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[57] ABSTRACT

Apparatus for measuring deviation from straightness,
or wall curvature or axial curvature, of an elongated
member by ultrasonic pulse-echo techniques com-
prises at least three ultrasonic transducer means and
an associated processing system.

In operation, each of the transducer means transmits
ultrasonic search signals towards the elongated
member and detects signals reflected from
diametrically opposed points on a reference surface of
the member. From the transmitted search and the
received echo signals, a signal is generated in the
associated processing system indicating the distance
between the face of each transducer means and the
associated reference points on the wall surface of the
elongated member. The generated distance signals can
then be processed to generate signals indicating wall

2,629,082  2/1953 340/1 R curvature and axial curvature in the plane formed b
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' METHOD AND APPARATUS FOR
ULTRASONICALLY MEASURING DEVIATION
FROM STRAIGHTNESS, OR WALL CURVATURE
OR AXIAL CURVATURE OF AN ELONGATED _

" 'MEMBER |

BACKGROUND OF ‘THE INVENTION

1. Field of ‘the Inventron ;

This invention relatés to a method and apparatus for
measuring deviation from straightness, or wall curva-
ture or axial curvature, of an elongated member, such
as, for example, a tube, usmg ultrasonic pulse-echo
techniques. | o

2. Descnptlon of the Prior Art ‘

A wide vanety of ultrasomc testing.and measunng
systems' exist. which are capable of either 1nspectmg
materials or workpieces for hidden flaws, or gauging
the thickness or diameter of a workpiece. Typically, in
ultrasonic pulse-echo apparatus. an: electronic pulse
generator provides pulses to an ultrasonic transducer
acoustically coupled to the surface of the material or
workpiece. In response to the electrical signal from the
pulse generator, the transducer transmits a search sig-
nal which propagates through the coupling medium
and into the workpiece. When an acoustic discontinu-
rty, as for example, a flaw, lamination, or wall surface,
is encountered in the workprece by the search srgnal a
reflection or echo signal is produced whlch is detected
by the transducer and converted into an electrical écho
signal. The electrical search and echo signals from the
transducer are generally used elther to respectlvely
trigger and stop a clock circuit or to pronde a coordi-
nate display on a cathode ray tube. From the time
elapsed between the transmission of a search srgnal and
the receipt of an echo signal by the transducer, it is
possible to determine the distance between the face of
the transducer and the acoustic drscontmurty repre-
sented by the flaw, lammatron or wall surface of the
workpiece. A typlcal prior art system for measuring the
thickness and location of a flaw in a workpiece, as
described above, is found in U.S. Pat. No. 3,570,279,
issued to D. H. Ddvies on Mar. 16, 1971.

US. Pat No. 3,780,442, issued to'W. M. Gresho on
Dec. 25,1973 discloses 1 measuring the axial curvature
of an elongated member, such as, for example, a tube.
A plurality of wall curvature gauges are both mounted
independent of each other on a ngrd carrier and ar-
rayed equiangularly about the axis of the carrier to
form a compound gauge. Each curvature gauge com-
prises asubcarrier having a ‘radially movable probe
mounted on 'the ‘subcarrier. between two. radially ex-
tending, spaced apart, fixed feet, and a linear variable

differential transformer (LVDT) coupled to the probe .

When the gauge is posrtloned in the tube, the fips.of the
fixed feet contact the referenced, surface of the tube to
form a longltudlnal reference line therebetween Any
deviation. from the reference line by the tip of the
probe, which is in:Gontact with the referenced surface
of the tube, will dause the. associated LVDT to‘generate
a corresponding électrical srgnal thereby 'to indicate
wall curvature along a particular wall area. Each of the
LVDT generated electrical signals are proportlonately

weighted and concurrently processed to’ provide a sin- |

gle continuous output voltage ‘signal mdlcatmgthe axial
curvature of the tube. The Gresho patent, ‘however,
does not disclose nor teach non-contact method' of
apparatus, or the use of ultrasonic pulse-echo tech-
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niques for effecting an ‘axial curvature measurement of
an elongated member:

The problem, therefore, is to provide method and
apparatus which will measure the axial curvature of an
elongated member while avoiding contact of the mea-
suring apparatus with a surface of the member.

BRIEF SUMMARY. OF THE INVENTION

An object of the present.invention is to provide new
and improved method and apparatus for measuring the
wall curvature and the axial curvature of an elongated
member such as, for example, a tube by the use of

ultrasonic pulse-echo techniques.

Other and further objects of the present invention
w1ll become apparent during the course of the follow-
ing description and by reference to the accompanymg

drawings and the appended ‘claims.

‘In‘accordance with the present invention, ‘the method
for measuring the deviation from strarghtness between
two points along one surface of a mémber comprises
the steps of reflecting ultrasonic signals off said surface
along paths approximately normal thereto from sites
respectively opposite said two _points and one point
intermediate said two points, said sites being’ nominally
equidistant from said surface and at predetermined
distances from one another;’ generatmg first electrical
signals representmg the transit times of said reflected
ultrasonic signals; and generating a second électrical
srgnal in response. to the generation of said first signals

indicative of the deviation from straightness of said
surface between said two points.

In an alternative embodiment, axial curvature of the
elongated member is measured in the plane of said
paths by similarly measuring the deviation from
straightness along a second surface of said member, or
a second portion of said one surface symmetric about
the longitudinal axis of said member, and on the oppo-
site side of the longitudinal axis of said member from

'said one surface; and then generating a third.electrical

srgnal in response to the second electrical signals asso-
ciated with both said one surface and said second sur-
face or second pdrtion of said one surface mdrcatrve of
sard ax1al curvature.

BRIEF DESCRIPI‘ION OF THE DRAWINGS
Referrmg now to the drawmgs, in which' lrke numer-

“als represent liKe parts in the several views:-

50

FIG:. 1 is a block diagrani of a nondestructive ultra-
sonic axial curvature measuring system embodymg one
form of the present invention;

FIG. 2 is a diagram showing the prmcrple of the re-
flection-type ultrasonic measuring apparatus formmg

- part of the measuring system of FIG. 1 when measurmg
" a solid elongated member;

55

FIG. 3 is a schematic representation of an ultrasonic

N pulse train’ including reflections from wall surfaces ofa
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_solid elongated member as shown in FIG. 2;

FIG. 4 is a diagram showmg the pnncrple of a reflec-
tion-type ultrasonic measurmg apparatus formmg part
of the measuring system of FIG. 1 when measuring a
hollow member filled with an acoustic transmrttmg
medium;

FIG. 5 is a'schematic representation of an ultrasonic
pulse train including reflections from wall surfaces of a
hollow member filled with an acoustlc médium ‘as
shown in FIG. 4;

FlG 6 is a block diagram of a nondestructive ultra-
sonic axial curvature measuring system embodying a
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second form of the present invention; and

FIG. 7 is a view in side elevation of a portion of the
measuring apparatus showing one transducer from
each of a plurality of sets of transducers arranged about
an elongated member to obtain an axial curvature mea-
surement while eliminating the effects of up to quad-
rafoil distortions.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In FIG. 1, a block diagram of a system, designated
generally as 10, capable of measuring both the wall
curvature and axial curvature of a solid cylindrical
elongated member 12 by ultrasonic pulse-echo tech-
niques is illustrated. Member 12, while typically a right
circular cylinder, may have any shape, e.g., elliptical,
square, triangular, etc., and may be hollow, as will be
discussed hereinafter with referérice to FIGS. 4 to 7. It
will, of course, be understood that the elongated mem-
ber 12 to be tested is formed from an acoustical trans-
mitting material such as, for example, steel.

As shown in FIG. 1, system 10 comprises three,
spaced-apart, ultrasonic transducers 14-16 in a non-
contacting arrangement with the wall surface of elon-
gated member 12, and a processing system 11 capable
of exciting transducers 14-16 to emit ultrasonic waves
and processing information relative to reflected waves
received by transducers 14-16 thereby to determine
wall curvature and axial curvature at a portion of mem-
ber 12. As will be explained hereinafter with reference
to FIGS. 5-7, the present invention may also be prac-
ticed using more than three transducers.

Transducers 14-16 are shown mounted in, and ex-
tending through, apertures 18-20, respectively, in the
bottom of a tank 22, such that the longitudinal axes
24-26 of transducers 1416, respectively, are arranged
approximately normal to the longitudinal axis 28 of
member 12 to define a plane which includes approxi-
mately the longitudinal axis 28 of member 12 when said
member 12 is positioned in cut-outs 30, 31 formed in
the ends of tank 22. Furthermore, the faces 32-34 of
transducers 14-16, respectively, are preferably aligned
to define a plane which is approximately parallel with
the longitudinal axis 28 of member 12 when said mem-
ber 12 is positioned in cut-outs 30,31.

Since transducers 14-16 are not in contact with the
wall surface of member 12, a suitable acoustic coupling
medium 36, e.g., oil, water, etc., is placed in tank 22
between elongated member 12 and the faces 32-34 of
transducers 14-16, respectively, to permit acoustic
energy pulses to propagate therebetween as is well
known to those familiar with the art. '

Cut-outs 30,31, in tank 22, correspond in shape tov

the outer wall surface of member 12 but are slightly
larger and comprise a rubber glanding system 29,
known in the art, around the entire lip of said cut-outs
30 and 31 thereby to contact said outer wall surface of
member 12 and form a bearing with said outer wall
surface which substantially prevents leakage of the
coupling medium 36 from tank 22 during the measur-
ing process. Cut-outs 30,31 also provide support for
member 12 at two relatively closely spaced locations
thereby to substantially eliminate sag, and a possible
error in wall curvature or axial curvature measure-
ments when member 12 is undergoing measurement. It
is preferable to support member 12 at a plurality of
points on either side of tank 22 by any suitable convey-
ing means (not shown but known to those familiar with
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the art), such as, for example, supporting rollers. The

conveying means would reduce any tendency for mem-

ber 12 to bend under its own weight and thereby affect
a curvature measurement. o

In processing system 11, a pulse generator 40, capa-

ble of producing a series of intermittently occurring

‘high frequency pulses, is connected via cables 41a-41c

to transmitters 4244, respectively, each transmitter
being associated with a separate one of the transducers
14-16, respectively. Transmitters 4244 may be of an
essentially ‘conventional type capable of producing
driving signals suitable for exciting transducers 14-16,
respectively, into radiating ultrasonic energy search
pulses in response to individual electrical pulses over
cables 41a—41c from pulse generator 40, As is known in
the art, a pulse, from pulse generator 40, capable of
exciting an individual transducer into radiating energy,
can be characterized by a relatively high voltage, e.g.,
200=250 volts, and a very fast rise time. Therefore, it is
preferable to provide pulses in a cyclical manner to
each of transmitters 42-44 with gating circuits (not
shown) that can be provided as part of pulse generator
40 or separately within the areas of cables 41a—41c.
Alternatively, a'separate pulse generator (not shown)
can be connected to each of transmitters 42-44. Fur-
thermore, by properly timing the cyclical pulses to
transmitters 42-44 and the respective transducers
14-16, it is possible to prevent pulse energy reflected
from the wall surfaces 38 and 39 of member 12, from
affecting measurements at each of the other transduc-
ers. The individual high frequency pulses from pulse
generator 40 are transmitted from transmitters 42-44
to transducers 14-16, respectively, over respective
cables 46-48. Transducers 14-16, excited by the high
frequency pulses, emit corresponding search pulses of
ultrasonic energy. toward elongated member 12
through coupling medium 36. ’

As shown in FIG. 2 for typical transducer 14, each
search pulse of ultrasonic energy from the face 32 of
transducer 14 propagates through coupling medium 36
normal to the surface of member 12 along a path 50.
On reaching the external wall surface 38 of member 12
nearest transducer 14, a portion of the transmitted
ultrasonic pulse energy is reflected from said nearest
surface 38 of member 12 perpendicularly back towards
the face 32 of transducer 14 along a path 51, the re-
mainder of the pulse energy continuing through mem-
ber 12 along path 50. On reaching the external wall
surface 39 of member 12 furthest from transducer 14
and diametrically opposed to said nearest wall surface
38, the remaining ultrasonic pulse energy is reflected
from said furthest wall surface 39 perpendicularly back
towards the face 32 of transducer. 14 along a path 52.

. Paths 50, 51 and 52 are substantially aligned with one

55

another, -but are shown separated in FIG. 2 for pur-
poses of explanation. It is known to those skilled in the
art that successive reflections occur between the wall

- surfaces 38 and 39 of member 12 and shown as dotted
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lines in FIG. 2. These successive reflections, however,
are not pertinent for practicing the present invention
and will niot be included in the discussions of FIGS. 2
and 3. »

The reflected energy, in the form of echoes, from the
diametrically opposed wall surfaces 38 and 39 of mem-
ber 12, resulting from each of the simultaneously trans-
mitted ultrasonic search pulses from transducers 14-16,
is received by the associated transducer and converted
to a corresponding electrical output signal. The individ-
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ual electrical output signals from transducers 14-16 are
transmitted over cables 46-48, respectively, to respec-
tive receivers 54-56. Receivers 54-56 are shown in
block form in FIG. 1 and can be of any conventional
type known in the art, the receivers 54-56 generally
having an amplifier for amplifying the electrical output
signal from transducers 14-16, respectively. Receivers
54-56 each supply an output signal over cables 62-64,
respectively, to respective timing circuits 58-60.

Timing circuits 58-60 are also connected via cables
41a'41c’, respectively, to pulse generator 40 and gat-
ing circuits {not shown) in said pulse generator 49 or in
cables 41a’—41¢’, to receive the pulses from generator
40 as said pulses are supplied to the associated trans-
mitters 4244 and in turn to transducers 14-16, respec-
tively. The search pulses generated by each of trans-
ducers 14-16 in response to both a pulse from the
associated transmitter 42-44, respectively, and the
pulse energy reflected from the diametrically opposed

wall surfaces 38 and 39 of member 12, if displayed on

a cathode ray tube, instead of being received by timing
circuits 58-60, would appear as shown in FIG. 3. In
FIG. 3, puise 66 represents the pulse from pulse gener-
ator 40 as said pulse arrives at each of the transducers,
e.g., transducer 14. The energy radiating from each
transducer 14-16 in response to puise 66 is that energy
which propagates along path 50 in FIG. 2. Pulses 67
and 68 of FIG. 3 represent the pulses generated by each
of the transducers 14-16 in response to the detected
pulse energy reflected from the nearest and furthest
wall surfaces 38 and 39, respectively, of member 12
and propagating along respective paths 51 and 52 as
shown in FIG. 2.

Timing circuits 58-60 are shown in block form in
FIG. 1 and can be of any conventional type known in
the art. Timing circuits 58-60 produce an output signal
indicating the time elapsed between the initiation of a
transmitted search pulse 66 (FIG. 3) from the associ-
ated transducer 14-16, respectively, and the receipt of
any reflected wave, e.g., pulses 67 and 68 of FIG. 3, by
the associated transducer 14-16. For example, each
timing circuit 58-60 of FIG. 1 provides an output signal
indicating the time elapsed between pulses 66 and 67 of
FIG. 3, designated as elapsed time T1, and pulses 66
and 68 of FIG. 3, designated as elapsed time T2. Tim-
ing circuits 58-60 can attain such time measurements
either by producing separate signals indicating the time
elapsed between search pulse 66 and each of pulses 67
and 68 of FIG. 3 (designated as T1 and T2, respec-
tively), or by producing a first signal indicating the time
elapsed between pulses 66 and 67 (T1) and then pro-
ducing a second signal indicating the time elapsed be-
tween pulses 67 and 68, which can be added to said
first signal (T1) to arrive at the elapsed time between
pulses 66 and 68 (T2).

The individual output signals from timing circuits
58 60 are received by a processor 70 over cables
72-74, respectively. Processor 70, in turn, is adapted to
generate a signal indicating the distance between each
of the faces 32-34 of transducers 14-16, respectively,
and each of the diametrically opposed wall surfaces 38
and 39 of member 12 using the known sonic propaga-
tion velocities of the coupling medium 36 and the ma-
terial of member 12.

Processor 70 is also adapted to generate a signal
indicating the deviation from straightness, correspond-
ing to longitudinal wall curvature, of a particular one or
both of the diametrically opposed wall surfaces 38 and
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39 of member 12, in accordance with any well-known
trigonometric technique. For example, having deter-
mined the distance actually measured between the face
32 of transducer 14 and the point on the nearest wall
surface 38 of member 12 intersecting longitudinal axis
24 of transducer 14 (designated hereinafter as distance
y14) and the distance actually measured between the
face 34 of transducer 16 and the point on the nearest
wall surface 38 of member 12 intersecting longitudinal
axis 26 of transducer 16 (designated hereinafter as
distance yy), it is possible to compute the theoretical
distance (y';s) between the face 33 of transducer 15
and the point on longitudinal axis 25 of transducer 15
where the nearest wall surface 38 of member 12 would
intersect longitudinal axis 25 if said wall surface 38
were perfectly straight using the equation

E
Y15 = Y1+ (Y16 = Yia) (E+F )

where
E=the distance between longitudinal axes 24 and 25
of transducers 14 and 15, respectively, (see FIG.
1), and
F = the distance between longitudinal axes 25 and 26
of transducers 15 and 16, respectively, (see FIG.
1).
The difference between the predicted distance y';5 and
the distance y,; actually measured between the face 33
of transducer 15 and the point where the nearest sur-
face 38 of member 12 intersects longitudinal axis 25 of
transducer 15 can then be determined to arrive at the
magnitude of the deviation from straightness (hy),
where 4, = y'y5 — ¥is, Of said nearest wall surface 38.
The radius of curvature (R,) of the wall surface 38
nearest transducers 14-16 can then be determined
from the equation

)

Ry = (EX(F)/[2h, (2)

The magnitude of the deviation from straightness
(hy) and the radius of curvature (R;) for the wall sur-
face 39 of member 12 diametrically opposed to said
wall surface 38 nearest transducers 14-16 can also be
determined in a similar manner. The axial curvature of
said elongated member 12 in the plane defined by the
two diametrically opposed wall surfaces can then be
found using the equation

Rey= (EXF)/(hy + k) (3)
To completely define the radius of curvature in elon-
gated member 12 in accordance with the above proce-
dure, the axial curvature (R¢p) in a second plane ap-
proximately normal to the first plane just measured
should be measured in a manner similar to that de-
scribed hereinabove for said first plane. The net radius
of curvature (R) for elongated member 12 along longi-
tudinal axis 28 can be determined by the equation

R= VR +Ra O]

The output signal from processor 70 is transmitted
over cable 76 to an indicator 78 which can be any of
the conventional visual or recording indicators known
in the art.

Where system 10 of FIG. 1 is to be used to measure
the wall and axial curvature of an elongated member 12
which is hollow, member 12 should be completely filled
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with a coupling medium 36 to permit the pulse energy.
generated by each of transducers 14-16 to propagate

to: the furthest external wall surface 32 of member. 12

and be reflected back therefrom to the faces 32-34 of
the associated transducers 14-16, respectively.’ As
shown in FIG. 4 for a hollow member 12, correspond-
ing to that-shown in FIG. 2 for a solid member 12, and

5

typically for transducer 14, but also representative of -

transducers 15 and 16, each pulse of ultrasonic energy
from transducer 14 propagates: through coupling me-

dium 36 from the face 32-of transducer 14 towards '

. elongated member 12-along a path- 5.

When the transmitted ultrasoninc pulse energy en-
counters the external wall surface 38 of member 12
nearest transducer 14, a first portion of the transmitted
ultrasonic pulse' energy ‘is reflected back from said
nearest external surface 38 of member 12 towards the
face 32 of transducer 14 along a'path 51, the remainder
of the transmitted pulse energy continuing through
member 12 along path 50. When the remaining trans-
mitted pulse energy encounters the internal wall sur-

face 80 of member 12 nearest transducer 14, a' second

portion of the remaining pulse energy is reflected back
towards the face 32 of transducer 14 along a path 82,
the remainder of the pulse energy continuing through
- the coupling medium 36 within the bore of member 12,

along path. 50. When the remaining transmitted pulse

energy encounters the internal wall surface 83.of mem-
ber 12 diametrically opposed to the internal wall sur-
face 80 nearest transducer 14, a third portion of the
remaining transmitted pulse: energy is reflected: back
towards face 32 of transducer 14 along a:path 84. The
remaining ultrasonic pulse energy continues along path
50 and is reflected from the external wall surface 39 of

member 12 furthest from transducer 14 back towards

the face 32 of transducer ‘14 along path 52. Similar to
that shown. in . FIG. 2, successive reflections. occcur
whenever a transmitted or reflected energy pulse meets
any one of wall surfaces 38, 39, 80, and 83. However,
‘only those energy. pulses ;pertinent for: practicing the
present invention are shown in FIGS. 4 and 5 and dis-
cussed herein.

The pulses generated by transducer 14 in FIG. 4, in
response to both a pulse from transmitter 42 and the
detection of pulse energy being reflected back towards
transducer 14 from the wall surfaces 38, 39, 80, and 83
of member 12, if displayed on a cathode ray tube would
appear as shown in FIG. 5. There, pulse 66 corresponds
to the search pulse generated by transducer 14 in re-
sponse to a pulse from the associated transmitter 42
over cable 46. Pulses 67 and 68, as in FIG. 3, corre-
spond to the pulses generated by transducer 14 in re-
sponse to the detection of pulse energy being reflected
from the nearest and furthest diametrically opposed
external wall surfaces 38 and 39, respectively, of mem-
ber 12 propagating along respective paths 51 and 52.
As shown in FIG. 5, the time elapsed between the gen-
eration, by transducer 14, of pulses 66 and 67, the
pulses 66 and 68 are designated as time periods T1 and
T2, respectively. Pulses 86 and 88 represent the pulses
generated by transducer 14 in response to the detection
by said transducer 14 of pulse energy being reflected
from the nearest and furthest diametrically opposed
internal wall surfaces 80 and 83, respectively, of mem-
ber 12 propagating along respective paths 82 and 84.
As shown in FIG. 5, the time elapsed between the gen-
eration, by transducer 14, of pulses 66 and 86, and
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pulses 66 and 88 are designated as time periods T3 and : -
T4, respectively.

For' a hollow member: 12, wall ‘and axial curvature
measurements are generally performed with reference -
to the bore of member 12 since the internal wall sur-
face is generally the surface of most interest, The. de-
scription ‘which follows for a hollow member 12 is
mainly: directed to the measurement of wall and axial
curvature with reference to the internal wall surface of
member 12, although it should be understood that the
external wall surface could alternatively be referenced.
Where curvature measurements are made- with refer-
erice to the internal wall surface of member 12, each of
timing circuits 58-60 need only be adapted to respond
to pulses 66, 86 and 88 (FIG. 5) from each of transduc- -
ers 14-16, respectively, thereby to generate an output
signal representative of the time elapsed during each of
periods T3 and T4. From the output signals of each of
timing circuits 58-60, processor 70 can sequentially
determine (a) the distance between each of the faces
32-34 of transducers 14-16, respectively, and each of
the diametrically opposed internal wall surfaces 80 and
83 of member 12, (b) the deviation from straightness
(h) and the radius of curvature (R.) for each of said
diametrically opposed internal wall surfaces 80 and 83,
and (c) the axial curvature (R) of member 12 as de- -
scribed hereinabove.

Where the bore of a hollow member 12 is not filled
with, or does not contain, a suitable acoustic coupling
medium 36 and it is desired to measure the axial curva-
ture of member 12, an- alternative: embodiment of the
present invention as shown in FIG. ¢ could be used.
There, pulse generator 40, and transducers '14-16 in
cooperation with the respective associated transmitters
4244, receivers 54-56, and timing circuits 58-60 op-
erate as described for the like-numbered components
in FIG: ‘1. Without a coupling medium in the bore: of
hollow member 12, an-ultrasonic energy pulse radiating
from each of ‘transducers 14~16 will only propagate
along path 50 in FIG. 4 as far as internal wall surface 89 -
of member 12 with the reflected energy pulses return-
ing from external wall surface 38 and internal wall
surface 80 along paths 51 and 82, respectively, to the
associated transducers 14-16. Timing circuits 58-60 of
FIG. 6, therefore, need only be adapted to respond to
the equivalent of pulses 66 and 86 of FIG. 5.

In FIG. 6, transducers 14-16 and the associated cir-
cuitry only permit a first measurement of wall curva-
ture along the internal wall surface 80 at a first side of
member 12. As described previously, a second mea-
surement of wall curvature along the internal wall sur-
face 83 at a second side of member 12 is necessary to
determine axial curvature, where said first and second
wall curvature measurements are preferably taken
along diametrically opposed portions of the internal
wall surface of member 12. The axial curvature of
member 12 could, of course, be obtained by first mea-
suring the internal wall curvature at said first side of
member 12 using transducers 14-16 and then rotating
member 12 by 180° to measure the internal wall curva-
ture at said second side of member 12 again using
transducers 14-15.

A more efficient arrangement, however, is shown in
FIG. 6. There, a second set of transducers 90-92 are
shown mounted in apertures 94-86, respectively, in
tank 22 such that transducers 96-92 lie in the same
plane defined by transducers 14-16 and the axes of
transducers 90-92 lie colincar with the axes 24-26 of
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transducers 14-16, respectwely, member. 12.being po-
sitioned therebetween’ and surrounded by, coupling .
medium 36. Transducers 90-92 have associated there-
with respective transmitters 98-100, respectlve receiv-
ers 102-104, and respective timing circuits 106-108
which function as described for the corresponding
components associated with transducers- 14-16. Pulse
generator 40 transmits pulses cyclically to. both trans-
mitters 4246 and 98-100 over cables 41a—41c and
41d-41f, respectively, and timing circuits 58-60 and’
106-108 over cables 41a'—41¢’ and 41d’-41f, respec-
tively, in a manner described hereinabove for FIG. 1
thereby to permit timing circuits 58—-60 and 106-108 to
measure-the elapsed time between the-generation of a
search pulse from each of respective transducers 14-16
and 94-96 ‘and the receipt of reflected pulse energy
from only the nearest one of the dlametncally opposed
internal wall surfaces 80 and 83.

The output signals from timing circuits 58-60 are
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- be balanced out by the averaging of values of h taken

along opposed ‘wall surfaces of member 12.
.. Periodic odd-foil distortions, when viewed radially

~from the longitudinal axis 28 of member 12, may ap-

_pear initially to constitute deviations in axial curvature.
Upon further observation, however, the deviation will
be found to be periodic about the periphery of the tube.

“In some instances, these higher order odd-foil distor-
. tions may be ignored, inasmuch as they are generally

much less pronounced than those caused by variations

“in axial curvature. Such higher order odd-foil distor-

tions may, however, be significant :in such fields as
millimeter waveguide transmission, or where cylinders

- of a desired odd-foil geometry, e.g., triangular or pen-

15

tagonal, are involved. Techniques for measuring axial

* curvature in a tube, with higher order odd- and even-

transmitted over cables 72-74, respectively, to a first 20

section 114 of processor 70 therein to determine the
deviation from straightness and radius of curvature of
internal wall surface 80. The output signals from timing
circuits 106—108 are transmitted over cables 110-112,

respectively, to a second section 116 of processor 70 -25

therein to determine the deviation from straightness
and radius of curvature of internal wall surface 83. The
axial curvature of member 12 can then be determined
in a third section 118 of processor 70 using the results
obtained in the first section 114 and second section 116
of processor 70 and displayed, or recorded, on indica-
tor 78 for the real time evaluatlon of the stralghtness of
member 12. s

A simplified, direct real time plot of axial curvature
along member 12 can be obtained by axially: moving
member 12 past transducers 14-16 (FIGS. 1 and"6)
and 90-92 (FIG. 6) while pulse generator 40 transmits
pulses to said transducers. As a result, electrical signals
representing deviation from straighitness and wall cur-
vature for each of the diametrically opposed wall sur-
faces 80 and 83 are generated in processor 70 which
electrical signals are properly combined so-asto gener-
ate a continuous output signal from' processor 70 indi-

cating the magnitude of the axial curvature component
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in the plane defined by the transducers. Thus, the ra-
pidity of data taking and analysis is enhanced both by
the concurrent determination of two wall curvature
values and by the instantaneous and automatic process-
ing of said two curvature values into meaningful infor-
mation concerning axial curvature along member 12.

The discussion thus far assumes an absence of any
effects from higher order;, odd- or even-foil distortions.
An odd-foil distortion is a symmetrical distortion char-
acterized by an odd number of lobes in a tube cross
section, e.g., a trifoil distortion characterized by three
lobes arrayed equlangularly ‘about the axis of the tube.
An even-foil distortion'is a symmetrical distortion char-
acterized by an even number of ]obes in-a tube Cross
section.

It should be: noted that even-foil distortions of any
order will not substant;ally affect the operation.of the
system of FIGS. 1 and 6, since even-foil distortions will
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foil effects substantially eliminated, are - available
through the use of a system of the type shown typically
in FIG. 7 of the present invention.

An arbitrary cross section of the interior surface of
hollow member-12 can be described in- polar coordi-
nates as an infinite Fourier series using the equation:

©
z B
=

8y =r,+ ry sin (16 + ¢,); (5)

where
r(0) is the radial dlstance to the wavegulde surface as
a function of polar angle at a given longitudinal
position on elongated member 12; ,
ro-is the nominal radius of the cross section;
‘r, is the magnitude of the 1 foil distortion in the cross
section; and
¢,is the angular orientation of the 1 foil dlstomon
Equation (5) can be rewritten as:

o) = TS rsin (8 + &), 6)
&0

where ¢, = /2.

-A finite-Fourier approximation, designated as r(G), to

equation (6) can be derived from the equation:

a, cos mé + by, sin m + cos M6, (@))]

2

where
2M is the number of sample points about the periph-
ery of the cross section; and
@, by, are the magnitudes of the m** foil distortion in
the (6 = 0) and (8 ==/2) directions, respectively,
and can be calculated from the equations:

(1) (%) -

Turning to FIG. 7, there is shown one transducer
from each of eight sets of three or more transducers
and . designated as. transducers 120-127, each set of
transducers being arranged in a similar manner to a set

mnw
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b=
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of transducers (14-16 or 90-92) shown in FIGS. 1 and
6. Transducers 120-127 are equiangularly arrayed
around the outer periphery of member 12 at a prede-
termined distance from said member to define a plane
which is approximately normal to the longitudinal axis
28 of member 12. Other methods of determining axial
curvature are also available where transducers
120-127 need not be equiangularly arrayed about
member 12. However, where the transducers are not
equiangularly arrayed, equations (5)-(9) above should
be modified to account for transducer positions as is
well known in the art. Each of transducers 120-117
associated therewith a transmitter, receiver, and timing
circuit similar to that shown for each transducer. in
FIGS. 1 and 6 which are connected to a processor 70.
Processor 70, in accordance with the principles of
equations (5)-(9) instead of equations (2)-(4), can
derive the arbitrary cross section of the interior surface
of member 12 in the plane of transducers 120-127 and
also determine the location of the longitudinal axis 28
of member 12 in said cross section. Processor 70 would
also determine the cross-sectional configuration and
location of the longitudinal axis 28 within said configu-
ration in the plane of the other corresponding transduc-
ers in each of the sets of transducers. From the deter-
mined polar coordinates of the longitudinal axis 28 of
member 12 in each of the said planes, processor 70
could, by well-known mathematical techniques, deter-
mine the magnitude and direction of the axial curva-
ture of member 12.

By using eight transducers in each plane, it is only
possible to obtain Fourier components up to quadrafoil
distortions as indicated by the elements of equation
(7). Therefore, FIG. 7 merely illustrates a typical ar-
rangement for measuring axial curvature of a member
12 where the effects of higher odd- and even-foil distor-
tions are to be compensated for. For foil distortions
above quadrafoil, the amount of transducers arrayed
about member 12 would have to be increased appropri-
ately.

What is claimed is:

1. A method for measuring the axial curvature of an
elongated member by ultrasonic pulse-echo tech-
niques, the method comprising the steps of:

a. transmitting an ultrasonic search signal towards
and approximately normal to the longitudinal axis
of said elongated member from each of a plurality
of transducer sites, said sites being arrayed about
and nominally equidistant from said longitudinal
axis in at least three parallel planes spaced there-
along;

b. receiving at each of said sites a portion of the
transmitted search signal reflected back thereto
from at least one of a first associated point and a
second associated point diametrically opposed to
said first point on a wall surface of said elongated
member;

¢c. generating first electrical signals in response to
receipt of the reflected portions of the search sig-
nals which are representative of the respective
distances between each site and at least one of said
first and second diametrically opposed points on
said wall surface of said elongated member; and

d. sequentially generating a second electrical signal
in response to said first electrical signals describing
in polar coordinates the location of the longitudinal
axis of said elongated member in each of said three
parallel planes, and generating a third electrical
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signal in response to said seconid electrical signal
which defines the magnitude and direction of the
axial curvature of said member.

2. Apparatus for measuring the deviation from
straightness between two points along a surface ofa
member by ultrasonic pulse-echo techniques, the appa-
ratus comprising:

at least three transducer means arranged normal to

said surface and respectively opposite said two
points and at least one point intermediate said two
points, said transducer means being further ar-
ranged nominally equidistant from said surface and
at predetermined distances from one another to
define a plane which approximately includes the
longitudinal axis of said member;

first means adapted to hold an acoustic coupling

medium between and in contact with each trans-
ducer means and the wall surface of said member
nearest each transducer means;

second means for generating first electrical signals

capable of being converted into ultrasonic search
signals by said transducer means and transmitted
via said first means to said member;

third means connected to each of said transducer

means for generating second electrical signals indi-
cating the time elapsed between the transmission of
said ultrasonic search signals and the detection by
each of said transducer means of a portion of the
search signal reflected from the point on said sur-
face opposite thereto; and

processor means for generating a third electrical

signal in response to said second electrical signals
indicative of the deviation from straightness of said
surface between said two points. .

3. Apparatus for measuring the axial curvature of an
elongated member having a longitudinal axis by ultra-
sonic pulse-echo techniques, the apparatus comprising:

a plurality of ultrasonic transducer means arranged in

at least three sets, each set having at least three
transducer means, each of said transducer means
being arranged nominally equidistant from and
normal to said longitudinal axis, the: corresponding
transducer means from each set of transducer
means being arrayed about said longitudinal axis to
define a separate plane which is normal to said
longitudinal axis; ‘

first means for generating first electrical signals capa-

ble of being converted into ultrasonic search sig-
nals by said transducer means and transmitted to
said elongated member;

second means connected to each of said transducer

means for generating second electrical signals indi-
cating the time elapsed between the transmission of
said ultrasonic search signals and the detection by
each of said transducer means of a portion of the
search signal reflected back towards each of said
transducer means from a point opposite thereto
and on at least one of an external and internal wall
surface of said elongated member; and

processor means connected to said second means for

sequentially generating in response to said second
electrical signals, third. electrical signals describing
in polar coordinates the location of the longitudinal
axis of said member in each of the separate planes
defined by the corresponding transducer means in
said sets of transducer means, and generating a
fourth electrical signal in response to said third
electrical signals indicative of the magnitude and
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direction of the axial curvature of said member. sit times of the portions of the ultrasonic signals
4. A method of measuring the axial curvature of a reflected from the first surface and third electrical
norr;nnally dstralght glonrgfated tyﬁle?betzr h:ilvmg ii first signals fregreselnting Fhe _tranlsit tit;nes gf fthe ptohr-
surface and a second surface, the first and second sur- tions of the ultrasonic signals reflectea from the
faces being substantially symmetrical about a longitudi- 3 second surface; and

nal axis; which comprises: d. means for generating fourth, fifth, and sixth elec-
a. positioning the member with respect to three sites trical signals, the fourth electrical signal being gen-
spaced at predetermined distances along a line erated from the second electrical signals and indi-
substantially parallel to the longitudinal axis, each cating the curvature of the first surface in the
site being capable of transmitting and receiving 10 plane, the fifth electrical signal being generated
ultr;also?lc mgn:ls alonég a ;;?th sub}sltantlatllly no;m}':il from the third electrical signals and indicating the
to the first and second surfaces, the paths and the curvature of the second surface in the plane, and
,giudal s g bl s Spims e S el e
. site, ourth and fifth electrical signals and indicating the

first and second surfaces and receiving portions of 15 axial curvature of the mem%rér in the plane. 8
the ultrasonic signals reflected from the first and 8. The apparatus of claim 7 wherein the elongated
second surfaces; L . member is hollow and is filled with an acoustic cou-
c.t%:;lsil;ag;ge Sﬁ:)st:c te}l:c;g:&l) ;;groltgl:hree%tersssnotrlltilg ;ihge pling medirl;m’ and the first and second surfaces are

‘ 2 interior surfaces.
d nals reflected from the first surface; " n 20 9. The apparatus of claim 7 wherein the elongated
‘eglzgte:iig?gi;nﬁzo?}?eesl:;t)lgfiai lségg'?iaf:rigaleigcrisit member is hollow and the first and second surfaces are
- > . - interior surfaces.

c:;tmg the curvature of the first surface in the first 10. Apparatus for measuring the axial curvature of a
plane; ting third electrical signal tine the 25 nominally straight, elongated member having a first
e tgene_rta tl'ng "f tﬁ ec rﬁi‘l mgn;i tshrepi'tesen Ing the surface and a second surface, the first and second sur-
ransit times of the portions of the ultrasonic sig- ;.65 being symmetrical about a longitudinal axis,

nals reflected from the second surface; which comprises:

f. generating a fourth electrical signal from the third
electrical signal, the fourth electrical signal indicat-

a. three first transducers spaced at predetermined
distances along a first line substantially parallel to

giintgeailzirvature of the second surface in the first 30 the longitudinal gxis, the ﬁrst. tra}nsducers being

g. ‘generwating a fifth electrical signal from the second capable of transmitting ultrasonic signals along first
and fourth electrical signals, the fifth electrical paths substantially normal to the first surface and
signal indicating the axial curvature of the member receiving portions of the ultrasonic signals re-
in the first plane. 35 ﬂect_ed ffom thg ﬁr§t surface, th.e ﬁrs_t paths and the

5. The method of claim 4, which further comprises: longitudinal axis lying substantially in a plane;

h. performing steps (a)~(g) for an additional three b. t.hree second transducers §paced at prgdetermmed
sites, the paths from the additional three sites and distances along a second line substantially parallel
the longitudinal axis lying substantially in a second to the longitudinal axis and diametrically opposite
plane perpendicular to the first plane; and 40 the first llqe,_the second t.rans.ducers being capable

i. generating a sixth electrical signal from the fifth of transmitting ultrasonic signals along second
electrical signal generated in step (g) for the three paths substantially normal to the second surface
sites and the fifth electrical signal generated in step and receiving portions of the ultrasonic signals
(g) for the additional three sites; the sixth electrical reflected from the second surface, the second paths
signal indicating the net axial curvature of the 45 lying substantially in the same plane as the longitu-
member. dinal axis;

6. The method of claim 4 wherein the member is ¢. means connected to each transducer for generat-
hollow and the first and second surfaces are interior * ing first electrical signals capable of being con-
surfaces. verted into ultrasonic signals by the transducers;

7. Apparatus for measuring the axial curvature of a 50 d. means connected to each first transducer for gen-
nominally straight elongated member having a first erating second electrical signals representing the
surface and a second surface, the first and second sur- transit times of the portions of the ultrasonic sig-
faces being substantially symmetrical about a longitudi- nals reflected from the first surface;
nal axis, which comprises: e. means connected to each second transducer for

a. three transducers spaced at Predetermined dis- 55 generating third electrical signals representing the

tances along a line substantially parallel to the
longitudinat axis, each transducer being capable of
transmitting ultrasonic signals along a path sub-
stantially normal to the first and second surfaces

transit times of the portions of the ultrasonic sig-
nals reflected from the second surface; and

f. means for generating fourth, fifth and sixth electri-
cal signals, the fourth electrical signal being gener-

and receiving portions of the ultrasonic signals 60 ated from the second electrical signals and indicat-
reflected along the paths by the first and second ing the curvature of the first surface in the plane,
surfaces, the paths and the longitudinal axis lying the fifth electrical signal being generated from the
substantially in a plane; third electrical signals and indicating the curvature
b. means connected to each transducer for generat- of the second surface in the plane, and the sixth
ing first electrical signals capable of being con- 65 electrical signal being generated from the fourth

verted into ultrasonic signals by the transducers;
c. means connected to each transducer for generat-
ing second electrical signals representing the tran-

and fifth electrical signals and indicating the axial

curvature of the member in the plane.
% ok %k ok ok




