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PHASED ARRAY ULTRASONIC NDT
SYSTEM FOR TUBES AND PIPES

hensive inspections for oblique defects precisely because the
ultrasonic beams are directed along the only a feW discrete

angles With respect to the inspected region.
Phased array prior art at R/D Tech Inc. in Quebec City,
Canada has been based upon a series of phased array probes
that entirely encircle a tube, the multiple elements in each
probe being angled as if lying on a conic surface With an

FIELD OF THE INVENTION

The invention relates to the non-destructive testing of
tubes and pipes. In particular, it relates to the detection of
longitudinal, transverse and oblique defects in tube Walls
using a phased array ultrasonic system.

included conic apex angle of, for example, 135 degrees. In

such applications the inspected tube, While passing longitu
dinally through the ring of pieZoelectric elements along the
conic axis of the conic array of probes, has its surface

BACKGROUND OF THE INVENTION

analyZed for defects that are principally transverse or per

A neW paradigm Was de?ned in the ?eld of non

pendicular to the longitudinal axis of the tube. In such
systems each individual phased array beam emitted by a
given probe enters the tube Wall at a separate entry point.
Thus a given portion of the tube Wall is not inspected from

destructive testing (NDT) With the introduction of phased
array (PA) multi-element ultrasonic technology to upgrade
the performance of conventional ultrasonic single-element
probe systems. A general description of hoW phased array

multiple bearing angles originating from a single probe.

technology can be adapted to NDT systems is given in US.
Pat. No. 5,563,346 With recent examples of applications for
the inspection of spherically-bounded materials and turbine
blades described in US. Pat. Nos. 6,279,397 and 6,082,198

The objects of the invention are, therefore, to improve the
Way in Which tubes are inspected during manufacture by
being able to detect defects in a nearly continuous range of

respectively.

multiple orientations (e.g. longitudinal, transverse and

Another application is that of the inspection of tubes
during production. Here, the “virtual rotation” of ultrasonic
beams emitted by PA probes means that the probes them

system, With only minor adjustments (if any), to inspect a

selves do not have to move as a tube being inspected passes

oblique) in the Wall of a tube; and by alloWing the same

25

materials and involving differing manufacturing processes.

through an inspection station. For a non-rotating tube, it is
necessary to place PA probes at positions that cover the
entire circumference of the tube.
Further advantages result When inspecting tubes or similar

The invention in its general form Will ?rst be described,
and then its implementation in terms of speci?c embodi
ments Will be detailed With reference to the draWings
folloWing hereafter. These embodiments are intended to
demonstrate the principle of the invention, and the manner

pieces (e.g., pipes, rods) using a PA ultrasonic NDT inspec
tion system compared to conventional ultrasonic single
element probe systems. Little maintenance is required

of its implementation. The invention in its broadest and
more speci?c forms Will then be further described, and
de?ned, in each of the individual claims Which conclude this

because such systems are robust With a relatively simple

mechanical design, and What maintenance that is required is
straightforward and structured for easy and quick imple
mentation. Further, PA technology permits stationary, multi
element probes to thoroughly inspect a moving tube during
manufacture With greater ?exibility than conventional

designs permit.

range of tube diameters and Wall thickness for a given tube
material and manufacturing process, or in tubes of differing

35

Speci?cation.
SUMMARY OF THE INVENTION
According to the invention in one aspect, a method of
non-destructive testing for defects in the Wall of tubes or

40

Such computer-controlled systems can be reliably and
rapidly adapted to meet the requirements of various types

and siZes of tubes by simply selecting electronically the

pipes to be inspected is based upon a phased array (PA)
ultrasonic probe system. The inspected tube may be rotated
continuously While it is moving past an inspection station or
the inspection station may be moved With respect to the tube.
At the inspection station a plurality of PA beams from each

softWare that corresponds to a neW tube diameter and Wall

thickness to be inspected. The parameters affected Would
include the identi?cation of speci?c pieZoelectric elements
in each probe for the formation of each beam, the number of
beams per probe and the beam angle of incidence With

45 of one or more probes are directed into an entry Zone in the

respect to the outer surface of the tube. Further, the focus
point of the PA ultrasonic beams can be adjusted electroni
cally to be closer to the suspected location of defects in the
tube Walls for a given con?guration. This is not possible With

incidence but from a range of bearing angles along conically
oriented paths. Thus, the beams enter an inspection volume

form of a spot on the outer surface of the tube Wall. The

position of the entry Zone is ?xed With respect to the probes.
Said beams arrive at the entry Zone With a ?xed angle of

Within the Wall of the tube beloW the entry Zone at a constant

inspection angle. Defects Within the inspection volume are

single-element probes.

detected by sensing re?ected ultrasonic pulses created by
such defects. Sensing may be effected by a circularly

PA technology has the important capability of readily
detecting a Wide range of defects having longitudinal, trans

55

deployed array of dual-purpose emitter/receptor pieZoelec

Pat. Nos. 4,718,277, 5,228,343, 5,473,943 and 5,485,751. It
involves grouping single-element probes in clusters Wherein

tric elements operating in either a pulse/echo or pitch/catch
mode, or by dedicated emitters and receptors.
The invention is directed to a PA ultrasonic probe system
that Will detect re?ecting longitudinal, transverse and
oblique defects in the entire three-dimensional volume of the
Wall of a tube While the tube is moving With both longitu
dinal and rotational motion With respect to an inspection

the centerlines of the elements of such probes are angled
relative to one another such that the beams they emit
intersect at a predetermined position in the tube or pipe

station. This can also be achieved, for example, by having
the tube only rotate and the inspection system moving
longitudinally With respect to the tube. By “re?ecting

verse and oblique orientations. This occurs because PA
probes can electronically scan a much Wider inspection Zone

than single-element probes are able to do. Previous Work

With single-element ultrasonic probes to broaden the inspec
tion Zone of such single-element probes is described in US.

65

under inspection. Such single-element probe clusters,

defects” is meant defects that re?ect sound Waves either

hoWever, lack ?exibility and the capacity to effect compre

back to the source of such Waves or laterally to other sensors.

US 6,813,950 B2
4

3
As a preferred arrangement, a constant inspection angle

only a limited combination of these defects). The larger the

(i.e., the angle of refraction of the beams in the tube Wall) is
pre-selected such that it meets the requirements of the

optical aperture, the Wider the range of defects that can be
detected. Most defect orientations could be detected With an

inspection. These requirements depend principally on the

optical aperture of 360 degrees.

tube material and the method of tube manufacture and
establish an inspection angle that is most likely to detect

One embodiment of the invention has tWo mirror-image
probes that occupy sectors of a circle located, facing each
other, over the tube for providing clockWise and counter
clockWise inspections Within the tube Wall, vieWed in cross
section. This alloWs detection of longitudinal and obliquely
oriented defects in the volume of the tube Wall. Alternately,
the tWo mirror image probes, or tWo additional mirror image

anticipated defects. Since the inspection angle is constant, it
folloWs that the angle of incidence at the entry Zone for the

ultrasonic beams emitted by the PA probes Will also be
prede?ned and constant.
The conically oriented PAbeams are preferably generated

10

by an arc of ultrasonic emitter/receptor elements mounted on
probes, may be so oriented With respect to the tube to
conduct forWard and backWard inspections for transverse
a common, conic support surface, each of the elements
having an emission face that is positioned to lie on the
defects, again including obliques, in the volume of the tube
surface of an imaginary cone in space having a conic aXis 15 Wall.

that is substantially normal to the longitudinal aXis of the

As already described, the ultrasonic beams emitted by the

tube and Which passes through the entry Zone. The arc is
preferably a circular arc. A set of elements occupying a
sector portion, or all, of the circle constitutes a “probe”. One
or more probes may be contained Within a module that also
contains an acoustic coupling ?uid.

PA probes preferably strike the entry Zone on the outer
surface of the tube under inspection at the same angle of
20

over a range of bearings) around a line normal to the tube at

Each PA beam is formed by the emission of synchroniZed
ultrasonic Waves from a sub-set or group of elements

positioned Within the arc of a probe. Such sound Waves are

synchroniZed to provide, for each respective PA beam, a
focal point that is located Within the inspection volume that

incidence. In addition, according to the invention, each
beam strikes the entry Zone from a different direction (i.e.,

25

corresponds to the entry Zone. The total span of arc or arcs

the entry Zone. The range of bearings depends on the optical
aperture of the probe; this could be 360 degrees for a fully
conical probe. Only PA probes having a conical shape, as
described above, are capable of doing this.
The preferred number of beams are selected to match the

inspection parameters (anticipated orientation of defects,
siZe of tube, speed of tube passing the inspection station, and

employed is preferably suf?cient to ensure the detection of
re?ections arising from defects Within the tube Wall that are

the number of inspection modules). The conical shape of the

oriented obliquely Within the three-dimensional inspection

probe alloWs all of the beams to be readily directed to the

volume of the tube Wall, as Well as those oriented longitu
dinally or transversely. The detection mode of the probe or
probes can be either pulse/echo or pitch/catch.
The PA probes are con?gured, according to one embodi
ment of the invention, in the form of conical sections With

same entry Zone. Apreferred con?guration effects inspection
of a sample volume With three beams originating from each
of tWo mirror image probes. The high sWeep rate of the
35

discreet elements side-by-side in a single, l-dimensional,
curved continuum for each probe provided by a conical
supporting surface. The cone angle of the sections is a

function of the prede?ned angle of incidence for the ultra
sonic beams, Which are emitted normally to the face of the
probe elements, and are directed to strike the outer surface
of the tube under inspection. Since the PA beams are

40

preferably so formed as to strike said outer surface of the

tube over a fairly small entry Zone, tubes of varying geom
etries can be inspected using the same inspection set-up.
This implies that the distance betWeen the probe faces and
the outer diameter of the tube is almost constant, being
affected only slightly by the curvature of the various tube
siZes. Any such small change in this distance is accommo
dated using mechanical “boots”, containing or made of
acoustic coupling ?uid or material, that are adapted to ?t

45

movement of the tube and the entry Zone can be neglected
for the short period of time it takes for the beams from one
sWeep to strike it. The rate of sampling for purposes of
inspection should be sufficiently high so as to ensure that the

entire volume of material in the inspection volume Within
the tube Wall is eXposed to PA beams arriving from all of the
directions or orientations made available by the probes. In
this Way, the three-dimensional volume of the tube Wall that
corresponds to the entry Zone during that short time can be
inspected for the presence of any longitudinal, transverse or

oblique defects, as anticipated by the inspection set-up.
In the neXt instant, after the tube has moved slightly to
eXpose an adjacent small area of its outer surface as the entry

Zone, the process is repeated. Thus, as the tube passes
50

through the inspection station, each point on its outer surface
momentarily becomes the entry Zone. Hence, as the tube

advances past the inspection station, a spiral path of
inspected tube Wall Will have passed through an active entry

tubes of different outer diameters.

Although all the beams must strike the tube in the entry
Zone, the distance betWeen the probe face and the entry Zone

probes (approximately 15,000 beams/s) is such that the

Zone. If the tube is advanced at a suf?ciently sloW rate, this
55

is generally not the focal length of the beams. Rather, the

spiral path can cover the entire Wall of the tube. Alternately,
if the tube is advanced at a higher rate, multiple inspection

focal point of the PA beams is adjusted to be as close as

stations may be progressively deployed along the path of the

possible to the suspected location of defects Within the
Ware in the control system to control the phased array probe

tube to provide a series of inter-entWined spiral paths of
inspected tube Wall that include the entire Wall of the tube.
In this Way, complete inspection of the prescribed three
dimensional volume of the tube Wall is effected.

elements to place the focal points as near as possible to
locations most likely to have a defect.

In the embodiment of the invention described above an
inspection system may consist of one or more pairs of

inspection volume so that very small defects can be detected.

The optimum beam con?guration is calculated using soft

60

The preferred angle subtended by each probe (also knoWn
as the “optical aperture”) depends on the anticipated orien
tation of defects in the volume to be inspected (e.g., defects
having longitudinal, transverse and oblique orientations or

mirror-image probes, each pair contained in a single inspec
65

tion module. In such a system one pair of probes in a ?rst

module may be dedicated to detecting longitudinal defects
(including obliques) and a second inspection module may

US 6,813,950 B2
6
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detect transverse defects (also including obliques). Depend

FIG. 3A—Three-dimensional vieW of phased array ultra

sonic conical probe segment.

ing on the size of the tube and the speed at Which it passes

through the inspection station, several identical pairs of

FIG. 3B—Plan vieW of phased array ultrasonic conical

inspection modules may be required to detect all of the
defects in the three-dimensional volume of the tube Wall

probe segment subtending an angle of 60 degrees.
FIG. 4—End vieW cross-section of phased array ultra
sonic module.

under inspection. These embodiments are alternates to a

single probe having a 360 degree conical section Which may
replace the pair or pairs of probes With conical sections of

FIG. 5—Top vieW schematic representation of a pair of

lesser span or optical aperture.
Another embodiment of the invention consists of one or

10

FIG. 6—End vieW cross-section of phased array ultra
sonic module shoWing beam orientation.
FIG. 6A—End vieW cross section of phased array probe

more modules each containing a mirror-image pair of PA

probes to detect only longitudinal and oblique defects. In
this embodiment, transverse defects only (i.e., not including
obliques) are detected by tWo conventional single-element
probes, one looking forWard and the other backWards along

cone shoWing cone angle.
15

the tube. This embodiment may be further embellished by
the addition of one or more single-element probes to simul

taneously verify, for example, tube Wall thickness or to
detect delamination.

FIG. 7 Side vieW of phased array ultrasonic probe shoW
ing formation of incident beams.
FIG. 8 Cross-section of tube Wall shoWing incident and
refracted beams.

FIG. 9 Top vieW schematic representation of detection of
longitudinal, transverse and oblique defects by tWo opposing
pairs of phased array ultrasonic probes With the form of
conical segments.
FIG. 10—Multiple phased array ultrasonic modules

In the embodiments described thus far, a PA ultrasonic

probe system With a prede?ned angle of incidence and ?xed
entry Zone is capable of inspecting a range of tube siZes and

Wall thickness. The only modi?cation that might be required
by different tube diameters is changing of the previously
mentioned boot at the interface betWeen the bottom of each
module and the outer surface of the tube to ensure the
stability of the interface. Such a system may consist of one

opposing phased array ultrasonic conical probe segments
shoWing beam orientation.

25

mounted on tube under inspection.
FIG. 11—Side vieW cross-section of module in the pre

ferred embodiment shoWing one pair of ultrasonic PAprobes
and three conventional ultrasonic single-emitter probes.
FIG. 12—Top vieW schematic representation of detection
of longitudinal, transverse and oblique defects by a single
360 degree conical phased array ultrasonic probe.
FIG. 13A—End vieW cross-section shoWing hoW a ?xed
phased array ultrasonic module design can detect

or more modules.

Should circumstances dictate, a different prede?ned angle
of incidence may require design changes to cater for the
altered dimensions of, for example, the conical probe sec
tions and the distance betWeen the probe faces and the outer
diameter of the tube. Once built, hoWever, this neW system
Would also be capable of inspecting a range of tube siZes and

longitudinal, transverse and oblique defects of a ?rst pre
de?ned type for tubes of varying diameter: tube With small
diameter and thin Wall thickness.
FIG. 13B—End vieW cross-section shoWing hoW a ?xed
phased array ultrasonic module design can detect
longitudinal, transverse and oblique defects of a ?rst pre
de?ned type for tubes of varying diameter: tube With
medium diameter and thick Wall thickness.
FIG. 13C—End vieW cross-section shoWing hoW a ?xed
phased array ultrasonic module design can detect
longitudinal, transverse and oblique defects of a ?rst pre

Wall thicknesses Without further modi?cation, as described
above.
In an additional embodiment, the restriction of having to

redesign the module for each prede?ned inspection angle is
overcome by using a 2-dimensional array of ultrasonic

probes. In these probes, there are both elements discreetly

placed side-by-side lengthWise and around the circumferen
tial surface of the imaginary cone to provide the electronic

axis that forms the beams; and elements discreetly placed
side-by-side along the inclined surface of the imaginary

de?ned type for tubes of varying diameter: tube With large

cone, that alloW changes in the direction of the beam,
thereby controlling the angle of incidence of the beam With

diameter and medium Wall thickness.
FIG. 14A—Three-dimensional vieW of 2-dimensional

respect to the probe surface. This compares to the
1-dimensional probes of the earlier embodiments that have
an electronic axis of variable length but only a single ?xed

phased array ultrasonic probe.

directional axis. Using PA beam steering techniques, the

tronic and directional axes of probe in FIG. 14A.

2-dimensional probes form beams that may be tilted With
respect to beams formed With l-dimensional probes, thereby
alloWing the angle of incidence to be altered Without having
to redesign the module.
The foregoing summariZes the principal features of the

FIG. 14B—Sketch of 2-dimensional probe shoWing elec
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT
55

The invention describes a phased array (PA) ultrasonic

system for detecting re?ecting defects having multiple ori
entations (i.e., longitudinal, transverse and oblique) located

invention and some of its optional aspects. The invention
may be further understood by the description of the pre

ferred embodiments, in conjunction With the draWings,

throughout the entire three-dimensional volume of a tube
Wall as the tube passes through a non-destructive testing

Which noW folloW.

(NDT) station.
FIG. 1 shoWs the relative disposition of ultrasonic PA
module 2 With respect to tube 1 under inspection. When

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1—General physical relationship betWeen phased

inspection is underWay, positioning mechanism 3 loWers

array ultrasonic module and tube under inspection.
FIG. 2—Top vieW of phased array ultrasonic module With
top cover removed, including associated computer

module 2 until it comes into contact With acoustically
transparent boot 4, a mechanical device Well knoWn in the
?eld of NDT, Which forms an interface betWeen tube 1 and
module 2. Water then ?oWs around the boot to ?ll any small

controller/data acquisition system.

65
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spaces remaining between tube 1 and module 2. Module 2
is free to move up and down as well as sideways in rhythm
with any eccentric ?uctuations tube 1 may have as it passes

The manner in which the phased array beams enter tube
1 in order to detect the defects within their 60 degree
subtended sector angle is illustrated in FIG. 5, which is a top

through the inspection station.

view looking downwards through PA ultrasonic probes 6 and

During inspection, tube 1 rotates and moves longitudi
nally with respect to module 2. Module 2 may be held

6A with tube 1 below them. Since the method of operation
of probes 6 and 6A is identical, except that one may rotate
its beams clockwise and the other counterclockwise, the
following description will be limited to probe 6. Beams are

stationary except to accommodate tube ?uctuations as
described above. There is no impediment, however, to only

rotating the tube (i.e., no longitudinal movement) and slid
ing the module longitudinally over it using a suitable

1O

mechanical control mechanism, should that be more conve

nient for a particular design set-up.
As illustrated in FIG. 2 in a top view, PA ultrasonic

module 2 contains two opposing mirror-image PA ultrasonic
probe assemblies 5 and 5A that each span a 60 degree sector

15

of a circle (i.e., the optical aperture). Also shown in FIG. 2
are associated computer/data control and acquisition system
60 and electronic cabling 61 connecting it to module 2.
When inspecting tubes, such probe assemblies are prefer
ably required in mirror pairs so that complementary forward

formed by groups of ultrasonic pieZoelectric elements 7,
preferably contiguous, acting in virtual unison; the number
of elements per group being arbitrary, depending on the
overall design of the system and the application. The pre
ferred embodiment described herein has eight elements 7 per
group (not all elements 7 are depicted in FIG. 5). Such
groups are typically identi?ed by the number 10A in probe
6 and 10C in probe 6A in FIG. 5. When the elements 7 in
groups 10A and 10C are triggered, beams 10B and 10D are

complementary clockwise and counterclockwise transverse

respectively formed. The method of detection in the pre
ferred embodiment is pulse/echo, but pitch/catch could also
be used.
The design of PA ultrasonic module 2 is such that all
beams from probe 6 (e.g., beam 10B), as well as all beams

measurements, can be made.

from probe 6A (e.g., beam 10D), coincide and strike the

and backward measurements for transverse defects, or

FIG. 3A shows details of one of the probe assemblies of

which the key component is PA ultrasonic probe 6 in the

25

form of a conical section containing 64 ultrasonic emitter/

receptor elements 7, (not all elements 7 are depicted in FIG.
3A). As shown, these elements 7 are all discreet and side
by-side in a single continuum for each probe and, as such,

outer diameter of the tube at the same point or region 11,
known as the “entry Zone” 11, as illustrated from the top in
FIG. 5 and from the end in FIG. 6.
Beams 10B and 10D, as well as all other beams emitted
from probes 6 and 6A, generally do not arrive at entry Zone

may be considered as 1-dimensional. As illustrated in FIG.

11 at their focal point. Better detection of defects, particu
larly very small defects, is possible if the focal points of the

3B, the conical section subtends a sector angle of 6 (the

ultrasonic beams is within the inspection volume inside the
tube wall, as close to the location of anticipated defects as

optical aperture), where 6=60 degrees in the described
preferred embodiment. This optical aperture 6, however, is
arbitrary and can be increased or decreased at will to meet

design requirements. The degree of obliquity that can be

35

detected from the longitudinal or transverse directions

depends on the optical aperture 6. It is determined in

advance by anticipating the maximum extent of projected
obliquity due to the manufacturing process and the tube
material and siZe. The larger the optical aperture 6, the
greater the degree of obliquity that will be detected.
In the preferred embodiment, each of the 64 pieZoelectric

40

considerations.
The geometry of PA ultrasonic module 2 depends funda
mentally on the type of defect that is to be detected in the
tube. The type of defect, which is a function of such factors
as the material and method of manufacture of the tube,

dictates the angle of refraction of the inspection beams for
optimum detection of such defects. From this information,
the required angle of incidence 0t of the beams can be readily

ultrasonic elements 7 in probe 6 have a width of 1.2 mm, a

length of 19 mm and an operating frequency of 2.25 MHZ.
The number and design of ultrasonic elements 7 is also
arbitrary and can be changed at will depending on perfor
mance requirements. The electronics, multiplexing and soft
ware 60 and 61 that control the operation of elements 7 of
probe 6 through controllers 60, as pictorially shown in FIG.
2, are well known in the general ?eld of phased array probes
and can be purchased from R/D Tech Inc. of Quebec City,
Canada.
The internal design of module 2 is shown in cross section
in FIG. 4. Probe assemblies 5 and 5A, respectively contain
ing conical probe sections 6 and 6A, are located at the top

possible, as controlled by software integrated into the sys
tem. The focal length of the beams, therefore, is a function
of the type of defects anticipated and the geometry of the
tube under inspection, and it is predetermined based on these
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calculated and this leads directly to the cone angle y of the

probe and height H of the acoustic coupling ?uid 8A, as
illustrated geometrically in FIG. 6A.
For the preferred embodiment described herein, ot=17
degrees, H=90 mm and y=73 degrees. As can be seen in 146
FIG. 6A, this value of cone angle y is dependent on the

ultrasonic beam emanating at a right angle from the conical
surface of the probe.

Using eight contiguous emitter/receptor elements 7 per
PA beam, the 64 elements 7 of probe 6 can be grouped to
55

of truncated coupling column 8, which is completely ?lled

form up to eight beams without overlapping pulsing of
elements, or up to 57 beams with overlapping pulsing of
elements. The actual number of beams for a given inspection
depends on the requirements of the inspection. For the
preferred embodiment, only three beams are utiliZed per
tube type due to the high speed at which the tube passes the

with acoustic coupling ?uid 8A such that there is no gap

between probe sections 6 and 6A and coupling ?uid 8A. The
bottom of truncated coupling column 8 is normally sealed by
membrane 9, which may be ?at or be suf?ciently ?exible to
take up a curvature similar to that of tube 1. The letter “H”

inspection station (2 m/s). The groups of eight elements 7

shows the height of the coupling ?uid. Boot 4 is placed

per beam are changed, however, for different tube types

between membrane 9 and tube 1 to ensure a continuous and

where the anticipated obliquity of the defects is different,
such obliquity being a function of the method of manufac

integral interface. Small spaces left after insertion of the
boot 4 are ?lled by externally ?owing water or some other
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ture and tube siZe.

coupling ?uid during inspection. Depending on the tube

Although all beams formed by these groups strike the tube

outer diameter, boot 4 can be changed to achieve a better ?t.

at entry Zone 11, their focal points are adjusted to be as close

US 6,813,950 B2
9

10

as possible to the suspected location of defects in the
inspection volume in the tube Wall corresponding to the

they could be positioned over the tube to be inspected is
shoWn in FIG. 10. Additional modules or pairs of modules
can be added if the longitudinal and rotational speeds of the

entry Zone. All beams have the same incident angle 0t With
respect to tube 1. Since the beams are formed very rapidly

tube so Warrant. If module siZe is not a restraint, modules 2

(~15,000/s depending on acoustic limitations), they Will
enter entry Zone 11 before the tube can move appreciably in
either a longitudinal or rotational direction. The siZe of entry
Zone 11 can vary, but is typically in the range of 5—10 mm
across, but may lie in a range from 1 to 30 mm. For the
preferred embodiment it is 9 mm Wide. As tube 1 moves past

entry Zone 11, all points on its surface momentarily become
part of entry Zone 11 during Which time they are bombarded
With beams all having the same angle of incidence 0t.
As indicated above, in the preferred embodiment

described herein, three groups of eight emitter/receptor

and 2A for the detection of both longitudinal and transverse
defects respectively could be combined in a single module,
as could the other pairs of modules referred to above. The

relative location of the modules is unimportant (i.e., they do
not have to be in close proximity to one another).
10

through the inspection station. If tube 1 is advanced at a
suf?ciently sloW rate, spiral path 30 Will cover the entire Wall
of the tube. Alternately, if the tube is advanced at a higher
15

elements 7 each Were considered suf?cient to conduct the

10, to provide a series of inter-entWined spiral paths 30 of
inspected tube Wall that include the entire Wall of the tube.

12—19 and 33—40, are shoWn entering tube 1 at entry Zone
11. An enlargement of the area around entry Zone 11 is given

In this Way, complete inspection of the prescribed three
dimensional volume of the tube Wall is effected.

in FIG. 8. Here it can be seen that beam X strikes entry Zone
11 at incident angle 0t from one direction and that beams Y
and Z strike entry Zone 11 at the same incident angle 0t, but
25

element probe 18A for the measurement of Wall thickness
and detection of delamination. Due to the high speed at
Which the tube passes the inspection station, there are four
identical modules 2C in the preferred embodiment located

subtended by the 60 degree conical probe section (optical
aperture) of the preferred embodiment is inspected by beams
coming from three or more different directions Within the

aperture (i.e., from 0 degrees to 60 degrees). The only

over the tube in the same con?guration as shoWn in FIG. 10

restriction on the number of beams to conduct an inspection
35

defects are detected in the Zone of the tube Wall under

inspection. If longitudinal defect 15 and oblique defects 15A
back to the corresponding emitter/receptor element 7.
Hence, beam 41 emanating from probe 5 Will detect longi
tudinal defect 15 at an angle of approximately 90 degrees,
and beams 40 and 41 Will respectively detect oblique defects
15B and 15A at angles of approximately 90 degrees. This

centrally located, conventional single-element probes 18 is
defects (no obliques). The preferred embodiment also con
tains a third centrally positioned, conventional single

X, Y and Z. In this Way, every point in the tube Wall being

and 15B are to be detected, beams at or close to normal to
them must strike them so that there is maximum re?ection

The preferred embodiment is depicted in FIG. 11. It
consists of module 2C, Which contains only one pair of PA
probes because the requirement is only for the detection of
longitudinal and oblique defects. In addition, a pair of
used for the forWard and backWard detection of transverse

“inspection angle”). All points in tube Wall 12, as exempli
?ed by point 13 in FIG. 8, are inspected at angle [3 by beams

are the requirements of the inspection.
FIG. 9 further illustrates hoW re?ecting longitudinal

rate, multiple modules may be progressively deployed along
the path of the tube, in the same Way as illustrated in FIG.

inspection. In FIG. 7, beams X, Y and Z, respectively formed
by non-overlapping groups consisting of elements 1 to 8,

from different directions. Each of beams X, Y and Z is
refracted by the same amount, hence all three pass through
tube Wall 12 at refraction angle [3 (also knoWn as the

FIG. 7 also shoWs spiral path 30 that is inspected by entry
Zone 11 during one rotation of tube 1 as tube 1 moves

40

for modules 2A and 2B.
Alternatively, as shoWn in FIG. 12, a full 360 degree
conical PA ultrasonic probe 17 could be employed to detect
defects in the tube regardless of their orientation. It Would be
made up of several hundred elements 7, Which Would be
formed into many groups to produce beams. Three such
beams U, V and W are shoWn, all striking the outer circum
ference of tube 1 at entry Zone 11, as described above.

A single module design can be used for detecting pre
de?ned types of defects (i.e., for a prede?ned angle of
45

occurs because the angle of incidence and directions of the
beams have been pre-selected as a function of the antici

incidence 0t) in a range of tube diameters and Wall thickness.
Under these circumstances, the conical aperture 6 of the

probe (see FIG. 3B), the cone angle y of the probe (see FIG.
6A) and the height H of the coupling ?uid (see FIG. 6) are

pated degree of obliquity of the defects. Compared to

conventional ultrasonic technology (i.e., single-element

?xed. As illustrated in FIG. 13A (tube 20 With small diam
eter and thin Wall thickness), FIG. 13B (tube 21 With

probes) PA technology yields a much higher resolution in the
direction of defect orientation (the decrease in sensitivity is

medium diameter and thick Wall thickness and FIG. 13C

close to 1 db per degree of defect orientation out of align
ment from the detecting direction). This results in a higher
degree of accuracy in defect identi?cation.

(tube 22 With large diameter and medium Wall thickness),
the ultrasonic beams from the same phased array probe (e.g.,
beams 10B and 10D) all pass through entry Zone 11, thereby

necessary to add a second module 2A containing phased

all entering the tube to be inspected at the same point on the
outer circumference regardless of tube diameter or Wall
thickness. Slightly differing boots 4A, 4B and 4C ensure a
stable interface betWeen the module and the tube.
Should a different type of defect be prede?ned, it Would

array mirror-image ultrasonic probe assemblies 14 and 14A

then be necessary to redesign the module (2‘ instead of 2 in

For certain types of tubes, this may be the only inspection
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required, but for others it may be desired to detect transverse
and transverse oblique defects as Well. To do this using the

preferred embodiment described thus far, it Would simply be
aligned as shoWn in FIG. 9. In the same Way as described

FIG. 6). For example, a different tube material or a different

above, beam 51 detects transverse defect 16 While beams 50
and 52 respectively detect oblique transverse defects 16B
and 16A.

method of manufacture Would require a different inspection

Thus, module 2 inspects for longitudinal defect 15 and
oblique defects 15A and 15B; and module 2A inspects for
transverse defect 16 and oblique defects 16A and 16B. How

angle of refraction ([3‘ instead of [3 in FIG. 8). Knowing this,
65

the corresponding angle of incidence (ot‘ instead of 0t in FIG.
6), the height of the coupling ?uid (H‘ instead of H in FIG.
6) and the cone angle (y‘ instead of y in FIG. 6A) can be
readily computed in the same Way, as described above for

US 6,813,950 B2
11

12

the computation of 0t, H and y. It may also be decided to

one or more probes into an entry Zone on an outer

modify the optical aperture for the phased array probe (6‘

surface of said tube Wall, said beams arriving at the
entry Zone from a range of bearing angles along coni

instead of 6 in FIG. 3B). Once fabricated, module 21 can be
used to inspect for the neW prede?ned defects in tubes of
varying diameters and Wall thickness made from the neW

cally oriented paths.
5

2. The system in claim 1 Wherein the beams emitted by

material and manufacturing process in the same Way as

each of said one or more probes all strike the entry Zone With

illustrated in FIGS. 13A, 13B and 13C for module 2.
The restriction of having to redesign the module for each

the same angle of incidence With respect to the outer surface
of said tube.
3. The system in claim 1 Wherein the modules each

prede?ned inspection angle can be overcome by using
2-dimensional ultrasonic probes. In the previously described

contain a pair of mirror-image probes.
4. The system in claim 3 Wherein each of the pair of
mirror-image probes provides three or more phased array
beams directed from said respective probes into the entry

embodiments, the elements 7 making up the PA probes are
1-dimensional in that they are all side-by-side in a single

continuum for each probe (see description for FIG. 3A).
That is, the only axis of freedom for placement of the beam
focal point is this electronic axis, Which the elements 7

Zone.

15

5. The system in claim 4 Wherein the plurality of phased
array ultrasonic elements in each of the pair of mirror-image

de?ne and Which controls the formation of the beams. As
illustrated in FIGS. 14A and 14B, a directional axis can be
created for each probe, if additional elements 7 are added to

probes are deployed in a circular array that subtends sub

give 2-dimensional probe 25 a depth of three elements 7 all
along its arcuate span/electronic axis length. The number of

6. The system in claim 1 Wherein said one or more of the
modules further comprise one or more single-element ultra

additional roWs of elements that provide the directional axis

sonic probes.

stantially 60 degrees of a circle.

7. The system in claim 1 Where the plurality of phased

is optional.
By employing standard PA beam steering techniques, the
acoustic beams can be adjusted along both axes, thereby
permitting a variable inspection angle. In this Way the angle

array ultrasonic elements are a ?rst series of ultrasonic
elements and a further series of ultrasonic elements are
25

of incidence 0t can be altered Without having to redesign the

module. Using this technique, the height H Will not be
exactly the same as in the 1-dimensional case (i.e., the entry
Zone Will not lie exactly on the outer surface of the tube), but
the design of the boot 4 can be adjusted to compensate for

deploy beside said ?rst series to form a 2-dimensional array
of ultrasonic elements.
8. A system for the non-destructive testing of a tube
having a tube Wall to detect the presence of defects Within
said Wall, including one or more modules each comprising:
(a) one or more ultrasonic phased array probes, each

this Without appreciable effect on the inspection capability.
The preferred embodiment described above has been built
and repeatedly tested With great success for the inspection of

including a ?rst plurality of ultrasonic elements;
(b) means to supply electrical signals to the ultrasonic

tubes having outer diameters from 70 to 500 mm and Wall
thickness from 4 to 20 mm. In addition, using this system,

ultrasonic, phased array beams that respectively form a

elements to cause said ultrasonic elements to emit
35

focal point;

tests have successfully located transverse oblique defects in

(c) an acoustic coupling ?uid contained Within a column

very thin Wall thickness (1 mm in tubes of 17 to 24 mm outer

extending from said one or more probes to the foot of

diameter).
CONCLUSION

40

of said column and a portion of the tube Wall that serves
as an ultrasonic entry Zone for accessing the tube Wall;
and

The foregoing constitutes a description of speci?c
embodiments shoWing hoW the invention may be applied
and put into use. These embodiments are only exemplary.
The invention in its broadest and more speci?c aspects is
further described and de?ned in the claims, Which noW
folloW. These claims, and the language used therein, are to
be understood in terms of the variants of the invention,

(e) means to receive defect-re?ected sound returning from
45

Wherein said ?rst plurality of ultrasonic elements are arcu

ately deployed side-by-side to each other in a 1-dimensional
arcuate array, in the shape of a portion of the circumferential
surface of an imaginary cone, and Wherein said elements
provide ultrasonic beams that are directed to strike an outer
surface of said tube at said entry Zone from a plurality of

disclosure that has been provided herein.
What is claimed is:
1. A system for the non-destructive testing of tubes
comprising one or more ultra-sonic modules each of said

approaching bearing angles, at an angle of incidence that
55

(1) one or mare ultrasonic probes comprising a plurality

of incidence With respect to the outer surface of said tube.

(2) an acoustic coupling ?uid contained Within a column

10. The system in claim 8 Wherein said one or more

extending doWnWardly from the probe; and

to provide a phased array probe, Whereby a plurality of
phased array beams maybe directed from each of said

Will permit said beams to penetrate Within the tube Wall of
said tube positioned beneath the acoustic coupling means.
9. The system in claim 8 Wherein the beams emitted by the
one or more probes all strike the entry Zone at the same angle

of phased array ultrasonic elements;

(3) a boot for effecting an interface betWeen said module
and a tube having a tube Wall to be tested,
Wherein the ultrasonic elements are deployed in the shape
of a conical section having an included cone angle With
the elements positioned side-by-side in an arcuate array

the entry Zone on said tube Wall to detect defects Within

the tube Wall,

Which has been described. They are not to be restricted to
such variants, but are to be read as covering the full scope
of the invention as is implicit Within the invention and the

modules comprising:

said column;
(d) acoustic coupling means extending betWeen the foot

probes comprise tWo probes incorporated Within a module,
such module containing a mirror image ultrasonic phased
array probe pair, the ultrasonic elements of each member of
the pair being deployed along a common circular arc lying
along a common conical surface.
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11. The system in claim 8 comprising a single probe
Wherein the arcuate array is a circular arc Which spans 360

degrees.

