D metal pipe by a first
embodiment of an ultrasonic flaw detection appara-
tus.
Figure 8 is an explanatory view schematically show-
ing the structure of a second embodiment of an ul-
trasonic flaw detection apparatus.
Figure 9 is a block diagram schematically showing
the structure of a third embodiment of an ultrasonic
flaw detection apparatus.
Figure 10 is an explanatory view for explaining a
method of setting the transmission delay time and
the reception delay time.
Figure 11 is an explanatory view showing the rela-
tionship between incident waves and refracted
waves in an angle beam flaw detection method.
Figure 12 is an explanatory view showing the prop-
agation of refracted waves inside a metal pipe.
Figure 13 is an explanatory view showing flaw de-
tection in a high t/D metal pipe by the angle beam
flaw detection method.
Figure 14 is an explanatory view showing the prop-
agation of refracted longitudinal waves and refracted
transverse waves which are propagated inside a
metal pipe when refracted transverse waves are fo-
cused on the inner surface of a metal pipe in the
invention disclosed in Non-patent Document 1, Fig-
ure 14(a) showing refracted transverse waves when
using a metal pipe for which the ratio (t/D) is at least
approximately 15 %, Figure 14(b) showing refracted
longitudinal waves when using this metal pipe, Fig-
ure 14(c) showing refracted transverse waves when
using a metal pipe for which the ratio (t/D) is less
than approximately 15 % (around 10 %), and Figure
14(d) show the case using this metal pipe.
Figure 15 is a graph showing an example of reflected
echoes observed during flaw detection of a high t/D
metal pipe.

List of Referential Numerals

[0029]
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0 flaw detection surface
1 incident waves
2 refracted longitudinal waves
3 refracted transverse waves
4 transducer
5 metal pipe
5a inner surface
5b outer surface
5c interior
6 high t/D metal pipe
6a inner surface
6b outer surface
6c interior
7 transducer
9 metal pipe
10 ultrasonic flaw detection apparatus
11 ultrasonic probe
12 ultrasonic flaw detector
13 alarm
14 marking device
15 transducer
15a other end
15 one end
15c front end portion
16 high t/D metal pipe
16a inner surface
16b outer surface
16c interior
17 focal point
18 origin of propagation
19 pulser
20 preamplifier
22 main amplifier
23 flaw determining part
30 ultrasonic flaw detection apparatus
31 transducer
32 ultrasonic probe
33 probe holder
34 lower horizontal arm
35 vertically movable arm
36 horizontally movable arm
37 upper horizontal arm
38 pipe following mechanism
39 air cylinder
40 ultrasonic flaw detection apparatus
41 transducer
41a piezoelectric element
42 ultrasonic probe
43 transmitting circuit
43 receiving circuit
45 alarm
46 marking device
47 metal pipe
47a outer surface
48 pulser
49 delay circuit (transmission delay circuit)
50 preamplifier
51 delay circuit (reception delay circuit)

52 adder
53 main amplifier
54 flaw determining part

Best Mode for Carrying out the Invention

(First Embodiment)

[0030] Below, a best mode for carrying out an ultra-
sonic probe, an ultrasonic flaw detection method, and an
ultrasonic flaw detection apparatus according to the
present invention will be explained in detail while referring
to the attached drawings. In the following explanation,
an example will be given of the case in which a tubular
metal body being inspected is a high t/D metal pipe 16
for which the ratio (t/D) of the wall thickness t to the outer
diameter D is at least 15%. Figure 2 is a block diagram
schematically showing the structure of this embodiment
of an ultrasonic flaw detection apparatus 10.
[0031] As shown in this figure, this embodiment of an
ultrasonic flaw detection apparatus 10 has an ultrasonic
probe 11, an ultrasonic flaw detector 12, an alarm 13,
and a marking device 14. These will be explained in se-
quence.

[Ultrasonic probe 11]

[0032] Like a conventional ultrasonic probe of this type,
the ultrasonic probe 11 has a casing which houses a
sound absorbing material, a transducer 15 which is in-
stalled so as to transmit ultrasonic waves obliquely with
respect to a surface undergoing flaw detection, and the
like. The casing, the sound absorbing material, and the
like can be well-known conventional members, so illus-
tration thereof in Figure 2 and explanation thereof will be
omitted. In this embodiment, water is used as a couplant,
and a casing is used which can be filled with water so
that the surface of a high t/D metal pipe 16 undergoing
flaw detection is immersed in water.
[0033] In this embodiment, the transducer 15 is excited
at prescribed periods by input of a transmission signal
from a pulser 19 which constitutes a below-described
ultrasonic flaw detector 12. As a result, incident ultrasonic
waves U are impinged at an angle on the outer surface
16b of the high t/D metal pipe 16 through a couplant in
the form of water W. The incident waves U are propagat-
ed in the interior 16c of the high t/D metal pipe 16 as
refracted waves comprising refracted longitudinal waves
U1 and refracted transverse waves U2. Reflected echoes
(flaw echoes and the like) of refracted transverse waves
U2 due to flaws and the like present on the outer surface
16b, on the inner surface 16a, or in the interior 16c of the
high t/D metal pipe 16 are received by the transducer 15.
This received signal is transmitted to the ultrasonic flaw
detector 12. In this manner, angle beam flaw detection
of the high t/D metal pipe 16 is carried out.
[0034] As explained above while referring to Figures
1(a) and 1(b), a portion of the front end 15c of this trans-
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ducer 15 is formed so that it has a portion with an asym-
metrically curved shape for which the radius of curvature
progressively increases from one end 15b thereof to-
wards the other end 15a thereof from a radius of curva-
ture ρ1 to a radius of curvature ρ2. In order to accurately
form the front end portion 15c so as to have this portion
with an asymmetrically curved shape at least partially,
the transducer 15 is constituted not by a commonly used
ceramic piezoelectric element typified by PZT
(PbZrO3-PbTiO3) which is hard and difficult to machine,
but by a PZT-epoxy composite piezoelectric element,
which has good machinability.
[0035] The portion of the front end 15c having an asym-
metrically curved shape is determined based on the fol-
lowing steps (abbreviated below as S) S1 - S8, for ex-
ample,
[0036] A procedure for determining the portion of the
front end 15c having an asymmetrically curved shape
will be explained. Figure 3 is a flow diagram schematically
showing the steps in designing the shape of the front end
portion 15c of the transducer 15. Figures 4A - 4D are
explanatory views showing the steps in designing the
shape of the front end portion 15c of the transducer 15
when a high t/D metal pipe 16 with an outer diameter of
40 mm and a wall thickness of 10 mm is being inspected.
[0037] As shown in Figure 3, in S1, (1) the shape (the
outer diameter D and the wall thickness t) of the high t/D
metal pipe 16, (2) the sound velocity Vs of refracted trans-
verse waves U2 in the high t/D metal pipe 16, (3) the
sound velocity VL of refracted longitudinal waves U1 in
the high t/D metal pipe 16, (4) the sound velocity Vi of
incident waves U in the couplant (which is water in this
embodiment), and (5) the length of the front end portion
of the transducer 15 in the circumferential direction of the
high t/D metal pipe 16 are set.
[0038] The sound velocity Vi of incident waves in the
couplant, the sound velocity Vs of refracted transverse
waves U2 in the high t/D metal pipe 16, and the sound
velocity VL of refracted longitudinal waves U1 may use
known numerical data based on the type of couplant and
the material and the like of the high t/D metal pipe 16, or
previously collected experimental data may be used as
set values.
[0039] The length of the front end portion of the trans-
ducer 15 in the circumferential direction of the high t/D
metal pipe 16 may be set to a length so as to obtain an
adequate sensitivity in transmission and reception and
so that actual manufacture is possible. Usually, although
it depends upon the shape of the high t/D metal pipe 16
and the dimensions of the flaws to be detected as well
as the material properties of the transducer and the like,
the length of the transducer 15 in the circumferential di-
rection of the high t/D metal pipe 16 is around 6 - 20 mm.
Then, the procedure proceeds to S2.
[0040] In S2, as shown in Figure 4A, (6) the focal point
17 of refracted transverse waves U2 on the inner surface
16a of the high t/D metal pipe 16 is suitably provisionally
set.

[0041] This provisional setting of the focal point 17 pref-
erably takes the reflectivity of flaws into consideration.
Namely, as shown in Figure 6 which explains the rela-
tionship between the angle of incidence θ at a flaw and
the reflectivity (percent) on a slit flaw present in the shape
of a slit extending in the axial direction of the high t/D
metal pipe 16, the reflectivity of refracted transverse
waves U2 on a slit flaw depends on the angle of incidence
θ of transverse ultrasonic waves. If the range of angles
of incidence θ which can be actually set is considered,
the echo height from the flaw increases when the angle
of incidence θ is around 40 - 50°. In order to increase the
accuracy of flaw detection and increase the echo height
from a flaw, a focal point 17 for which the angle of inci-
dence θ becomes around 40 - 50° is preferably provi-
sionally set as an origin. Then, the procedure proceeds
to S3.
[0042] In S3, based on above-described conditions (1),
(2), (4), and (6), the propagation paths of refracted trans-
verse waves U2 propagated to provisionally set focal
point S are calculated. Namely, as shown in Figure 4A,
first, a plurality of propagation paths of the refracted trans-
verse waves U2 are drawn radially from the focal point
17 set on the inner surface 16a of the high t/D metal pipe
16 towards the outer surface 16b (in actuality, the refract-
ed transverse waves U2 propagate from the outer sur-
face 16b towards the focal point 17), and then, based on
Snell’s law at the interface between the outer surface 16b
of the high t/D metal pipe 16 and the couplant W, the
angle of incidence of the incident waves is calculated
based on above-described conditions (2) and (4), and
each of the propagation paths of longitudinal ultrasonic
waves U in the couplant W connected to each of the
propagation paths of the refracted transverse waves U2
is calculated. Then, the origin of each propagation path
of the refracted longitudinal waves U1 and the refracted
transverse waves U2 propagating to the focal point 17,
i.e., the end point 18 at the opposite side from the focal
point 17 is set so that the origin 18 is spaced from the
high t/D metal pipe 16 by just a distance roughly equal
to the estimated offset distance between the transducer
15 and the high t/D metal pipe 16 and so that the prop-
agation time of the ultrasonic waves along each of the
propagation paths (calculated by the lengths of the prop-
agation paths and the velocity of waves) are the same
as each other.
[0043] In this manner, in S1 - S3, the propagation paths
of the refracted transverse waves U2 which propagate
to the focal point 17 are calculated from Snell’s law based
on the shape (the outer diameter D, the wall thickness t,
and the like) of the high t/D metal pipe 16 undergoing
flaw detection, the sound velocity V2 of refracted trans-
verse waves U2 in the metal pipe 16, the sound velocity
Vi of incident waves in the couplant, and the focal point
17 of refracted transverse waves U2 in the metal pipe
16. Then, the procedure proceeds to S4.
[0044] In S4, based on the propagation paths calculat-
ed in S3 and above-described condition (5) (the length
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of the transducer 15 in the circumferential direction of the
high t/D metal pipe 16), the shape of the front end portion
15c of the transducer 15 is calculated. Namely, the length
of a curve successively connecting the origins 18 of each
of the propagation paths or a curve estimated by the least
squares method based on the origins 18 is calculated.
This is compared with above-described condition (5), and
unneeded propagation paths are deleted from the ends
so that both have roughly the same length, and the curve
D found from the origins 18 of the remaining propagation
paths is made the longitudinal cross-sectional shape of
the front end portion 15c of the transducer 15. The ex-
ample shown in Figure 4A shows the case in which un-
needed propagation paths are deleted so as to achieve
a shape of the front end portion such that the lengths of
the front end portion on the left and right sides are roughly
the same with respect to the central axis of the high t/D
metal pipe 16.
[0045] In this manner, in S4, based on the propagation
paths calculated in S3 and the previously set length in
the circumferential direction of the high t/D metal pipe 16
of the transducer 15, the shape of the front end portion
15c of the transducer 15 is calculated and determined
so as to achieve an asymmetrically curved shape in
which, as described above, the radius of curvature pro-
gressively increases from one end 15b towards the other
end 15a from a radius of curvature ρ1 to a radius of cur-
vature ρ2. Then, the procedure proceeds to S5.
[0046] In S5, based on the shape of the front end por-
tion 15c of the transducer 15 determined in S4 and above-
described condition (3), the propagation paths of refract-
ed longitudinal waves U1 which propagate in the interior
of the high t/D metal pipe 16 are calculated. Namely, as
shown in Figure 4A, for each incident wave U traveling
along each propagation path in the couplant W from each
origin 18 constituting the set shape of the front end portion
15c of the transducer 15, based on Snell’s law at the
interface between the outer surface 16b of the high t/D
metal pipe 16 and the couplant W, based on condition
(3), the angle of refraction of the longitudinal ultrasonic
waves U1 which propagate in the interior 16c of the high
t/D metal pipe 16 is calculated, and the propagation paths
of the refracted longitudinal waves U1 connecting each
of the propagation paths of the incident waves U are cal-
culated.
[0047] In this manner, in S5, based on the shape of
the front end portion 15c of the transducer 15 calculated
in S2 and the previously set sound velocity VL of the
refracted longitudinal waves U1 in the metal pipe 16, the
propagation paths of the refracted longitudinal waves U1
which propagate inside the metal pipe 16 are calculated
based on Snell’s law. Then, the procedure proceeds to
S6.
[0048] In S6, it is determined whether any of the prop-
agation paths of refracted longitudinal waves U1 calcu-
lated in S5 reach the inner surface 16a of the high t/D
metal pipe 16. The example shown in Figure 4A is a case
in which there are propagation paths which reach the

inner surface 16a.
[0049] In the case in which there are propagation paths
which reach the inner surface 16a, the procedure pro-
ceeds to S7, and the provisionally set focal point 17 of
the refracted transverse waves U2 is changed to a posi-
tion spaced along the inner peripheral surface 16a by a
prescribed pitch, and then the calculations of above-de-
scribed S1 - S6 are repeated.
[0050] Figures 4B - 4D are explanatory views showing
this repeated calculation. As shown in Figures 4B - 4D,
the set position of the focal point 17 is changed by being
spaced in steps from the central axis of the high t/D metal
pipe 16 along the inner surface 16a of the high t/D metal
pipe 16. As a result, in the state shown in Figure 4D, none
of the propagation paths of the refracted longitudinal
waves U1 reaches the inner surface 16a of the high t/D
metal pipe 16 any more.
[0051] When propagation paths which reach the inner
surface P2 no longer exist, the procedure proceeds to
S8, and the shape of the front end portion 15c of the
transducer 15 which was provisionally set by the imme-
diately preceding calculation is set as the final shape of
the front end portion 15c of the transducer 15. In the
example shown in Figure 4A, the shape of the front end
portion 15c of the transducer 15 when the state shown
in Figure 4D is achieved is made the final shape of the
front end portion 15c.
[0052] Thus, in S6 - S8, when there exists a propaga-
tion path among the propagation paths of the refracted
longitudinal waves U1 calculated in S5 which reaches
the inner surface 16a of the high t/D metal pipe 16, the
focal point 17 of the refracted transverse waves U2 is
changed until a propagation path which reaches the inner
surface 16a of the high t/D metal pipe 16 no longer exists,
the calculations from S 1 to S3 are repeated, and when
a propagation path which reaches the inner surface 16a
of high t/D metal pipe 16 no longer exists, the shape
calculated in S2 at that time is set as the shape of the
front end portion 15c of the transducer 15.
[0053] By the above-described steps S1 - 8, the front
end portion 15c of the transducer 15 is set to have an
asymmetrically curved shape having a radius of curva-
ture which progressively increases from one end 15b to-
wards the other end 15a from a radius of curvature ρ1 to
a radius of curvature ρ2.
[0054] The above explanation is of the case in which
the entirety of the front end portion 15c of the transducer
15 is given this asymmetrically curved shape, but the
invention is not restricted thereto, and the case in which,
for example, a region of the front end portion 15c is given
this asymmetrically curved shape and the remaining re-
gion of the front end portion 15c is given a shape other
than this asymmetrically curved shape (such as a linear
shape or an arcuate shape) is also possible. For example,
the present invention includes the case in which a portion
with an asymmetrically curved shape is present in an
intermediate region in the circumferential direction of the
front end portion 15c of the transducer 15 and a portion
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with a shape other than an asymmetrically curved shape
exists at one or both sides of the region with an asym-
metrically curved shape.
[0055] In order to carry out angle beam flaw detection
of a high t/D metal pipe 16, as the ratio (t/D) of the high
t/D metal pipe increases, the proportion occupied by the
portion with an asymmetrically curved shape formed on
the front end portion 15c of the transducer 15 with respect
to the entire front end portion 15c in the circumferential
direction increases. When the ratio (t/D) is around 15 %,
this proportion is 70 %. Therefore, the proportion of the
portion or region with an asymmetrically curved shape
formed on the front end portion 15c of the transducer 15
with respect to the entire front end portion 15c in the
circumferential direction is preferably at least 70 % and
more preferably at least 80 % when the object being in-
spected is a high t/D metal pipe 16 for which the ratio
(t/D) is at least 15 %.
[0056] The relationship between radius of curvature ρ1
and radius of curvature ρ2 is such that ρ1 < ρ2. The radius
of curvature can be suitably selected based on the rela-
tionship between the outer diameter and the wall thick-
ness of the pipe being measured. As a result, angle beam
flaw detection can be carried out on a high (t/D) pipe with
a specific ratio (t/D) without producing multiple reflection
of refracted longitudinal waves.
[0057] The above-described Steps S1 - 8 can be car-
ried out each time by drawing a diagram by a designer,
but they can of course be programmed and automatically
carried out, and the latter is preferred from the standpoint
of design efficiency.
[0058] In Figures 4A - 4D, for ease of explanation, an
explanation was given of an example of steps of design-
ing the shape of the front end portion 15c such that the
front end portion of each cross section of the transducer
15 in the axial direction of the high t/D metal pipe 16
becomes a uniform curved line in the same manner as
a conventional cylindrical surface by analyzing the prop-
agation paths of ultrasonic waves two-dimensionally.
However, by analyzing the propagation paths of ultra-
sonic waves three-dimensionally, it is possible to design
the shape of the front end portion 15c so that the front
end portion of each cross section of the transducer 15 in
the axial direction of the high t/D metal pipe has a uniform
curved surface.
[0059] Figure 5 is an explanatory view showing one
example of the result of design of the shape of the front
end portion 15c of a transducer 15 based on the above-
described steps S1 - 8 for high t/D metal pipes 16 having
three different dimensions (an outer diameter of 40 mm
and a wall thickness of 10 mm, an outer diameter of 26
mm and a wall thickness of 6.5 mm, and an outer diameter
of 60 mm and a wall thickness of 15 mm). In Figure 5, in
order to make the differences in the shapes of the front
end portions 15c of the transducers 15 designed in ac-
cordance with each of the dimensions of the high t/D
metal pipes 16 clear, the shapes of the designed front
end portions 15c are shown together with their positions

moved in parallel in the horizontal direction (X-axis) and
vertical direction (Y-axis).
[0060] As shown in Figure 5, the shapes of these front
end portions 15c are asymmetrically curved shapes for
which the radius of curvature progressively increases
from a radius of curvature ρ1 to a radius of curvature ρ2
from one end 15b towards the other end 15a.
[0061] As shown in Figure 5, this embodiment is not
limited to being applied to a high t/D metal pipe having
an outer diameter of 40 mm and a wall thickness of 10
mm which was explained while referring to Figures 4A -
4D, and it can be applied in the same manner to a metal
pipe with a usual ratio (t/D) or to high t/D metal pipes with
various dimensions.
[0062] The above-described ultrasonic probe 11 is
constructed so as to transmit incident waves U directly
from the transducer 15, but instead, an acoustic lens (not
shown) made of, for example, an acrylic resin or the like
may be disposed in fornt of the transducer 15 in the di-
rection of generation of ultrasonic waves, and incident
waves U can be obliquely incident on a high t/D metal
pipe 16 through the acoustic lens to generate refracted
longitudinal waves U1 and refracted transverse waves
U2 which propagate inside the high t/D metal pipe 16. In
this case, the transducer 15 may have a front end portion
with a usual circular-arc shape, and the front end portion
of the acoustic lens may be given an asymmetrically
curved shape having a radius of curvature which increas-
es continuously from one end towards the other end from
a radius of curvature ρ1 to a radius of curvature ρ2. By
doing so, it is possible to use a ceramic piezoelectric
element typified by PZT having poor workability but hav-
ing a good piezoelectric effect as a transducer 15.
[0063] An ultrasonic probe 11 of this embodiment is
constituted as described above.

[Ultrasonic flaw detector 12]

[0064] As shown in Figure 2, an ultrasonic flaw detector
2 according to this embodiment has a pulser 19, a pream-
plifier 20, a filter 21, a main amplifier 22, and a flaw de-
termining part 23.
[0065] The pulser 19 and the preamplifier 20 are both
connected to the transducer 15 through a connecting
plug provided in the rear portion of a casing of the ultra-
sonic flaw detector 11 by coaxial cables C (both not
shown). A transmitted signal is input from the pulser 19
to the transducer 15 at prescribed intervals, the trans-
ducer 15 is thereby excited, and incident waves U are
incident on the high t/D metal pipe 16 through water W
as a couplant. Then, the incident waves U are propagated
inside the high t/D metal pipe 16 as refracted waves com-
prising refracted longitudinal waves U1 and refracted
transverse waves U2. Their reflected echoes (flaw ech-
oes and the like) are received by the transducer 15, and
the received signal is transmitted to the preamplifier 20
through the coaxial cables C. The received signal is am-
plified by the preamplifier 20, and after filtering in a pre-
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scribed frequency band is performed by the filter 21, the
signal is further amplified by the main amplifier 22. The
output signal from the main amplifier 22 is compared with
a previously set prescribed threshold value in a flaw de-
termining part 23. The flaw determining part 23 deter-
mines that there is a flaw if the output signal is larger than
the threshold value, and when it is determined that there
is a flaw, an operating command is output to the alarm 3
and the marking device 4.
[0066] The ultrasonic flaw detector 12 of this embodi-
ment is a well-known ordinary one constituted as de-
scribed above, so a further explanation of the ultrasonic
flaw detector 12 will be omitted.

[Alarm 13]

[0067] The alarm 13 outputs an alarm sound in re-
sponse to an operating command from the ultrasonic flaw
detector 12.
[0068] The alarm 13 of this embodiment is a well-
known ordinary one having the structure described
above, so a further explanation of the alarm 13 will be
omitted.

[Marking device 14]

[0069] The marking device 14 carries out prescribed
marking of the surface of the high t/D metal pipe 16 in
response to an operating command from the ultrasonic
flaw detector 12.
[0070] The marking device 14 of this embodiment is a
well-known ordinary one have a structure as described
above, so a further explanation of the marking device 14
will be omitted.
[0071] Flaw detection of a high t/D metal pipe 16 using
this embodiment of an ultrasonic flaw detection appara-
tus 10 having this structure will be explained.
[0072] In this embodiment, as shown in Figure 2, the
transducer 15 is positioned with respect to the high t/D
metal pipe 16 so that as viewed from the center of the
high t/D metal pipe 16 which is the object of ultrasonic
flaw detection, one end 15b of the front end portion 15c
of the transducer 15 of the ultrasonic probe 11 which
constitutes an ultrasonic flaw detection apparatus 10 of
this embodiment is positioned on the side away from the
direction of propagation of refracted waves in the high
t/D metal pipe 16 (on the right side of the high t/D metal
pipe 16 of Figure 2), and the other end 15a of the front
end portion 15c of the transducer 15 is positioned on the
side in the direction of propagation of refracted waves
(on the left side in Figure 1 (a)), and angle beam flaw
detection is carried out.
[0073] Namely, the ultrasonic probe 11 is positioned
with respect to the high t/D metal pipe 16 so that one end
15b of the front end portion 15c of the transducer 15 is
positioned on the side away from the direction of propa-
gation of refracted waves in the high t/D metal pipe 16
(on the right side of the high t/D metal pipe 16 of Figure

2), and the other end 15a of the front end portion 15c of
the transducer 15 is positioned on the side in the direction
of propagation of refracted waves (on the left side of the
t/D metal pipe 16 of Figure 2).
[0074] If the ultrasonic probe 11 is positioned with re-
spect to the high t/D metal pipe 16 in this manner, the
angle of incidence of incident waves U transmitted from
the other end 15a having a larger radius of curvature and
the angle of refraction of the refracted longitudinal waves
U1 can be made large values.
[0075] Accordingly, according to this embodiment, of
refracted waves 2 and 3 which are propagated inside the
high t/D metal pipe 16 having a ratio (t/D) of at least 15%,
the refracted transverse waves U2 can be focused and
the refracted longitudinal waves U1 can be prevented
from reaching the inner surface 16a of the metal pipe 16.
By focusing the refracted transverse waves U2, the
strength of reflected echoes from minute flaws is in-
creased, and refracted longitudinal waves U1 follow a
propagation path which does not reach the inner surface
16a of the metal pipe 16, so the occurrence of multiply
reflected echoes by the refracted longitudinal waves can
be eliminated. As a result, high accuracy angle beam
flaw detection can be carried out with certainty, particu-
larly with respect to a high t/D metal pipe 16.
[0076] Therefore, according to this embodiment,
minute flaws present inside a high t/D metal pipe 16 such
as one having a ratio (t/D) of at least 15% can undergo
flaw detection with high accuracy and certainty by angle
beam flaw detection without an accompanying decrease
in inspection inefficiency or increase in inspection costs.
[0077] When performing flaw detection of a high t/D
metal pipe 16 using an ultrasonic flaw detection appara-
tus 10 having the structure explained above, the high t/D
metal pipe 16 is transported in the axial direction while
rotating in the circumferential direction, whereby it is pos-
sible to perform flaw detection over roughly the entire
surface of the high t/D metal pipe 16. However, the in-
vention is not limited thereto, and the ultrasonic probe 10
may be rotated in the circumferential direction of the high
t/D metal pipe 16 while the high t/D metal pipe 16 is trans-
ported straight ahead in its axial direction.
[0078] An ultrasonic flaw detection apparatus 10 ac-
cording to this embodiment is particularly suitable for flaw
detection of the interior of a steel pipe having a ratio (t/D)
of at least 15% such as mechanical tubing used in auto-
motive parts and the like or stainless steel pipe and the
like used in high temperature environments.
[0079] Figure 7 is a graph showing an example of a
flaw detection waveform which is the output signal wave-
form of the main amplifier 24 which was obtained when
performing flaw detection of a minute flaw with a depth
of 0.1 mm present on the inner surface of a mechanical
tube comprising a high t/D metal pipe by the ultrasonic
flaw detection apparatus 10 according to this embodi-
ment.
[0080] As shown in the graph of Figure 7, with an ul-
trasonic flaw detection apparatus 10 according to this
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embodiment, of refracted waves U1 and U2, refracted
transverse waves U2 are focused on the interior of the
high t/D metal pipe 16, whereby the strength of reflected
echoes from minute flaws is increased, while the refract-
ed longitudinal waves U1 which are simultaneously gen-
erated follow a propagation path which does not reach
the inner surface 16a of the high t/D metal pipe 16, so
multiply reflected echoes due to the refracted longitudinal
waves U1 can be suppressed, and it is possible to detect
only the flaw echoes with a good S/N ratio.

(Second Embodiment)

[0081] Figure 8 is an explanatory view schematically
showing the structure of an ultrasonic flaw detection ap-
paratus 30 of this embodiment.
[0082] As shown in Figure 8, an ultrasonic flaw detec-
tion apparatus 30 according to this embodiment has two
ultrasonic probes 32 each having a transducer 31, 31,
an ultrasonic flaw detector (not shown), an alarm (not
shown), and a marking device (not shown). The unillus-
trated ultrasonic flaw detector, alarm, and marking device
have the same structure as in the above-described first
embodiment, so an explanation thereof will be omitted.
[0083] This ultrasonic flaw detection apparatus 30 has
probe holders 33, 33 which respectively hold transducers
31, 31, lower horizontal arms 34, 34 which respectively
hold probe holders 33, 33, vertically movable arms 35,
35 which support the lower horizontal arms 34, 34 and
are connected in the vertical direction with an upper hor-
izontal arm 37, horizontally movable arms 36, 36 which
are secured to the upper portion of the vertically movable
arms 35, 35 and are installed so as to be able to move
the upper surface of the upper horizontal arm 37 in the
direction in which the upper horizontal arm 37 extends
(to the left and right in Figure 8), the upper horizontal arm
37 which is mounted so as to be able to move the hori-
zontally movable arms 36, 36 and the vertically movable
arms 35, 35 in the horizontal direction and which is sup-
ported so as to be raised and lowered by an air cylinder
39, a pipe following mechanism 38 which is supported
by the air cylinder 39 so as to be capable of being raised
and lowered, and the air cylinder 39.
[0084] The probe holders 33, 33 are connected to the
pipe following mechanism 38 through the lower horizon-
tal arms 34, 34, the vertically movable arms 35, 35, the
horizontally movable arms 36 and 36, and the upper hor-
izontal arm 37. The pipe following mechanism 38 is con-
nected to the air cylinder 37 and moves up and down
therewith. When the pipe following mechanism 38 moves
up and down, the lower horizontal arms 34, 34, the ver-
tically movable arms 35, 35, the horizontally movable
arms 36, 36, and the upper horizontal arm 37 also move
up and down, and the probe holders 33, 33 are thereby
moved up and down as a unit.
[0085] The transducers 31, 31 which constitute the ul-
trasonic probes 32, 32 have a front end portion which,
as shown in Figure 1, is formed with an asymmetrically

curved shape having a radius of curvature which pro-
gressively increases from one end 15b towards the other
end 15a from a radius of curvature ρ1 to a radius of cur-
vature p2 in accordance with the material properties (the
sound velocity of refracted longitudinal waves and re-
fracted transverse waves of ultrasonic waves), the outer
diameter D, the wall thickness t, and the like of a metal
pipe 9 which is being subjected to measurement, and
they are mounted manually or automatically in the probe
holders 33, 33.
[0086] The transducers 31, 31 are disposed so that
when the vertically movable arms 35 and the horizontally
movable arms 36 are driven, one end 15b of each trans-
ducer 31, 31 is positioned with respect to the metal pipe
9 on the side opposite from the direction of propagation
of refracted waves in the metal pipe 9 (in Figure 8, on
the righthand portion of the metal pipe 9 for the lefthand
transducer 31 and on the lefthand portion thereof for the
righthand transducer 31), and the other end 15a is posi-
tioned on the side in the direction of propagation of re-
fracted waves (in Figure 8, on the lefthand portion of the
metal pipe 9 for the lefthand transducer 31 and on the
righthand portion thereof for the righthand transducer
31).
[0087] If the relative positional relationship between
the transducers 31, 31 and the metal pipe 9 deviates, the
location of the focal point (symbol 17 in Figure 2) of the
transverse ultrasonic waves in the metal pipe 9 which
was assumed when determining the asymmetrically
curved shape of the front end portions 31c, 31c of the
transducers 31, 31 deviates, so the ability to detect flaws
decreases. Accordingly, in order to accurately set the
relative positional relationship between the transducers
31, 31 and the metal pipe 9, linear guides are preferably
used as the vertically movable arms 35, 35 and the hor-
izontally movable arms 36, 36.
[0088] When performing flaw detection of a metal pipe
9 using an ultrasonic flaw detection apparatus 30 having
the above-described structure, in a state in which the
front end portions of the metal pipe 9 are sealed by plugs
(not shown) for preventing ingress of water, the metal
pipe 9 is passed through a flaw detection water tank (not
shown) by being transported in its axial direction while
rotating in the circumferential direction.
[0089] At this time, the air cylinder 37 is started when
the front end portion of the metal pipe 9 is sensed by a
prescribed material sensing sensor, the pipe following
mechanism 38, the vertically movable arms 35, 35, the
horizontally movable arms 37, and the probe holders 36,
36 are lowered by it as a single unit, and the pipe following
mechanism 38 is pressed against the outer surface of
the metal pipe 38 with a suitable pressure.
[0090] The pipe following mechanism 38 which is
pressed with a suitable force is constituted so as to be
able to move up and down and side to side within just a
prescribed range, so it follows vibrations during transport
of the metal pipe 9 and moves up and down and side to
side while maintaining a state in which its lower surface
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contacts the outer surface of the metal pipe 9. At this
time, the vertically movable arms 35, 35, the horizontally
movable arms 36, 36, and the probe holders 38 connect-
ed to the following mechanism 38 also perform following
by moving up and down and side to side. As a result, the
positional relationship between the transducers 31, 32
mounted on the probe holders 33, 33 and the metal pipe
9 is maintained constant.
[0091] In this manner, with the ultrasonic flaw detection
apparatus 30 of this embodiment as well, the strength of
reflected echoes from minute flaws is increased by fo-
cusing refracted transverse waves, and refracted longi-
tudinal waves which are generated at the same time fol-
low a propagation path which does not reach the inner
surface of the metal pipe 9, so the occurrence of multiply
reflected echoes by refracted longitudinal waves can be
eliminated, and it is possible to detect just flaw echoes
with a good S/N ratio.
[0092] In the ultrasonic flaw detection apparatus 30
shown in Figure 8, an example was given of a form in
which two transducers 31, 31 are installed so that the
directions of propagation of refracted waves in the metal
pipe 9 are in the clockwise direction as well as in the
counterclockwise direction, but in order to further in-
crease flaw detection efficiency, it is possible that a plu-
rality of transducers 31 having clockwise direction of
propagation of refracted waves and those having coun-
terclockwise direction of propagation of refracted waves
are installed in the axial direction of the metal pipe 9.

(Third Embodiment)

[0093] In this third embodiment, in contrast to the
above-described first and second embodiments, the
case will be explained in which the transducer is consti-
tuted by a plurality of oscillation-generating elements dis-
posed side by side so as to have a planar shape.
[0094] Figure 9 is a block diagram schematically show-
ing the structure of an ultrasonic flaw detection apparatus
40 according to this embodiment. As shown in this figure,
the ultrasonic flaw detection apparatus 40 according to
this embodiment has an ultrasonic probe 42 equipped
with a transducer 41, a transmission circuit 43, a receiving
circuit 44, an alarm 45, and a marking device 46. The
alarm 45 and the marking device 46 have the same struc-
ture as in the above-described first embodiment, so an
explanation thereof will be omitted.
[0095] The transducer 41 constituting the ultrasonic
probe 42 according to this embodiment is constituted by
a plurality (such as 32) of minute piezoelectric elements
41a which oppose the outer surface 47a of a metal pipe
47 and are arranged side by side in a straight line in a
direction perpendicular to the axial direction of the metal
pipe 47 with a spacing of 0.5 mm, for example. The ul-
trasonic probe 42 is thus a so-called array probe.
[0096] The transmitting circuit 43 is equipped with the
same number of pulsers 48 and delay circuits 49 (trans-
mission delay circuits) as the number of piezoelectric el-

ements 41a in the probe 41. Each pulser 48 is connected
to one of the piezoelectric elements 41a of the probe 41
and to one of the delay circuits 49. Each piezoelectric
element 41a is excited at prescribed intervals by a trans-
mitted signal from the pulser 48 connected to the piezo-
electric element 41a, and it produces incident ultrasonic
waves U which are incident on the metal pipe 47 through
water W as a couplant.
[0097] The timing of transmission of the transmission
signals from each of the pulsers 48 can be made different
for each pulser 48 in accordance with a transmission de-
lay time set by each delay circuit 49. By suitably setting
the transmission delay time for each pulser 48 in the man-
ner described below, a mode can be realized which is
the same as the mode shown in the first and second
embodiment in which incident ultrasonic waves U are
transmitted from a transducer having a front end portion
with an asymmetrically arc curved shape.
[0098] The incident waves U which are incident on the
metal pipe 47 are propagated to the interior 47c of the
metal pipe 47 as refracted waves comprising refracted
longitudinal waves U1 and refracted transverse waves
U2, their reflected echoes are received by the piezoelec-
tric elements 41a of the transducer 41, and the received
signals are sent to the receiving circuit 44.
[0099] The receiving circuit 44 is equipped with the
same number of preamplifiers 50 and delay circuits 51
(receiving delay circuits) as the number of piezoelectric
elements 41a with which the transducer 41 is equipped.
The receiving circuit 44 has an adder 52, a main amplifier
53, and a flaw determining part 54. Each preamplifier 50
is connected to one of the piezoelectric elements 41a of
the transducer 41 and to one of the delay circuits 51. The
received signal from each piezoelectric element 41a is
amplified by one of the preamplifiers 50 connected to the
piezoelectric element 41a, and then it is delayed by the
delay circuit 51 connected to the preamplifier 50 by the
same receiving delay time as the transmission delay time
of the piezoelectric element 41a (the transmission delay
time of the pulser 48 connected to the piezoelectric ele-
ment 41a). The output signals of each of the delay circuits
51 are summed by the adder 52 with which the receiving
circuit 44 is equipped, and then the result is amplified by
the main amplifier 53. The output signal from the main
amplifier 53 is input to a flaw determining part 54 having
a structure like that of the flaw determining part 23 of the
first embodiment, and it is determined whether there are
flaws.
[0100] Below, a method of setting the above-men-
tioned transmission delay time and receiving delay time
will be explained.
[0101] Figure 10 is an explanatory view for explaining
a method of setting the transmission delay time and the
receiving delay time. As shown in this figure, when setting
the transmission delay time and the receiving delay time,
first, the length in the horizontal direction (to the left and
right in Figure 10) of the asymmetrically curved shape D
designed by steps like steps S1 - 8 shown in Figure 3 is
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compared with the length of the transducer 11, and the
piezoelectric elements 41a to be used are selected so
that both have approximately the same length. The col-
lection of selected piezoelectric elements 41a is referred
to as the selected element group.
[0102] Next, the coordinates of the center of the pie-
zoelectric elements 41a constituting the selected ele-
ment group and the relative distance from the asymmet-
rically curved shape D are calculated, with taking the rel-
ative distance between one of the piezoelectric elements
41a and the asymmetrically arcuate shape D as 0 (zero).
In Figure 10, the relative distance between the righthand
piezoelectric element 41a and the asymmetrically arcu-
ate shape D was made 0. Then, a value equal to the
relative distance divided by the sound velocity of incident
waves U in the couplant W is set as the transmission
delay time and the receiving delay time corresponding
to each element 41a.
[0103] With the method described above, by setting
the transmission delay time and the reception delay time,
the same behavior is exhibited as when ultrasonic waves
are transmitted and received using a transducer 41 hav-
ing a cross sectional end shape which is an asymmetri-
cally curved shape D. Namely, as shown in Figure 9, of
refracted waves comprising refracted longitudinal waves
U1 and refracted transverse waves U2 which are prop-
agated on the interior 47c of the metal pipe 47, refracted
transverse waves U2 are focused while refracted longi-
tudinal waves U1 do not reach the inner surface 47a of
the metal pipe 47. Accordingly, by focusing the refracted
transverse waves U2, the strength of reflected echoes
from minute flaws is increased, and the occurrence of
multiply reflected echoes due to the refracted longitudinal
waves U1 which are generated at the same time are elim-
inated, so it is possible to sense only flaw echoes with a
good S/N ratio.
[0104] An ultrasonic flaw detection apparatus 40 ac-
cording to this embodiment has an ultrasonic probe 42
having a transducer 41 constituted by a large number of
piezoelectric elements 41a to form an array probe, and
the delay times of transmitted and received ultrasonic
waves are suitably set for each piezoelectric element
41a, whereby an ultrasonic probe having a transducer
having a front end portion with an asymmetrically curved
shape as explained with respect to the first and second
embodiments is simulated.
[0105] Namely, as a result of interference between ul-
trasonic waves generated by the plurality of oscillation-
generating elements, it is possible to have a structure
such that incident waves can be generated having a wave
front having at least a portion with an asymmetrically
curved shape which has a radius of curvature which pro-
gressively increases from one end to the other end. As
a result, using a transducer 41 having an array of piezo-
electric elements 41a which are secured in a straight line
as in this embodiment, by simply suitable changing the
delay time of the transmission and reception of ultrasonic
waves, a transducer providing the same effects as many

types of transducers having a front end portion with an
asymmetrically curved shape can be provided.
[0106] Accordingly, it is not necessary to prepare a
large number of transducers with an asymmetrically
curved shape in accordance with the material properties,
the outer diameter D, the wall thickness t, and the like of
a metal pipe 47, and an increase in running costs can be
suppressed. In addition, it is not necessary to replace a
transducer having an asymmetrically curved shape in ac-
cordance with the material properties, the outer diameter
D, the wall thickness t, and the like of a metal pipe 47,
so the time required for replacement and the like can be
shortened, and the efficiency of inspection can be in-
creased.
[0107] In this embodiment, the case was explained in
which an array probe having piezoelectric elements ar-
ranged in a straight line is employed as a transducer 41,
but the present invention is not limited thereto, and as
long as the delay time for transmission and reception of
ultrasonic waves is set in accordance with the arrange-
ment, it is also possible to use an array probe arranged
in an arcuate shape or a polygonal shape.

Claims

1. A method for performing ultrasonic flaw detection of
a tubular metal body (16) being inspected, compris-
ing:

using an ultrasonic probe (11) to obliquely im-
pinge ultrasonic waves on the tubular metal
body (16) being inspected from a transducer
(15) housed in the ultrasonic probe (11), gener-
ating refracted longitudinal waves (U1) and re-
fracted transverse waves (U2) which are prop-
agated inside the tubular metal body (16) being
inspected and receiving reflected echoes of the
transverse waves (U2) by the transducer (15),
characterized in that a front end portion (15c)
of the transducer (15) has a portion with an
asymmetrically curved shape having a radius of
curvature (ρ1, ρ2) which progressively increases
from one end (15b) towards the other end (15a)
of the front end portion (15c),
the shape of the front end portion (15c) of the
transducer (15) is determined by the following
steps (S1) to (S8):

(S1) setting following conditions (1) to (5)

(1) an outer diameter (D) and a wall
thickness (t) of the tubular metal body
(16) being inspected,
(2) a sound velocity (Vs) of the refracted
transverse waves (U2) in the tubular
metal body (16) being inspected,
(3) a sound velocity (VL) of the refracted
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longitudinal waves (U1) in the tubular
metal body (16) being inspected,
(4) a sound velocity (Vi) of the incident
waves (U) in a couplant, and
(5) a length of the front end portion (15c)
of the transducer (15) in the circumfer-
ential direction of the tubular metal
body (16) being inspected;

(S2) provisionally setting a provisionally set
focal point (17) of the refracted transverse
waves (U2) on an inner surface (16a) of the
tubular metal body (16) being inspected as
condition (6);
(S3) calculating propagation paths of the re-
fracted transverse waves (U2) propagated
to the provisionally set focal point (17)
based on the conditions (1), (2), (4), and (6);
(S4) calculating the shape of the front end
portion (15c) of the transducer (15) based
on the propagation paths of the refracted
transverse waves (U2) calculated in step
(S3) and condition (5);
(S5) calculating propagation paths of the re-
fracted longitudinal waves (U1) which prop-
agate in an interior of the tubular metal body
(16) being inspected based on the shape of
the front end portion (15c) of the transducer
(15) determined in step (S4) and condition
(3);
(S6) determining whether any of the prop-
agation paths of the refracted longitudinal
waves (U1) calculated in step (S5) reach
the inner surface (16a) of the tubular metal
body (16) being inspected;
(S7) in a case in which there are propaga-
tion paths which reach the inner surface
(16a), changing the provisionally set focal
point (17) of the refracted transverse waves
(U2) to a position spaced along the inner
surface (16a) being inspected by a pre-
scribed pitch and repeating the calculations
of the steps (S1) to (S6);
(S8) in a case in which there are no propa-
gation paths which reach the inner surface
(16a), determining the shape of the front
end portion (15c) of the transducer (15)
which was provisionally set by the immedi-
ately preceding calculation as a final shape
of the front end portion (15c) of the trans-
ducer (15); and

angle beam flaw detection is performed by re-
ceiving reflected echoes of transverse waves
(U2) which are reflected by a flaw present on
the inner surface (16a), on an outer surface
(16b) or in an interior (16c) of the tubular metal
body (16) being inspected bv the transducer

(15).

2. A method for performing ultrasonic flaw detection of
a tubular metal body being inspected, comprising:

using an ultrasonic probe (11) which has a trans-
ducer (15) housed therein and an acoustic lens
which is disposed forward of the transducer (15)
in the direction of transmission of ultrasonic
waves to obliquely impinge ultrasonic waves on
the tubular metal body (16) being inspected
through the acoustic lens, generating refracted
longitudinal waves (U1) and refracted trans-
verse waves (U2) which are propagated inside
the tubular metal body (16) being inspected and
receiving reflected echoes of the transverse
waves (U2) by the transducer (15),
characterized in that the front end portion (15c)
of the acoustic lens has a portion with an asym-
metrically curved shape having a radius of cur-
vature (ρ1, ρ2) which progressively increases
from one end (15b) towards the other end (15a)
of the front end portion (15c), the shape of the
front end portion (15c) of the acoustic lens is
determined by the following steps (S1) to (S8):

(S1) setting following conditions (1) to (5)

(1) an outer diameter (D) and a wall
thickness (t) of the tubular metal body
(16) being inspected,
(2) a sound velocity (Vs) of the refracted
transverse waves (U2) in the tubular
metal body (16) being inspected,
(3) a sound velocity (VL) of the refracted
longitudinal waves (U1) in the tubular
metal body (16) being inspected,
(4) a sound velocity (Vi) of the incident
waves (U) in a couplant, and
(5) a length of the front end portion (15c)
of the acoustic lens in the circumferen-
tial direction of the tubular metal body
(16) being inspected;

(S2) provisionally setting a provisionally set
focal point (17) of the refracted transverse
waves (U2) on an inner surface (16a) of the
tabular metal body (16) being inspected as
condition (6);
(S3) calculating propagation paths of the re-
fracted transverse waves (U2) propagated
to the provisionally set focal point (17)
based on the conditions (1), (2), (4), and (6);
(S4) calculating the shape of the front end
portion (15c) of the acoustic lens based on
the propagation paths of the refracted trans-
verse waves (U2) calculated in step (S3)
and condition (5);
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(S5) calculating propagation paths of the re-
fracted longitudinal waves (U1) which prop-
agate in an interior of the tubular metal body
(16) being inspected based on the shape of
the front end portion (15c) of the acoustic
lens determined in step (S4) and condition
(3);
(S6) determining whether any of the prop-
agation paths of the refracted longitudinal
waves (U1) calculated in step (S5) reach
the inner surface (16a) of the tubular metal
body (16) being inspected;
(S7) in a case in which there are propaga-
tion paths which reach the inner surface
(16a), changing the provisionally set focal
point (17) of the refracted transverse waves
(U2) to a position spaced along the inner
surface (16a) being inspected by a pre-
scribed pitch and repeating the calculations
of the steps (S1) to (S6);
(S8) in a case in which there are no propa-
gation paths which reach the inner surface
(16a), determining the shape of the front
end portion (15c) of the acoustic lens which
was provisionally set by the immediately
preceding calculation as a final shape of the
front end portion (15c) of the acoustic lens;
and
angle beam flaw detection is performed by
receiving reflected echoes of transverse
waves (U2) which are reflected by a flaw
present on the inner surface (16a), on an
outer surface (16b) or in an interior (16c) of
the tubular metal body (16) being inspected
bv the transducer (15).

3. A method for performing ultrasonic flaw detection of
a tubular metal body (16) being inspected, compris-
ing:

using an ultrasonic probe (11) to obliquely im-
pinge ultrasonic waves on the tubular metal
body (16) being inspected from a transducer
(15) housed in the ultrasonic probe (11) and gen-
erating refracted longitudinal waves (U1) and re-
fracted transverse waves (U2) which are prop-
agated inside the tubular metal body (16) being
inspected and receiving reflected echoes of the
transverse waves (U2) by the transducer (15),
characterized in that the transducer (15) is
constituted by a plurality of oscillation-generat-
ing elements arranged in parallel, incident
waves are generated having a wave front having
a portion with an asymmetrically curved shape
having a radius of curvature which progressively
increases from one end towards the other end
of the wave front due to interference of ultrasonic
waves generated by the plurality of oscillation-

generating elements,
the asymmetrically curved shape is determined
by the following steps (S1) to (S8):

(S1) setting following conditions (1) to (5)

(1) an outer diameter (D) and a wall
thickness (t) of the tubular metal body
(16) being inspected,
(2) a sound velocity (Vs) of the refracted
transverse waves (U2) in the tubular
metal body (16) being inspected,
(3) a sound velocity (VL) of the refracted
longitudinal waves (U1) in the tubular
metal body (16) being inspected,
(4) a sound velocity (Vi) of the incident
waves (U) in a couplant, and
(5) a length of the transducer (15) in the
circumferential direction of the tubular
metal body being inspected;

(S2) provisionally setting a provisionally set
focal point (17) of the refracted transverse
waves (U2) on an inner surface (16a) of the
tubular metal body (16) being inspected as
condition (6);
(S3) calculating propagation paths of the re-
fracted transverse waves (U2) propagated
to the provisionally set focal point (17)
based on the conditions (1), (2), (4) and (6);
(S4) calculating the asymmetrically curved
shape based on the propagation paths of
the refracted transverse waves (U2) calcu-
lated in step (S3) and condition (5);
(S5) calculating propagation paths of the re-
fracted longitudinal waves (U1) which prop-
agate in an interior of the tubular metal body
(16) being inspected based on the asym-
metrically curved shape determined in step
(S4) and condition (3);
(S6) determining whether any of the prop-
agation paths of the refracted longitudinal
waves (U1) calculated in step (S5) reach
the inner surface (16a) of the tubular metal
body (16) being inspected;
(S7) in a case in which there are propaga-
tion paths which reach the inner surface
(16a), changing the provisionally set focal
point (17) of the refracted transverse waves
(U2) to a position spaced along the inner
surface (16a) being inspected by a pre-
scribed pitch and repeating the calculations
of the steps (S1) to (S6);
(S8) in a case in which there are no propa-
gation paths which reach the inner surface
(16a) determining the asymmetrically
curved shape which was provisionally set
by the immediately preceding calculation as
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a final shape of the asymmetrically curved
shape; and

selecting the oscillation-generating elements to
be used so that the length in the horizontal di-
rection of the asymmetrically curved shape de-
termined by the steps (S1) to (S8) is approxi-
mately as same as the length of the transducer
(15),
calculating the coordinates of the center of the
oscillation-generating elements constituting a
selected element group and the relative dis-
tance from the asymmetrically curved shape,
with taking the relative distance between one of
the oscillation-generating elements and the
asymmetrically curved shape as 0, and
setting a value equal to the relative distance di-
vided by the sound velocity (Vi) of the incident
waves (U) in the couplant as a transmission de-
lay time and a receiving delay time correspond-
ing to the each of oscillation-generating ele-
ment, and
angle beam flaw detection is performed by re-
ceiving reflected echoes of transverse waves
(U2) which are reflected by a flaw present on
the inner surface (16a), on an outer surface
(16b) or in an interior (16c) of the tubular metal
body (16) being inspected by the transducer
(15).

4. The method as set forth in claim 3 characterized in
that the ultrasonic probe (11) has an acoustic lens
disposed forward of the transducer (15) in the direc-
tion of transmission of ultrasonic waves.

5. The method as set forth in any one of claims 1 to 4
wherein the tubular body (16) being inspected is a
metal pipe having a ratio of its wall thickness to its
outer diameter of greater than 15 %.

6. The method as set forth in any one of claims 1 to 4
characterized by performing angle beam flaw de-
tection of a tubular metal body being inspected for
which the ratio of its wall thickness to its outer diam-
eter is greater than 15 %.

Patentansprüche

1. Verfahren zum Durchführen einer Ultraschallfehler-
erkennung eines zu inspizierenden Röhrenmetall-
körpers (16), umfassend:

Verwenden einer Ultraschallsonde (11), um Ul-
traschallwellen von einem Wandler (15), der
sich in der Ultraschallsonde (11) befindet,
schräg auf den zu inspizierenden Röhrenmetall-
körper (16) aufzuschlagen, Erzeugen gebro-

chener Längswellen (U1) und gebrochene
Querwellen (U2), die in dem zu inspizierenden
Röhrenmetallkörper (16) ausgebreitet werden,
und Empfangen reflektierter Echos der Quer-
wellen (U2) durch den Wandler (15),
dadurch gekennzeichnet, dass ein Vorderen-
dabschnitt (15c) des Wandlers (15) einen Ab-
schnitt mit einer asymmetrisch gekrümmten
Form mit einem Krümmungsradius (ρ1, ρ2) hat,
der vom einen Ende (15b) zum anderen Ende
(15a) des Vorderendabschnitts (15c) schrittwei-
se zunimmt, wobei die Form des Vorderen-
dabschnitts (15c) des Wandlers (15) durch die
folgenden Schritte (S1) bis (S8) festgelegt ist:

(S1) Einrichten folgender Bedingungen (1)
bis (5)

(1) ein äußerer Durchmesser (D) und
eine Wanddicke (t) des zu inspizieren-
den Röhrenmetallkörpers (16),
(2) eine Schallgeschwindigkeit (Vs) der
gebrochenen Querwellen (U2) in dem
zu inspizierenden Röhrenmetallkörper
(16),
(3) eine Schallgeschwindigkeit (VL) der
gebrochenen Längswellen (U1) in dem
zu inspizierenden Röhrenmetallkörper
(16),
(4) eine Schallgeschwindigkeit (Vi) der
einfallenden Wellen (U) in einem Kop-
pelmittel, und
(5) eine Länge des Vorderen-
dabschnitts (15c) des Wandlers (15) in
Umfangsrichtung des zu inspizieren-
den Röhrenmetallkörpers (16);

(S2) vorläufiges Setzen eines vorläufig ge-
setzten Brennpunkts (17) der gebrochenen
Querwellen (U2) an einer Innenfläche (16a)
des zu inspizierenden Röhrenmetallkör-
pers (16) als Bedingung (6);
(S3) Berechnen von Ausbreitungswegen
der gebrochenen Querwellen (U2), die zu
dem vorläufig gesetzten Brennpunkt (17)
ausgebreitet sind basierend auf den Bedin-
gungen (1), (2), (4) und (6);
(S4) Berechnen der Form des Vorderen-
dabschnitts (15c) des Wandlers (15) basie-
rend auf den Ausbreitungswegen der in
Schritt (S3) berechneten gebrochenen
Querwellen (U2) und Bedingung (5);
(S5) Berechnen von Ausbreitungswegen
der gebrochenen Längswellen (U1), die
sich in ein Inneres des zu inspizierenden
Röhrenmetallkörpers (16) ausbreiten, ba-
sierend auf der in Schritt (S4) festgelegten
Form des Vorderendabschnitts (15c) des
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Wandlers (15) und Bedingung (3);
(S6) Bestimmen, ob einer der Ausbrei-
tungswege der in Schritt (S5) berechneten
gebrochenen Längswellen (U1) die Innen-
fläche (16a) des zu inspizierenden Röhren-
metallkörpers (16) erreicht;
(S7) in einem Fall, in dem es Ausbreitungs-
wege gibt, die die Innenfläche (16a) errei-
chen, Ändern des vorläufig gesetzten
Brennpunkts (17) der gebrochenen Quer-
wellen (U2) auf eine Position, die entlang
der zu inspizierenden Innenfläche (16a) um
einen festgelegten Abstand beabstandet ist
und Wiederholen der Berechnungen der
Schritte (S1) bis (S6);
(S8) in einem Fall, in dem es keine Ausbrei-
tungswege gibt, die die Innenfläche (16a)
erreichen, Bestimmen der Form des Vorde-
rendabschnitts (15c) des Wandlers (15), die
von der unmittelbar vorangehenden Be-
rechnung als eine endgültige Form des Vor-
derendabschnitts (15c) des Wandlers (15)
vorläufig gesetzt wurde; und

eine Winkelstrahlfehlererkennung wird durch-
geführt durch Empfangen reflektierter Echos
von Querwellen (U2), die von einem Fehler re-
flektiert werden, der auf der Innenfläche (16a)
oder einer Außenfläche (16b) oder in einem In-
neren (16c) des zu inspizierenden Röhrenme-
tallkörpers (16) vorhanden ist, durch den Wand-
ler (15).

2. Verfahren zum Durchführen einer Ultraschallfehler-
erkennung eines zu inspizierenden Röhrenmetall-
körpers, umfassend:

Verwenden einer Ultraschallsonde (11), in der
sich ein Wandler (15) befindet und einer Schall-
linse, die vor dem Wandler (15) in Senderich-
tung der Ultraschallwellen angeordnet ist, um
Ultraschallwellen durch die Schalllinse schräg
auf den zu inspizierenden Röhrenmetallkörper
(16) aufzuschlagen, Erzeugen gebrochener
Längswellen (U1) und gebrochener Querwellen
(U2), die in dem zu inspizierenden Röhrenme-
tallkörper (16) ausgebreitet werden und Emp-
fangen reflektierter Echos der Querwellen (U2)
durch den Wandler (15),
dadurch gekennzeichnet, dass der Vorderen-
dabschnitt (15c) der Schalllinse einen Abschnitt
mit einer asymmetrisch gekrümmten Form mit
einem Krümmungsradius (ρ1, ρ2) hat, der vom
einen Ende (15b) zum anderen Ende (15a) des
Vorderendabschnitts (15c) schrittweise zu-
nimmt, wobei die Form des Vorderen-
dabschnitts (15c) der Schalllinse durch die fol-
genden Schritte (S1) bis (S8) festgelegt ist:

(S1) Einrichten folgender Bedingungen (1)
bis (5)

(1) ein äußerer Durchmesser (D) und
eine Wanddicke (t) des zu inspizieren-
den Röhrenmetallkörpers (16),
(2) eine Schallgeschwindigkeit (Vs) der
gebrochenen Querwellen (U2) in dem
zu inspizierenden Röhrenmetallkörper
(16),
(3) eine Schallgeschwindigkeit (VL) der
gebrochenen Längswellen (U1) in dem
zu inspizierenden Röhrenmetallkörper
(16),
(4) eine Schallgeschwindigkeit (Vi) der
einfallenden Wellen (U) in einem Kop-
pelmittel, und
(5) eine Länge des Vorderen-
dabschnitts (15c) der Schalllinse in
Umfangsrichtung des zu inspizieren-
den Röhrenmetallkörpers (16);

(S2) vorläufiges Setzen eines vorläufig ge-
setzten Brennpunkts (17) der gebrochenen
Querwellen (U2) an einer Innenfläche (16a)
des zu inspizierenden Röhrenmetallkör-
pers (16) als Bedingung (6);
(S3) Berechnen von Ausbreitungswegen
der gebrochenen Querwellen (U2), die zu
dem vorläufig gesetzten Brennpunkt (17)
ausgebreitet sind, basierend auf den Bedin-
gungen (1), (2), (4) und (6);
(S4) Berechnen der Form des Vorderen-
dabschnitts (15c) der Schalllinse basierend
auf den Ausbreitungswegen der in Schritt
(S3) berechneten gebrochenen Querwellen
(U2) und Bedingung (5);
(S5) Berechnen von Ausbreitungswegen
der gebrochenen Längswellen (U1), die
sich in ein Inneres des zu inspizierenden
Röhrenmetallkörpers (16) ausbreiten, ba-
sierend auf der in Schritt (S4) festgelegten
Form des Vorderendabschnitts (15c) der
Schalllinse und Bedingung (3);
(S6) Bestimmen, ob einer der Ausbrei-
tungswege der in Schritt (S5) berechneten
gebrochenen Längswellen (U1) die Innen-
fläche (16a) des zu inspizierenden Röhren-
metallkörpers (16) erreicht;
(S7) in einem Fall, in dem es Ausbreitungs-
wege gibt, die die Innenfläche (16a) errei-
chen, Ändern des vorläufig gesetzten
Brennpunkts (17) der gebrochenen Quer-
wellen (U2) auf eine Position, die entlang
der zu inspizierenden Innenfläche (16a) um
einen festgelegten Abstand beabstandet ist
und Wiederholen der Berechnungen der
Schritte (S1) bis (S6);
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(S8) in einem Fall, in dem es keine Ausbrei-
tungswege gibt, die die Innenfläche (16a)
erreichen, Bestimmen der Form des Vorde-
rendabschnitts (15c) der Schalllinse, die
von der unmittelbar vorangehenden Be-
rechnung als eine endgültige Form des Vor-
derendabschnitts (15c) der Schalllinse vor-
läufig gesetzt wurde; und

eine Winkelstrahlfehlererkennung wird durch-
geführt durch Empfangen reflektierter Echos
von Querwellen (U2), die von einem Fehler re-
flektiert werden, der auf der Innenfläche (16a),
einer Außenfläche (16b) oder in einem Inneren
(16c) des zu inspizierenden Röhrenmetallkör-
pers (16) vorhanden ist, durch den Wandler (15).

3. Verfahren zum Durchführen einer Ultraschallfehler-
erkennung eines zu inspizierenden Röhrenmetall-
körpers (16), umfassend:

Verwenden einer Ultraschallsonde (11), um Ul-
traschallwellen von einem Wandler (15), der
sich in der Ultraschallsonde (11) befindet,
schräg auf den zu inspizierenden Röhrenmetall-
körper (16) aufzuschlagen und Erzeugen gebro-
chener Längswellen (U1) und gebrochener
Querwellen (U2), die in dem zu inspizierenden
Röhrenmetallkörper (16) ausgebreitet werden,
und Empfangen reflektierter Echos der Quer-
wellen (U2) durch den Wandler (15),
dadurch gekennzeichnet, dass der Wandler
(15) durch eine Vielzahl von parallel angeord-
neten schwingungserzeugenden Elementen
gebildet ist, einfallende Wellen mit einer Wellen-
front erzeugt werden, die einen Abschnitt mit ei-
ner asymmetrisch gekrümmten Form mit einem
Krümmungsradius hat, der vom einen Ende zum
anderen Ende der Wellenfront schrittweise zu-
nimmt aufgrund von Interferenz von Ultraschall-
wellen, die durch die Vielzahl von schwingungs-
erzeugenden Elementen erzeugt werden,
wobei die asymmetrisch gekrümmte Form durch
die folgenden Schritte (S1) bis (S8) festgelegt
ist:

(S1) Einrichten folgender Bedingungen (1)
bis (5)

(1) ein äußerer Durchmesser (D) und
eine Wanddicke (t) des zu inspizieren-
den Röhrenmetallkörpers (16),
(2) eine Schallgeschwindigkeit (Vs) der
gebrochenen Querwellen (U2) in dem
zu inspizierenden Röhrenmetallkörper
(16),
(3) eine Schallgeschwindigkeit (VL) der
gebrochenen Längswellen (U1) in dem

zu inspizierenden Röhrenmetallkörper
(16),
(4) eine Schallgeschwindigkeit (Vi) der
einfallenden Wellen (U) in einem Kop-
pelmittel, und
(5) eine Länge des Wandlers (15) in
Umfangsrichtung des zu inspizieren-
den Röhrenmetallkörpers;

(S2) vorläufiges Setzen eines vorläufig ge-
setzten Brennpunkts (17) der gebrochenen
Querwellen (U2) an einer Innenfläche (16a)
des zu inspizierenden Röhrenmetallkör-
pers (16) als Bedingung (6);
(S3) Berechnen von Ausbreitungswegen
der gebrochenen Querwellen (U2), die zu
dem vorläufig gesetzten Brennpunkt (17)
ausgebreitet sind, basierend auf den Bedin-
gungen (1), (2), (4) und (6);
(S4) Berechnen der asymmetrisch ge-
krümmten Form, basierend auf den Aus-
breitungswegen der in Schritt (S3) berech-
neten gebrochenen Querwellen (U2) und
Bedingung (5);
(S5) Berechnen von Ausbreitungswegen
der gebrochenen Längswellen (U1), die
sich in ein Inneres des zu inspizierenden
Röhrenmetallkörpers (16) ausbreiten, ba-
sierend auf der in Schritt (S4) festgelegten
asymmetrisch gekrümmten Form und Be-
dingung (3);
(S6) Bestimmen, ob einer der Ausbrei-
tungswege der in Schritt (S5) berechneten
gebrochenen Längswellen (U1) die Innen-
fläche (16a) des zu inspizierenden Röhren-
metallkörpers (16) erreicht;
(S7) in einem Fall, in dem es Ausbreitungs-
wege gibt, die die Innenfläche (16a) errei-
chen, Ändern des vorläufig gesetzten
Brennpunkts (17) der gebrochenen Quer-
wellen (U2) auf eine Position, die entlang
der zu inspizierenden Innenfläche (16a) um
einen festgelegten Abstand beabstandet ist
und Wiederholen der Berechnungen der
Schritte (S1) bis (S6);
(S8) in einem Fall, in dem es keine Ausbrei-
tungswege gibt, die die Innenfläche (16a)
erreichen, Bestimmen der asymmetrisch
gekrümmten Form, die von der sofort vor-
angehenden Berechnung als eine endgül-
tige Form der asymmetrisch gekrümmten
Form vorläufig gesetzt wurde; und

Wählen der zu verwendenden schwingungser-
zeugenden Elemente, sodass die Länge in ho-
rizontaler Richtung der durch die Schritte (S1)
bis (S8) festgelegten asymmetrisch gekrümm-
ten Form etwa gleich ist wie die Länge des
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Wandlers (15),
Berechnen der Koordinaten des Zentrums der
schwingungserzeugenden Elemente, die eine
gewählte Elementgruppe bilden, und der relati-
ven Distanz zu der asymmetrisch gekrümmten
Form, wobei die relative Distanz zwischen ei-
nem der schwingungserzeugenden Elemente
und der asymmetrisch gekrümmten Form als 0
angenommen wird, und
Setzen eines Werts, der gleichwertig ist zu der
relativen Distanz geteilt durch die Schallge-
schwindigkeit (Vi) der einfallenden Wellen (U)
in dem Koppelmittel als eine Sendungsverzöge-
rungszeit und eine Empfangsverzögerungszeit,
die jedem der schwingungserzeugenden Ele-
mente entspricht, und
eine Winkelstrahlfehlererkennung wird durch-
geführt durch Empfangen reflektierter Echos
von Querwellen (U2), die von einem Fehler re-
flektiert werden, der auf der Innenfläche (16a),
einer Außenfläche (16b) oder in einem Inneren
(16c) des zu inspizierenden Röhrenmetallkör-
pers (16) vorhanden ist, durch den Wandler (15).

4. Verfahren nach Anspruch 3, dadurch gekenn-
zeichnet, dass die Ultraschallsonde (11) eine akus-
tische Linse hat, die vor dem Wandler (15) in Sen-
dungsrichtung von Ultraschallwellen angeordnet ist.

5. Verfahren nach einem der Ansprüche 1 bis 4, wobei
der zu inspizierende Röhrenkörper (16) ein Metall-
rohr mit einem Verhältnis seiner Wanddicke zu sei-
nem äußeren Durchmesser ist, das größer als 15 %
ist.

6. Verfahren nach einem der Ansprüche 1 bis 4, ge-
kennzeichnet durch ein Durchführen einer Winkel-
strahlfehlererkennung eines zu inspizierenden Röh-
renmetallkörpers, für den das Verhältnis seiner
Wanddicke zu seinem äußeren Durchmesser größer
als 15 % ist.

Revendications

1. Procédé destiné à réaliser une détection ultrasoni-
que de défaut d’un corps métallique tubulaire (16)
étant contrôlé, comprenant :

l’utilisation d’une sonde ultrasonique (11) pour
heurter obliquement des ondes ultrasoniques
sur le corps métallique tubulaire (16) étant con-
trôlé depuis un transducteur (15) logé dans une
sonde ultrasonique (11), générant des ondes
longitudinales réfractées (U1) et des ondes
transversales réfractées (U2) qui sont propa-
gées à l’intérieur du corps métallique tubulaire
(16) étant contrôlé et recevant des échos réflé-

chis des ondes transversales (U2) par le trans-
ducteur (15),
caractérisé en ce qu’une partie terminale an-
térieure (15c) du transducteur (15) présente une
partie avec une forme de courbe asymétrique
ayant un rayon de courbure (ρ1, ρ2), qui aug-
mente progressivement d’une extrémité (15b)
vers l’autre extrémité (15a) de la partie terminale
antérieure (15c),
la forme de la partie terminale antérieure (15c)
du transducteur (15) est déterminée par les éta-
pes suivantes (S1) à (S8) :

(S1) la mise en place des conditions suivan-
tes (1) à (5)

(1) un diamètre externe (D) et une
épaisseur de paroi (t) du corps métalli-
que tubulaire (16) étant contrôlé,
(2) une vitesse du son (Vs) des ondes
transversales réfractées (U2) dans le
corps métallique tubulaire (16) étant
contrôlé,
(3) une vitesse du son (VL) des ondes
longitudinales réfractées (U1) dans le
corps métallique tubulaire (16) étant
contrôlé,
(4) une vitesse du son (Vi) des ondes
incidentes (U) dans un couplant, et
(5) une longueur de la partie terminale
antérieure (15c) du transducteur (15)
dans la direction circonférentielle du
corps métallique tubulaire (16) étant
contrôlé ;

(S2) la définition provisoire comme condi-
tion (6) d’un point focal (17) provisoirement
défini des ondes transversales réfractées
(U2) sur une surface interne (16a) du corps
métallique tubulaire (16) étant contrôlé ;
(S3) le calcul de trajets de propagation des
ondes transversales réfractées (U2) propa-
gées vers le point focal (17) provisoirement
défini en fonction des conditions (1), (2), (4)
et (6) ;
(S4) le calcul de la forme de la partie termi-
nale antérieure (15c) du transducteur (15)
en fonction des trajets de propagation des
ondes transversales réfractées (U2) calcu-
lées dans l’étape (S3) et de la condition (5) ;
(S5) le calcul de trajets de propagation des
ondes longitudinales réfractées (U1) qui se
propagent à l’intérieur du corps métallique
tubulaire (16) étant contrôlé en fonction de
la forme de la partie terminale antérieure
(15c) du transducteur (15) déterminée dans
l’étape (S4) et de la condition (3) ;
(S6) la détermination de savoir si l’un quel-
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conque des trajets de propagation des on-
des longitudinales réfractées (U1) calculés
dans l’étape (S5) atteignent, ou non, la sur-
face interne (16a) du corps métallique tu-
bulaire (16) étant contrôlé ;
(S7) dans le cas où des trajets de propaga-
tion atteignent la surface interne (16a), le
changement du point focal (17) provisoire-
ment défini des ondes transversales réfrac-
tées (U2) vers une position espacée le long
de la surface interne (16a) étant contrôlée
par un pas prescrit et la répétition des cal-
culs des étapes (S1) à (S6) ;
(S8) dans le cas où aucun trajet de propa-
gation n’atteint la surface interne (16a), la
détermination de la forme de la partie ter-
minale antérieure (15c) du transducteur
(15) qui a été provisoirement définie par le
calcul qui précède immédiatement en tant
que forme finale de la partie terminale an-
térieure (15c) du transducteur (15) ; et

une détection d’un défaut de faisceau à angle
est réalisée par la réception d’échos réfléchis
d’ondes transversales (U2) qui sont réfractées
par un défaut présent sur la surface interne
(16a), sur une surface extérieure (16b) ou à l’in-
térieur (16c) du corps métallique tubulaire (16)
étant contrôlé par le transducteur (15).

2. Procédé destiné à réaliser une détection ultrasoni-
que de défaut d’un corps métallique tubulaire (16)
étant contrôlé, comprenant :

l’utilisation d’une sonde ultrasonique (11) qui
présente un transducteur (15) logé à l’intérieur
de celle-ci et une lentille acoustique qui est dis-
posée à l’avant du transducteur (15) dans le
sens de transmission d’ondes ultrasoniques
pour heurter de manière oblique des ondes ul-
trasoniques sur le corps métallique tubulaire
(16) étant contrôlé par le biais de la lentille
acoustique, générant des ondes longitudinales
réfractées (U1) et des ondes transversales ré-
fractées (U2) qui sont propagées à l’intérieur du
corps métallique tubulaire (16) étant contrôlé et
recevant des échos réfléchis des ondes trans-
versales (U2) par le transducteur (15),
caractérisé en ce que la partie terminale anté-
rieure (15c) de la lentille acoustique présente
une partie avec une forme de courbe asymétri-
que ayant un rayon de courbure (ρ1, ρ2) qui aug-
mente progressivement d’une extrémité (15b)
vers l’autre extrémité (15a) de la partie terminale
antérieure (15c),
la forme de la partie terminale antérieure (15c)
de la lentille acoustique est déterminée par les
étapes suivantes (S1) à (S8) :

(S1) la définition des conditions suivantes
(1) à (5)

(1) un diamètre externe (D) et une
épaisseur de paroi (t) du corps métalli-
que tubulaire (16) étant contrôlé,
(2) une vitesse du son (Vs) des ondes
transversales réfractées (U2) dans le
corps métallique tubulaire (16) étant
contrôlé,
(3) une vitesse du son (VL) des ondes
longitudinales réfractées (U1) dans le
corps métallique tubulaire (16) étant
contrôlé,
(4) une vitesse du son (Vi) des ondes
incidentes (U) dans un couplant, et
(5) une longueur de la partie terminale
antérieure (15c) de la lentille acousti-
que dans le sens circonférentiel du
corps métallique tubulaire (16) étant
contrôlé ;

(S2) la définition provisoire en tant que con-
dition (6) d’un point focal (17) provisoire-
ment défini des ondes transversales réfrac-
tées (U2) sur une surface interne (16a) du
corps métallique tubulaire (16) étant
contrôlé ;
(S3) le calcul de trajets de propagation des
ondes transversales réfractées (U2) propa-
gées vers le point focal (17) défini provisoi-
rement en fonction des conditions (1), (2),
(4) et (6) ;
(S4) le calcul de la forme de la partie termi-
nale antérieure (15c) de la lentille acousti-
que en fonction des trajets de propagation
des ondes transversales réfractées (U2)
calculées dans l’étape (S3) et de la condi-
tion (5) ;
(S5) le calcul de trajets de propagation des
ondes longitudinales réfractées (U1) qui se
propagent à l’intérieur du corps métallique
tubulaire (16) étant contrôlé en fonction de
la forme de la partie terminale antérieure
(15c) de la lentille acoustique déterminée
dans l’étape (S4) et de la condition (3) ;
(S6) la détermination de savoir si l’un quel-
conque des trajets de propagation des on-
des longitudinales réfractées (U1) calcu-
lées dans l’étape (S5) atteignent la surface
interne (16a) du corps métallique tubulaire
(16) étant contrôlé ;
(S7) dans le cas où des trajets de propaga-
tion atteignent la surface interne (16a), le
changement du point focal (17) défini pro-
visoirement des ondes transversales ré-
fractées (U2) vers une position espacée le
long de la surface interne (16a) étant con-
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trôlée par un pas prescrit et la répétition des
calculs des étapes (S1) à (S6) ;
(S8) dans le cas où aucun trajet de propa-
gation n’atteint la surface interne (16a), la
détermination de la forme de la partie ter-
minale antérieure (15c) de la lentille acous-
tique qui a été provisoirement définie par le
calcul qui précède immédiatement en tant
que forme finale de la partie terminale an-
térieure (15c) de la lentille acoustique ; et

une détection d’un défaut de faisceau à angle
est réalisée par la réception d’échos réfléchis
d’ondes transversales (U2) qui sont réfractées
par un défaut présent sur la surface interne
(16a), sur une surface externe (16b) ou à l’inté-
rieur (16c) du corps métallique tubulaire (16)
étant contrôlé par le transducteur (15).

3. Procédé destiné à réaliser une détection ultrasoni-
que de défaut d’un corps métallique tubulaire (16)
étant contrôlé, comprenant :

l’utilisation d’une sonde ultrasonique (11) pour
heurter de manière oblique des ondes sur le
corps métallique tubulaire (16) étant contrôlé
depuis un transducteur (15) logé dans la sonde
ultrasonique (11) et la génération d’ondes lon-
gitudinales réfractées (U1) et d’ondes transver-
sales réfractées (U2) qui sont propagées à l’in-
térieur du corps métallique tubulaire (16) étant
contrôlé et la réception d’échos réfléchis des on-
des transversales (U2) par le transducteur (15),
caractérisé en ce que le transducteur (15) est
constitué par une pluralité d’éléments de géné-
ration d’oscillations disposés en parallèle, des
ondes incidentes sont générées, ayant une sur-
face d’onde présentant une partie avec une for-
me de courbe asymétrique ayant un rayon de
courbure qui augmente progressivement d’une
extrémité vers l’autre extrémité de la surface
d’onde en raison d’interférences d’ondes ultra-
soniques générées par la pluralité d’éléments
de génération d’oscillations,
la forme de courbe asymétrique est déterminée
par les étapes suivantes (S1) à (S8) :

(S1) la définition des conditions suivantes
(1) à (5)

(1) un diamètre externe (D) et une
épaisseur de paroi (t) du corps métalli-
que tubulaire (16) étant contrôlé,
(2) une vitesse du son (Vs) des ondes
transversales réfractées (U2) dans le
corps métallique tubulaire (16) étant
contrôlé,
(3) une vitesse du son (VL) des ondes

longitudinales réfractées (U1) dans le
corps métallique tubulaire (16) étant
contrôlé,
(4) une vitesse du son (Vi) des ondes
incidentes (U) dans un couplant, et
(5) une longueur du transducteur (15)
dans le sens circonférentiel du corps
métallique tubulaire étant contrôlé ;

(S2) la définition provisoire comme condi-
tion (6) d’un point focal (17) défini provisoi-
rement des ondes transversales réfractées
(U2) sur une surface interne (16a) du corps
métallique tubulaire (16) étant contrôlé ;
(S3) le calcul de trajets de propagation des
ondes transversales réfractées (U2) propa-
gées vers le point focal (17) défini provisoi-
rement en fonction des conditions (1), (2),
(4) et (6) ;
(S4) le calcul de la forme de courbe asymé-
trique en fonction des trajets de propagation
des ondes transversales réfractées (U2)
calculés dans l’étape (S3) et de la condition
(5) ;
(S5) le calcul de trajets de propagation des
ondes longitudinales réfractées (U1) qui se
propagent à l’intérieur du corps métallique
tubulaire (16) étant contrôlé en fonction de
la forme de courbe asymétrique déterminée
dans l’étape (S4) et de la condition (3) ;
(S6) la détermination de savoir si l’un quel-
conque des trajets de propagation des on-
des longitudinales réfractées (U1) calcu-
lées dans l’étape (S5) atteignent, ou non, la
surface interne (16a) du corps métallique
tubulaire (16) étant contrôlé ;
(S7) dans le cas où des trajets de propaga-
tion atteignent la surface interne (16a), le
changement du point focal (17) défini pro-
visoirement des ondes transversales ré-
fractées (U2) vers une position espacée le
long de la surface interne (16a) étant con-
trôlée par un pas prescrit et la répétition des
calculs des étapes (S1) à (S6) ;
(S8) dans le cas où aucun trajet de propa-
gation n’atteint la surface interne (16a), la
détermination de la forme de courbe asy-
métrique qui a été provisoirement définie
par le calcul qui précède immédiatement
comme forme finale de la forme de courbe
asymétrique ; et

la sélection d’éléments de génération d’oscilla-
tions devant être utilisés de manière à ce que la
longueur dans le sens horizontal de la forme de
courbe asymétrique déterminée par les étapes
(S1) à (S8) soit approximativement la même que
la longueur du transducteur (15),
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le calcul des coordonnées du centre des élé-
ments de génération d’oscillations constituant
un groupe d’éléments choisis et la distance re-
lative depuis la forme de courbe asymétrique,
en prenant comme 0 la distance relative entre
les éléments de génération d’oscillations ou la
forme de courbe asymétrique, et
la définition d’une valeur égale à la distance re-
lative divisée par la vitesse du son (Vi) des ondes
incidentes (U) dans le couplant en tant que
temps de retard de transmission et la réception
d’un temps de retard correspondant à chacun
des éléments de génération d’oscillations, et
une détection de défaut de faisceau à angle est
réalisée par la réception d’échos réfléchis d’on-
des transversales (U2) qui sont réfractées par
un défaut présent sur la surface interne (16a),
sur une surface externe (16b) ou à l’intérieur
(16c) du corps métallique tubulaire (16) étant
contrôlé par le transducteur (15).

4. Procédé tel que décrit dans la revendication 3, ca-
ractérisé en ce que la sonde ultrasonique (11) pré-
sente une lentille acoustique disposée à l’avant du
transducteur (15) dans le sens de transmission d’on-
des ultrasoniques.

5. Procédé tel que décrit dans l’une quelconque des
revendications 1 à 4, dans lequel l’élément tubulaire
(16) étant contrôlé est un tuyau métallique dont le
rapport entre son épaisseur de paroi et son diamètre
externe est supérieur à 15 %.

6. Procédé tel que décrit dans l’une quelconque des
revendications 1 à 4, caractérisé par la réalisation
d’une détection d’un défaut de faisceau à angle d’un
corps métallique tubulaire étant contrôlé dont le rap-
port entre son épaisseur de paroi et son diamètre
externe est supérieur à 15 %.
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