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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 structures (collectively
termed "components") found in industrial 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 demand for enhanced nondestructive inspection techniques 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 applications.
[0003] Conventional ultrasonic inspection 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 applications 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 appropriately focused probes. Such inspections are time consuming
due to the multiple scans required. High-sensitivity, large depth range inspections are also performed using a multi-zone
approach, in which multi-channel acquisition 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 material at an angle relative to the test component
or by immersion of the probe in a material with a material velocity, which is sufficiently different from that of the test
component to cause refraction of the beam.
[0004] US-A-4471 785 discloses a method of forming images of tissue such as fat and muscle in a patient using an
array of transducers formed into concentric rings.
[0005] US-A-4180 791 discloses an imaging system for medical use with a curved transducer array or a flat array with
a converging lens which can vary the array aperture depending upon the distance between the transducer and the
patient. The imaging system of US-A-4 180 701 does not disclose refraction compensation.
[0006] Conventional phased array imaging ultrasound systems for industrial inspections typically are limited to beam-
forming, with the more advanced of these systems providing dynamic depth focus but incapable of performing dynamic
aperture sizing. Dynamic aperture sizing is desirable to control the beam properties.
[0007] It would therefore be desirable to provide an inspection method for industrial applications that provides both
dynamic focus and dynamic aperture sizing. It would further be desirable for the method to compensate for refraction
at an interface between a test component 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 refraction at a test component/standoff interface. In addition, it would be desirable to correct for surface
geometry effects caused by a curved test component/standoff interface. To increase productivity, it would also be
desirable 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 corresponding probe position to advanced ultrasound imaging systems typically employed for medical
applications.
[0008] Aspects of the present invention are defined in the accompanying claims.
[0009] Briefly, in accordance the present invention, a method of inspecting a component is provided. The inspection
method includes exciting a number of transducers forming an array to produce an ultrasonic transmission beam focused
into the component along a selected ray path from the array. The array is separated from the component by a standoff
with a material velocity vw. 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. 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 ultrasonic transmission beam
at an interface between the component and the standoff and applying the delay profile to the echo signals in the respective
channels to generate a number of delayed echo signals. The processing further includes adjusting the number of active
receive elements as a function of a range Rs, to provide a dynamic 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.
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[0010] The invention will now be described in greater detail, by way of example, with reference to the drawings, 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 vs and vw, 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;

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 component;

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 inspection 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 transducers for
both pitching and catching.

A. Dynamic Aperture and Dynamic Focus

[0011] A method of inspecting a component 10 is described 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 ultrasonic imaging
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 Figure 2, the array 10 is separated from the component 10 by a standoff 18 with a material velocity Cw.
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 transmitter 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 dynamic 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. Exemplary receive delays include time and/or phase delays, which are indicated in Figure 1 by
(Tk). 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
signal emanates. As explained in commonly assigned U.S. Patent No. 5,235,982, O’Donnell, entitled "Dynamic transmit
focusing of a steered ultrasonic beam" the delays may ordinarily be expressed as:

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

where Rw is the length of the beam extending along the central beam axis 16 in the standoff 18, vw is the material velocity
in the standoff 18, Rs is the length of the beam extending along the central beam axis 16 in the component 10, and vs
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 Rs (Rw is constant for a given angle �) and provides the proper receive 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 a range Rs. (Rw is constant for a given incident angle �) As used here, the phrase
"active receive element" 12 indicates a transducer from which the echo receive signal is included in the overall focused
echo signal. Exemplary active receive elements are indicated in Figure 2 by shading. In contrast, the echo signals from
inactive receive elements 12 are neglected when calculating the focused echo signal. The adjustment of the number of
receive elements 12 includes compensating for refraction of the ultrasonic transmission beam at the interface 22 between
the component 10 and the standoff 18. For example, for an ultrasonic beam 16 incident on a component 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 Vw and Vs. To
compensate for the refraction, adjustment of the aperture width A is performed according to the expression:

[0014] In addition to the dynamic focusing and dynamic 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 combination is also
applicable to contact ultrasonic inspection of a component 10, for example, for industrial inspection 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 mismatch 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 component
10 without a standoff 18. Dynamic aperture sizing and focusing in the absence of a standoff 18 are described, for example,
in commonly assigned U.S. Patent No. 4,180,790, Charles E. Thomas, entitled "Dynamic Array Aperture and Focus
Control for Ultrasonic Imaging Systems" .
[0016] Beneficially, the use of a dynamic aperture coupled with dynamic focusing enables controlling desired focal
properties over the entire depth of inspection.
[0017] It is 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 increase 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., entitled "Phased Array Sector
Scanner with Multiplexed Acoustic Transducer Elements" . Beneficially, the use of 128 transducers 12 independently
or 1024 transducers 12 via multiplexing facilitates improved productivity and inspection flexibility relative to conventional
industrial ultrasonic 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
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component 10. According to a more particular embodiment, a separate excitation signal pulse is applied 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 inspection 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
compensate 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 includes a static steering term. Exemplary transmit delays include time
and/or phase delays, which are also indicated in Figure 1 by (Tk). 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 (Tk=0), all of the transducer
elements 12 are energized simultaneously, and the resulting ultrasonic beam is directed normal to the interface 22
between the standoff 18 and the component 10. To steer the ultrasonic beam, the transmit delay Tk 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:

where d is the distance between transducer elements 12, as shown in Figure 1. This transmit delay profile (Tk) compen-
sates 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 comprises a static receive steering term. Each of the static receive steering terms is
adjusted to compensate for refraction at the interface. Each of the static receive steering terms for reception is the same
delay Tk(�) as the transmit delay explained above. Although only one angle (�) is indicated, those skilled in the art will
recognize that the ultrasonic beam may also be steered along multiple angles (�, ψ) with respect to a common axis 21.
This embodiment encompasses both single- angle (�) and multi-angle (�, ψ) steering.
[0020] In order to scan the component 10 at various depths Rs, multiple transmits are used. For this particular em-
bodiment 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 ti, and the generation of the echo signals is performed for each of the successive
excitation time intervals ti. For example, at a first time interval t1, each of the transducers 12 is separately driven, and a
first set of echo signals is generated. At a second time interval t2, each of the transducers 12 is separately driven, and
a second set of echo signals is generated, and so on. For this embodiment, the echo signals are dynamically focused
along the selected ray path 16 at a number of focal points Pi at various ranges Ri during each successive i-th one of the
excitation time intervals ti. The dynamic focusing at focal points Pi includes adjusting a respective delay profile (Tki)
comprising a number of receive delays Tki to compensate for refraction of the ultrasonic transmission beam at the
interface 22 between the component 10 and the standoff 18. These adjustments are performed as described above. In
addition to dynamically focusing for each of the time intervals ti, for the inspection method of this particular embodiment,
the dynamic aperturing is performed for each time interval ti. More particularly, the number of active receive elements
is adjusted for each of the successive excitation time intervals ti as a function of the range Ri, 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 Ri, 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 displayed 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 (vw) and the component 10 (vs). This distortion is shown in Figure 5. As shown, the uncompensated
image distorts the portion of the image corresponding to the standoff 18 by the ratio vs/vw. To compensate for the material
velocity mismatch across the interface 22, the portion of the image corresponding to the standoff 18 is reduced by the
ratio vs/vw, according to a particular embodiment. The compensated image is also shown in Figure 5. Another correction
is to remove the portion of the 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] An optional method embodiment of the present invention 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
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array 14, to produce an ultrasonic transmission beam focused into the component 10 along a selected 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 cw. The method further includes steering the ultrasonic transmission beam along the selected ray path at an
angle � relative to the surface normal 21. The steering includes adjusting a transmit delay profile (Tk) to compensate
for refraction of the ultrasonic transmission beam at interface 22, as discussed above. The steering further includes
modulating the excitation pulses with the transmit delay profile (Tk), as discussed above. 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 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 ultrasonic transmission beam at the interface 22
between the component 10 and the standoff 18, applying the delay profile (Tk) to the echo signals in the respective
channels to generate a number of delayed echo signals, and summing the delayed echo signals from the receive elements
12 to generate a steered echo signal. As discussed 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 Tk(�) is applied to the echo signal of the respective kth transducer 12 to form the respective delayed
echo signal. The delayed 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 inspection of
industrial components. Accordingly, the processing step further includes adjusting the number of active receive elements
12 as a function of a range R to provide a dynamic aperture 24 on receive. As noted above, an active receive element
12 is a transducer 12 from which the echo receive signal is included in the overall steered echo signal. 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 receive elements 12 includes compen-
sating for refraction of the ultrasonic transmission beam at the interface 22. For example, adjustment of the aperture
width A is performed according to the expression: F=[Rw + Rs(vs/vw)]/A, as discussed above. As noted above, Rw is the
length of the beam extending along the central beam axis 16 in the standoff 18, Cw is the material velocity in the standoff
18, Rs is the length of the beam extending along the central beam axis 16 in the component 10, and vs is the material
velocity in the component 10. Rw and Rs are exemplarily indicated in Figure 2. For this steering plus dynamic aperture
embodiment, the summing 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 (�,ψ). This embodiment encompasses both single-angle (�) and multi-
angle (�, ψ) steering.
[0025] In addition to steering longitudinal waves, it would also be desirable to inspect industrial components by steering
other wave modes. Industrial components 10, such as forgings, billets, welds (weldments) and other solids, support
shear and surface wave propagation. Briefly, acoustic waves have three main propagation modes, longitudinal, shear
and surface waves. Additional propagation modes include Lamb waves, Stonely waves, and extensional waves. The
velocity of the shear wave vsh is about one half that of the longitudinal wave vL (vsh~0.5 vL), and the velocity of the
surface wave Vsu is about 0.9 times that of the shear wave (vsu~0.9 vsh). As discussed above with respect to Figure 2,
an ultrasonic beam incident on a standoff 18/component 10 interface 22 (for example a water/steel interface 22) at an
angle � is refracted in the component at a refracted angle φ..and the relationship between the incident and refracted
angles is governed by Snell’s Law: sin�/sinφ=vw/vs. More particularly, each of the three modes has a distinct refracted
angle φ. Namely, the longitudinal wave is refracted at an angle φL, which is governed by sin�/sinφL=vw/vL, the shear
wave is refracted at an angle φsh, which is determined by: sin�/sinφsh=vw/vsh, and the surface wave is refracted at an
angle φsu, which is determined by sin�/sinφsu=vw/vsu. As the angle of incidence � increases, the refracted angles φL
and φsh increase until the respective critical angles φL=90° and φsh=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 incident
angle � are determined by Snell’s Law and vary for the longitudinal and shear modes, due to the different velocities of
the two modes vL and vsh.
[0026] As noted above, industrial components 10 support shear and surface wave propagation. Accordingly, a separate
excitation pulse is applied to each of the transducers 12 to produce a shear wave ultrasonic transmission beam focused
into the component 10. Beneficially, a shear wave has a wavelength λsh equal to about half the wavelength λL of a
longitudinal wave at the same frequency, permitting greater resolution of defects. Moreover, if the incident angle �
exceeds the first critical angle φL, 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. Similarly, 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 ultrasonic transmission beam along the surface
22 of the component. Beneficially, ultrasonic inspection of industrial components using surface waves facilitates inspec-
tion of the surface 22 of the component, including detection of flaws located on the surface 22 of the component 10
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(surface flaws). Conventional ultrasonic inspection 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 cw is described with reference
to Figures 1 and 3. Because of the mismatch of material velocities vw in the standoff 18 and vs in the component 10, a
curved interface 22 produces a secondary lens effect via refraction, with the standoff 18 functioning like a lens, changing
the characteristics of the ultrasonic beam. This secondary lens effect is illustrated in Figure 3 and degrades the resulting
image. This inspection method embodiment corrects for the secondary lens effect and includes adjusting a transmit
delay profile to compensate for at least one surface geometry effect. The transmit delay profile comprises a set of transmit
delays Tk, 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 modulating a number of excitation signal pulses with the transmit delay profile (Tk). More
particularly, the transmitter 28 imparts each of the transmit delays Tk 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 transducers 12 forming array 14. The array 14 is separated a
distance Rw from the component 10. In this manner, an ultrasonic transmission beam is produced that is focused 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 Tk 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 channels
[0029] In addition to correcting for the secondary lens effect upon transmit, the inspection method also corrects for
the secondary lens effect on receive. Accordingly, the processing of the echo signal includes applying 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 profile comprises a set of receive delays
(Tk), 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 particularly,
the receive delays Tk 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 includes summing the delayed echo signals from the receive 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 inspection 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 embodiment is provided, for inspecting a component 10 having an inspection surface
22. The single-turn inspection 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 arranged in a right angle (not shown). The single-turn inspection method further includes
exciting the transducers 12 to produce an ultrasonic transmission beam focused into the component 10 along a selected
ray path 16 from the array 14. A number of echo signals are generated 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
sequential processing, the array 14 is satisfactorily positioned, the transducers 12 are activated, a set of echo signals
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is generated and processed. The array 14 is then rotated and the activation, generation and processing steps are
repeated for a second set of echo signals, etc. Similarly, for collective processing, several sets of echo signals 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 together 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 component surface 22 can be avoided, increasing the overall efficiency of the
inspection process. According to a particular embodiment of the single-turn method, the processed echo signals corre-
sponding to a final image of the component 10 are obtained with the relative orientation of the array 14 and the component
10 constrained to rotations around the axis 26. By "constrained," 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 repositioning 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 embodiment. 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 embodiment avoids time-consuming and cumbersome repositioning 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 standoff 18.

E. Through Transmission

[0034] In addition to single-array inspection, a component 10 may also be inspected by positioning the component 10
between a transmit array 14 and a receive array 14, as illustrated in Figure 6. Conventionally, single ultrasound probes
(not shown) are used to inspect a component 10 via through transmission ultrasound 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 inspection
equipment over the component 10

F. Pitch and Catch

[0035] Another conventional inspection technique is illustrated in Figure 7. As shown, an ultrasound transmission
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 technique requires mechanical manip-
ulation of the probes 42 and hence is relatively slow and cumbersome. Replacing the individual probes 42 with arrays
14 of transducers 12 improves upon the technique described with reference to Figure 7. Figures 8 and 11 illustrate an
improved "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 transducers 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 subsets are used on receive. This single-array pitch and
catch embodiment is not limited to the specific configurations illustrated in Figures 8 and 11 but rather encompasses
any arrangement of a single array 14 for which at least one set of transducers form a beam on transmission and at least
one other set of transducers 12 receive a reflected beam from the test component 10.

G. Doppler

[0036] It is known to use ultrasound to measure blood flow and would be desirable to extend ultrasound techniques
developed to monitor blood flow to industrial applications, such as monitoring product flow through tubing or pipes (for
example chemical feed pipes) or through instrumentation pipes (used, for example, for 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 deposits (or build-up) on pipe walls can restrict and/or
perturb product flow through the pipes. In addition, heat exchangers can plug or foul causing flow restrictions. Ultrasound
desirably provides a nondestructive, noninvasive 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
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example, the transducers 12 are excited by transmitter 28 through T/R (transmit/receive) switches 32 under control of
controller 19. It should be noted that although the array 14 is depicted in Figure 9 as being 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 energy 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 includes comparing the receive signals to a frequency reference to determine a number of
frequency shifts imparted to the reflected ultrasonic energy. The processing 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 displayed 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] For another embodiment, the inspection method 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. Converting the frequency
shifts to an audible output, provides 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 ultrasonic inspection of industrial components, another industrial ul-
trasonic inspection method incorporates full array insonification. This method of inspecting a component 10 is described
with reference to Figure 10. The inspection method includes simultaneously exciting a first set of transducers 12 in an
array 14, as exemplarily shown in Figure 10. The exemplary first set of transducers 12 is indicated by the shaded
transducers 12. The signal-to-noise ratio increases with the number of transducers 12 included in this first set. According
to a particular embodiment, the first set of transducers 12 includes all of the transducers forming the array 14. In other
words, for this particular embodiment, each of the transducers 12 forming the array 14 is excited simultaneously, thereby
providing full array insonification. The first set of transducers is excited, for example, by transmitter 28, under the control
of digital controller 19.
[0040] The inspection method further includes receiving 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 plurality of receive signals
from the backscattered ultrasound signals using the receive elements 12. According to a particular embodiment, the
second set of transducers 12 includes all of the transducers 12 forming the array 14. The method further includes
processing the receive signals to form a set of beam form image data. The receive signals are processed, for example
by receiver 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 Aperture 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 electronically scan the component 10 via the consecutive excitation of the trans-
ducers 12 forming the array 14. In this manner, the method illustrated in Figure 10 increases the speed at which inspection
data can be obtained, relative to consecutive driving of the transducers 12 forming an inspection array 14. The corre-
sponding reduction in imaging (and hence inspection) time enhances productivity, which is particularly beneficial in
industrial settings. Application of this method embodiment to inspect billets is beneficial, in that a billet 10 is fully insonified
by driving the first set of transducers 12 once, reducing the inspection time relative to consecutive firing of the transducers
12.

I. Image Location

[0042] Ultrasound inspection systems for medical applications are advanced and provide a number of desirable fea-
tures for industrial applications, such as dynamic focusing, dynamic aperture, steering, and Doppler frequency shifts.
Examples of advanced ultrasonic inspection systems used for medical applications include the GE LOGIQ 9 and the
GE LOGIQ Book. However, ultrasonic inspection systems used for medical applications typically employ a predefined
scan rate based on an arbitrary timing reference, which triggers a new image forming sequence. By "arbitrary," it is
meant that the timing reference is not linked to position of the array. However, for industrial applications, it is desirable
to identify the position at which a given frame (image) was acquired, 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 particularly, the timing reference
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employed is selected for synchronization 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 synchronize an image with the position at which it is acquired. Accordingly,
for another embodiment of the invention, ultrasonic inspection systems, such as the GE LOGIQ 9 and the GE LOGIQ
Book, are modified to acquire 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).

Claims

1. A method of inspecting a component (10) comprising:

(a) exciting a plurality of transducers (12) forming an array (14) to produce an ultrasonic transmission 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 vw;
(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 (20), 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 compensate 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 channels to generate a plurality of
delayed echo signals;

(ii) adjusting the number of active receive elements as a function of the beam length R5 to provide a dynamic
aperture (24) on receive, wherein said adjustment of the number of receive elements comprises compen-
sating for refraction of the ultrasonic transmission 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 Claim 1, wherein said excitement of the transducers (12) comprises applying 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 � relative to a surface
normal (21), said steering comprising:

(i) adjusting a transmit delay profile to compensate for refraction of the ultrasonic transmission beam at the
interface between 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
(ii) 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 receive steering term, and wherein said adjustment
of the delay profile adjusts each of the static receive steering terms to compensate for refraction at the interface.

3. The inspection method of Claim 2, wherein said steering comprises steering the ultrasonic transmission beam along
the selected ray path at angles � and ψ relative to a surface normal (21).

4. The inspection method of Claim 1, wherein:
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said excitement of the transducers (12) comprises applying a separate signal pulse to each of the transducers
at each of a plurality of successive excitation time intervals ti,
said generation of the echo signals is performed for each of the successive excitation time intervals ti,
said dynamic focusing comprises dynamically focusing the echo signals along the selected ray path on a plurality
of focal points Pi at various ranges Ri during each successive i-th one of the excitation time intervals tk for the
kth transducer,
said adjustment of the number of active receive elements is performed for each of the successive excitation
time intervals ti as a function of the range Ri, and
said summation of the delayed echo signals from all of the active receive elements is performed for each of the
successive excitation time interval to generate a focused echo signal for the respective range Ri.

Patentansprüche

1. Verfahren zum Prüfen einer Komponente (10), mit den Schritten:

(a) Erregen mehrerer eine Gruppe (14) bildender Wandler (12), um ein Ultraschallstrahlbündel zu erzeugen,
das in die Komponente entlang eines ausgewählten Strahlpfades (16) von der Gruppe aus fokussiert ist, wobei
die Gruppe von der Komponente durch einen Abstandshalter (18) mit einer Materialgeschwindigkeit vw getrennt
ist;
(b) Erzeugen mehrerer Echosignale unter Verwendung der Wandler als Empfangselemente (12); und
(c) Verarbeiten der Echosignale in mehreren Kanälen (20), wobei die Verarbeitung die Schritte aufweist:

(i) dynamisches Fokussieren der Echosignale entlang des ausgewählten Strahlpfades auf wenigstens einen
Brennpunkt P in der Komponente, wobei die dynamische Fokussierung die Schritte aufweist:

(A) Anpassen eines Verzögerungsprofils, um die Brechung des Ultraschallsendestrahlbündels an einer
Grenzfläche (22) zwischen der Komponente und dem Abstandshalter zu kompensieren; und
(B) Anwenden des Verzögerungsprofils auf die Echosignale in den entsprechenden Kanälen, um meh-
rere verzögerte Echosignale zu erzeugen;

(ii) Anpassen der Anzahl aktiver Empfangselemente als eine Funktion der Strahlbündellänge Rs, um eine
dynamische Empfangsapertur (24) bereitzustellen, wobei die Anpassung der Anzahl der Empfangselemen-
te eine Brechungskompensation des Ultraschallsendestrahlbündels an der Grenzfläche zwischen der Kom-
ponente und dem Abstandshalter umfasst; und
(iii) Aufsummieren der verzögerten Echosignale aus allen aktiven Empfangselementen, um ein fokussiertes
Echosignal zu erzeugen.

2. Untersuchungsverfahren nach Anspruch 1, wobei die Erregung der Wandler (12) den Schritt des Anlegens eines
getrennten Erregungssignalimpulses an jedem Wandler umfasst, und das Untersuchungsverfahren ferner die Schrit-
te aufweist:

(d) Steuern des Ultraschallsendestrahlbündels entlang des ausgewählten Strahlpfades in einem Winkel θ in
Bezug auf eine Oberflächennormale (21), wobei die Steuerung die Schritte umfasst:

(i) Anpassen des Sendeverzögerungsprofils zum Kompensieren der Beugung des Ultraschallsendestrahl-
bündels an der Grenzfläche zwischen der Komponente und dem Abstandshalter, wobei das Sendeverzö-
gerungsprofil mehrere Sendeverzögerungen aufweist, wobei jede Sendeverzögerung einen statischen
Steuerungsterm umfasst, und
(ii) Modulieren der Erregungssignalimpulse mit dem Sendeverzögerungsprofil; und

(e) Ausbilden eines gesteuerten fokussierten Echosignals durch die Anwendung des Verzögerungsprofils auf
die Echosignale in den entsprechenden Kanälen, um verzögerte Echosignale zu erzeugen, wobei das Verzö-
gerungsprofil mehrere Empfangsverzögerungen aufweist, wovon jede Empfangsverzögerung einen statischen
Empfangssteuerungsterm umfasst und wobei die Anpassung des Verzögerungsprofils jeden von den statischen
Empfangssteuerungstermen anpasst, um die Brechung an der Grenzfläche zu kompensieren.

3. Untersuchungsverfahren nach Anspruch 2, wobei die Steuerung die Schritte der Steuerung des Ultraschallsende-
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strahlbündels entlang des ausgewählten Strahlpfades bei Winkeln θ und ψ in Bezug auf eine Oberflächennormale
(21) aufweist.

4. Untersuchungsverfahren nach Anspruch 1, wobei:

die Erregung der Wandler (12) den Schritt des Anlegens eines getrennten Signalimpulses an jeden von den
Wandlern bei jedem von mehreren aufeinanderfolgenden Erregungszeitintervallen (ti) umfasst,
die Erzeugung der Echosignale für jedes von den aufeinanderfolgenden Erregungszeitintervallen (ti) durchge-
führt wird,
die dynamische Fokussierung den Schritt einer dynamischen Fokussierung der Echosignale entlang des aus-
gewählten Strahlpfades auf mehrere Brennpunkte Pi bei verschiedenen Bereichen Ri während jedem aufein-
anderfolgenden i-ten von den Erregungszeitintervallen ti für den k-ten Wandler umfasst,
wobei die Anpassung der Anzahl der aktiven Empfangselemente für jedes von den aufeinanderfolgenden Er-
regungszeitintervallen ti als eine Funktion des Bereichs Ri durchgeführt wird, und
die Aufsummierung der verzögerten Echosignale aus allen aktiven Empfangselementen für jedes von den
aufeinanderfolgenden Erregungszeitintervallen ausgeführt wird, um ein fokussiertes Echosignal für den ent-
sprechenden Bereich Ri zu erzeugen.

Revendications

1. Procédé d’inspection d’une pièce (10), comportant :

(a) l’excitation d’une pluralité de transducteurs (12) formant une matrice (14) afin de produire sur la pièce, depuis
la matrice, sur un trajet de rayons choisi (16), un faisceau d’émission d’ultrasons focalisé, la matrice étant
séparée de la pièce par un moyen d’espacement (18) à vitesse vw de matière ;
(b) la production d’une pluralité d’échos en utilisant les transducteurs comme éléments de réception (12) ; et
(c) le traitement des échos dans une pluralité de canaux (20), ledit traitement comprenant :

(i) la focalisation dynamique des échos sur le trajet de rayons choisi en au moins un foyer P dans la pièce,
ladite focalisation dynamique comprenant :

(A) le réglage d’un profil de retard de manière à compenser la réfraction du faisceau d’émission d’ul-
trasons à une interface (22) entre la pièce et le moyen d’espacement ; et
(B) l’application du profil de retard aux échos dans les canaux respectifs pour produire une pluralité
d’échos retardés ;

(ii) le réglage du nombre d’éléments de réception actifs en fonction de la longueur Rs du faisceau afin de
créer une ouverture dynamique (24) à la réception, ledit réglage du nombre d’éléments de réception com-
prenant la compensation de la réfraction du faisceau d’émission d’ultrasons à l’interface entre la pièce et
le moyen d’espacement ; et
(iii) l’addition des échos retardés renvoyés par tous les éléments de réception actifs afin de produire un
écho focalisé.

2. Procédé d’inspection selon la revendication 1, dans lequel ladite excitation des transducteurs (12) comprend l’ap-
plication d’une impulsion de signal d’excitation séparée à chacun des transducteurs, ledit procédé d’inspection
comportant en outre :

(d) le guidage du faisceau d’émission d’ultrasons sur le trajet de rayons choisi suivant un angle Θ par rapport
à une normale (21) à la surface, ledit guidage comprenant :

(i) le réglage d’un profil de retard d’émission afin de compenser la réfraction du faisceau d’émission d’ul-
trasons à l’interface entre la pièce et le moyen d’espacement, le profil de retard d’émission comprenant
une pluralité de retards d’émission, chaque retard d’émission comprenant un terme statique de guidage, et
(ii) la modulation des impulsions de signaux d’excitation avec le profil de retard d’émission ; et

(e) la formation d’un écho focalisé guidé par ladite application du profil de retard aux échos dans les canaux
respectifs afin de produire les échos retardés, ledit profil de retard comprenant une pluralité de retards de
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réception, chaque retard de réception comprenant un terme statique de guidage de réception, et ledit réglage
du profil de retard réglant chacun des termes statiques de guidage de réception de manière à compenser la
réfraction à l’interface.

3. Procédé d’inspection selon la revendication 2, dans lequel ledit guidage comprend le guidage du faisceau d’émission
d’ultrasons sur le trajet de rayons choisi, suivant des angles Θ et Ψ par rapport à une normale (21) à la surface.

4. Procédé d’inspection selon la revendication 1, dans lequel :

ladite excitation des transducteurs (12) comprend l’application d’un signal séparé, sous la forme d’une impulsion,
à chacun des transducteurs au moment de chaque intervalle parmi une pluralité d’intervalles chronologiques
d’excitation successifs ti,
ladite production des échos est effectuée pour chacun des intervalles chronologiques d’excitation successifs ti,
ladite focalisation dynamique comprend la focalisation dynamique des échos sur le trajet de rayons choisi en
une pluralité de foyers Pi sur diverses distances Ri pendant chaque i-ème intervalle successif parmi les intervalles
chronologiques d’excitation pour le 4ème transducteur,
ledit réglage du nombre d’éléments de réception actifs est effectué, en fonction de la distance Ri, pour chaque
intervalle parmi les intervalles chronologiques d’excitation successifs ti, et
ladite addition des échos retardés renvoyés par tous les éléments de réception actifs est effectuée pour chacun
des intervalles chronologiques d’excitation successifs de manière à produire un écho focalisé pour la distance
respective Ri.
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