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Abstract. Cargo ships used on production and storage of oil, known as FPSO, have
an important structure called turret. Turrets are responsible not only by ship mooring
but also by keeping ship direction aligned with environmental loads and by fueling
ship tanks. Turret welds defects obviously drawback ship integrity.
During service inspection of some FPSO turrets welds fabrication
discontinuities are detected. Be-cause of detected discontinuities relevance and
difficulties of ships docking to repair the defects an engineering critical assessment
(ECA) has been done to study the possibility of avoid repair.
This paper presents the new NDT used on the discontinuities existent in FPSO
turret welds.

Introduction
During normal service inspection (UT and MPI) cracks are detected on turret welds from
two FPSO (Floating, Production, Storage and Offloading) ships (figures 1 e 2). Based on
the big amount of crack detected mainly in high welds (00 and 01 joints, figure 3),
operational people decided to re-inspect the welds. In some cases re-inspection pointed to
crack increasing. Preliminary fracture mechanics studies and crack increasing suspects
recommended the application of more sensible non destructive techniques to obtain a more
reliable engineering evaluation.
The following, so called, “new” NDT have been used: ACFM, TOFD and Phased
Array.
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2. Discontinuities Found during Inspections
Hand held MPI and UT have detected internal and surface discontinuities with length
ranging from some millimeters until almost one meter in some cases, figures 4 and 5.

Figure 1 – Schematic turret structure.

Figure 2 – Drawing of FPSO turret.
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Figure 3 – Tri-dimensional drawing of turret structure showing position of joints 00 e 01.

3. New Inspection Techniques
New NDT used to evaluate detected discontinuities were the ACFM electromagnetic
method and the ultrasonic methods TOFD e Phased Array.

Figure 4 – Discontinuities positions. Detected by PMI and
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Figure 5 – Discontinuities section position.
Detected by conventional UT, at joint 00 of one FPSO turret.

3.1 ACFM
The use of ACFM (Alternating Current Field Measurement) is very conventional in oil
production activities to detect fatigue crack at tubular welded joints (maritime production
structures). The application of ACFM came as an alternative to underwater MPI that has a
lot disadvantage in that case. Initially PETROBRAS tried to use Eddy Current as an
alternative NDT method but ACFM advantages surpass both methods (MPI and EC) in use
in underwater inspection. Nowadays several international papers present the use of ACFM
industrial above water inspections.
The ACFM technology was developed in the 1980's from the successful ACPD
contacting technique to provide a system for crack detection and sizing without the need for
any electrical contact.
The crack sizing capability has resulted from the use of a uniform input field which
allowed theoretical studies at the NDE Centre at University College London to predict
crack depth from knowledge of the surrounding a.c. electromagnetic fields.
The technique was initially developed to allow crack sizing underwater where the
ACPD technique was hindered by the need for good electrical contact. However, the other
advantages arising from non-contact and a uniform input current (ease of scanning, little
adverse effect from material property changes or probe lift-off) meant that the technique
was quickly applied to topside inspections as well, particularly on painted or coated welded
structures.
An ACFM sensor probe is placed on the surface to be inspected and an alternating
current is induced into the surface. When no defects are present the alternating current
produces a uniform magnetic field above the surface. Any defect present will perturb the
current forcing it to flow around and underneath the defect; this causes the magnetic field to
become non-uniform and sensors in the ACFM probe measure these field variations.
Two components of this magnetic field are measured (figure 6) - one provides
information about the depth or aspect ratio of the defect(s), the other provides information
on the positions of the ends of each defect. The two signals are used together to confirm the
presence of a defect and, together with a sizing algorithm, measure its length and depth.
The 'Y' component, By, is parallel to the input cur-rent, the 'X' component, Bx, is
perpendicular to the current and parallel to the metal surface, and the 'Z' component, Bz, is
perpendicular to the metal surface. For deployment on fatigue cracked weld toes for
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example where a crack is parallel to the weld, the x-direction will be parallel to the crack
edge.

Figure 6 – Schematic ACFM probe.

With no defect present and a uniform current flowing in the y-direction, the
magnetic field is uniform in the x-direction perpendicular to the current flow, while the
other two components, By and Bz, are zero. The presence of a defect diverts current away
from the deepest part and concentrates it near the ends of a crack. The effect of this is to
produce strong peaks and troughs in By and Bz (above the ends of a crack), while Bx
shows a broad dip along the whole defect. A qualitative explanation of the signals is shown
in Figure 7.

Figure 7 - Qualitative explanation of the nature of Bx and Bz above a notch.

ACFM probes generally measure Bx and Bz, the former being used to estimated
crack depth and the latter giving an estimated of crack length. An example of the Bx and Bz
signals above a crack is shown in the chart recorder plot on the left in Figure 8.
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In order to provide a defect size (length and depth) the ACFM software requires
input of four parameters:
a. The background magnetic field strength (Bx measured away from the defect).
b. The field strength at the deepest part of the defect (Bx minimum value).
c. The distance between the Bz signals (peak & trough) associated with the crack
ends.
d. The sensor lift-off (normally 0 unless the surface is coated).

Figure 8 – Software screen. Signal form calibration standard scanning.

The length (c), (measured on the sample, or from an encoder) is converted to actual
defect length.
The software the uses the ratios of (a) and (b) - a dimensionless number, which is
independent of instrument gain, material permeability or conductivity (provided the skin
depth is small) and compares this with values in the look-up tables for the given lift-off to
give defect depth.
The use of a unidirectional input current provides a number of advantages:
a. On metals with a small skin-depth (such as ferritic steel), the interaction between
the current and a defect has been extensively modeled so that defect sizes can be
ob-tained without resorting to calibration on slots.
b. Currents will be forced to flow further down a crack face (compared to circular
cur-rents). This means that deeper cracks can be sized.
c. Input current strength and magnetic field perturbations decay relatively slowly
with height above the surface. This means that the technique is less sensitive to
changes in lift-off and can be used to inspect through coatings 6mm (1/4") or
more thick.
The ability of measure open to the surface fissures without the necessity to
extremely clean (white metal) the weld region makes ACFM a natural alternative to other
traditional NDT methods (MPI, ACPD, ET, surface wave UT).
Based on its advantages ACFM method was chosen to evaluate surface crack
detected by MPI on FPSOs turrets welds.
3.2 UT TOFD
TOFD (Time of Flight Diffraction) method is based on ultrasound crack tips (top and
bottom) diffractions. This diffraction happens when an ultrasound beam is introduced by an
emitter transducer in the welded zone. Reflected and diffracted waves are collected by
another angled receiver transducer. On bottom part of figure 9, an A-scan presentation
represents the ultrasound signal converted in an electrical one. Blue signal belongs to a
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wave that travels near surface (called “lateral wave”). Red signals are from diffracted
waves (from bottom and top crack tips). Green signal comes from ultrasound backwall
reflection.

Figure 9 – TOFD theory on weld inspection. Main signals.

The collection of several A-scans, each one obtained from each point in a probe pair
scanning position, gives an bi-dimensional image from the weld seam containing defects
(figures 10 and 11).
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Figure 10 – TOFD theory on weld inspection. Tipical image formation.

Talking about automation in ultrasonic inspection, the use of TOFD technique on
weld eliminates the need of multi-channels UT pulse-echo devices decreasing inspection
costs. “Time-of-flight” gives information about defect depths and heights ins an better way
than conventional pulse-echo UT.
The use of TOFD on the evaluation of turrets defects was decided because of the
great amount of TOFD application on weld inspection with good results.

Figure 11 – TOFD theory on weld inspection. Real weld inspection image with defects.
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3.3 UT Phased Array
Phased Array ultrasonic technique has been used last years in industrial area mainly at
energy sector (nuclear and electric power stations), recent developments give chance to
apply this technique as a quality control tool in pipeline construction.
Industry has applied massive investment to extent equipments life. Life extension or
any equipment integrity studies need multi-discipline information about service condition
history, fracture mechanic concepts and a perfect knowing about discontinuities that exists.
Actual tolerable discontinuities dimensions are higher than that written in codes, because of
safety incertitude multipliers and NDT associated errors. An approach different from
fabrication quality assurance must be considered in equipment life extension and integrity
calculation with respect to NDT. Later subject needs an NDT that is precise and reliable
with respect to dimensioning significant structural discontinuities.
UT Phased Array application on FPSOs turret weld discontinuities has had the
objective to give a precise and reliable characteristic to the weld in service inspection.
Phased array ultrasonic technology moved from the medical field to industrial
sector at the beginning of the 1980s. By the mid-1980s, piezocomposite materials were
developed and made available to manufacture complex-sharped phased array probes.
Advances in piezocomposite technology, micro-machining, microelectronics, and
computing power (including simulation packages for probe design and beam-component
interaction), contributed to the revolutionary development of phased array technology.
Most conventional ultrasonic inspection use monocrystal probes with divergent beams. The
ultrasonic field propagates along an acoustic axis with a single refracted angle. The
divergence of this beam is the only “additional” angle, which might contribute to detection
and sizing of misoriented small discontinuities.
Assume the monoblock is cut in many identical elements, each with a width much
smaller than its length. Each small crystal may be considered a line source of cylindrical
waves. The wave front of the new acoustic block will interfere, generating an overall wave
front. The small wave fronts can be time-delayed and synchronized for phase and
amplitude, in such a way as to create an ultrasonic focused beam with steering capability.
The main feature of phased array ultrasonic technology is the computer-controlled
excitation (amplitude and delay) of individual elements in a multi-element probe. The
excitation of piezocomposite elements can generate an ultrasonic focused beam with the
possibility of modifying the beam parameters such as angle, focal distance, and focal spot
size through software. The sweeping beam is focused and can detect in specular mode the
misoriented discontinuities.
To generate a beam in phase and with a constructive interference, the .various active
probe elements are pulsed at slightly different times. The echo from the desired focal point
hits the various transducer elements with a computable time shift. The echo signals
received at each transducer element are time-shifted before being summed together. The
resulting sum is an A-scan that emphasizes the response from the desired focal point and
attenuates various other echoes from other points in the material.
There are three major computer-controlled beam scanning patterns:
Electronic scanning: the same focal law and de-lay is multiplexed across a group
of active elements (see Figure 12); scanning is performed at a constant angle and
along the phased array probe length (aperture). This is equivalent to a conventional
ultra-sonic transducer performing a raster scan for corrosion mapping or shear wave
inspection. If an angled wedge is used, the focal laws compensate for different time
delays inside the wedge.
Generally this scanning pattern is used at “in line“ fabrication inspection of plates,
strips, bars and tubes. It could be used also in welding inspection.
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Figure 12 – Schematic drawing of electronic scanning.

Electronic focusing: this pattern is show in figure 13. Electronic focusing is based
on the use of different time delays applied on phased array probe transmission or
reception in a way to focalize the summed beam at a depth, similarly as obtained
with acoustic lenses.

Figure 13 – Schematic drawing of electronic focusing.

Electronic focalization permits to use of only one Phased Array probe (with several
individual elements) spite of several traditional UT probes (only one element) with
different focal depths. This pat-tern is normally used in thick plate inspection.

Sectorial scanning (also called azimuthal or angular scanning) (figure 14): the
beam is moved through a sweep range for a specific focal depth, using the same
elements; other sweep ranges with different focal depths may be added. The angular
sectors may have different values.
Electronic focusing permits that only one probe (Phased Array) is used in place of
several conventional UT probes with different incidence angles. Additionally
steering can be obtained without the use of a wedge, accessing restricted piece
areas.
All the patterns cited can be combined to solve complex inspection problems.
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Figure 14 – Schematic drawing of sectorial scanning.
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4. New NDT Application in Turret Weld Inspection

Now we will describe the advantage of the use of these new NDT techniques (ACFM, UT
TOFD and UT Phased Array) on FPSOs turret weld inspection.
4.1 ACFM
The use of ACFM technique, figure 15, has given better information (dimensions)
about the more severe surface discontinuities (cracks). The method gives not only crack
length but also crack depth (parameter used to calculate crack severity by fracture
mechanic). All surface cracks were considered not relevant and they have been monitored
by ACFM to verify crack increasing and new crack appearing.

Figure 15 – ACFM turret weld inspection.
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4.2 UT TOFD
The use of UT TOFD, figure 16, has given the opportunity to dimension precisely the
height of the discontinuities detected by conventional UT, figure 17. Additionally UT
TOFD has shown that the large discontinuities by conventional UT in fact were groups of
small discontinuities close to each other. Fracture mechanics studies based on
discontinuities dimensions obtained by UT TOFD has proven that they are on a safe region
of FAD diagram (not need of repair). As a secure recommendation the most relevant
discontinuities have been time by time monitored to verify the almost improbable
increasing.

Figure 16 –UT TOFD on turret weld.

Figure 17 – Example of UT TOFD result on some defect.

4.3 UT Phased Array
The use of UT Phased Array, figure 18, as TOFD, has permitted precisely obtain
discontinuities characteristics (position, orientation and dimensions) previously detected by
manual UT, figure 19. As the others new techniques (ACFM and UT TOFD) UT phased
Array has been periodically used to ascertain that the defects are not growing.
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Figure 18 –UT Phased Array application on turret weld.

Figure 19 – Example of UT Phased Array result on some defect.

5. Conclusions
The use of new NDT: ACFM, UT TOFD and UT Phased Array, gives chance that
discontinuities, which are detected by conventional methods (MPI and UT), were better
evaluated (position, dimensions and orientation). No doubts that discontinuities severity
and the real need of weld repair obtained by ECA (Engineering Crack Assessment) were
better obtained with the use of the new NDT methods.
Some studies indicate the use of an expensive repair procedure without full
reliability of success, if done in location (open sea). Docking the ship in a shipyard or in a
calm bay, to make reliable weld repair, implies in interrupt the production and astronomic
costs.
Because ECA studies indicates that all discontinuities are not critical the inspection
recommendation was remove the minors surface discontinuities and apply regular nondestructive examination on internal defects to guarantee that discontinuities are not
increasing. This procedure implies in an alternative economic and safe to FPSO operation.
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