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Fig.3.

broken or over-stressed ligaments can be detected.

(57) Abstract: A flexible elongate generally cyl-
indrical structure comprising at least one layer of
steel ligaments near the outer longitudinally-ex-
tending surface, the steel ligaments extending at
least partly along the length of the structure, such
as a riser (10), may be inspected using an electro-
magnetic probe (40) incorporating an electromag-
net core with pole faces (44) and an electromagnet-
ic coil (46) to induce an alternating magnetic field,
and at least two sensors (50) on each pole face (44)
for sensing an alternating magnetic flux density.
The inspection involves arranging the probe (40)
adjacent to the outer longitudinally-extending sur-
face of the structure (10), and inducing an alternat-
ing magnetic field less than saturation in the steel
ligaments using the probe (40), and sensing the al-
ternating magnetic flux density near the outer lon-
gitudinally extending surface of the structure (10).
Measurements may be taken at a wide range of dit-
ferent frequencies. The probe (40) is scanned (62)
over the surface, and the measurements are re-
peated at locations adjacent to ditferent ligaments;
from the flux density sensed by the sensing means
(50) a parameter sensitive to stress in the ligaments
can be determined, and from any variation of the
said parameter between different ligaments any
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Detecting Failures in Flexible Multistrand Steel Structures

This invention relates to a method and apparatus for inspecting flexible multistrand
steel structures such as cables, hoses, or risers, for detecting failures.

Flexible risers are used to connect oil and gas wells to floating production platforms,
the flexible riser being a steel-wire-reinforced flexible hose. Typically such a riseris
connected to a turret on the floating platform, the turret providing some degree of rotation,
and the flexible riser is typically hundreds or thousands of metres long. Failure in such a
flexible riser can lead to significant quantities of oil leaking into the environment. It has been
found that such risers typically fail close to the point at which the riser is connected to the
turret, or to a support point along its length, this failure being due to the fatigue loading
endured by the riser at the point where the forces are greatest due to wave motion and
rotation of the floating platform. This failure mode is recognised, and US 7 876 096 (MAPS
Technology Ltd) describes a way to inspect such risers to warn of catastrophic failure,
applicable with the flexible riser in situ connected to the turret and carrying a product.
However, an improved inspection method would be desirable.

An electromagnetic probe may be used to detect stress in the reinforcing wires or
ligaments, but the measurements are complicated by the gaps between adjacent ligaments,
which are typically not uniform and may vary during use. In the context of a riser there are a
plurality of layers of wires or ligaments forming a cylindrical structure, and it would be
desirable to be able to distinguish between effects that occur in different layers of
ligaments.

According to one aspect of the present invention there is provided a method for
inspecting a flexible elongate generally cylindrical structure comprising at least one layer of
steel ligaments near the outer longitudinally-extending surface, the steel ligaments
extending at least partly along the length of the structure, the method utilising an
electromagnetic probe incorporating an electromagnetic coil to induce an alternating
magnetic field and sensors for sensing an alternating magnetic flux density, the method
comprising arranging the probe adjacent to the outer longitudinally-extending surface of the
structure, and inducing an alternating magnetic field less than saturation in the steel
ligaments using the electromagnetic probe, and sensing with the sensors the alternating
magnetic flux density near the outer longitudinally extending surface of the structure, and
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scanning the probe over the surface, repeating the measurements at locations adjacent to
different ligaments; from the flux density sensed by the sensors determining a parameter

sensitive to stress in the ligaments, and from any variation of the said parameter between
different ligaments detecting if any ligaments have broken or are over-stressed.

The current source may be arranged to supply a plurality of different frequencies in
succession. For example measurements may be made at at least five different
frequencies, and optionally eight or ten different frequencies or more.

The present invention also provides an apparatus for performing such an inspection.
Thus in a second aspect, the present invention provides an apparatus for inspecting a
flexible elongate generally cylindrical structure comprising at least one layer of steel
ligaments near the outer longitudinally-extending surface, the steel ligaments extending at
least partly along the length of the structure, the apparatus comprising an electromagnetic
probe incorporating an electromagnetic coil to induce an alternating magnetic field and
sensors for sensing an alternating magnetic flux density, means to support the probe
adjacent to the outer longitudinally-extending surface of the structure, and means to scan
the probe over the surface of the structure; and a current source to supply an alternating
current to the electromagnetic coil to induce an alternating magnetic field less than
saturation in the steel ligaments, wherein the current source is arranged to supply a plurality
of different frequencies in succession.

In such an apparatus, and in the previously-described method, the probe may
include an electromagnet core with two spaced apart poles, arranged to create the
alternating magnetic field by means of a driving coil, wherein the probe is provided with
separate sensors adjacent to the faces of the poles, with at least two sensors adjacent to
each pole. The sensors may be sensing coils, or may be Hall effect sensors, or another
electronic sensor of magnetic flux density. In a preferred embodiment, where there is a
stand-off between the probe and the steel ligaments, each pole has a width (measured in
the direction parallel to a line joining the centres of the poles) between 75% and 125% of
the stand-off, and each sensor is of width between 75% and 100% of the width of the pole.

At any one location, measurements may be made at a plurality of different
frequencies of the alternating magnetic field. A lower frequency may be selected so as to
provide a skin depth in the steel that is between an eighth of and twice the thickness of a
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wire or ligament. For example a lower frequency may provide a skin depth substantially
equal to a half or a quarter of the thickness of a wire or ligament. A higher frequency may
be between 2 and 8 times greater than the lower frequency; if a higher frequency is 4 times
greater than a lower frequency, the skin depth would be about half the previous value.
However, in the context of a flexible riser with wires or ligaments in different layers, a
varying magnetic field will induce eddy currents within the wires of a layer, and those eddy
currents will induce a magnetic field in an adjacent layer, so the depth to which the signals
penetrate the riser is not simply determined by the skin depth. The range of frequency may
therefore be significantly greater than this, and the ratio between the lowest frequency and
the highest frequency may be more than 10, for example 20, 30, 50, 80, 100, 150 or even
200. In a preferred embodiment, measurements are made at several different frequencies,
for example at least five different frequencies, and optionally eight or ten different
frequencies or more; such frequencies may for example be selected between 20 Hz and
4000 Hz, although frequencies between 20 Hz and 1000 Hz are sometimes satisfactory.

Measurements taken at different frequencies enable variations in the number of
wires or ligaments in the vicinity of a probe to be distinguished from variations in the stress
in the wires or ligaments. Measurements taken with different orientations of the magnetic
field to the longitudinal axis of the ligaments may enable the effect of the different layers of
ligaments to be distinguished. Hence the stresses of ligaments in different layers may be
monitored. Measurements are preferably also made with different stresses in the riser, for
example by changing the longitudinal tension in the riser or changing the pressure of the
fluids within the riser, as this should change the stresses in all the wires or ligaments in the
riser, and so may assist in distinguishing between residual stresses and applied stresses.

Flexible risers include a helically-wound steel wire layer to provide tensile strength
near the outer surface of the riser, and usually include at least two such steel wire layers.
The probe may be arranged such that the magnetic field is in a direction that is not parallel
to the longitudinal axes of the ligaments. However, the ligaments in an outer layer will be in
a different orientation to the ligaments in an adjacent layer further below the surface. The
probe is of finite width, so there is a range of orientations of the probe at which at least one
ligament in the outer layer would link the poles of the probe, i.e. pass directly under both the
poles, and there is a range of orientations at which at least one ligament in the adjacent
layer would link the poles. There may therefore be an advantage in taking measurements
with a probe set at a range of different orientations relative to the direction of the ligaments.
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For example it may be advantageous to select four different orientations of the probe: such
that the poles are linked by ligaments in the outer layer but not linked by those in the
adjacent layer; such that the poles are not linked by ligaments in either the outer layer or
the adjacent layer; such that the poles are not linked by ligaments in the outer layer but are
linked by those in the adjacent layer; and such that the poles are linked by ligaments in both
the outer layer and the adjacent layer. Alternatively, three different orientations might be
selected, and these may correspond to three of these four options.

Flexible risers usually include at least two helically-wound steel wire layers, and
sometimes more layers, and the failure mode typically involves fatigue fracture of one of the
outer steel reinforcing wires or ligaments. When a wire fails in this way, the remaining
intact wires must take the extra load, and therefore their total stress increases. By scanning
such a probe along a scanning path which covers all the ligaments, the failure of one or
more wires or ligaments will result in a variation of the measured stress along the scanning
path. Where a ligament has broken, its stress will be significantly reduced, and this may be
detected. An increase in stress in one region may indicate the failure of a ligamentin a
nearby region. An increase in stress might also indicate a failure in one of the reinforcing
elements further below the surface.

Thus the method enables failure or over-stressing of a ligament or wire to be
detected, and also provides some spatial resolution as to the location of the failure. Greater
resolution can be obtained by using smaller probes, but smaller probes are more affected
by lift-off from the surface. Typically the electromagnetic probe includes an electromagnet
core with two spaced apart poles, arranged to create the alternating magnetic field by
means of a driving coil. The magnetic sensor may be arranged to sense the reluctance (or
flux-linkage) of that part of the magnetic circuit between the poles of the electromagnet
means. One arrangement uses probes that are of diameter between 30 mm and 100 mm,
for example about 60 mm, as such probes are not excessively affected by lift-off and
nevertheless provide adequate spatial resolution. Another arrangement uses probes that
are somewhat larger, for example between 75 mm and 150 mm, with separate small
sensing coils adjacent to the faces of poles of a magnetic-field generating electromagnet.
This can provide both insensitivity to lift-off and also good spatial resolution.

The stress-measurement method may involve resolving signals from the sensors
into a component of the magnetic flux density in phase with the alternating magnetic field,
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and a component of the magnetic flux density which is in quadrature with the alternating
magnetic field; and hence deducing a stress-dependent parameter which is substantially
unaffected by lift-off. The signals from the sensors of the probe may be initially digitised,
and then analysed.

The invention will now be further and more particularly described, by way of
example only, and with reference to the accompanying drawings, in which:
Figure 1 shows a perspective cut-away view of part of a riser, to show its internal structure;
Figure 2 shows a perspective view of a probe for monitoring a riser as shown in figure 1, by
making measurements of stress, some of the components being separated for clarity;
Figure 3 shows a diagrammatic plan view of the probe of figure 2 in use on the riser of
figure 1;
Figure 4 shows a side view of the probe of figure 2 in use for inspecting the riser of figure 1,
with a scanning mechanism;
Figure 5 shows a perspective view of an alternative scanning mechanism for use with the
probe of figure 2; and
Figure 6 shows a sectional view of the scanning mechanism of figure 5 in position on a
riser, being the view on the line 6-6 of figure 5.

Referring to figure 1, a flexible riser 10, which acts as a hose to carry a pressurised
fluid, has several concentric layers. An innermost layer 12 of helically wound bent steel
strip provides resistance against external pressures, and a similar helically wound steel
strip layer 14 provides hoop strength, and between these layers is a fluid barrier layer 16 of
polymeric material. These are surrounded by two layers 18 and 20 of helically-wound steel
ligaments or wires to provide tensile strength, the steel ligaments or wires within each layer
18 and 20 being wound side-by-side. Although adjacent ligaments or wires within a layer
18 or 20 are shown as being in contact, in practice there are narrow gaps between adjacent
wires within the layer 18 or 20; such gaps ensure the flexibility of the riser 10. For example
there may be 5 mm wide gaps between adjacent ligaments or wires in each layer 18 and
20, although in practice the gaps will not be of constant or consistent width as the riser 10
flexes.

The layers 18 and 20 are separated from the steel strip layer 14 and from each
other by respective anti-wear layers 17 and 19. A polymeric layer 22 provides an external
sleeve and fluid barrier; this layer 22 may be of thickness up to 30 mm, for example 20 mm
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or 12 mm. As discussed above, the failure mode with such a riser 10 is typically the failure
of one or more ligaments in the outermost layer 20. But it will be appreciated that these
ligaments cannot be observed directly, because they are enclosed within the polymeric
layer 22.

The stresses in the outer layers 18 and 20 of steel ligaments of a riser 10 as shown
in figure 1 may be monitored using an electromagnetic stress-measuring probe 40.

Referring now to figure 2 there is shown an exploded view of the probe 40, for use
in measuring stress in steel wires that are embedded within a non-magnetic covering
material, for example for the reinforcing wires within the flexible oilfield riser 10. In this
example each wire is of width 12 mm and thickness 5 mm, and the wires are covered by a
layer 22 of polymer that may be 12 mm or 20 mm thick. As mentioned above, each layer
18 and 20 consists of a single layer of side-by-side wires.

The probe 40 comprises a U-core 42 of laminated high-permeability silicon/iron alloy
defining two poles 43 whose pole faces 44 are separated by a gap about 60 mm wide, and
are each of width 60 mm, and of thickness 18 mm. The pole faces 44 are slightly curved to
conform to the outer surface of the riser 10. Around the upper end of the U-core 42 is a
former 45 on which is wound a drive coil 46. This coil 46, in operation of the probe 10, is
supplied with an alternating sinusoidal drive current such that the alternating magnetic field
induced in the steel wires below the surface of the riser 10 is considerably less than
saturation. The drive current is supplied by a control unit 60 (shown in figure 4).

The probe 40 also comprises four flat sensor coils 50 each wound around a square
former of side 17 mm, each coil being connected by a pair of wires 51 to a printed circuit
board 52 that includes a head amplifier 54. The probe 40 also includes a temperature
sensor 56 that is also connected to the printed circuit board 52. A flexible multi-wire strip 58
carries output signals from the head amplifier 54 to a signal analysis unit in the control unit
60. The sensor coils 50 are shown separated from the U-core 42, but in reality in the
assembled probe 40 the sensor coils 50 are secured to the pole faces 44 near the corners
of the probe 40, two sensor coils 50 being attached on each pole face 44. They may be
fixed by adhesive, or they may be secured within a frame that is fixed to the U-core 42.

The sensor coils 50 are sufficiently small that if the probe 40 is suitably oriented
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each one is sensitive to a different steel wire within the riser, so that the properties of the
separate wires can be distinguished, and can be measured simultaneously. Hence this
arrangement provides greater resolution than would be possible using a sensor coil wound
onto the core 42 or overwound onto the drive coil 46. Although in principle greater
resolution could be obtained using even smaller sensors, for example of width less than the
width of a steel wire, there would be significantly greater fluctuation from position to
position, because of gaps between adjacent wires. It will be appreciated that the wires
cannot be seen, because of the polymeric layer 22, so the sensors cannot be visually
aligned with the wires.

The probe 40 may be used to measure stress in a ferromagnetic object (such as the
wires in the layers 18 or 20) by a method such as that described in EP 1 436 604. In
operation the probe 40 is placed adjacent to a surface of an object, and an alternating
current of a desired frequency and amplitude is supplied to the drive coil 46, so the
magnetic field in the object oscillates with an amplitude much less than saturation. The
magnetic field may oscillate about zero, or alternatively there may be a steady magnetic
field in addition to the alternating magnetic field. The sensor coils 50 provide signals, and
the signals are analysed into components in phase and in quadrature with the alternating
current supplied to the drive coil 46. Before the signals are processed they may be
amplified and digitised.

Referring now to figure 3, this shows a diagrammatic plan view of the probe 40 in
use adjacent to the outer surface of the riser 10. The figure is diagrammatic, and is
intended to indicate the relative orientations, and therefore shows simultaneously features
which are in different planes and are in reality not visible. The line A represents a line along
the surface of the riser 10 parallel to its longitudinal axis; some of the wires of the outer
layer 20 are shown in solid lines (only five are shown), and some of the wires of the
intermediate layer 18 are shown in broken lines (only three are shown). Typically the wires
in the outer layer 20 are in directions at an angle between 25° and 42° to the direction of
the line A, while the wires in the intermediate layer 18 are at an angle that may be the
same, or may be up to 4° different, but inclined in the opposite direction. For example the
wires in the outer layer 20 may be at an orientation of +33°, and the wires in the
intermediate layer 18 at an orientation of -34°, relative to the line A.

The probe 40 is shown as being arranged such that a straight line between the
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centres of the pole faces 44 (corresponding to the free space direction of the magnetic field)
is at an angle 6 to the orientation of the wires in the outer layer 20. This angle 8 is shown as
about 47° by way of example, but it will be appreciated that somewhat different results will
be obtained if the probe 40 is at different angles 0. In the arrangement and position as
shown, it will be appreciated that each sensor coil 50 locates above a different wire in the
outer layer 20; each sensor coil 50 locates above a different wire in the intermediate layer
18; none of the wires in the outer layer 20 links the opposed pole faces 44; and none of the
wires in the intermediate layer 18 links the opposed pole faces 44.

If, for example, the probe 40 is arranged so that the angle 0 is 90°, then it would no
longer be the case that each sensor coil 50 would locate above a different wire in the outer
layer 20; and at least some of the wires in the intermediate layer 18 would link the opposed
pole faces 44, and so link the poles 43. On the other hand, if the probe 40 is arranged so
that the angle 0 is 30°, then at least some of the wires in the outer layer 20 would link the
opposed pole faces 44, and so the poles 43. Hence, by taking measurements with different
orientations of the probe 40, it is possible to distinguish between properties of the wires in
the outer layer 20 and the wires in the intermediate layer 18. In one embodiment,
measurements are made with probes 40 that are set at angles 6 equal to -30°, +30°, +60°,
and +90°.

The orientation of the probe 40 is desirably selected to take into account the
orientations of the wires in the layers 18 and 20. The orientations of the probe 40 may be
selected to achieve the following four situations: the poles 43 are linked by wires in the
outer layer 20 but not linked by those in the adjacent layer 18; the poles 43 are not linked
by wires in either the outer layer 20 or the adjacent layer 18; the poles 43 are not linked by
wires in the outer layer 20 but are linked by those in the adjacent layer 18; and the poles 43
are linked by ligaments in both the layers 18 and 20. However, depending on the
dimensions of the probe 40 and the orientations of the wires or ligaments, not all of these
options are necessary available.

It will be understood that the phrase “the poles 43 are linked” by specific wires
means that those specific wires pass directly under both the poles 43 of the probe 40;
consequently magnetic field lines between the poles 43 will tend to follow paths that extend
longitudinally along such specific wires. Those specific wires hence form part of a magnetic
circuit that links the poles 43. In a plan view corresponding to figure 3, i.e. looking in a radial
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direction towards the longitudinal axis of the riser 10, the lines that represent the specific
wires will therefore intersect both the rectangles that represent the pole faces 44.

The orientations of the wires in the layers 18 and 20 are usually known, and the
scanning direction is known. In the arrangement and orientation shown in figure 3, in which
the sensor coils 50 are sufficiently small that each sensor coil 50 lies above a different wire
in both the layers 18 and 20, then if the probe 40 is scanned in a given direction (for
example the upwards direction parallel to the line A), and there is one broken wire, then the
sequence in which the separate sensor coils 50 pass over the broken wire will depend upon
whether the broken wire is in the outer layer 20 or the inner layer 18. This helps distinguish
between broken wires in different layers 18 and 20.

In addition to taking measurements at different frequencies, measurements may
also be taken with different stresses in the riser 10, for example by changing the pressure
of the fluids within the riser 10. This should change the stresses in all the wires or ligaments
in both layers 18 and 20, and can assist in distinguishing between residual stresses and
applied stresses. In some cases the residual stresses vary significantly between the
different wires or ligaments in each layer 18 and 20. The externally-applied stress in the
riser 10 should change the stresses in all the wires or ligaments, but if a wire or ligament is
broken then its stress will not be significantly altered by changes in the externally-applied
stress. Hence the presence of a broken wire or ligament may be detected from the
observation that the measured stress in that broken wire or ligament is not altered by a
change in the externally-applied stress.

The measurements at different frequencies and at different orientations will be
sensitive to different extents on the stresses in the wires or ligaments in the different layers
18 and 20, and may also be sensitive to stresses in the steel strip layer 14. The
measurements can therefore be combined algebraically to provide stress-sensitive
parameters that are predominantly sensitive to stresses in a single one of the layers 14, 18
or 20. Hence the presence of a broken wire or ligament in the layer 18 can for example be
distinguished from the presence of a broken wire or ligament in the layer 20.
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Referring now to figure 4, this shows a side view of the probe 40 during inspection
of the riser 10. A scanning mechanism 62 includes two collars 63 and 64 which are
clamped onto the riser 10. A threaded drive shaft 65 extends between a bearing 66 held by
the collar 63, and an electric motor 67 held by the collar 64. The probe 40 is attached to a
support bar 68 which engages with the threaded drive shaft 65.

In use, the probe 40 is set up at an appropriate angle 6, such as 60°; and the
electric motor 67 is repeatedly and briefly activated to rotate the drive shaft 65 and
consequently move the probe 40 along the riser 10. With this scanning mechanism 62 the
probe 40 is scanned along a line parallel to the line A shown in figure 3, being moved in
steps, and at each successive position measurements are made. Typically the probe 40 is
moved along a distance no more than 15 mm, for example no more than 10 mm. In one
example the probe 40 is moved along by 4 mm at each step, this distance being less than
the separation between adjacent wires in the layer 18 and in the layer 20. At each
successive position of the probe, measurements are made at a range of different
frequencies. As an example, measurements may be made at at least six different
frequencies between 20 Hz and 3000 Hz, e.g. at 35 Hz, 70 Hz, 140 Hz, 280 Hz, 560 Hz,
1200 Hz, 1600 Hz, 2400 Hz and 2900 Hz. Alternatively the frequencies may be selected
between 20 Hz and 1000 Hz.

As the wires in both the intermediate layer 18 and the outer layer 20 follow helical
paths, by scanning along the length of the riser 10 the probe 40 will eventually pass over
every wire in each layer 18 and 20; the length of the drive shaft 65 is at least as long as the
helical pitch of the wires in the layers 18 and 20, to ensure that every wire in each layer 18
and 20 is scanned.

Additional measurements may be obtained by setting up a probe 40 at a different
angle 0, and repeating the procedure described above. If the probe 40 has a face that is
shaped to fit the outer surface of the riser 10, this would normally require a different probe
40.

As previously mentioned, the first stage of the signal analysis involves digitisation,
and resolving the signals into in-phase and quadrature components. Backing off (removal of
a constant value) may optionally also be applied to the signals. The resulting signals may
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be used to obtain a stress-dependent measurement that is unaffected by lift-off, and so to
deduce values of stress in the wires.

This analysis is somewhat complex, as the signals are affected by a range of
different parameters. Although the wires of the layers 18 and 20 are shown in figure 3 as
being accurately parallel and at fixed spacing, wires must be free to move in order to
provide flexibility to the riser 10, so in practice the exact orientations and separations of the
wires will vary, and indeed adjacent wires may come into contact with each other. If
adjacent wires contact each other at more than one position, they would constitute a circuit
for an electric current induced by the magnetic field (such a circuit may be referred to as a
current loop). So the signals from the sensor coils 50 are not only affected by the stress in
the wires, they are also affected by variations of lift-off (i.e. the radial distance between the
wire and the probe), by variation in the spacing of the wires, and by the presence of any
current loops. However, since these parameters give different effects at different
frequencies, the measurements at multiple different frequencies enable them to be
distinguished from each other. Furthermore, measurements may be made at different
stresses, for example by altering the fluid pressure within the riser 10. Hence the signals
can be analysed to provide information on stress in the wires of the intermediate layer 18,
or stress in the wires of the outer layer 20, or the separation of the wires in the intermediate
layer 18, or the separation of the wires in the outer layer 20.

It will be appreciated that the scanning mechanism 62 is shown by way of example.
The scanning mechanism 62 may be modified in various ways, for example by providing a
motor attached to the probe 40, and having a stationary threaded shaft 65. As another
alternative the probe 40 might be guided and supported by a guide rod (equivalent to the
drive shaft 65), the probe 40 also carrying a motor driving a wheel that engages the outer
surface of the riser 10, so the probe 40 moves itself along the riser 10. Furthermore the
mechanism may be arranged to scan a probe 40 along a different path. For example an
alternative scanning mechanism is arranged to scan the probe 40 along a circular path
around the circumference of the riser 10.

Referring now to figures 5 and 6, this shows a scanner 70 arranged to scan three
probes 40 circumferentially around a riser 10 (the internal structure of the riser 10 not being
shown). A ring 72 is clamped around the riser 10, and the scanner 70 has a frame 71 linked
to this ring 72 so it can move circumferentially but not axially. The scanner 70 includes



10

15

20

CA 02895447 2015-06-17

WO 2014/096817 PCT/GB2013/053338

12

three probes 40, each probe 40 being enclosed within a plastic casing 73, and being
connected to a respective control unit 60; power and data cables 74 are connected to each
control unit 60. The frame 71 is in three parts, one part arranged to carry each plastic
casing 73, and the parts are linked together: two of the links are provided by pivoted linking
bars 75, while the third link comprises adjustable tie rods 76. Each plastic casing 73 is held
into the frame 71 by spring-loaded bolts 77, which urge the poles 43 of the probes 40
towards the riser 10, and the frame 71 includes wheels 79 on either side of each probe 40,
the wheels 79 resting on the surface of the riser 10. The provision of the tie rods 76 and the
spring loaded bolts 77 ensures that risers 10 of different diameters can be accommodated.
Almost all the components of the scanner 70 are of hard engineering plastic, to minimise
their magnetic effect; and the springs are of stainless steel.

Referring in particular to figure 5, at the end of the frame 71 furthest from the ring 72
is a motor and drive wheel module 80, to which drive cables 82 are connected. The motor
and drive wheel module 80 includes an electric motor which drives a drive wheel pressed
against the outer surface of the riser, the rotation axis of the drive wheel being parallel to
the longitudinal axis of the riser 10. Actuation of the module 80 therefore moves the frame
71 and the three probes 40 circumferentially around the riser 10, guided by the ring 72. As
described in relation to the apparatus of figure 4, the scanner 70 is repeatedly moved a
short distance, preferably no more than 15 mm, for example 4 or 5 mm, and at each new
position of each probe 40 measurements are taken at a range of different frequencies with
each probe 40. The signal analysis is substantially equivalent to that described above.
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WHAT IS CLAIMED IS:

1. An apparatus for inspecting a flexible elongate generally
cylindrical structure comprising at least two layers of steel ligaments near the
outer longitudinally-extending surface, the steel ligaments extending at least
partly along the length of the structure but the orientations of the ligaments of
an outer layer and of an adjacent inner layer being different, the apparatus
comprising an electromagnetic probe incorporating an electromagnet core with
two spaced apart poles and an electromagnetic driving coil to induce an
alternating magnetic field, and a current source to supply an alternating current
to the electromagnetic coil to induce an alternating magnetic field less than
saturation in the steel ligaments, wherein the current source is arranged to
supply a plurality of different frequencies in succession,

characterised by the probe also comprising at least four separate
sensors adjacent to the faces of the poles, configured to sense an alternating
magnetic flux density, with at least two sensors adjacent to the face of each
pole near corners of the probe, the probe is configured to distinguish between
broken ligaments in the inner layer and the outer layer by the sequence in which
the separate sensors pass over the broken ligament during scanning the
cylindrical structure; means to support the probe adjacent to the outer
longitudinally-extending surface of the structure, and a scanning mechanism to

scan the probe over the surface of the structure.

2. An apparatus as claimed in claim 1 also comprising signal
analysis means for determining, from signals from the sensors, a parameter
sensitive to stress in the ligaments, and from any variation of the said parameter
between different ligaments detecting if any ligaments have broken or are over-

stressed.

3. An apparatus as claimed in claims 1 or 2 wherein each steel
ligament has a width, and each separate sensor is of width less than twice the

width of the steel ligament.

CA 2895447 2020-03-19
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4. An apparatus as claimed in any one of claims 1 to 3 wherein

the scanning mechanism includes a threaded driveshaft and a motor.

5. An apparatus as claimed in any one of claims 1 to 3 wherein
the scanning mechanism comprises means to guide the probe along a desired

path, and a drive wheel adapted to engage the surface of the structure.

6. A method for inspecting a flexible elongate generally cylindrical
structure comprising at least two layers of steel ligaments near the outer
longitudinally-extending surface, the steel ligaments extending at least partly
along the length of the structure but the orientations of the ligaments of an outer
layer and of an adjacent inner layer being different, the method utilising an
electromagnetic probe incorporating an electromagnet core with two spaced
apart poles and an electromagnetic driving coil to induce an alternating
magnetic field, and at least four separate sensors to detect an alternating
magnetic flux density, the method comprising

arranging the probe adjacent to the outer longitudinally-extending
surface of the structure, inducing an alternating magnetic field less than
saturation in the steel ligaments using the electromagnetic probe, sensing with
all the separate sensors the alternating magnetic flux density near the outer
longitudinally extending surface of the structure, and scanning the probe over
the surface, repeating the measurements at locations adjacent to different
ligaments; from the flux density sensed by the sensor determining a parameter
sensitive to stress in the ligaments, and from any variation of the said parameter
between different ligaments detecting if any ligaments have broken or are over-
stressed, wherein the sensors of probe being arranged adjacent to the faces of
the poles for sensing an alternating magnetic flux density, with at least two
sensors adjacent to the face of each pole near corners of the probe, and the
probe distinguishing between broken ligaments in the inner layer and the outer
layer by the sequence in which the separate sensors pass over the broken

ligament during scanning the cylindrical structure.

CA 2895447 2020-03-19
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7. A method as claimed in claim 6 wherein, at any one location,
measurements are made at a plurality of different frequencies of the alternating

magnetic field.

8. A method as claimed in claim 7 wherein measurements are
made at multiple frequencies, the lowest frequency and the highest frequency
differing by a factor of at least 20.

9. A method as claimed in claim 7 or claim 8 wherein

measurements are made at at least five different frequencies.

10. A method as claimed in any one of claims 6 to 9 wherein
measurements are made with the magnetic field in a plurality of different

orientations relative to the ligaments.

11. A method as claimed in any one of claims 6 to 10 wherein each
steel ligament has a width, and each separate sensor is of width less than twice

the width of the steel ligament.

CA 2895447 2020-03-19
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