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(57) A method for inspecting a component (10) in-
cludes exciting a number of transducers (12) forming an
array (14) to produce an ultrasonic transmission beam
(beam) focused into the component. The array and the
component are separated by a standoff (18). A number
of echo signals are generated using the transducers,
and the echo signals are processed in a number of chan-
nels. The processing includes both dynamical focus and
providing a dynamic aperture (24) on receive, both of
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Phased array ultrasonic inspection method for industrial applications

which compensate for refraction of the beam at the com-
ponent/standoff interface. A single-turn inspection
method includes: (a) positioning the array facing the
component, (b) exciting the transducers, (c¢) generating
a number of echo signals, (d) changing the relative an-
gular orientation of the array and the component around
an axis (26) and repeating steps (b) and (c), and (e)
processing the echo signals to form at least one proc-
essed echo signal.
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Description

[0001] The invention relates generally to ultrasonic
imaging methods for industrial applications and, more
particularly, to improved ultrasonic imaging methods for
the detection of defects found in components and struc-
tures (collectively termed "components") found in indus-
trial settings using advanced phased array ultrasound
systems.

[0002] Both the use of lighter components in industrial
applications and the use of industrial components over
longer engineering design lives have increased the de-
mand for enhanced nondestructive inspection tech-
niques designed for industrial settings. To meet current
demands, it is necessary to detect smaller defects with
greater productivity. Medical imaging tools, such as the
GE LOGIQ 9 and the GE LOGIQ Book, include many
features that would be desirable for industrial applica-
tions.

[0003] Conventional ultrasonicinspection systems for
industrial applications employ either probes with fixed
focus lenses or limited capability phased array imaging
techniques. Limitations include performing inspections
within the focal depth of field, in the case of the fixed
focus lens systems, or within the limits of the phased
array system to produce a focused beam. Generally,
conventional ultrasonic systems for industrial applica-
tions use either a single probe, in pulse echo mode, or
a pair of probes, in either a through transmission or pitch
and catch mode. These probes can be either unfocused
or focused using an attached lens. Industrial inspections
requiring high sensitivity over a large depth range are
typically accomplished using multiple scans with appro-
priately focused probes. Such inspections are time con-
suming due to the multiple scans required. High-sensi-
tivity, large depth range inspections are also performed
using a multi-zone approach, in which multi-channel ac-
quisition systems are used to monitor data from multiple
probes simultaneously, with each probe monitoring a
separate depth within the test component. Conventional
ultrasonic inspection systems for industrial applications
are typically limited to a single angle beam interrogation
of the test component. The angled ultrasonic beam is
produced either by affixing the probe to a wedge of ma-
terial at an angle relative to the test component or by
immersion of the probe in a material with a material ve-
locity, which is sufficiently different from that of the test
component to cause refraction of the beam.

[0004] Conventional phased array imaging ultra-
sound systems for industrial inspections typically are
limited to beam-forming, with the more advanced of
these systems providing dynamic depth focus but inca-
pable of performing dynamic aperture sizing. Dynamic
aperture sizing is desirable to control the beam proper-
ties.

[0005] It would therefore be desirable to provide an
inspection method for industrial applications that pro-
vides both dynamic focus and dynamic aperture sizing.
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It would further be desirable for the method to compen-
sate for refraction at an interface between a test com-
ponent and a standoff, for example a water standoff. It
would also be desirable to provide an inspection method
for industrial applications that compensates for the
steering of the ultrasonic transmission beam due to re-
fraction at a test component/standoff interface. In addi-
tion, it would be desirable to correct for surface geome-
try effects caused by a curved test component/standoff
interface. To increase productivity, it would also be de-
sirable to provide a single-turn inspection method, so
that industrial components can be inspected without
time-consuming movement of a probe. It would also be
desirable to provide a method to inspect the quality of
the product flow through pipes that employs ultrasonic
inspection techniques. To decrease inspection time, it
would be desirable to employ full-array insonification.
Also, for industrial applications, it would be desirable to
introduce synchronization of images with the corre-
sponding probe position to advanced ultrasound imag-
ing systems typically employed for medical applications.
[0006] Briefly, in accordance with one embodiment of
the present invention, a method of inspecting a compo-
nent is provided. The inspection method includes excit-
ing a number of transducers forming an array to produce
an ultrasonic transmission beam focused into the com-
ponent along a selected ray path from the array. The
array is separated from the component by a standoff
with a material velocity v,,. The inspection method fur-
ther includes generating a number of echo signals using
the transducers as receive elements and processing the
echo signals in a number of channels. The processing
includes dynamically focusing the echo signals along
the selected ray path on at least one focal point P in the
component. The dynamic focusing comprises adjusting
a delay profile to compensate for refraction of the ultra-
sonic transmission beam at an interface between the
component and the standoff and applying the delay pro-
file to the echo signals in the respective channels to gen-
erate a number of delayed echo signals. The processing
further includes adjusting the number of active receive
elements as a function of a range R, to provide a dy-
namic aperture on receive. The adjustment of the
number of receive elements comprises compensating
for refraction of the ultrasonic transmission beam at the
interface between the component and the standoff. The
processing also includes summing the delayed echo
signals from the active receive elements to generate a
focused echo signal.

[0007] Another method embodiment for inspecting a
component includes applying a separate excitation
pulse to each transducer in the array, to produce an ul-
trasonic transmission beam focused into the component
along a selected ray path. As above, the array is sepa-
rated from the component by a standoff with a material
velocity v,,. The inspection method further includes
steering the ultrasonic transmission beam along the se-
lected ray path at an angle © relative to a surface nor-
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mal. The steering comprises adjusting a transmit delay
profile, to compensate for refraction of the ultrasonic
transmission beam at the interface between the compo-
nent and the standoff, and modulating the excitation
pulses with the transmit delay profile. The inspection
method further includes generating a number of echo
signals using the transducers as receive elements and
processing the echo signals in a number of channels
using a delay profile that comprises a number of receive
delays, each receive delay comprising a static receive
steering term. The echo signal processing includes ad-
justing each of the static receive steering terms to com-
pensate for refraction of the ultrasonic transmission
beam at the component/standoff interface, applying the
delay profile to the echo signals in the respective chan-
nels to generate a number of delayed echo signals, and
summing the delayed echo signals from the receive el-
ements to generate a steered echo signal.

[0008] A single-turn method embodiment for inspect-
ing a component having an inspection surface is also
provided. The single-turn inspection method includes
(a) positioning an array of transducers facing the inspec-
tion surface of the component, (b) exciting the transduc-
ers to produce an ultrasonic transmission beam focused
into the component along a selected ray path from the
array, (c) generating a number of echo signals using the
transducers as receive elements, (d) changing the rel-
ative angular orientation of the array and the component
around an axis and repeating steps (b) and (c), and (e)
processing the echo signals in a number of channels to
form at least one processed echo signal.

[0009] A method embodiment for inspecting product
flow through a pipe is also provided. This inspection
method includes exciting a number of transducers form-
ing an array to transmit ultrasonic energy into the pipe,
generating a number of receive signals from the reflect-
ed ultrasonic energy, and processing the receive signals
in a number of channels. The processing comprises
comparing the receive signals to a frequency reference
to determine a number of frequency shifts imparted to
the reflected ultrasonic energy.

[0010] The invention will now be described in greater
detail, by way of example, with reference to the draw-
ings, in which:-

FIG. 1 is a block diagram of an ultrasonic imaging
system;

FIG. 2 shows an array and a component separated
by a standoff, the component and standoff having
different material velocities vg and v,,, respectively;

FIG. 3 shows a secondary lens effect cause by a
standoff between an array of transducers and a

component having a curved surface;

FIG. 4 illustrates a single-turn inspection method;
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FIG. 5 shows a "stitched" image of a component
with and without compensation for a standoff with a
material velocity that differs from that of the compo-
nent;

FIG. 6 illustrates a through-transmission inspection
method;

FIG. 7 illustrates a conventional "pitch and catch"
inspection technique;

FIG. 8 shows an improved pitch and catch inspec-
tion technique using an array of transducers for both
pitching and catching;

FIG. 9 illustrates a method of inspecting product
flow through a pipe;

FIG. 10 illustrates the simultaneous excitation of
each of a first set of transducers in an array; and

FIG. 11 illustrates another improved pitch and catch
inspection technique using a single array of trans-

ducers for both pitching and catching.

A. Dynamic Aperture and Dynamic Focus

[0011] A method of inspecting a component 10 is de-
scribed with reference to Figures 1 and 2. The method
includes exciting a number of transducers 12 forming
an array 14 to produce an ultrasonic transmission beam
focused into the component 10 along a selected ray path
16 from the array, as shown in Figure 1, which illustrates
an ultrasonicimaging system 100 in block diagram form.
Each of the transducers 12 is excited, for example, by
a pulse produced by a transmitter 28. As shown in Fig-
ure 2, the array 10 is separated from the component 10
by a standoff 18 with a material velocity C,,. Exemplary
standoffs 18 include water, other fluids such as oils and
glycerine, and a machined wedge (shoe). Examples of
shoes (not shown) are solid structures machined to
mate with the geometry of the transducer surface, on
one side, and the component geometry on the other
side. Shoes are often formed of plexiglass or Lucite. The
method further includes generating a number of echo
signals using the transducers 12 as receive elements
12, and processing the echo signals in a number of
channels. For example, the ultrasonic energy reflected
back to the array 14 is converted to an electrical signal
(echo signal) by each of the transducers 12 and applied
separately to a receiver 30 through a set of switches 32.
For the exemplary system shown in Figure 1, the trans-
mitter 28, receiver 30, and switches 32 are controlled by
a digital controller 19 responsive to commands input by
an operator.

[0012] The processing includes dynamically focusing
the echo signals along the selected ray path 16 on at
least one focal point P in the component 10. The dynam-
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ic focusing includes adjusting a delay profile comprising
a number of receive delays to compensate for refraction
of the ultrasonic transmission beam at the interface 22
between the component 10 and the standoff 18. Exem-
plary receive delays include time and/or phase delays,
which are indicated in Figure 1 by (T, ). In the case of a
linear array 14, each of the receive delays includes a
beam focusing time delay that changes during reception
of the echo to provide dynamic focusing of the received
ultrasonic energy at the range from which the echo sig-
nal emanates. As explained in commonly assigned U.
S. Patent No. 5,235,982, O'Donnell, entitled "Dynamic
transmit focusing of a steered ultrasonic beam," which
is incorporated herein by reference, the delays may or-
dinarily be expressed as:

T =(k-(N-1)/2)%dcos’ Q/2Ryv,

where R is the range of the focal point P from the center
of the array 14, v is the material velocity of the compo-
nent 10, and © is the angle of incidence for the beam
16 relative to a surface normal 21. However, this expres-
sion does not compensate for refraction at a component/
standoff interface 22. An exemplary adjustment of this
expression to compensate for the refraction across in-
terface 22 is:

T =[k-(N-1)/21°d°cos Q2R V,, + R V)],

where R, is the length of the beam extending along the
central beam axis 16 in the standoff 18, v, is the material
velocity in the standoff 18, Ry is the length of the beam
extending along the central beam axis 16 in the compo-
nent 10, and vy is the material velocity in the component
10. The delay profile is applied to the echo signals in the
respective channels to generate a number of delayed
echo signals. For example, receiver 30 samples the
echo signals at a succession of ranges R; (R, is con-
stant for a given angle ©) and provides the proper re-
ceive delays to dynamically focus at points P along the
sampled beam. Thus, each emission of an ultrasonic
pulse results in the acquisition of a series of echo signal
samples that represent the amount of reflected sound
from a corresponding series of points P located along
the ultrasonic receive beam.

[0013] To provide a dynamic aperture 24 on receive,
the processing further includes adjusting the number of
active receive elements as a function of arange R;. (R,,
is constant for a given incident angle ©) As used here,
the phrase "active receive element" 12 indicates a trans-
ducer from which the echo receive signal is included in
the overall focused echo signal. Exemplary active re-
ceive elements are indicated in Figure 2 by shading. In
contrast, the echo signals from inactive receive ele-
ments 12 are neglected when calculating the focused
echo signal. The adjustment of the number of receive
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elements 12 includes compensating for refraction of the
ultrasonic transmission beam at the interface 22 be-
tween the component 10 and the standoff 18. For ex-
ample, for an ultrasonic beam 16 incident on a compo-
nent with no significant change in material velocity at the
surface of the component, to maintain a constant focal
number F, the aperture width A is adjusted according to
the formula F=R/A. So for this conventional example, as
the range R increases, A must also be increased to
maintain a constant focal number F. In other words, the
delayed echo signals of more active receive elements
12 contribute to the focused echo signal. As noted
above, the ultrasonic transmission beam 16 is refracted
at the interface 22 of the component 10 and the standoff
18, due to the mismatch in material velocities V,, and
V,. To compensate for the refraction, adjustment of the
aperture width A is performed according to the expres-
sion:

F=[R,, + Rs(V /V,,)J/A.

[0014] In addition to the dynamic focusing and dy-
namic aperture sizing described above, the processing
further includes summing the delayed echo signals from
all of the active receive elements to generate a focused
echo signal. For example, the delayed echo signals are
summed in receiver 30 to form the focused echo signal,
which may be employed, for example, to produce a pixel
or a line in an image on a display 17.

[0015] Although the provision of dynamic aperturing
and dynamic focusing has been described with respect
to a component 10 and an array 14 separated by a
standoff 18 with a material velocity mismatch, this com-
bination is also applicable to contact ultrasonic inspec-
tion of a component 10, for example, for industrial in-
spection applications. By "contact," it is meant that the
array 14 is placed in direct contact with the component
10. (Not shown in Figures 1 and 2.) However, where
there is no standoff 18, there is no material velocity mis-
match at the surface 22 of the component 10, and hence
no refraction at the surface 22 of the component 10.
Consequently, the dynamic aperturing and focusing are
not corrected to compensate for refraction at the surface
22 of the component for ultrasonic inspection of a com-
ponent 10 without a standoff 18. Dynamic aperture siz-
ing and focusing in the absence of a standoff 18 are de-
scribed, for example, in commonly assigned U.S. Patent
No. 4,180,790, Charles E. Thomas, entitled "Dynamic
Array Aperture and Focus Control for Ultrasonic Imag-
ing Systems," which is incorporated by reference herein.
[0016] Beneficially, the use of a dynamic aperture
coupled with dynamic focusing enables controlling de-
sired focal properties over the entire depth of inspection.
[0017] Itis desirable for the array 14 to contain a large
number of transducers 12, for example 128 or 1024, to
provide a large inspection area. To enable the use of a
large number of transducers without a corresponding in-
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crease in the number of channels and to reduce the
number of switches 32 needed, the transducers 12 may
be multiplexed, for example as described in commonly
assigned U.S. patent No. 5,329,930, Thomas et al., en-
titted "Phased Array Sector Scanner with Multiplexed
Acoustic Transducer Elements," which is incorporated
by reference herein. Beneficially, the use of 128 trans-
ducers 12 independently or 1024 transducers 12 via
multiplexing facilitates improved productivity and in-
spection flexibility relative to conventional industrial ul-
trasonic inspection methods.

[0018] It is desirable to direct or steer the ultrasonic
beam to move the beam through a set of angles © to
scan the component 10. According to a more particular
embodiment, a separate excitation signal pulse is ap-
plied to each of the transducers, to drive each of the
transducers 12 with separate voltages (apodizing). For
this embodiment, which is illustrated in Figure 2, the in-
spection method further includes steering the ultrasonic
transmission beam along the selected ray path 16 at an
angle ©relative to the surface normal 21. The steering
includes adjusting a transmit delay profile to compen-
sate for refraction of the ultrasonic transmission beam
at the interface 22. The transmit delay profile comprises
a set of transmit delays, and each transmit delay in-
cludes a static steering term. Exemplary transmit delays
include time and/or phase delays, which are also indi-
cated in Figure 1 by (T,). The steering further includes
modulating the excitation signal pulses with the transmit
delay profile. For example, transmitter 28 imparts a
transmit delay to each of the signal pulses applied to the
successive transducer elements 12. If the transmit delay
is zero (T, =0), all of the transducer elements 12 are en-
ergized simultaneously, and the resulting ultrasonic
beam is directed normal to the interface 22 between the
standoff 18 and the component 10. To steer the ultra-
sonic beam, the transmit delay T, that is added to the
respective kth signal pulse from one end of the array 14
(k=1) to the other end (k=N) can be expressed as:

T (©)=(dlv,,)sinc(k-1),

where d is the distance between transducer elements
12, as shown in Figure 1. This transmit delay profile (T )
compensates for the refraction of the steered ultrasonic
beam at the interface 22.

[0019] In addition to steering the ultrasonic beam on
transmit, the inspection method also includes forming a
steered focused echo signal by application of the delay
profile to the echo signals in the respective channels to
generate the delayed echo signals (steering on receive).
For this steering embodiment, the delay profile includes
a set of receive delays, and each receive delay compris-
es a static receive steering term. Each of the static re-
ceive steering terms is adjusted to compensate for re-
fraction at the interface. Each of the static receive steer-
ing terms for reception is the same delay T, (©) as the
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transmit delay explained above. Although only one an-
gle (©)isindicated, those skilled in the art will recognize
that the ultrasonic beam may also be steered along mul-
tiple angles (©, v) with respect to a common axis 21.
This embodiment encompasses both single- angle (©)
and multi-angle (&, v) steering.

[0020] In order to scan the component 10 at various
depths Rq, multiple transmits are used. For this particu-
lar embodiment of the inspection method, a separate
signal pulse is applied to each of the transducers 12 at
each of a number of successive excitation time intervals
t, and the generation of the echo signals is performed
for each of the successive excitation time intervals t;.
For example, at a first time interval t;, each of the trans-
ducers 12 is separately driven, and a first set of echo
signals is generated. At a second time interval t,, each
of the transducers 12 is separately driven, and a second
set of echo signals is generated, and so on. For this em-
bodiment, the echo signals are dynamically focused
along the selected ray path 16 at a number of focal
points P; at various ranges R; during each successive i-
th one of the excitation time intervals t. The dynamic
focusing at focal points P; includes adjusting a respec-
tive delay profile (T,;) comprising a number of receive
delays T,; to compensate for refraction of the ultrasonic
transmission beam at the interface 22 between the com-
ponent 10 and the standoff 18. These adjustments are
performed as described above. In addition to dynami-
cally focusing for each of the time intervals t;, for the in-
spection method of this particular embodiment, the dy-
namic aperturing is performed for each time interval t,.
More particularly, the number of active receive elements
is adjusted for each of the successive excitation time
intervals t; as a function of the range R;, to compensate
for refraction of the ultrasonic transmission beam at the
interface 22 between the component 10 and the standoff
18. To generate a focused echo signal for each range
R;, the delayed echo signals from all of the active receive
elements are summed, for example in receiver 30, for
each of the successive excitation time intervals.

[0021] To display the resulting image data, it is useful
to assemble (stitch) the image data from multiple depths
into a single frame (image). This single frame is dis-
played using display system 17. Image stitching is
known in the art and hence will not be described in detail
here. However, it should be noted that when the imaging
is done through a standoff 18, a conventional medical
ultrasonic imaging system will distort the image due to
the material velocity difference between the standoff 18
(vy) and the component 10 (vg). This distortion is shown
in Figure 5. As shown, the uncompensated image dis-
torts the portion of the image corresponding to the
standoff 18 by the ratio v¢/v,,. To compensate for the ma-
terial velocity mismatch across the interface 22, the por-
tion of the image corresponding to the standoff 18 is re-
duced by the ratio v¢/v,, according to a particular em-
bodiment. The compensated image is also shown in Fig-
ure 5. Another correction is to remove the portion of the
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image corresponding to the standoff 18. Either of these
corrections may be performed, for example, using the
imaging software applied to display system 17.

B. Steering

[0022] Another method embodiment of the presentin-
vention is also described with reference to Figures 1 and
2. The method of inspecting a component 10 includes
applying a separate excitation pulse to each transducer
12 forming array 14, to produce an ultrasonic transmis-
sion beam focused into the component 10 along a se-
lected ray path 16 from the array 14. As shown in Figure
2, the array 14 is separated from the component 10 by
a standoff 18 with a material velocity c,,. The method
further includes steering the ultrasonic transmission
beam along the selected ray path at an angle O relative
to the surface normal 21. The steering includes adjust-
ing a transmit delay profile (T,) to compensate for re-
fraction of the ultrasonic transmission beam at interface
22, as discussed above. The steering further includes
modulating the excitation pulses with the transmit delay
profile (T,), as discussed above. The inspection method
further includes generating a number of echo signals us-
ing the transducers 12 as receive elements 12, and
processing the echo signals in a number of channels
using a delay profile. The delay profile comprises a set
of receive delays, and each receive delay has a static
receive steering term, as discussed above. The
processing includes adjusting each of the static receive
steering terms to compensate for refraction of the ultra-
sonic transmission beam at the interface 22 between the
component 10 and the standoff 18, applying the delay
profile (T, ) to the echo signals in the respective channels
to generate a number of delayed echo signals, and sum-
ming the delayed echo signals from the receive ele-
ments 12 to generate a steered echo signal. As dis-
cussed above with respect to the first embodiment, the
echo signals are generated by each of the transducers
12 and applied separately to a receiver 30 through a set
of switches 32. Each of the receive delays T, (©) is ap-
plied to the echo signal of the respective kth transducer
12 to form the respective delayed echo signal. The de-
layed echo signals are summed in the receiver 30.

[0023] In addition to steering the ultrasonic beam, it
is useful to provide dynamic aperture sizing for inspec-
tion of industrial components. Accordingly, for a more
particular embodiment the processing step further in-
cludes adjusting the number of active receive elements
12 as a function of a range R to provide a dynamic ap-
erture 24 on receive. As noted above, an active receive
element 12 is a transducer 12 from which the echo re-
ceive signal is included in the overall steered echo sig-
nal. In contrast, the echo signals from inactive receive
elements 12 are neglected when calculating the steered
echo signal. Because of the material velocity mismatch
across interface 22, the adjustment of the number of re-
ceive elements 12 includes compensating for refraction
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of the ultrasonic transmission beam at the interface 22.
For example, adjustment of the aperture width A is per-
formed according to the expression: F=[R, + Rs(v¢/v,,)]
/A, as discussed above. As noted above, R, is the
length of the beam extending along the central beam
axis 16 in the standoff 18, C,, is the material velocity in
the standoff 18, Ry is the length of the beam extending
along the central beam axis 16 in the component 10,
and vy is the material velocity in the component 10. R,
and Ry are exemplarily indicated in Figure 2. For this
steering plus dynamic aperture embodiment, the sum-
ming step comprises summing the delayed echo signals
from all of the active receive elements 12 to generate
the steered echo signal.

[0024] Although only one angle (©) is indicated, those
skilled in the art will recognize that the ultrasonic beam
may also be steered with respect to multiple angles (&,
y). This embodiment encompasses both single-angle
(©) and multi-angle (&, ) steering.

[0025] In addition to steering longitudinal waves, it
would also be desirable to inspect industrial compo-
nents by steering other wave modes. Industrial compo-
nents 10, such as forgings, billets, welds (weldments)
and other solids, support shear and surface wave prop-
agation. Briefly, acoustic waves have three main prop-
agation modes, longitudinal, shear and surface waves.
Additional propagation modes include Lamb waves,
Stonely waves, and extensional waves. The velocity of
the shear wave v, is about one half that of the longitu-
dinalwave v| (v¢,~0.5v|), and the velocity of the surface
wave Vg, is about 0.9 times that of the shear wave
(vgy~0.9 vgp). As discussed above with respect to Figure
2, an ultrasonic beam incident on a standoff 18/compo-
nent 10 interface 22 (for example a water/steel interface
22) at an angle © is refracted in the component at a
refracted angle ¢..and the relationship between the in-
cident and refracted angles is governed by Snell's Law:
sinGrsing=v,,/vs. More particularly, each of the three
modes has a distinct refracted angle ¢. Namely, the lon-
gitudinal wave is refracted at an angle ¢; which is gov-
erned by sinG/sing, =v, /v the shear wave is refracted
atan angle ¢y, which is determined by: sinG/sindg,=v,,/
Vg, @nd the surface wave is refracted at an angle ¢,
which is determined by sinG/sindg =v,,/vg,. As the angle
of incidence @ increases, the refracted angles ¢, and
dsp, increase until the respective critical angles ¢, =90°
and ¢.,=90° are reached, at which point the respective
longitudinal and shear modes no longer propagate in the
component 10. The corresponding critical values of the
incidentangle ©are determined by Snell's Law and vary
for the longitudinal and shear modes, due to the different
velocities of the two modes v| and vgy,.

[0026] As noted above, industrial components 10
support shear and surface wave propagation. Accord-
ingly, for another particular embodiment of the inspec-
tion method, a separate excitation pulse is applied to
each of the transducers 12 to produce a shear wave ul-
trasonic transmission beam focused into the component
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10. Beneficially, a shear wave has a wavelength Ay,
equal to about half the wavelength A, of a longitudinal
wave at the same frequency, permitting greater resolu-
tion of defects. Moreover, if the incident angle © ex-
ceeds the first critical angle ¢, the longitudinal wave
does not propagate in the component 10 and use of the
shear wave permits inspection of the component at the
desired angle © without erroneous longitudinal wave
signals interfering with the ultrasonic inspection. Simi-
larly, for another particular embodiment of the inspection
method, a separate excitation pulse is applied to each
of the transducers 12 to produce a surface wave ultra-
sonic transmission beam along the surface 22 of the
component. Beneficially, ultrasonic inspection of indus-
trial components using surface waves facilitates inspec-
tion of the surface 22 of the component, including de-
tection of flaws located on the surface 22 of the compo-
nent 10 (surface flaws). Conventional ultrasonic inspec-
tion employs longitudinal waves and hence is a volume
inspection tool. Surface wave modes enhance surface
flaw detection and inspection capabilities.

[0027] It will be recognized by those skilled in the art
that the other inspection techniques described herein
are also advantageously combined with these shear
and surface wave mode inspections.

C. Surface Geometry

[0028] A method of inspecting a component 10 along
a curved surface 22 of the component 10, for example,
a conical, cylindrical or compound radii surface 22, and
across a standoff 18 with a material velocity c,, is de-
scribed with reference to Figures 1 and 3. Because of
the mismatch of material velocities v, in the standoff 18
and vg in the component 10, a curved interface 22 pro-
duces a secondary lens effect via refraction, with the
standoff 18 functioning like a lens, changing the char-
acteristics of the ultrasonic beam. This secondary lens
effectis illustrated in Figure 3 and degrades the resulting
image. This inspection method embodiment corrects for
the secondary lens effect and includes adjusting a trans-
mit delay profile to compensate for at least one surface
geometry effect. The transmit delay profile comprises a
set of transmit delays T, and each of the transmit delays
has a static surface geometry term, which is determined
using Fermat's equations to calculate the delay required
to have energy from each element 12 arrive at a desired
focal point P in phase. The method further includes mod-
ulating a number of excitation signal pulses with the
transmit delay profile (T,). More particularly, the trans-
mitter 28 imparts each of the transmit delays T, to the
respective kth excitation signal pulse from one end of
the array 14 (k=1) to the other end (k=N). The method
further includes applying a separate one of each of the
modulated excitation signal pulses to each of the trans-
ducers 12 forming array 14. The array 14 is separated
a distance R, from the component 10. In this manner,
an ultrasonic transmission beam is produced that is fo-
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cused into the component 10 along a selected ray path
16 from the array 14. Via the static surface geometry
term, application of the transmit delays T corrects for
the secondary lens effect upon transmit. The inspection
method further includes generating a number of echo
signals using the transducers 12 as receive elements
12 and processing the echo signals in a number of chan-
nels

[0029] In addition to correcting for the secondary lens
effect upon transmit, the inspection method also cor-
rects for the secondary lens effect on receive. Accord-
ingly, the processing of the echo signal includes apply-
ing a delay profile to the echo signals in the respective
channels to generate a number of delayed echo signals
that compensate for the at least one surface geometry
effect. Similar to the transmit delay profile, the delay pro-
file comprises a set of receive delays (T,), and each of
the receive delays includes a static surface geometry
term, which is also determined using Fermat's equations
to calculate the delay required to have energy from each
element 12 arrive at a desired focal point P in phase.
More particularly, the static surface geometry terms are
the same for both transmission and reception. More par-
ticularly, the receive delays T, are applied to the echo
signals from the respective kth receive elements 12 by
receiver 30 under the control of digital controller 19.
[0030] The processing of the echo signals further in-
cludes summing the delayed echo signals from the re-
ceive elements 12 to generate a surface geometry effect
compensated echo signal. The echo signals are
summed, for example, in receiver 30 under the control
of digital controller 19.

D. Single Turn Inspection

[0031] Industrial applications typically involve inspec-
tion of numerous components 10, such as billets and
forgings. Accordingly, an efficient inspection process is
critical to reducing inspection time and costs. In order to
enhance inspection efficiency, a single-turn method em-
bodiment is provided, for inspecting a component 10
having an inspection surface 22. The single-turn inspec-
tion method is described with reference to Figure 4 and
includes positioning an array 14 of transducers 12 facing
the inspection surface 22 of the component 10, as
shown for example in Figure 4. The array 14 may face
the inspection surface 22 either directly or across a
standoff 18. In addition, the array 14 may be radially or
axially aligned with the component 10. In Figure 4, the
arrays 14 marked "R" and "A" are respectively radially
and axially aligned with the component 10. In addition,
an array 14 may also be formed to extend both radially
and axially along the component 10, for example ar-
ranged in a right angle (not shown). The single-turn in-
spection method further includes exciting the transduc-
ers 12 to produce an ultrasonic transmission beam fo-
cused into the component 10 along a selected ray path
16 from the array 14. A number of echo signals are gen-
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erated using the transducers 12 as receive elements 12.
The single-turn inspection method further includes
changing the relative angular orientation of the array
and the component around an axis 26 and repeating the
steps of exciting the transducers 12 and generating a
number of echo signals. The relative angular orientation
of the array 14 and component 10 is changed either by
rotating the array 14 or by rotating the component 10
around the axis 26. The echo signals are processed in
a number of channels to form at least one processed
echo signal. Although the processing step is listed here
as following the rotation of the array 14 around the axis
26, it should be understood that this order encompasses
both sequential and collective processing. For sequen-
tial processing, the array 14 is satisfactorily positioned,
the transducers 12 are activated, a set of echo signals
is generated and processed. The array 14 is then rotat-
ed and the activation, generation and processing steps
are repeated for a second set of echo signals, etc. Sim-
ilarly, for collective processing, several sets of echo sig-
nals are generated for each angular increment of the
array 14 about axis 26, and the sets of echo signals are
then processed. The resulting processed echo signals
are displayed, either as separate frames, or stitched to-
gether to form a single image of the components.
[0032] Beneficially, by inspecting the component 10
at a number of angular increments about the axis 26,
translational movement of the array 14 across the com-
ponent surface 22 can be avoided, increasing the over-
all efficiency of the inspection process. According to a
particular embodiment of the single-turn method, the
processed echo signals corresponding to a final image
of the component 10 are obtained with the relative ori-
entation of the array 14 and the component 10 con-
strained to rotations around the axis 26. By "con-
strained," it is meant that the final image is obtained at
one or more rotational orientations of the array 14 (or
component 10) around the axis 26, with no other repo-
sitioning of the array 14 relative to the component 10.
For example, no translational movement of the array 14
relative to the components 10 is necessary for this em-
bodiment. Desirably, for this embodiment, the array 14
is large enough to extend over the area of interest of the
component 14, such that the entire area of interested is
scanned by rotating the array 14 around the axis 26. For
example, either a single large array or several smaller
arrays grouped together are used. Beneficially, this em-
bodiment avoids time-consuming and cumbersome re-
positioning of either the array 14 or the component 10.
[0033] According to a more particular embodiment
applicable to components 10 with a curved inspection
surface 22 (not shown in Figure 4), the positioning step
further includes contouring the array 14 to the curved
inspection surface 22, either directly or through a stand-
off 18.
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E. Through Transmission

[0034] In addition to single-array inspection, a com-
ponent 10 may also be inspected by positioning the
component 10 between a transmit array 14 and a re-
ceive array 14, as illustrated in Figure 6. Conventionally,
single ultrasound probes (not shown) are used to in-
spect a component 10 via through transmission ultra-
sound inspection. These probes are moved several
times to scan the component. Beneficially, using arrays
14 for transmission and reception facilitates scanning
the component 10 electronically, thereby eliminating
time-consuming mechanical movement of the inspec-
tion equipment over the component 10

F. Pitch and Catch

[0035] Another conventional inspection technique is
illustrated in Figure 7. As shown, an ultrasound trans-
mission beam is "pitched" into an inspection component
10 by a first probe 42 and "caught" by a second probe
42. This technique is employed for crack-tip diffraction
detection. The configuration shown is used to detect the
base and tip of a crack 40 in component 10 and, from
this information, to size the crack 40. However, this tech-
nique requires mechanical manipulation of the probes
42 and hence is relatively slow and cumbersome. Re-
placing the individual probes 42 with arrays 14 of trans-
ducers 12 improves upon the technique described with
reference to Figure 7. Figures 8 and 11 illustrate an im-
proved "pitch and catch" inspection method for which a
single array 14 is used for both pitching and catching.
More particularly, at least one subset of the transducers
12 in the array 14 is energized for transmission of the
ultrasonic beam, and at least one subset of the trans-
ducers 12 receives the reflected ultrasonic energy. The
respective transmit and receive subsets of transducers
12 are indicated in Figures 8 and 11 by "T" and "R." As
shown in Figure 8, one subset of transducers 12 may
be used on transmit, and one subset may be used on
receive. For the embodiment of Figure 11, one subset
of transducers 12 is used on transmit, whereas two sub-
sets are used on receive. This single-array pitch and
catch embodiment is not limited to the specific configu-
rations illustrated in Figures 8 and 11 but rather encom-
passes any arrangement of a single array 14 for which
at least one set of transducers form a beam on trans-
mission and at least one other set of transducers 12 re-
ceive a reflected beam from the test component 10.

G. Doppler
[0036] Itis known to use ultrasound to measure blood

flow and would be desirable to extend ultrasound tech-
niques developed to monitor blood flow to industrial ap-
plications, such as monitoring product flow through tub-
ing or pipes (for example chemical feed pipes) or
through instrumentation pipes (used, for example, for
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heat exchanger flow). Pipes, tubing, and other vessels
through which products flow in industrial applications
are collectively termed "pipes" herein. Inspection of
product flow through pipes is desirable because depos-
its (or build-up) on pipe walls can restrict and/or perturb
product flow through the pipes. In addition, heat ex-
changers can plug or foul causing flow restrictions. Ul-
trasound desirably provides a nondestructive, noninva-
sive inspection method for detecting and monitoring
such problems.

[0037] A method of inspecting product flow through a
pipe 50 is described with reference to Figure 9. The
method includes exciting a number of transducers 12
forming an array 14 to transmit ultrasonic energy into
the pipe 50. For example, the transducers 12 are excited
by transmitter 28 through T/R (transmit/receive) switch-
es 32 under control of controller 19. It should be noted
that although the array 14 is depicted in Figure 9 as be-
ing in contact with the pipe 50, the array 14 and pipe 50
may also be separated by a standoff, for example by
water, another liquid suitable for coupling the ultrasonic
energy to the pipe 50 and array 14, or a shoe (not
shown). The method further includes generating a
number of receive signals from reflected ultrasonic en-
ergy and processing the receive signals in a number of
channels The receive signals are generated by the
transducers 12 acting as receive elements 12, for the
embodiment shown in Figure 9. The processing in-
cludes comparing the receive signals to a frequency ref-
erence to determine a number of frequency shifts im-
parted to the reflected ultrasonic energy. The process-
ing is performed, for example, by receiver 30 which is
controlled by digital controller 19. According to a more
particular embodiment, the processing further includes
producing an image of the product flow through the pipe
50. For the embodiment of Figure 9, the image is dis-
played on display 17 using known imaging software (not
shown). By imaging the product flow through the pipe,
flow restrictions caused by deposits on pipe walls can
be detected and monitored.

[0038] Foranother embodiment, the inspection meth-
od further includes converting the frequency shifts to an
audible output. For example, the frequency shifts are
converted to an audible output, which is transmitted over
at least one speaker 44, using known audio software
(not shown) such as provided in the GE LOGIQ 9. Con-
verting the frequency shifts to an audible output, pro-
vides a quick means for detection by an operator of a
problem with the product flow through the pipe.

H. Full Array Insonification

[0039] To enhance the signal-to-noise ratio for ultra-
sonic inspection of industrial components, another in-
dustrial ultrasonic inspection method incorporates full
array insonification. This method of inspecting a com-
ponent 10 is described with reference to Figure 10. The
inspection method includes simultaneously exciting a
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first set of transducers 12 in an array 14, as exemplarily
shown in Figure 10. The exemplary first set of transduc-
ers 12 is indicated by the shaded transducers 12. The
signal-to-noise ratio increases with the number of trans-
ducers 12 included in this first set. According to a par-
ticular embodiment, the first set of transducers 12 in-
cludes all of the transducers forming the array 14. In oth-
er words, for this particular embodiment, each of the
transducers 12 forming the array 14 is excited simulta-
neously, thereby providing full array insonification. The
first set of transducers is excited, for example, by trans-
mitter 28, under the control of digital controller 19.
[0040] The inspection method further includes receiv-
ing a set of backscattered ultrasound signals from the
component 10 using a second set of transducers 12 in
the array as receive elements 12 and generating a plu-
rality of receive signals from the backscattered ultra-
sound signals using the receive elements 12. According
to a particular embodiment, the second set of transduc-
ers 12 includes all of the transducers 12 forming the ar-
ray 14. The method further includes processing the re-
ceive signals to form a set of beam form image data.
The receive signals are processed, for example by re-
ceiver 30, under the control of digital controller 19.
These processing steps are known, and exemplary
processing steps are described in commonly assigned
U.S. patent No. 6,048,315, Chiao et al., entitled "Method
and Apparatus for Ultrasonic Synthetic transmit Aper-
ture Imaging Using Orthogonal Complementary
Codes," which is incorporated by reference herein.
[0041] By simultaneously exciting a first set of the
transducers 12, an entire region of interest within the
component 10 is insonified, eliminating a need to elec-
tronically scan the component 10 via the consecutive
excitation of the transducers 12 forming the array 14. In
this manner, the method illustrated in Figure 10 increas-
es the speed at which inspection data can be obtained,
relative to consecutive driving of the transducers 12
forming an inspection array 14. The corresponding re-
duction in imaging (and hence inspection) time enhanc-
es productivity, which is particularly beneficial in indus-
trial settings. Application of this method embodiment to
inspect billets is beneficial, in that a billet 10 is fully in-
sonified by driving the first set of transducers 12 once,
reducing the inspection time relative to consecutive fir-
ing of the transducers 12.

I. Image Location

[0042] Ultrasound inspection systems for medical ap-
plications are advanced and provide a number of desir-
able features for industrial applications, such as dynam-
icfocusing, dynamic aperture, steering, and Doppler fre-
quency shifts. Examples of advanced ultrasonic inspec-
tion systems used for medical applications include the
GE LOGIQ 9 and the GE LOGIQ Book. However, ultra-
sonic inspection systems used for medical applications
typically employ a predefined scan rate based on an ar-
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bitrary timing reference, which triggers a new image
forming sequence. By "arbitrary," itis meant that the tim-
ing reference is not linked to position of the array. How-
ever, for industrial applications, it is desirable to identify
the position at which a given frame (image) was ac-
quired, in order to fully characterize the component 10
after inspection. Accordingly, the inspection methods
described above preferably acquire an image (frame)
synchronous to the relative position between the array
14 and the component being inspected. More particu-
larly, the timing reference employed is selected for syn-
chronization with the relative position of the array 14 and
component 10. For example, encoders may be used to
track the position of an axis of motion. A common pulse/
position synchronization technique is termed "pulse on
position" (or "POP") and applies a TTL level pulse when
a mechanical system (here the array 14) arrives at the
next data acquisition position.

[0043] As noted above, many ultrasonic inspection
systems used for medical applications, such as the GE
LOGIQ 9 and the GE LOGIQ Book, typically do not syn-
chronize an image with the position at which it is ac-
quired. Accordingly, for another embodiment of the in-
vention, ultrasonic inspection systems, such as the GE
LOGIQ 9 and the GE LOGIQ Book, are modified to ac-
quire data synchronous to the mechanical position of the
array 14. More particularly, the timing inputs and outputs
are adapted to correlate with position. Exemplary timing
inputs to ultrasonic inspection systems used for medical
applications include the circuitry for EKG inputs or for
foot pedal switches (not shown).

[0044] For the sake of good order, various aspects of
the invention are set out in the following clauses:-

1.. A method of inspecting a component (10) com-
prising:

(a) exciting a plurality of transducers (12) form-
ing an array (14) to produce an ultrasonic trans-
mission beam focused into the component
along a selected ray path (16) from the array,
the array being separated from the component
by a standoff (18) with a material velocity v,;
(b) generating a plurality of echo signals using
the transducers as receive elements (12); and
(c) processing the echo signals in a plurality of
channels, said processing comprising:

(i) dynamically focusing the echo signals
along the selected ray path on at least one
focal point P in the component, wherein
said dynamic focusing comprises:

(A) adjusting a delay profile to com-
pensate for refraction of the ultrasonic
transmission beam at an interface (22)
between the component and the
standoff; and
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(B) applying the delay profile to the
echo signals in the respective chan-
nels to generate a plurality of delayed
echo signals;

(i) adjusting the number of active receive
elements as a function of arange Ry to pro-
vide a dynamic aperture (24) on receive,
wherein said adjustment of the number of
receive elements comprises compensat-
ing for refraction of the ultrasonic transmis-
sion beam at the interface between the
component and the standoff; and

(iii) summing the delayed echo signals
from all of the active receive elements to
generate a focused echo signal.

2. The inspection method of Clause 1, wherein said
excitement of the transducers (12) comprises ap-
plying a separate excitation signal pulse to each of
the transducers, said inspection method further
comprising:

(d) steering the ultrasonic transmission beam
along the selected ray path at an angle © rel-
ative to a surface normal (21), said steering
comprising:

(i) adjusting a transmit delay profile to com-
pensate for refraction of the ultrasonic
transmission beam at the interface be-
tween the component and the standoff, the
transmit delay profile comprising a plurality
of transmit delays, with each transmit delay
comprising a static steering term, and

(i) modulating the excitation signal pulses
with the transmit delay profile; and

(e) forming a steered focused echo signal by
said application of the delay profile to the echo
signals in the respective channels to generate
the delayed echo signals, wherein said delay
profile comprises a plurality of receive delays,
with each receive delay comprising a static re-
ceive steering term, and wherein said adjust-
ment of the delay profile adjusts each of the
static receive steering terms to compensate for
refraction at the interface.

3. The inspection method of Clause 2, wherein said
steering comprises steering the ultrasonic trans-
mission beam along the selected ray path at angles

©and y
4. The inspection method of Clause 1, wherein:

said excitement of the transducers (12) com-
prises applying a separate signal pulse to each
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of the transducers at each of a plurality of suc-
cessive excitation time intervals t;,

said generation of the echo signals is per-
formed for each of the successive excitation
time intervals t;,

said dynamic focusing comprises dynamically
focusing the echo signals along the selected
ray path on a plurality of focal points P; at vari-
ous ranges R; during each successive i-th one
of the excitation time intervals t,

said adjustment of the number of active receive
elements is performed for each of the succes-
sive excitation time intervals t; as a function of
the range R;, and

said summation of the delayed echo signals
from all of the active receive elements is per-
formed for each of the successive excitation
time interval to generate a focused echo signal
for the respective range R;.

5. A method of inspecting a component (10) com-
prising:

(a) applying a separate excitation pulse to each
of a plurality of transducers (12) forming an ar-
ray (14) to produce an ultrasonic transmission
beam focused into the component along a se-
lected ray path (16) from the array, the array
being separated from the component by a
standoff (18) with a material velocity v,,;

(b) steering the ultrasonic transmission beam
along the selected ray path at an angle © rel-
ative to a surface normal (21), said steering
comprising:

(i) adjusting a transmit delay profile to com-
pensate for refraction of the ultrasonic
transmission beam at the interface be-
tween the component and the standoff, the
transmit delay profile comprising a plurality
of transmit delays, each transmit delay
comprising a static steering term, and

(ii) modulating the excitation pulses with
the transmit delay profile;

(c) generating a plurality of echo signals using
the transducers as receive elements (12); and
(d) processing the echo signals in a plurality of
channels using a delay profile, the delay profile
comprising a plurality of receive delays, each
receive delay comprising a static receive steer-
ing term, said processing comprising:

(i) adjusting each of the static receive
steering terms to compensate for refraction
of the ultrasonic transmission beam at the
interface between the component and the
standoff;
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(i) applying the delay profile to the echo
signals in the respective channels to gen-
erate a plurality of defayed echo signals;
and

(iii) summing the delayed echo signals
from the receive elements to generate a
steered echo signal.

6. The inspection method of Clause 4, wherein said
processing step further comprises:

(iv) adjusting the number of active receive ele-
ments (12) as a function of a range R to pro-
vide a dynamic aperture (24) on receive,
wherein said adjustment of the number of re-
ceive elements comprises compensating for re-
fraction of the ultrasonic transmission beam at
the interface between the component (10) and
the standoff (18),

wherein said summing step comprises sum-
ming the delayed echo signals from all of the active
receive elements to generate the steered echo sig-
nal.

7. The inspection method of Clause 5, wherein said
steering comprises steering the ultrasonic trans-
mission beam along the selected ray path at angles

©and y.

8. The inspection method of Clause 5, wherein said
application step comprises applying a separate ex-
citation pulse to each of the transducers (12) to pro-
duce a sheer wave ultrasonic transmission beam
focused into the component (10).

9. The inspection method of Clause 5, wherein said
application step comprises applying a separate ex-
citation pulse to each of the transducers (12) to pro-
duce a surface wave ultrasonic transmission beam
focused along the surface (22) of the component
(10).

10. A method of inspecting a component (10) along
a curved surface (22) of the component and across
a standoff (18) with a material velocity v,,, said in-
spection method comprising:

(a) adjusting a transmit delay profile to compen-
sate for at least one surface geometry effect,
the transmit delay profile comprising a plurality
of transmit delays, each of the transmit delays
comprising a static surface geometry term;

(b) modulating a plurality of excitation signal
pulses with the transmit delay profile;

(c) applying the modulated excitation signal
pulses to a plurality of transducers (12) forming
an array (14) separated from the component by
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the standoff, to produce an ultrasonic transmis-
sion beam focused into the component along a
selected ray path (16) from the array;

(d) generating a plurality of echo signals using
the transducers as receive elements (12); and
(e) processing the echo signals in a plurality of
channels, said processing comprising:

(i) applying a delay profile to the echo sig-
nals in the respective channels to generate
a plurality of delayed echo signals that
compensate for at least one surface geom-
etry effect, the delay profile comprising a
plurality of receive delays, each of the re-
ceive delays comprising a static surface
geometry term; and

(ii) summing the delayed echo signals from
the receive elements to generate a surface
geometry effect compensated echo signal.

11. A single-turn method of inspecting a component
(10) having an inspection surface (22), said single-
turn inspection method comprising:

(a) positioning an array (14) of transducers (12)
facing the inspection surface of the component;
(b) exciting the transducers to produce an ul-
trasonic transmission beam focused into the
component along a selected ray path (16) from
the array;

(c) generating a plurality of echo signals using
the transducers as receive elements (12);

(d) changing the relative angular orientation of
the array and the component around an axis
(26) and repeating steps (b) and (c); and

(e) processing the echo signals in a plurality of
channels to form at least one processed echo
signal.

12. The single-turn inspection method of Clause 9,
wherein the processed echo signals corresponding
to a final image of the component (10) are obtained
with the relative orientation of the array (14) and the
component constrained to rotation around the axis
(26).

13. The single-turn inspection method of Clause 9,
wherein the component has a curved inspection
surface (22), and wherein said positioning step fur-
ther comprises contouring the array (14) to the
curved inspection surface.

14. A method of inspecting product flow through a
pipe (50), said method comprising:

(a) exciting a plurality of transducers (12) form-
ing an array (14) to transmit ultrasonic energy
into the pipe;
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(b) generating a plurality of receive signals from
reflected ultrasonic energy; and

(c) processing the receive signals in a plurality
of channels, said processing comprising com-
paring the receive signals to a frequency refer-
ence to determine a plurality of frequency shifts
imparted to the reflected ultrasonic energy.

15. The method of Clause 14, wherein said
processing further comprises producing an image
of the product flow through the pipe.

16. The method of Clause 14, further comprising:

(d) converting the frequency shifts to an audible
output.

17. A method of inspecting a component (10) com-
prising:

(a) simultaneously exciting a first set of trans-
ducers (12) in an array (14);

(b) receiving a plurality of backscattered ultra-
sound signals from the component using a sec-
ond set of transducers (12) in the array as re-
ceive elements (12);

(c) generating a plurality of receive signals from
the backscattered ultrasound signals using the
receive elements; and

(d) processing the receive signals to form a set
of beam form image data.

18. The method of Clause 17, wherein the second
set of transducers (12) includes all of the transduc-
ers forming the array (14).

19. The method of Clause 18, wherein the first set
of transducers (12) includes all of the transducers
forming the array (14).

20. A method of inspecting a component (10) using
a single array (14) of transducers (12) comprising:

(a) exciting at least one transmit set of the
transducers (12) to produce an ultrasonic trans-
mission beam incident on an inspection surface
(22) of the component at an angle O relative to
a surface normal (21);

(b) receiving a plurality of backscattered ultra-
sound signals from the component using at
least one receive set of transducers (12) in the
array as receive elements (12), each of the re-
ceive and transmit sets being centered at a
unique position on the array;

(c) generating a plurality of echo signals from
the back-scattered ultrasound signals; and

(d) processing the echo signals in a plurality of
channels () to form a set of beam form image
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data.

Claims

1. A method of inspecting a component (10) compris-
ing:

(a) exciting a plurality of transducers (12) form-
ing an array (14) to produce an ultrasonic trans-
mission beam focused into the component
along a selected ray path (16) from the array,
the array being separated from the component
by a standoff (18) with a material velocity v,;
(b) generating a plurality of echo signals using
the transducers as receive elements (12); and
(c) processing the echo signals in a plurality of
channels, said processing comprising:

(i) dynamically focusing the echo signals
along the selected ray path on at least one
focal point P in the component, wherein
said dynamic focusing comprises:

(A) adjusting a delay profile to com-
pensate for refraction of the ultrasonic
transmission beam at an interface (22)
between the component and the
standoff; and

(B) applying the delay profile to the
echo signals in the respective chan-
nels to generate a plurality of delayed
echo signals;

(i) adjusting the number of active receive
elements as a function of a range R to pro-
vide a dynamic aperture (24) on receive,
wherein said adjustment of the number of
receive elements comprises compensat-
ing for refraction of the ultrasonic transmis-
sion beam at the interface between the
component and the standoff; and

(iii) summing the delayed echo signals
from all of the active receive elements to
generate a focused echo signal.

2. Theinspection method of Claim 1, wherein said ex-
citement of the transducers (12) comprises apply-
ing a separate excitation signal pulse to each of the
transducers, said inspection method further com-
prising:

(d) steering the ultrasonic transmission beam
along the selected ray path at an angle © rel-
ative to a surface normal (21), said steering
comprising:

(i) adjusting a transmit delay profile to com-
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pensate for refraction of the ultrasonic
transmission beam at the interface be-
tween the component and the standoff, the
transmit delay profile comprising a plurality
of transmit delays, with each transmit delay
comprising a static steering term, and

(i) modulating the excitation signal pulses
with the transmit delay profile; and

(e) forming a steered focused echo signal by
said application of the delay profile to the echo
signals in the respective channels to generate
the delayed echo signals, wherein said delay
profile comprises a plurality of receive delays,
with each receive delay comprising a static re-
ceive steering term, and wherein said adjust-
ment of the delay profile adjusts each of the
static receive steering terms to compensate for
refraction at the interface.

3. A method of inspecting a component (10) compris-

(a) applying a separate excitation pulse to each
of a plurality of transducers (12) forming an ar-
ray (14) to produce an ultrasonic transmission
beam focused into the component along a se-
lected ray path (16) from the array, the array
being separated from the component by a
standoff (18) with a material velocity v,,;

(b) steering the ultrasonic transmission beam
along the selected ray path at an angle © rel-
ative to a surface normal (21), said steering
comprising:

(i) adjusting a transmit delay profile to com-
pensate for refraction of the ultrasonic
transmission beam at the interface be-
tween the component and the standoff, the
transmit delay profile comprising a plurality
of transmit delays, each transmit delay
comprising a static steering term, and

(ii) modulating the excitation pulses with
the transmit delay profile;

(c) generating a plurality of echo signals using
the transducers as receive elements (12); and
(d) processing the echo signals in a plurality of
channels using a delay profile, the delay profile
comprising a plurality of receive delays, each
receive delay comprising a static receive steer-
ing term, said processing comprising:

(i) adjusting each of the static receive
steering terms to compensate for refraction
of the ultrasonic transmission beam at the
interface between the component and the
standoff;
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(i) applying the delay profile to the echo
signals in the respective channels to gen-
erate a plurality of delayed echo signals;
and

(iii) summing the delayed echo signals
from the receive elements to generate a
steered echo signal.

4. The inspection method of Claim 3, wherein said

processing step further comprises:

(iv) adjusting the number of active receive ele-
ments (12) as a function of a range Ry to pro-
vide a dynamic aperture (24) on receive,
wherein said adjustment of the number of re-
ceive elements comprises compensating for re-
fraction of the ultrasonic transmission beam at
the interface between the component (10) and
the standoff (18),

wherein said summing step comprises sum-
ming the delayed echo signals from all of the active
receive elements to generate the steered echo sig-
nal.

A method of inspecting a component (10) along a
curved surface (22) of the component and across a
standoff (18) with a material velocity v,,, said in-
spection method comprising:

(a) adjusting a transmit delay profile to compen-
sate for at least one surface geometry effect,
the transmit delay profile comprising a plurality
of transmit delays, each of the transmit delays
comprising a static surface geometry term;

(b) modulating a plurality of excitation signal
pulses with the transmit delay profile;

(c) applying the modulated excitation signal
pulses to a plurality of transducers (12) forming
an array (14) separated from the component by
the standoff, to produce an ultrasonic transmis-
sion beam focused into the component along a
selected ray path (16) from the array;

(d) generating a plurality of echo signals using
the transducers as receive elements (12); and
(e) processing the echo signals in a plurality of
channels, said processing comprising:

(i) applying a delay profile to the echo sig-
nals in the respective channels to generate
a plurality of delayed echo signals that
compensate for at least one surface geom-
etry effect, the delay profile comprising a
plurality of receive delays, each of the re-
ceive delays comprising a static surface
geometry term; and

(i) summing the delayed echo signals from
the receive elements to generate a surface
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geometry effect compensated echo signal.

6. A single-turn method of inspecting a component

(10) having an inspection surface (22), said single-
turn inspection method comprising:

(a) positioning an array (14) of transducers (12)
facing the inspection surface of the component;
(b) exciting the transducers to produce an ul-
trasonic transmission beam focused into the
component along a selected ray path (16) from
the array;

(c) generating a plurality of echo signals using
the transducers as receive elements (12);

(d) changing the relative angular orientation of
the array and the component around an axis
(26) and repeating steps (b) and (c); and

(e) processing the echo signals in a plurality of
channels to form at least one processed echo
signal.

7. The single-turn inspection method of Claim 6,

wherein the processed echo signals corresponding
to a final image of the component (10) are obtained
with the relative orientation of the array (14) and the
component constrained to rotation around the axis
(26).

A method of inspecting product flow through a pipe
(50), said method comprising:

(a) exciting a plurality of transducers (12) form-
ing an array (14) to transmit ultrasonic energy
into the pipe;

(b) generating a plurality of receive signals from
reflected ultrasonic energy; and

(c) processing the receive signals in a plurality
of channels, said processing comprising com-
paring the receive signals to a frequency refer-
ence to determine a plurality of frequency shifts
imparted to the reflected ultrasonic energy.

9. A method of inspecting a component (10) compris-

ing:

(a) simultaneously exciting a first set of trans-
ducers (12) in an array (14);

(b) receiving a plurality of backscattered ultra-
sound signals from the component using a sec-
ond set of transducers (12) in the array as re-
ceive elements (12);

(c) generating a plurality of receive signals from
the backscattered ultrasound signals using the
receive elements; and

(d) processing the receive signals to form a set
of beam form image data.

10. A method of inspecting a component (10) using a
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single array (14) of transducers (12) comprising:

(a) exciting at least one transmit set of the
transducers (12) to produce an ultrasonic trans-
mission beam incident on an inspection surface 5
(22) of the component at an angle O relative to

a surface normal (21);

(b) receiving a plurality of back-scattered ultra-
sound signals from the component using at
least one receive set of transducers (12) inthe 70
array as receive elements (12), each of the re-
ceive and transmit sets being centered at a
unique position on the array;

(c) generating a plurality of echo signals from

the back-scattered ultrasound signals; and 15
(d) processing the echo signals in a plurality of
channels () to form a set of beam form image
data.
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