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ABSTRACT

The Vertical Marine Mining technique is a lucrative method used by De Beers to recover
bottom lying diamonds from the seabed, mainly off the coast of Namibia. The method
employs a 200m length pipe-drilling structure rotated from the surface and acting as a
conduit through which the disturbed sediment is transported to the surface for processing.
However, cyclic operating stresses combined with corrosion have tended to cause
circumferential fatigue cracks to develop on the outside surface of the drill pipe and
propagate inwards. As no early warning system exists, these cracks propagate undetected
until failure occurs. High operational costs and losses associated with down time, provide
a strong motivation for a system to detect fatigue cracking prior to failure, especially
given that fatigue crack growth rate and fatigue lifetimes can be estimated using Fracture
Mechanics principles. Therefore what is required is an early warning of fatigue crack
initiation with non-destructive testing (NDT).

The eddy current method is an ideal NDT technique as it does not require contact with the
test surface and is highly sensitive to fatigue cracks. However, this method is generally
only sensitive to surface and near surface defects. This proves to be a major limitation -
the external drill pipe surface is obstructed by flanges and fittings such that continuous
inspection of the external surface would be impossible. Therefore two specialised eddy
current methods to allow the detection of external fatigue cracks from inside the drill pipe
were reviewed, namely: Pulsed Eddy Current (PEC) and Remote Field Eddy Current
(RFEC). It was found that unlike PEC, RFEC is highly sensitive to external
circumferential planar defects in ferrous pipes. This, above all, highlighted the suitability
of RFEC for drill pipe inspection.

An RFEC probe and pull-rig were built and - as true fatigue cracks are difficult to
generate - tested on representative 0.3mm width circumferential saw-cuts machined into

81mm internal diameter, 4mm wall thickness ferrous pipe.

In a pilot study to emulate fatigue cracking, saw-cuts were incrementally ‘grown’ from
the outside of the test pipe inwards. Initially, the probe achieved detection at close to 50%
wall thickness (2mm depth). However, significant component of the signal was associated
with microstructural variations in the pipe material. As this was shown to be highly
repeatable, ‘background’ signal subtraction could be implemented by pre-recording
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RFEC signals from defect free pipe (the true background signal). This improved defect
detectability from depths of 50% to 15% of the wall thickness, i.e. the smallest defect
detectable was a depth of 0.6mm.

From the viewpoint of drill pipe inspection, it was important to test the accuracy with
which subsequent crack propagation could be monitored. This required calibration of the
RFEC probe. As calibration requires monotonic parameters, it was firstly shown that
defect signals were monotonic functions both of inter and intra defect depth and of a
highly repeatable shape. Defect depth data was fitted to a polynomial calibration function
that was able to monitor defect depth to within 5% wall thickness. As a step-like increase
in defect signals was noted from through thickness defects, closer monitoring is expected
to be achievable after penetration. This is relevant as drill pipes are known to remain
intact for at least two weeks after cracks have fully penetrated the wall thickness.

RFEC literature showed that low volume defects tend to offer poor detectability. This
suggests that fatigue cracks (which are close to zero width) should be difficult to detect.
As zero-width defects cannot be machined, circumferential fatigue cracks were simulated
to test this premise. The defect width - represented by the axial separation of two
rectangular external metal bars - could then be adjusted and, more importantly, brought to
“zero” (i.e. a fatigue crack). The results showed that circumferentially oriented, zero-
width, planar defect signals were 100% separable from background signals. These results
were validated by comparison of simulated defect signals with embedded defect signals.

Final Fracture Mechanics evaluation based on these results estimated that a version of the
current system scaled to inspect drill pipes would be capable of detecting actual fatigue
cracks from between three and seven weeks prior to fast fracture of the drill string.
Therefore the probe built in this project showed great potential for detecting and

monitoring fatigue cracks.
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CHAPTER1 INTRODUCTION

1.1 Background on Diamond Mining

Since early 1958, marine diamond mining off the coast of Namibia has been a lucrative
operation due to Namibian reserves being some of the richest in the world. To date
Namibian un-mined diamonds are estimated at 100 million carats securing operations for

a number of years to come [1].

This abundance spurred the development of various methods to improve access to the
diamond-rich sediment of the sea bed'. The Vertical Marine Mining technique is a
particularly successful technique first developed by De Beers in the 1980s. This technique
has recently become a major player among the various Namibian mining operations,
increasing its yield by 60% in the last decade [2]. Indeed De Beers has reported that, over
the last few years, marine mined diamonds have exceeded those produced by land-based
mines. These reports claim that marine mining independently produced 0.6 million carats
in 2009, and one million carats in 2010, results which more than double those achieved
by Namibia’s land-based operations [3]. This trend, partially realised by the relative
maturity of land based mining, has been maintained to this day with marine mined
diamonds currently accounting for 64% of Namdeb’s total diamond production and 90%
of its forecasted diamond resources. This provides strong evidence that marine mining

will play an increasingly dominant role in De Beers diamond production in the future [4].

The Vertical Marine Mining technique involves the lowering of a pipe—drilling structure
called the drill string, to the ocean floor through the hull of the mining vessel (Figure 1.1).
The drill string is comprised of a series of steel pipe sections and, attached to the bottom,
an inverted cone shaped drill head. The drill string is assembled sequentially from the
ship’s deck. That is, the drill head is lowered through a moon pool in the hull of the
mining vessel to the sea bed by the pipe sections as they are successively bolted to the
drill string from the surface. The drill pipe currently in use is 500mm diameter, with a
15mm wall thickness, and each individual pipe section is flanged at both ends for bolting
to adjacent pipe sections. The drill string typically accesses depths of 150+50m and takes
approximately 12 hours to deploy [5].

! Early methods involved sediment retrieval using human divers but were restricted to depths less than 35m.
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Figure 1.1 —The Vertical Marine Mining method, modified from Ref. {6]

MNote: drill string and drill head assembly (left), inset showing an enlarged bolted flanpe connection (right),
(nol to scale),

The sediment of the sea bed 15 loosed and made waterbome by the drill head which is
rotated from lhe surface by onboard motors al approximately 6 rpm. Thus the drill siring
performs two functions: transmitting torgue to the drill head and transporting the loose
diamond bearing scdiment to the surface. The latter is facilitated by air hoses which run
down the sides of the dnll pipe and inject air inte the drill head. The resulting presswre
difference entrains water, sand and sca bed diamonds te be airlifted up the drill string to
the ships surface where il 15 processed immediately by an onboard sorting plant, ‘Fhis
meihod has remained [undamenially unchanged since its development, though its success
has brought about the use of mereasingly larger diameter drill pipes for higher through-

pul and thicker pipe walls to improve the service life of each pipe segment [5].

Itis ilﬁpnnant to note that the schematic above (Figure 1.1) does not show the dynamic
eflects of the mining operalion, these ellects are betler represenied in Figure 1.2, In
reality, ocean currents, rolling of the vessel and sea bed ml:wrr'l:!nl‘uuL*:rgin:i-:2 result in
significant deflections in the pipe. These deflections and rotation of the drll pipe during
operation result in cyelic compressive and tensile stresses. ln addition, the drill head,
which 18 7m diameler and weighs approximately 63 tons, introduces stress fluctuations

due to ‘stick-slipping’ in the slurry of the seabed [7].

% Sea floor irrepularities force an incline on the drill head and a bend in the drill siring, sec Figure 1.2
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Figure 1.2 — Dt pipe bending due to imegular seabed (left) and ocean currents (nght) cansing tensile and
compressive siresses (+-).

Combnnations of corrosion and the cyclic operating stresses described above have been
found 10 cause fatipue cracking in the drill pipe. These cracks tend 1o be circumferentially
oriented, ‘thumb-nail” shaped and initiatc on the outside wall of the drill pipe and
propagate inwards. Continued dnll operation and the associated cyclic stresses then cavsc

the fatiguc cracks to propagate inwards from the outside wall (Figore 1.3).

lsmnetric view Crack sechion view Drill pupe tracture

Eatipuc crack
iniflAatio k-

AN

fatigue crack [3 -

pTEpApatan -'—J_

Figure 1.3 — Pipe views showing fatigue crack orientation (left) and propagation (centre) which ultimaicly
Teads 10 drill ppe fracture and Sulure of the drill sinng (right)



impractical®. In these cases detection from the pipes outer surface is not viable due to
pipelines often being buried, submerged or obstructed by supports [9]. Therefore
substantial NDT research has emerged from this industry, most of which is directed at
broadening the range of defects detectable by a single method to save costs. Here, the
opposite is required, the evaluation of existing NDT methods for those best suited to the
detection of a single type of defect. Circumferential fatigue cracks, usually atomically
sharp and narrow, are detectable by few NDT methods which in many cases rely on
appreciable defect volume for reliable readings [10]. In addition, many methods require
specific surface conditions or preparation, requirements which are generally not possible

in submerged applications [10].

Eddy current testing, a branch of Electromagnetic NDT, is an effective method for the
inspection of defects in conductive materials [11]. The method is highly sensitive to
fatigue cracks, requires no preparation or direct contact with the surface of the target and
provides instantaneous results [12]. These features make eddy current testing ideal for
marine applications, particularly as it is also relatively unaffected by the medium through
which it operates (water, air etc) [11]. However, the method is also generally limited to
the detection of surface and near-surface defects. As drill pipe fatigue cracks must be
detectable on the external surface from the inside (i.e. through the full wall thickness),
this is a key research objective in this project. Fortunately, many researchers have
recognised the limited depth of penetration as a salient limitation of the eddy current
method (particularly for the gas and oil transmission industry [13]) giving rise to various
innovative methods to improve the depth of penetration [14]. Therefore the research
objective of this project is the review of existing NDT methods for fatigue crack

measurement.

Generally, any flaw measurement results must be linked to the structural integrity of the
overall structure; therefore there is a secondary need to understand what size defects
justify intervention. It would be absurd to address all defects as critical while many
defects may never propagate, and most that do propagate under fatigue conditions remain
stable for a significant portion of the pipes service life [15]. Fortunately, quantitative
answers to these questions are possible with the help of Fracture Mechanics.

¢ The Enbridge pipeline is one such example exceeding 5000 kilometres between Canada and the United
States.
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Due to the lack of availability of drill pipe or actual fatigue cracks for testing in this
project, a prototype probe is designed and tested on representative pipes and defects.
Therefore the final objective is to account for the differences between the prototype and
the drill pipe systems, particularly toward the final implementation of a drill pipe

inspection system.

1.4 Thesis Layout

It was considered appropriate to include a brief section explaining the philosophy and
layout of this thesis. The thesis layout corresponds closely to the order in which the

objectives are listed above.

As the eddy current method is already identified as a key technology in this project, it is
firstly appropriate to review the fundamental principles of eddy current testing
(Chapter 2). These principles highlight the fundamental depth limitation of eddy current
testing; therefore a logical ‘next step’ was to review principles for deep penetrating eddy
current methods. This theory is used to review two methods considered applicable to this
project. Therefore a significant outcome of this chapter is a motivation for the method
most applicable to this project. From this point in the document onwards, only the chosen
method is studied. Therefore the following chapter, Chapter 3, elaborates on the chosen
method; this includes the fundamental principles of the method, practical considerations
relevant to its implementation in drill pipes, and relevant limitations. Thus far, Chapters 2
and 3 address objective (1).

The building of the NDT system was carried out in Chapter 4, and the capabilities of the
system are tested in Chapters 5 and 6. It should be noted that development of the NDT
system continues somewhat from Chapter 4 into Chapter 5. This was because no existing
NDT system was available to provide a benchmark of results. However, the main aim of
Chapter 5 is to determine the detectability of circumferential defects as a function of
depth.

As alluded to in the objectives above, the inspection of true fatigue cracks in actual De
Beers drill pipe was not possible, furthermore, although appreciably narrow slits could be
manufactured, these were still wider than actual fatigue cracks. Therefore it was
considered an important follow-on section from Chapter 5 to simulate true fatigue cracks



CHAPTER 2 BACKGROUND ON EDDY CURRENT
NDT

This chapter provides general information on current electromagnetic technologies used
for the detection and sizing of fatigue cracks. This includes the identification of a suitable
technology for inspection of the outer surface of marine drill pipes from the inside. The
theory of conventional eddy current testing is reviewed which focuses primarily on the
depth limitations outlined in Chapter 1. This is necessary before the subsequent
discussion and evaluation of methods which circumvent these limitations contained in
this chapter.

Sections that follow examine current deep penetrating eddy current methods for ferrous
pipeline inspection. Note that these methods are only outlined in this chapter; more
detailed analysis of the method chosen for this thesis is presented separately in Chapter 3.

As this chapter covers various eddy current inspection methods, and as such methods are
generally only the first stage of a broader structural integrity assessment program; this
chapter also includes the fundamental Fracture Mechanics principles required for the
analysis of fatigue cracks in terms of ‘risk of fracture’. The intention of this final section
is to show the usefulness of certain crack geometry data, which lends itself to a simplified
interpretation of the requirements from the NDT system tested in this thesis.

2.1 Conventional Eddy Current Testing

Eddy current testing was first devised by David E Hughes in 1879 as a method for sorting
coins using the coils of the early telephone [17]. Hughes observed that the impedance
properties of a coil were altered when brought close to materials with different electrical
properties (conductivity and permeability). Thus eddy current testing was first proposed
as a method for sorting materials by their electromagnetic properties. Though his method
is crude by modern day standards, it remains fundamentally unchanged in the diverse
applications found today [18].
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in which g is the material magnctic permeability and E is the induced cieetric field. The
glectinie field drives cireulaiing ‘eddy’ currenis (I2) in the conduciive largel materal. I
creates a secondary ficld Hs again due to amperes law (2.1) which partially couples wiih
the exciter coil. The resultant ficld is a vector sum of the primary and sccondary H-fields.
The inductive characieristics of the material introduce a phase lag to the penetrating field
as it diffuses below the malerial surlace [19]. Therefore the resullant field induces a

lagzed voltage by amouni 8 between [I; and ihe resultant fleld as 3 resuli ol Faradays law
falie) ;
vit) = HNE = V. sin{wt + 0} (2.4)

where N is the number of coil turns, and @ is the mapnetic flux ‘threading” cach sinple
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Figure 2.1 — The apeation principle of an eddy current sensor {Wenxuan {20])

Lenz's law describes that H; 15 induced in opposition to 11, This results in a nulling effect
to all fields penctrating conductive maleriais. As a result the eddy current density is
strongest at the surface and the field energy is dissipated by resistive heating of ihe
electrical current flow. These effects prevent deep penetration such that electromagnetic
waves tend to be strongest near (he surface of the target conductive material; this

phenamenon is called the ‘skin effect” [20].
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While a more thorough explanation may be oblained by the study of Maxwell’s aqualions
[21], eddy current concepts (raditionally assumc planc wave propagalion info a
conducting half-space to describe the skin effect. This is modelled mathemaiically by the
solution of the cHiptical diffusion cquations derived by Tord [22], giving rise to the skin
depth cguations for clecmical and magnetic feld densities at depth d below the material
surface {(Fguation 2.5). Hence the atienuation of the elcetric current density {1} in terms of

ils surface value {J,) iz described as

| = Jse‘dﬁ;ﬁﬂf& sin(mt - dﬂ..n'nﬂm) (2.3
Similarty the associated alternating magnetic ficld density B can be represented as |23

B = Bse‘dﬁ;ﬁﬂf& sin(mt - dﬁ"]‘l’fl,lﬂ') (2.6}

Where: a - Conductivity (mhos), or 1/p wherc
p - Resistivity (03-m)
- Frequency (I117)
I - Electmic current density {Afmz]
I - Surface electric current density
B - Magnetic field densily (T - Tesla)

13 - Surface magnctic field density

Ceteris paribus, Lguations 2.4 and 2.5 show that amplitude is attenuated exponentially

and phase retardalion s a linear function of depth.

I 18 mathematically convemient Lo deline a standard depth of penetration {8,44) as the
depih to which the surface current densily has decayed 36.8% (or lie) of ithe surface

current density and lags the surface phase by 1 radian (Fipure 2.2).
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Figure 2.2 - The Skin Effect (GE Inspection Technologies [24])

Equation 2.7 is a uscful qualitative tool to describe the factors affectling subsurface
detection’, Tn particular, the skin depth equation highlights the frequency dependence of
cddy current methods, By lowering the exeitalion frequency, greater depth of penetration

i% achieved.

It is also shown that depth of penctration 1s limited by the electromagnelic properties of
the test material (conductivity and permicability). Thesc parameters are also defect
indicators, in other words, defects are only observable by eddy current methods if the
naiure of the defeet influences these properties. However, permeability and conductivity
variations are inheremt in materials., Therefore a key aspect of eddy current methods is
tdentifying defeets from other material inhomogencitics |25]. Although conductivity and
permeability are defect indicators, modelling of these field interactions reguires more
sophisticated simulations. Eddy current defeet interactions are explained in the following
section. It should be noted that these are generalized; lechnigue specilic interactions are

discussed in Chapter 3.

* The assumptions used Lo derive equation 5 make precisc caleulations inaccurale, for accurate quantitative
studies, tnite clement simulatons are used to simulate ficld distributions,
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2.2 Defect Detection Parameters

Te summanze, when the eddy current detector coil is brought close to a continuous
conductive surface, the secondary field (1L} forms in opposition to the primary field (H,)
(Figure 2.3), thereby reducing the coils overall impedance. The presence of a crack tends

to interrupt or distort the eddy cwrrents (1) and the lormation of the secondary ficld (I1;).

1 : I
S -- '““u
' sacandary field (Ha) interreptad, reduced
addy cumrent flow
.,—-'—“_H" ol
/ \ @ erack

(@) ()

Figure 2.3 — Eddy current erack interaction, showing eddy current flow in () un-cracked and (b) cracked
conductive materials.

This resulls in a nel increase in the tield threading the cross-sectional area of the detector
coil (Equation 2.4} such that the coil impedanee increases. This results in an inercase in
the voltage amplitude and a decreasc i phase lag relative to the phase of the driving
current (assurming that the coil is driven by a constant amplitude current source) as shown

in lMigurc 2.4,

srplituda
Changes *i‘_ el 2

o Phose C ﬂcnqec

Reference
signal

Defect signal —/

Figure 2.4 — Detector deviation from the reference signal in response to defects (GE Inspeclion
Technidogies [24])
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2.3 Magnetic Limitations of Conventional Eddy Current

Methods

I'atiguz cracks arc arguably the most pervasive and yei mosi difficult 1o deteci defects by
most other NDT methods [27]. As a resull of eddy current sensilivity to fatigue cracks,
subsurlace delection using eddy current (esting 15 ofien desirable. Certain applications for
subsurface Inspection by conventional eddy current testing have emerged despile the
inhcrent depth limitaiions. This has seen considerable development ol deep penetration
eddy current surlace probes [or aerospace imdustries, particularly for the inspection of

multilayvered aluminium aireralt panclling |6, 7.

In general, subswrface defect scnsifivity i1s improved by using wide arca coils, low

frequency activation, and high amplitude excitation as shown in Figure 2.6 [14].

Absolute current density [&fcm?] Ralakive Signal Amplituce [%)]
5 n: L4 OF g 10 D0 4 S0 &) 00

lowering sxcitation
frequency

i / increasing excitation 8,1 f/

field strength

Matarials deplh [mm]

doubied noise level
[0t B-thieshald]

s e

Figure 2.6 — The effects of increased excitation field strengih and lowering excitation frequency on Oield
penedration, signal amplilode (left) s relative to surface eddy current density (Mook [14]),

Heowever, these types of probes tend to be prone lo poor lateral resolution as a result of
the Iarge area coils required, and reduced sensitivity from the use of low frequencies'’.
As a result, these methods rely on high pain, low neise amplificailon to lmprove
sensitivity |30]. These methods alse fend to require high amplitude ficlds to increasc the
sirength of subsurface fields. This is often limited by preblems associated with conl

heating [i14]. Despite these limitations, low frequency cddy current instruments achieve

|:z : g ' . . '
Low frequencies reduce the overall coil impedance such that the received signal is of very low voltage.
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reasonable results provided that the target material is nonmagnetic (i.e. not ferromagnetic)
[6, 7]. However, the conventional methods for optimizing depth of penetration described
above are not sufficient for the inspection of high permeability materials, as magnetic flux
tends to spread laterally away from the area of interest [31]. Previous studies have found
that low frequency eddy current programs for the inline inspection of outer defects in

ferrous pipelines are unable to inspect reliably from the inside [31].

Magnetic permeability is dependent on the size and polarity of granular magnetic
domains throughout the material, the distribution of which is often inconsistent as it is
highly dependent on the materials alloying and manufacturing processes. This often
results in major permeability variations compared to conductivity, which is relatively
homogenous in these cases [32]. Furthermore, the indications from permeability related
defects (pitting and large area material loss) tend to be greater than those brought about
by obstruction of eddy currents (fatigue cracks) [33]. These effects cause a high
occurrence of false flaw indications in ferrous materials, making permeability a generally

undesirable material property for successful electromagnetic NDT [33].

Therefore it is common practice to saturate ferromagnetic materials magnetically during
testing [18]. Full magnetic saturation of a magnetic material effectively transforms it into
a non-magnetic material from an electromagnetic perspective. This is achieved by
applying a strong DC magnetic field to the test material, which aligns the polarities of the
magnetic domains. While saturation assisted eddy current methods often use permanent
magnets, many implementations achieve this simply by superimposing a DC field over
the harmonic activation signal in the probe coil [14]. Applying saturation to the test area
tends to reduce the effects of permeability variation and improve the depth of field
penetration by driving the relative permeability of the material to unity (i.e. that of free-
space) [14]. However, previous studies have shown that in general it is found that full
saturation is seldom reached experimentally, particularly in ferromagnetic pipes'? [31,34].

Recently, the traditional use of saturation and low frequencies has been surpassed by
methods which employ special probe geometries [35]. These methods typically operate
with a heavy wound exciter coil and a dedicated detector coil (two separate coils) [36].
This makes it possible isolate deep penetrating field trajectories and the separate

12 These investigations found that saturation assisted eddy current testing were approximately 50% as
effective as predicted, defined by standard depth of penetration (mm) with the conclusion that full
saturation is seldom achieved experimentally.
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optimisation of the exciter and the detector [37]. As the signal is now sent from the
exciter to an isolated detector by “reflection” through the test material, this configuration
is called reflection mode'®. The following section refers to reflection mode to discuss the

innovative deep penetrating methods alluded to in Chapter 1.

2.4 Existing Deep Penetrating Methods

Two methods are identified as contenders for further research in this thesis; the Remote
Field Eddy Current (RFEC) method, and the Pulsed Eddy Current (PEC) method. These
methods share the ability to isolate deep penetrating fields from the dominating surface
electric and magnetic fields which otherwise tend to blind subsurface detection. Before
these two methods are reviewed, the philosophy of detector isolation is discussed to
introduce these methods. This philosophy is referenced later in the chapter as it is useful
in understanding the limitations of each method.

2.4.1 Isolation of the Eddy Current Detector

Deep penetrating strategies fundamentally rely on the generation and detection of deep
field trajectories [14]. Early methods achieved this using the multi-frequency eddy current
technique to sample material at different depths. This operated by scanning the test
material with multiple frequencies either in rapid succession (asynchronous) or mixed
signal (synchronous) modes. In the post-processing of this data, it is possible to improve
the quality of deep data corresponding to low frequency excitation by subtraction of high
frequency surface data [38]. However, these methods are limited as the coupling path is
based on direct coupling’® with the material surface [14]. Indirect coupling is possible by
isolating the detector coil from the exciters immediate field'® (Figure 2.7). Two methods
highly effective at achieving this are described below and refer to Figure 2.7.

e The most common method distances the detector from the exciter such that it
becomes incident with deeper field trajectories (do — d3) [14]. This offers high
defect resolution as the magnetic field is permitted to diffuse over greater

13 Other names include ‘driver-pickup’ and ‘send-receive’ mode.

14 Although direct coupling is not explicitly defined in this section, it describes in general the intense
magnetic field found in the vicinity of the field generating coil generally responsible for the increased
sensitivity to surface defects.

15 Note that for this to be possible, the eddy current instrument must operate in reflection mode. That is with
a separate exciter and detector to generate and detect the magnetic fields respectively.
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distances and therefore is more evenly distributed through the material thickness
[35]. In this way the detector is isolated from the exciters direct field and instead
tends to couple with the indirect or ‘remote’ field. A significant advantage of this
method is that it enables the manipulation of the coupling path by the location of
the detector with respect to the exciter [35]. Methods which use distance isolation
are ubiquitously called Remote Field Eddy Current (RFEC) methods.

A second effective method isolates the exciter and the detector in time rather than
in space [39]. This is done by activating the exciter coil for a brief period after
which it is quiet while the transient field, still diffusing through the material, is
recorded (t; — t3). For this reason, these methods are called transient or Pulsed
Eddy Current (PEC) methods. The time dependence of the transient field is what
allows surface data to be distinguishable from subsurface data [40]. A major
advantage of this method is that isolation of the detector in time prevents direct
coupling from the exciter regardless of its position with respect to the exciter. This
allows flexible placement of the detector making more compact probe designs
possible [39]. More detailed descriptions of both Pulsed Eddy Current and Remote

Field Eddy Current methods are given in the following sections.

do di d2 d3
Exciter coil o
Detector coil

./

Figure 2.7 — Showing time (t) and distance (d) isolation, contours represent the sphere of influence of

surface, near-surface and deep penetrating field trajectories (1-3)

2.4.2 Pulsed Eddy Current Method

It was previously mentioned that it is possible to improve depth of penetration by

increasing the amplitude and lowering the frequency of the exciter current, but that these

parameters are always subject to coil heating and power limitations. To alleviate these

effects and thereby improve penetration, early methods made use of short periods of high

amplitude excitation followed by a cooling interval to allow heat to dissipate from the
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coil. However, these methods were still fundamentally limited by the skin effect'® [14].
Multi-frequency methods achieved better performance by pulsing a series of discrete
frequencies in quick succession allowing the analysis of data with different depth
sensitivities [39]. This was the first step towards evaluating different material depths via
post-processing of data.

Pulsed Eddy Currents (PEC) achieves the advantages of both of these methods by simply
activating the exciter coil with a pulse train [41]. The use of short pulses enables the use
of high amplitude pulses while maintaining relatively low power consumption. A Fourier
transform of a single short pulse contains a continuum of frequencies (continuous
frequency spectrum) and therefore enables PEC datasets to capture depth related data
over a wide band frequency range'’ [41]. Therefore instead of sampling discrete
frequencies, PEC is able to capture a continuous frequency spectrum in a single pulse. As
a result, PEC methods are generally capable of higher inspection velocities than low-
frequency and multi-frequency methods [39].

Once the pulse is emitted from the exciter, the transient field is measured as it propagates
into the test material. This pulse is attenuated and phase lagged by eddy current principles
as it propagates below the material surface, therefore all field measurements made after
the initial pulse capture time-depth data pairs [42]. For this reason the transient signal is
usually processed in the time domain instead of the frequency domain commonly used in
“other eddy current methods, and therefore amplitude and phase demodulation is not
needed. As the signal is separated in time between field pulsing and field detection, both

118

tasks may be performed by a single coil ". This simplifies probe design and allows PEC

probes to be relatively compact [43].

The measured transient has the characteristic peaking envelope shown in Figure 2.8. Until
recently, time-to-peak methods were used as the primary defect detection parameter;
though this method is still useful as a fast surrogate, superior methods tend to make use of
more sophisticated post-processing [43].

' These improvements are exponentially decreasingly effective as described by the skin depth equation.
17 Sampling of the continuous spectrum is a distinct feature of PEC, multi-frequency methods sample only
discrete frequencies.

'® Though field sensors as these are best for low frequency measurement [29)].
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These methods make use of the time-slice interpretation of data by dividing the signal
cnvelope into exponentially increasing time infervals (Figure 2.8}, where each interval is

regarded as 4 variable in multidimensional space.

Effective methads for reducing the dimensionality of this space {while preserving data
gualily} are available, notably those using Principle Component Anal}'sisw (PCA) [43].
PCA is a mathematical procedure widely used in signal processing and small signal

identification in sparse or largely redundant dala-sets [44—47].
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Figure 2.8 — A typical PEC sipgnal trunsient envelope (left) showing exponentially increasing time slices
{right), modificd Irom Tiun of af [42]

The post-processing of PEC signals with PCA been shown to sigmficantly improve
averall reliability of PEC. These contributions have led to many new applications for this

method, especially with the advent of digital technology and irs wide availability [43].

2.4.3 Remote Field Eddy Current Method

This section deseribes technologies which make use of distance isolation from the exciter
coll. Although the remote tield isolation of the detector from the exciter near [ield does
have flat peometry applications |33], the Remote [Held Lddy Current (RFEC) method is
penerally used as a tube inspection technology. In this geometry the method is known to
be able to inspect ferromagnetic and non-lerromagnetic tubes with approximately equal
sensitivity to interior and exterior defects with additional evidence that ferrous bes tend

10 be particularly schsitive to external defects [48].

Y This is a statistical methad used in signal processing to reduce the size of lurpe dutugels while preserving
maximun variance, This is achicved by linear transfonmation of the dats into 4 lower dimensienality
subspace of orthogonal clpenveclors.
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The methed resembles a conventional eddy current probe confipured to operatc in
rellection (send-receive) mode. The principle diffcrence being that the exciler coil 15 co-
axial with the pipe and scparatcd from the detector by several pipe diameters. This
configuration enables the deteclor ¢oil 1o couple with the exciter coil via the indirect
energy flow path shown in Figure 2.9, This (ield 15 called the remote ficld and has a
charactenshic iwice through-wall penetratien (once af the cxeiter and once af the
detecior). The {irst wall penetration of the field at the exciter and the distance results ina
homogenous field outside the pipe. The second transition back mto the pipe ail the
detector 1s thus entirely through the pipe wall which resulis n gqual sensitivily to internal

and cxtemal defeets, mn sceming defianee of the skin cifcet [49].
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Figure 2.9 — Typical RFECT probe layout showing the indirect energy flow path (from Ret. [507)

Cther important advantages include linear relationships between wall thickness and signal

phase lag, and relative immunity to mechanical lift-off of RI'EC probes [49].

2.4.4 Comparison of RFEC and PEC Techniques

The RIEC and PEC techmiques are distinguished by twe main featurcs, that s, the
activation waveform, and the method {or isolating the detector [rom the exciter. Therefore

comparison cenires on these two features,

The remote (ield method 15 sctivated by a stnusvidal harmonic which has been shown in
previous studies te achieve higher delectability of subsurface defects in fertous materials
than wide bund PEC excitation [37.3%40,51]. However, PEC preduces a localised

penetrating ficld. which. duc to its predominantly radial magnetic held component, is able
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to detect radially propagating defects of any orientation with equal sensitivity. The main
limitation of PEC is that it is still fundamentally near-sided in the sense that subsurface
data is only achieved by post-processing [14]. Contrasting to this, remote field testing is
equally sensitive to defects at all depths in the pipe-wall thickness but certain orientations
are more detectable than others. For example, RFEC is more sensitive to
circumferentially oriented slits than axially oriented slits in ferrous pipe wall. In this
project, the cracks are known to be of circumferential orientation and propagate from the
outside, radially inwards; therefore the sensitivity to all orientations that PEC offers is not

considered advantageous.

When inspecting ferromagnetic materials with RFEC, the field strength in the remote
field zone tends to be significantly stronger on the outer surface than the inner surface
(due to the skin effect as discussed further in Chapter 3) [48]. This causes the principal
component of the incident remote field to diffuse radially on the pipe interior and enables
detector arrays to achieve excellent lateral resolution [52]. To achieve comparable
resolution, PEC coils must be arranged in compact arrays. However, PEC fields tend to
spread out laterally from the exciter coil when testing ferromagnetic material and since
each PEC probe produces its own field, unwanted coupling must be prevented by
ensuring that adjacent coils are never simultaneously activated. This tends to result in a

form of signal contamination known as cross-talk [53].

Furthermore, the RFEC method is particularly suited to diamond drill pipe applications as
these probes are relatively immune to variations in distance between the exciter coil and
the pipe surface. This lift-off is likely in this case as the internal diameters of the drill
pipes are known to vary due to the wearing down of the pipe wall by the transported
debris [5].

Another notable application specific advantage is that, due to the coaxial alignment of the
RFEC exciter coil with the tube, the axial magnetic field propagating through
ferromagnetic material is highly sensitive to circumferentially oriented defects [44].
However, it was theorized by Atherton [54] that the detectability of circumferential
defects in high permeability pipes is likely only to be possible so long as the defects
present a measurable volume, If this were true, it would specifically preclude
circumferential fatigue cracks being detectable by RFEC. Correspondence with Atherton

indicated that even zero-width defects may give measurable indications and requires
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further testing (discussed further in section 3.3) [55]. These concerns are discussed further
in Chapter 3 with the provisory that limited plastic deformation reportedly occurs in and
around the fatigue cracked material of the drill pipe making it unlikely that defect volume
will remain in fatigue crack proportions for the full fatigue life of the defect [5].

This evidence and the promise of detectability with equal sensitivity throughout the pipe
wall motivates for the use of the RFEC method for further research. However, if the low
detectability of fatigue cracks, great probe length, low probe speed or high power
consumption become major constraints at a later stage, it is possible that PEC should be
reconsidered. In particular, recent research has shown that these probe length and power
consumption can be dramatically reduced by combining pulsed excitation with the remote
field geometry — a new method called Pulsed Remote Field Eddy Current (PRFEC)
[39,41,56,57]. However, as the primary aim is the improvement of the detectability of
fatigue cracks and as there is no evidence that PRFEC contributes to this [40], only
narrow band harmonics are studied further in this thesis, that is to say conventional
RFEC.

The following section is necessary as NDT systems are generally used as only the first
stage of overall structural integrity analysis programs. That is that practical use for crack
data can only be gained by post inspection analysis of crack growth rate (requiring data

from previous inspections) and risk of failure.

2.5 Fracture Mechanics: a Logical Extension of NDT

While NDT detects the existence of flaws, NDE (Non-Destructive Evaluation) is the
management of the existing flaws post detection [58]. Such evaluations are often directed
towards learning the maintenance requirements for the system for continued safe
operation. In terms of De Beers drill pipe NDT, it is required to know the safe interval
between inspections within which fast fracture is not likely to occur.

The field of Fracture Mechanics is an extension of conventional mechanics intended for
the evaluation of structures containing flaws. These flaws have in the past resulted in
catastrophic brittle failures occurring in ductile materials. Thus, it has become a
widespread approach to predict fracture using Fracture Mechanics, particularly in cases
involving fatigue [27]. This section focuses on the fitness-for-service assessment of

structures by means of providing a working understanding of the Fracture Mechanics
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principles involved. This is essential for describing the crack geomelry and spatial
resolution requirements for later testing using REFLC. Note that the Fracture Mechanics
parameters used 1o describe crack geometry in this project arc ¢ and 2¢, as shown in

Figure 2.10.

O

Figure 2.10 — Fracture tonghness input parameters (modified from Ref. [59])

Defect depth {a), length {22) and the remote stress &, {applied perpendicular o the crack plane) are shown

Linear elastic Fracture Mechanics introduces a term called the stress intensity factor (K).
This is used to describe the ability of a material with an existing crack to resist crack

growth. For a homogenous material®® this is expressed as
K = Yo,.vma {2.7)

whore . s a remote stress applied perpendicular to the crack plane, & is the crack depth,
and Y is a dimensionless correction factor”' to account for erack geometry, Wote that Y is
largely dependent on the crack aspect ratio (a/2¢), depth, and wall thickness (#8) [27].
Cquation 2.7 was derived by Griffith who noticed that the term ¢v/a tends to reach a
particular material dependent value for a range of Maws of the same shape, beyond which
fracture predictably occurred [27]. This made it possible to introduce a material property
called fracture toughness (Kio), as the stress inlensity at which fracture takes place®,

Therefore, il & 1% known, it is possible to determine a safe nominal stress level within

* This assumes a two dimensional applied stress/strain field ar the crack tip.
' The convention is that Y ix set to unity for a crack in an infinite sheet.
# This is analngous to the ullimate tensile strength defined by classical mechanics.
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which a crack will not propagate [27]. This makes it possible to determine the critical
flaw size given a small set of characteristics of the crack region, that is: total effective
stress, the crack depth, crack length (2¢) and the critical stress intensity factor or fracture
toughness. Therefore, under regular inspections, it is possible to calculate the critical

crack depth (a,;¢) and avoid brittle catastrophic failure of the drill pipe.

Although stable cracks may not present immediate risk, these cracks may propagate
under cyclic loading. Thus, over time, stable cracks may grow until instability is reached.
Note that NDT inspection only determines the depth of existing cracks at the moment of
inspection while Fracture Mechanics (so far) only allows the calculation of critical crack
depth. The time spent in propagation between these two limits is of great value for crack
monitoring purposes as it allows the possibility of scheduled inspections. Further
development of the above theory enables the characterization of fatigue crack growth rate
[60]. This theory (described below) facilitates predictions of time-to-failure. This
information is useful as part of damage monitoring systems in order to determine

reasonable inspection intervals [5].

Figure 2.11 shows fatigue crack growth rate as a function of the stress intensity factor
range experienced by a fatigue crack during cyclic loading. The initial and final stages of
crack growth (regions I and III) are largely determined by mean stress, material
microstructure and environmental conditions making fatigue crack growth rate prediction
complicated in these regions [15]. However, a significant portion of the fatigue crack life
is spent in the stable growth (region II). This region is described by the Paris equation

S‘% = CAK™ 2.8)

where the term on the left hand side is the crack growth rate [60]. This is described by the
differential crack growth depth (da) per loading cycle (dV) where the range of the stress
intensity factor (AK) is derived from the maximum and minimum cyclic stresses

substituted into Equation 2.7.
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Figore 2,11 Crack growth rate as a function al the stress intensity factor range (Broek [61T)

Physically, region II propagation is constrained by the plastic blunting of the erack tip.
This process leaves striation marks on a fatigue fracture surface where each striation
represents the advance of the fatigue crack due to a single loading cycle by a small
distance (da), typically 0.001 to 1 micron. The stnation distance 18 dependent on the stress

range {Ao) as illustrated in Figure 2.12 [6]1].

Figure .12 -- Falipye damage striations {modified from Ref. [61]}

The exponential nature of Fguation 2.8 may be represented linearly on a log-log graph
such that two new parameters m and C may be interpreted as the slope and position of the

linear region represented 1n Figure 2.11.
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The remaining fatigue life in terms of load cycles can be found by substituting the stress
intensity factor into the Paris equation (Equations 2.9 and 2.10) which gives

& = C(Ao,Y(a)VTa)™ | 2.9)
The number of cycles to failure (V) may be obtained by the separation of variables

N¢ Qerie ____da
Ny = dN = .

s f 0 f ay C(AaY\/na) (2.10)
where Ny is the number of loading cycles until failure, a; is the initial crack depth and
Qi is the critical crack depth at failure described by Equation 2.1 [60].

The primary requirement from this thesis is the initial crack depth (a;). This is because
accurate data of the drill pipe loading conditions is already available from previous
studies by CRS [7]. Other crack parameters such as 2c and the aspect ratio are of
secondary importance for the generation of the geometrical correction factor (elaborated
in the final discussion — Section 7.3.5).

Therefore, if the initial flaw size is known (Equation 2.7) together with the material
properties required for solution of the Paris equation (Equation 2.8), one can confidently
determine the fatigue lifetime to failure.

2.6 Summary

This chapter has presented three major topics: the introduction of fundamental eddy
current testing theory and its limitations, deep penetrating methods and, flaw analysis
using Fracture Mechanics. These topics are summarized below in this order.

The eddy current theory given in this chapter introduced the skin depth equations to aid
the understanding of the limitations of electromagnetic methods. The key points were:

e Eddy current material testing in general operates by inductive coupling (or mutual

inductance) of an inductive coil brought close to a conductive material.

o The characteristic sensitivity of eddy current methods to planar defects is due to
the obstruction of circulating eddy currents and the resulting distortion of the
secondary magnetic field coupling with the detector.
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e Optimisation of eddy current methods for the subsurface inspection of
ferromagnetic materials is limited by the skin effect, such that saturation and low
frequency methods are not sufficient for the reliable inspection of subsurface
defects.

The second major topic was the review of deep penetrating eddy current methods. The
problems associated with permeability were shown to be circumvented by the isolation of
the detector from the immediate, directly coupling field of a separate (dedicated) exciter
coil. This was achieved by distancing it either physically (referred to above as space
isolation) or by recording transient field data over time (referred to in this thesis as space

isolation and time isolation respectively).

e  Space isolation allows remote field coupling between the exciter and the detector.
The remotely detected field tends to achieve more even distribution of field lines
within the test material, and allows the manipulation of the coupling path. These
methods are called Remote Field Eddy Current (RFEC) methods.

e Pulsed Eddy Current (PEC) methods employ time isolation. This allows the time
separation of deep and surface electromagnetic fields by measuring the decay of a
pulsed magnetic field as it propagates below the material surface.

The RFEC method was found to be better suited to drill pipe inspection, mainly because it
is equally sensitive to defects on the inside and outside surfaces of ferrous tubulars. The
limitations were briefly discussed but were deemed within reasonable bounds of this
project’s aims. The final section on Fracture Mechanics explained the procedure for
evaluating risk of fracture and the fatigue life of a structure containing fatigue cracks
under cyclic loading. This section highlighted that the primary requirement of this project
is to develop a system to accurately measure drill pipe fatigue crack depth.

This chapter has provided a general background of the state of eddy current methods with
respect to this project’s application. It also highlighted the major limitations of the eddy
current method and provided justification for further development of the RFEC method.
As this chapter provides only a superficial review of RFEC, a detailed review of the
RFEC method is covered in the next chapter.
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CHAPTER3 REMOTE FIELD EDDY CURRENT
METHOD

This chapter follows on from the previous chapter by investigating the RFEC method in
more detail. Although initially a theoretical understanding of RFEC is given, the focus is
to understand the practical implications of using the RFEC method for De Beers drill pipe
inspection. It emerges that RFEC is possibly not ideally suited for the detection of low
volume defects such as fatigue cracks; therefore the final section examines previous

studies to determine the likelihood of fatigue crack detection by RFEC inspection.

The RFEC method was first patented by MacLean as a wall thickness measuring tool in
1946 [62], and later pioneered by Schmidt [63] with major contributions by Atherton
[48]. The commercial use of RFEC dates back to the 1960°s for the inspection of oil and
gas wells [64]. Equal sensitivity to internal and external defects in ferromagnetic pipes
and the general robustness of RFEC tools have led to an increasing number of industrial
applications in recent years [65]. Currently RFEC is widely used for the inspection of
heat exchangers and pressure tubes for corrosion and wear [66]. Although the remote
field effect can test targets of various geometries, it is important to regard RFEC pipe
geometry as distinct. This is because the pipe symmetry achieves isolation between the
exciter and the detector (space isolation - Section 2.3) in a unique and highly effective

manner® , as explained in the next section.

3.1 The RFEC Effect in Ferromagnetic Pipe

Although RFEC testing is possible in non-ferromagnetic pipe, drill pipes used by
De Beers are ferromagnetic. Therefore non-ferromagnetic RFEC will not be covered in
this chapter. For more details, see the work of Lord [22] and Haugland [67].

The RFEC effect is achieved by aligning a solenoidal (exciter) coil coaxially and
internally to the test pipe and distantly locating the detector near the inner pipe wall, as
shown in Figure 3.1 [67]. In this configuration, two distinct coupling paths are formed,
known as the direct and indirect coupling paths, shown in Figure 3.1. Detection of

magnetic field directly from the exciter (i.e. via the direct coupling path) is undesirable as

2 For this reason, RFEC is often thought to be exclusively a pipe inspection technique
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this field does not permeate the pipe wall but propagates predominantly axially through
the pipe interior [68]. Fortunately, axially travelling magnetic fields internal to the pipe
tend to induce circumferential eddy current hoops in the pipe wall (Equation 2.3). This
causes the rapid attenuation of the direct field due to energy dissipation by electrical
resistive heating. This effectively prevents any line-of-sight coupling between the exciter
and detector [68]. The result is that the signal present at the detector is primarily due to
the field transmitted by an indirect energy flow path [69]. Transmission through this path
is commonly described in the three stages shown in Figure 3.1:

(1) The magnetic field generated by the exciter coil diffuses radially through the pipe
wall from the exciter to the outside wall of the pipe while being attenuated and
phase lagged by eddy current principles.

(2) Once this field reaches the outer wall, it is able to propagate with relatively little

attenuation or phase lag axially away from the source®.

(3) The field diffuses back into the pipe interior while again being phase shifted and

attenuated [69].
Stage 1 Stage 2 Stage 3
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Figure 3.1 — Schematic of Remote Field Eddy Current testing (Atherton ef al. [70])

The remote field zone of ferromagnetic tubes has considerably stronger field strengths
outside the pipe than inside [48]. This causes the field to diffuse back into the pipe

interior as if an encircling external exciter coil were activated above the detector in the

% This behaviour is similar to that of a TE,, waveguide well below its cut-off frequency [67].
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remote field zone (Figure 3.2) — a result described by Atherton as the phantom exciter®®
effect [72]. This effect enables the inspection of the outer surface of drill pipes by an
external ‘phantom’ exciter (Figure 3.2 — Stage 3).

1.) Eddy Current 2 2.) Magnetic Field i 3.) Eddy Current

{1
Exciter Detectors< ; ,l

/

“ ™~ Phantom Exciter

Figure 3.2 — Schematic showing eddy current and magnetic field dominated regions

Numbering corresponds to the remote field diffusion stages described above, arrows indicate magnetic field
direction and shaded areas of the wall thickness indicate eddy current density (this figure was produced
from descriptions by Atherton {52,72,73]).

Skin depth equations give high accuracy?® in RFEC despite the plane wave assumptions
of their formulation (Section 2.1). Derivation of phase and amplitude equations
describing the remote field simply accounts for two through-wall transmissions: once at
the exciter and once at the detector (eddy current dominated regions, Figure 3.2 — Stage 1
& 3) [74]. This gives the difference in phase between the exciter (¢,) and the detector

(@) expressed in radians as

@2 — ¢y = 2t\nfuo \ G.D

where t is the pipe wall thickness and o is the electrical conductivity. Similarly, the
amplitude, expressed as the ratio of the field amplitudes at the exciter (4;) and the
detector (A4;), is given as [23]

22 = gm2t/nfuo 62
Ay

2 This gives rise to an alternate method first developed by Mergelas and Atherton in 1993 for a
computationally efficient means for testing the RFEC method (both experimentally and by computer
simulation). Finite element simulations by Makar et al. show that the phantom exciter arrangement gives
electromagnetic field distributions identical to the full remote field configuration [71].

% These errors tend to be small in RFEC testing provided that the pipe wall is thicker than 1 standard depth
of penetration.
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Note that change in phase is linearly proportional to wall thickness (Equation 3.1) while
the corresponding change in amplitude is exponential (Equation 3.2).

Numerous practical implications arise from the use of the indirect coupling path for
defect detection, particularly as this path contains distinct eddy current and magnetic field

dominated regions (Figure 3.2) [75]. These implications are discussed in the next section.

3.2 Practical Aspects of RFEC Inspection

This section reviews the procedure for the setup of an RFEC probe and highlights certain
considerations which are relevant to the drill pipe application. These considerations stem
from abrasion of the pipe wall by the transported slurry, and the flanged interface
between pipe sections. Other practical aspects include probe speed limitations and RFEC
signal interpretation.

3.2.1 Setup of a RFEC Probe

Prior to inspection by RFEC, it is important to determine the axial distance at which the
direct field has sufficiently attenuated that the remote field can be detected — the remote
field zone [76]. This may be calculated with FEM simulations or determined
experimentally with pullout tests [76]. Pullout tests entail locating the exciter and the
detector in the test pipe and recording the detector signal while axially displacing the
detector from the stationary exciter. Typical graphs of these results show the amplitude
and phase of the detector signal (Figure 3.3) [77]. Notice that the near and remote field
appear as a piecewise linear intersection when viewed on a log scale’’. This marks the
transition from the direct to the remote field dominated regions, a region called the
transition zone. The remote field is also easily identified by the step-like change in the
phase from the upper plateau of the near field to the lower plateau of the remote field.

The relatively constant phase characteristic of the near and remote field zones is useful to
calibrate RFEC instruments (Equation 3.1) [74]. However, calibration using skin depth
equations requires knowledge of the materials’ electromagnetic properties. In particular,
the magnetic permeability is needed and seldom available due to high permeability

27 Sometimes a sharp ‘dip’ is observed at this intersection. This occurs when the near and remote field
amplitudes are of equal amplitude and opposite phase causing the field components to cancel [48].
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variations. As a result, magnetic permeability often requires direct measurement from the

pipe material [76].
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Figure 3.3 — Remote field eddy current signal magnitude and phase (from Ref. [77])

As the transition zone is typically found between 2 and 3 pipe diameters from the exciter
coil (Figure 3.3), RFEC tools are generally longer than 2 pipe diameters [44]. Although it
is impossible to eliminate all traces of the direct field, little improvement is gained at
greater distances [78]. These geometry implications are discussed further in the next

section.

3.2.2 Drill Pipe Geometry Considerations

As previously mentioned, the walls of the De Beers marine drill pipes are gradually
abraded from the inside by the transported sediment from the seabed. As a result,
although the pipe OD remains constant throughout the service life of each pipe section,
significant differences in wall thickness (and minor differences in the effective?®

diameter) exist between old and new pipe sections®.

NDT probe design requires understanding of the tolerances for mechanical movement
with respect to the target material. For this purpose, the terms probe lift-off and wobble
are defined. Lift-off is used in NDT to describe variations in the distance between the
sensor and the test surface (Figure 3.4) [44]. Wobble describes all non-axial movement of

2 In this case ‘effective’ is taken to mean the average of the pipe OD and the ID values.
? Womn pipes are located away from high stress areas of the drill string on reassembly to improve the
operational lifespan of individual pipe sections.
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the probe (resulting in lift-off). RFEC is largely immune to lift-off both at the exciter and
the detector’® unlike magnetic flux leakage and conventional eddy current methods which
generally require compensating sensor support systems to ensure a constant lift-off
distance [65]. Furthermore, the probe fill-factor - defined as the ratio between the exciter
coil and pipe bore areas (Figure 3.4) - may be as low as 70% [44]. Therefore wall
thickness variations are unlikely to significantly affect inspection results.

Fill-Factor (A1/A2)

Detector coil

( \wobble)

Exciter coil

Figure 3.4 — Fill-factor (A1/A2) and lift-off effects

The drill pipe diameter is significantly larger than is typically tested by RFEC. However,
large diameter RFEC tools are commercially available’ and have been shown to be
capable of testing pipes with diameters of up to 2m (Figure 3.5) [65].

Figure 3.5 — 198 1mm diameter cement-lined steel pipeline with detector section of RFT tool (from Russell
NDE Systems Inc. [65]) '

30 L ift-off measurements of up to 38mm lift-off from a deep water-well casing tools from inspections by
Russell NDT, Canada [65], are reported.
3! Non-commercial methods developed by Atherton are able to test diameters of approximately 3.6m [79].
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the probe (resulting in lift-offy. RFEC is largely immune 1o lifl-oT both at the cxeiter and
the detector™ unlike magnetic Aux leakage and conventional eddy current methods which
penerally require compensaling sensor support sysiems to cisure a constant lift-ofl
disiance {65|. Furthermore, the probe fill-factor - defined as the ralio beiween the exciter
coil and pipe bore areas (Figure 3.4) - may be as low as 70% [44]. Thercfore wall

thickness variations are unlikely Lo significantly affect inspection resuits.
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Figure 3.4 - Fill-factor (A 1/AZ) and bfl-olT eiTeels

The drill pipe diameter is sigmificantly larper than is iypically tested by RFEC. However,
large diameter RFEC tools arc commercially available™ and have been shown to be

capable of testing pipes with diameters of up o 2m (Figure 3.5} [63].
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Figore 3.5 198 1mm diancler cement-lined steg] pipeline with detector section of 1171 tood {from Kussell
NDE Systems Inc. [65])

* Lifl-off measurements of up to 38mm lift-off from a deep water-well casing tools fram nspections by
Kussell HDT. Canada [65]. are repurted.
! Nom-commereial metheds developed by Atherton are able to test diameters of appraximately 3.6m [79].
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Although the RFEC method is robusi to coniinuous thinning, the method is strongly
allected by external metal contiguous with the pipe wail. These ellects are likely to occur

at the tlanged interface between drill pipe sections as explained below’?.

The gradual attenuation of the remote field, which enables detection a1 the detector, is
dependent on thin walled pipe proportions 181]. External contiguous metal such as a
flange is effectively seen by the remole field as a momentary drastic increase in wall
thickness allowing circulating eddy currents to attenuate the remote field [80]. For this
reason drill pipe [langes significanily attenuate the externai energy fiow path between the
exciter and the detector. Due o hmitations in detector sensitivity, this ofien results in a
‘dead-zone’ in which flaw detection is not possible {Figure 3.6 - a) [80]. The double
detectar configuration {Figure 3.6 - b) achieves inspeciion of the enlire pipe section,

provided the overali probe length is less than that of a singte pipe section (10m) |44].
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Figure 3.6 — RFEC ciltets in [(anged pipe

Haiched reginns show areas blind to conventional RFEC confipurations {a). the double delcotor
gonliguration achieves [ull pipe deieciion — a possible splution (b}

3.2.3 Speed Limitations

1ligh runping costs of the minmyg operation places a time c¢onstraint of approximately 5

hours to inspect the drill pipe [3]. This is important because low velocities are needed to

= This problem also ocours frequently with the RFEC inspection of heat exchanger tubes with support
plates (&0}
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ensure signal quality™. Each observation {(data point on an RFEC trace) is generated by
the amplitude and phase characieristics ol the detected signal relative to a reference
signal. This process (demodulation) usually requires several cycles of the detector signal
to be effective [44]. Therelore the time per demoduiation {tine constant) musi be
ingreased al low frequencies 1o ensure that sufficient cycles are inctuded for each
amplitude and phase measurement. This is the case with RFEC as low frequencies are
required to improve the strength of the remote field for detection. Consequently higher
RFEC probe speeds are permissible by wmereasing the lrequency of the exciter current
[34]. However, there is a limit to the amount that frequency may be increased &s this also
cxponentially decreases the remote ficld amplitude as a result of the skin effect (Equation
3.2). Therefore lor a parlicular probe-pipe combination an optimal frequency exists, as

illustrated in Figure 3.7,

Crack
deracrability
M
Limited by Limnited by the
demnodulation skin etfect
effects

he
-

fraquency

Figure 3.7 — Schematic representation of ihe trade-offs between the detrimental effects of low and high
frequency. Note that frequency is propontional 1o the maximym scanning fpeed possible and (therefore. in
general, probe speed is closely associaked with frequency.

Due to the strong association of drive lrequency with permissible probe speed,
conventional eddy current methods to alleviale the skin effects are often applied to RFLEC
probes, particularly mcthods involving saturation [23,34,80.84). These results are
discussed in Appendix A-1: Magnetic Saturation for RFEC Inspection and in the final

discussion, Section 7.1.2.

* Low velocilies arc akso required to allow remnant magnetic lields (o disperse: Mcse (end to produce
spurious signals 82
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3.2.4 Signal Interpretation

Although RFEC defect signals are casily characterised on a vollage polar plot display,
imline inspections generally make use of strip charts to illustrate test results. Strip charts
typicaltly have two axes: the detected signal and the axial displacement ol the detector. As
the detector signal is deconstructed in terms of amphtude and phase, two plols are
produced for each inspection result {trace}. This study makes uses strip charls 1o represent

RFEC amplitude and phase signals similar to see Figures 3.8 and 3.9)™,

As defects are deteclable anywhere in the indirect transmission of the remote magnetic
field, special systems are olten required Lo identify the true location of a defect [73].
Schmidt demonstrated that defect signatures from internal and external defects of the
same physical dimensions tend to give similar amplitide and phase indications (Figure

3.8) [82].

interral External
e o N
ST —
S p—
— s Circumferential
s ks i distance
_‘.--__"‘r__ —

Axiagl distance

Fipure 3.8 - Tnicrmnal-cxtemnal pit sensitivity (Schmide [82])

Kesulis are fram two equal (30% penetratdon), %.5mm depth, ball milled holes, 7onum diameter steel pipe,
7.6mm wall thickness, at an cxciter froquency of 40H:x.

Although small dilterences between imtemal and external delects were ohserved by
Atherton®™, these are generally regarded as hard to distinguish [82). This is highly
relevant in the drill pipe application as fatigue cracks are known te propagate [rom the
outside and must be distinguishable from the extensive corrosive and abrasive pitting on

the internal surface side [5]. The axial location ol the defect is often also ambiguous as

* Although the polar plot reguires minimal processing and is useful for characterising defect responses
(discnssed by Atherton [707).
* External defect indications are described by Atherton to exhibit amplitede attenuation and width

expansion duc to spreading of the field lines from the external pipe surface through the pipe wall [32],
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certain defects generate responses both at the cxeiter and the detecter [73]. Figure 3.9
shows strip chart phase recordings for detector displacement. Notice that a single
inhomogeneity (in this case a weld) creales lwo defect indications from a single pass:

once al the detector and once at the exciter.

Cousad by Exciter Coused by Detector

Cail Patsing Vreld s ol Passineg Wigid

- |ner Circ. -

Figure 3.9 — Multiple RFEC traces off a circumferential weld (Schmidt [82]}
Fxciter signals uppearing downstrearn from detector stenals, ioils current pesition the probe signal is due 1o
interaction at the exciter coil,

3.2.5 Discussion

The above evidence covers a wvariety of RFLEC effects relating to various dnll pipe
morphologics. Bue to the high lift-off and low htl-faclors achievable by RFEC, these
probes may be built smaller than the pipe internal diamecter and with “suspension”,
allowing the inspection of pipes with minor constrictions, large radius elbows, and pipes
with scale and inner limngs (Figure 3.10% [76]. This evidence strongly suggests that the
RFEC methed can tolerate drill pipe diameter variations caused by wall thinning and

axial misabgnment between the probe and the pipe.

Figure 3.10 — lniernal scale (A and inner liniog (B) in cast iton water pipe, both successfully tested by
RFEC {Russelltech WDE [65])
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However, as previously mentioned, high operational costs limit the amount of downtime
permitted for inspections. A possible solution wonld be to insert the RFEC probe with the
tflow of sediment. Although the method is already shown lo be tolerant to mechanical
interferences {possibly due to the stream of sediment), this approach is likely to be limited
by the relative motion of the pipe wall to the deteetor cansed by dnll pipe rotation and the
probe’s inspection speed. This is considered outside the seope of this study. However, as
speed varations are shown to affect the quality of the data, it is considercd important thal
probe speed remain sufliciently slow and constant to ensure this quality is unitorm for the

generation of results in this thesis. Thus a constant speed pull-rig is required.

The difficulty in dilferentiating between intemal and external defects is highly relevant as
the relabively sparse disttthution of external fatigue cracks must be clearly distinguishable
from intemal scores and pilting, Existing RFEC (ools solve this problem by also
inspecting the inside surface with conventional eddy current detection and using this data
in post processing to eliminate internal defeet data [52]. This approach may prove to be
redundant as pipe history is likely to be available due the repeated testing required 1o
monitor fatigne crack progress {Section 2.5). The identification of ‘non-progressing’
defects may be possible by comparison of defect data with inspection history. Therefore
before final testing can take place, and after the RIFEC probe is built, a pilot study is
required to test the usefulness of RFEC inspection history.

Thus far, a theoretical and practical background is given on RI'EC inspection. However,
little work has becn dose on the detectability ol circumferential fatigue cracks using
RFEC inspection. Therefore the sensitivity of RFEC inspection systems to Fatipue defects

s examined in the next scetion.

3.3 Defect Detectability

As discussed above, fatigue cracks are likely to be difficult to dilferentiate from the
mechanical damage present on the inside surface of the drill pipe. Apart from the
difficulty when distinguishing cxternal farigue cracks from intermal pitting, RFEC also

typically achieves significantly reduced sensitivity to low volume defects [82].
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Figure 3,11 - a shows that as defect volume decreases, so does the RFEC signal. This
suggesls that ught fatipue cracks are likely to be undetectable by RFEC methods.
However, the fieure also shows resulis for axially and circumfeorentially aligned shits
which arc also low volume (0.25mm width; Figure 3.11 — b). This shows a an important
phenomenon of RFEC inspection in ferromagnetic pipes, that is thal circumierentially
orienled defects give significantly stronger defeet signals than axially oriented detects of
the same volume (Uipure 3.11 — b). This is gencrally attributed to strong interaction of the
axial magnetic field with the relatively large perpendicular area of a circumferentally

orienied law in a lerromagnetic pipe [48].

The guestion iherelore arises: 1l RFEC defect sensitivity dimnnishes as defect volume
becomes small (Figure 3.11 - a), is the improved scnsitivity to circumferential slits

(Figure 3.11 — b} sufficient to enswe the reliable detection of drill pipe fatigue cracks?

a
b
—— #M'
i 3 -] ¥ . o = £ !
ag Wall
Thickness @ §14% 5094 3385 Hras 13% S0t BF iz 33%

simulated Carrgsion Pits Simulated Stress Corrosion or frligue Cracks
0,375 -tnch Diam. 2all sdill to Noted Depth 2.0-rch ram. Saw 0.030 Thack to kisted Deptk

Rermote field
{ndication

Figure 3.11 — Single detector trace of simulated external Maws in steel pipe (modified lrom Schmidl [82])

Mote that circomferendial and axial slit widths are equal o the diameter of the smallest ball milled hole, data
omitted for clarity can be viewed on the original lizure in [82].

To answer this question, theories and case studies were examined. The improved
sensitivity o circumlerential defects 1s explained by Atherton with the missing
magnelizalion model [54,81]. This describes the maygnetic field interaction as similar to
the magnetic reluctance produced by an air-pap in a hiph permcabiliy magnetic circuil
[81] ifor a further explanation of the anomalous source models. see Appendix A-2).

These sindies use finile element simulations of circumlerential slits in ferromagnetic
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material to show that the magnetic field perturbations (and therefore defect detectability)
become vanishingly small as defect width tends to vero [54,81]. This suggests that

circumferentially oriented fatigue cracks are not easily detected using the RFEC method,

3.3.1 Evidence of Circumferential Fatigue Crack Detectability

Despite these predictions, resulls from commercial inspections performed by Russelltech
NDE fingd that ¢ircumferential thermal fatigue cracks are deteclable with standard RFEC

tools (Figure 3.12) [B4|. For correspondence see Appendix B - 1.

4 '__ -
Flermnd [
Fagipne on

Figure 3.12 — Thermal, circuinferentially oriented, fatigue cracking {Russelliech [84])

Scan was taken using an externzl RFEC (E-PUT) probe on tube #4. The probe array contains ¥ detector coils
positioned across the flame side of the tube; these signals are shown on the right. The vertical axis of the
strip charts represents distance and the horizontal axis represents amplitude,

Earlier finite element simulations by Atherton found that although ficld perturbations
reduce with defect width and are likely to vanish in the limit; unusuatly high lield
perturbations are achieved by even very fine defects in ferromagnetic material (Iigure

3.13 — steel), [50,85].
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Figure 3.13 — Simulated phase permrbation induced by an interior slit defiects as a function of =lit width
{Atherton |72])

These studies suggest that this is due o “funnelling’ of the magnetic field into the crack
opening (I'igure 3.14 — a) [530]. Thesc simulanons also show that decreasing slit width
resulls 10 a rapid inerease in magnetic field density a small distance below the surface of

the cmerging crack (Figure 3.14 —h),
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Figure 3,14 — Map of magnetic poynting vector dircctions {a) and comresponding field amplitudes
{Tow{ Whdin)) in the vicinity +f an 0% deep 6.7% wide far side slit (b)Y by Atherton and Czura [50]

3.3.2 Discussion of the Detectability of Fatigue Cracks with RFEC
The evidence above suggests that, despite predictions from the anomalous magnetic
source models, circumferential defects are still detectable. Although anomalous models

do not explain this result explicitly, carher work by Atherton demonstrates that significant

magnetic fleld periurbations arc achieved by even very narrow slits. Comespondence with

44



Atherton indicated that further experimental results were necessary to determine the
detectability of circumferential fatigue cracks by RFEC, and that such experiments had
not taken place due to difficulty in generating fatigue cracks in pipes (Appendix B - 2)
[55]. ‘

As narrow defects in ferromagnetic material are able to create large magnetic field
perturbations, it is important to note that such perturbations are not necessarily due to
missing material, but could also be due to inconsistencies in the materials’
electromagnetic properties, particularly magnetic permeability®® [81]. As permeability
variations are known to occur on the fatigue crack faces due to cold working [32,86—88],
it is possible that the effective crack width — again defined in terms of permeability rather
than missing material — may be larger than expected®’. This is a possible explanation for
the positive test results shown in Figure 3.12. In line with the above reasoning, it is
important to recall that small amounts of plastic deformation have been observed in later
stage drill pipe fatigue cracks (Section 2.4); As even a slight increase has been shown to
exponentially increase the magnetic field interaction, strong defect signals are likely to
occur from drill pipe fatigue cracks if plastic crack opening occurs.

3.4 Summary

This chapter follows on from the brief overview of RFEC in the previous chapter with a

more detailed examination of the method.

The particular effectiveness of pipe geometry RFEC inspection is explained by the rapid
attenuation of the direct coupling field relative to the remote field. Mathematical
derivation of amplitude and phase relationships showed that the RFEC inspection
emulates inspection of the external pipe surface with classical eddy current methods (a

large area ‘phantom’ exciter) and an internal detector.

Practical aspects of RFEC inspection showed that, although RFEC probes are generally
limited to low inspection speeds, the method is tolerant to lift-off of its detectors and the

3 Note that discontinuities in conductivity are discounted as fatigue cracks are circumferentially oriented,
full justification is covered in Appendix A-2.

37 Certain methods have been developed which monitor the progression of fatigue damage by only
measuring the magnetic properties of the material (called hysteresis tracking) [32]. Although these methods
are not recommended for local damage monitoring™, they provide further evidence that fatigue cracks
engender permeability variations.
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exciter from the inner pipe wall. This is expected to reduce the effects drill pipe diameter
variations due to wall thinning.

It was also shown that defect signals often require special interpretation, namely: two
indications may appear from a single defect (i.e. detected at the exciter and the detector),
and internal and external defects result in similar defect signals. These were discussed,
but also identified as secondary to concerns regarding the overall poor response of RFEC

methods to low volume defects.

A study of the detectability of low volume defects shows that although detectability does
decrease with defect volume, circumferential defects in ferromagnetic material tend result
in particularly strong signals. Results from Russelltech NDE show that circumferential
fatigue cracks were detectable by conventional RFEC tools. Earlier work by Atherton
showed that high field perturbations are possible from even very fine slits. It was
therefore speculated that permeability changes due to cold working of the fatigue crack
faces - leading to wider effective fatigue crack widths in terms of magnetic permeability -
might be cause for these positive results. It was discussed that, due to observed plastic
opening in mature drill pipe fatigue cracks, defect width concerns are secondary to the
overall detectability of circumferential defects in general.

The next chapter details the design of the RFEC inspection system used to produce results
in this thesis, and draws on the practical aspects discussed in this chapter. It is helpful to
recall that a pilot study was recommended to determine the usefulness of inspection
history for the identification of ‘progressing’ vs. ‘non-progressing’ defects (Section
3.2.5), this is performed separately in Chapter 5.
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CHAPTER 4 DESIGN OF THE RFEC TESTING RIG

4.1 Introduction

4.1.1 Overview

The previous chapter motivated for the RFEC method as suitable for the inspection of the
De Beers drill string. This was mainly due to its equal sensitivity to internal and external
defects and high sensitivity to circumferential defects in ferromagnetic pipe [48].
Therefore this chapter details the design and building of the RFEC probe and supporting
structure. The supporting structure included a data acquisition system and a pull-rig. '

A defect fabrication section was also included. This was because of the special
requirements of the defects tested (narrow, thumbnail shaped and accurate depth control

to simulate fatigue crack progression). Therefore the requirements of this chapter are:

¢ An RFEC probe with on-board H-field detection and signal amplification circuitry
e A pull-rig to control the travel and circumferential orientation of the RFEC probe
o Facilities to fabricate narrow, circumferential defects of different shapes

e A test pipe that is representative of the drill pipe.

4.1.2 Test Pipe Assumptions

Prior to the design of an RFEC probe, it is important to examine the specifications of the
pipe to be tested. Due to the lack of availability of drill pipe (500mm ID, 15mm wall
thickness, 150m length), a scaled down pipe (81mm ID, 4mm wall thickness, 2100mm
length) was used for this study. The relevant differences between the drill pipe and the
test pipe available in this project and are listed below:

o Electromagnetic properties (different metal)

e Heat treatment

o Diameter, wall thickness and pipe aspect ratio

o The test pipe is not sectioned with flanges and did not contain significant pitting

or rust on the interior surface

e Manufacturing processes (and heat treatments) are unknown

47



[t was assumed that the scaled down pipe was sulliciently represeniative and therefore the
errovs can be accounled for by calibration in the dnill pipe implementation (discussed in

Section 7.1). The RFEC probe was designed and built on these assumptions,

4.2 Design of the RFEC probe

As described in the previous chapler, an RFEC probe in its simplest implementation is
comprised ol an AC-field generating cxeiter coil and a remote detector coil. This is the
conliguration required to permit the use of skin depth Equations 3.1 and 3.2 to cross-
check the results for amplitnde and phase in the remote field zone, Therefore probe
designs incorporating structures to alter these field distributions were avelded [74.89.90].
Instead, the emphasis was on producing standard RFEC field disiributions similar to the
probe designed by Teilsma [76]. Noie thal Teitsma's probe design substituted nylon for

melallic parls between the cxciter and the detector (Figure 4.1).

Figure 4.1 RFEC probe showing the exciter goil, the axially aligned detector coil and nylon probe
structure (Teitsma [76]}

Therelore the probe built for this thesis used inter-litling PV pipes for the supporting
siructure. This was considered an improvement as the higher rigidity achieved by a

cylindrical shape is less prone to mechanical vibrations,

The cxciter detector distance was required to be variable to determine the location of the
remote field zone. Therefore an adjustable tight fitting PVC cuff was vsed to connect the
exciter to the probe. Supports for the probe were consiructed from two scis of nvlon bolts
threaded vadially inlo the PVC pipe wall. These supports could be adjusted to centre the
probe in pipe diameters between 75mm and 105mm, and could be sct with nyvlon

locknuts. The heads of the bolis were wrapped in low {tetion (PTFE) cloth 1o reduce
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sliding resistance. The on-board pre-amplifice and electrical connections were fived (o the

inside of the FVC probe structure, Figure 4.2 shows g picture of the completed probe.

Firurg 4.2 - The RFEC probe layoul

The following paragraphs detail the design and building of the onboard clectrical system
to detect the remote Il-field and amplify the resulting detector signal (shown

schematically in Iigure 4.3},

The exciler cotl was wound from 1mm thick copper wire (700 turns). Two detector coils
were construcied to enable differential mode capabilitics, and were wound from 0.35mm
copper wire and (900 turns) onto laminated ferrite cores™ to improve sensitivity (cross-
sectional arca 25mm°®, 10mm height) [76]. These were balanced with a UNI-T (UT60()
hand held impedance meter, To ensure that equal signals were measured at both coils,
they were placed equidistant (o the exciler coil. All coils were wound on bobbins with a
transformer winder and set in gpoxy to hold the shape and to protect the wires [rom
abrasive contact with the pipe wall. Note that the detector coils were aligned radially
unlike the design by Teitsma™ (axially aligned — see Vigure 4.1). This was (o achieve
maximum intcraction with the predominantly radial ineident remoie field, as documented
by Atherton’s measurements of unsaturated ferromagnetic pipe close Lo the inside pipe

wall [32].

The a typical RFEC activation frequency was chosen - 80Hx [44], note that 50Hz was
avoided to reduce mains interference. The vollage gencrated by a loaded detector col in

the remote field zone is generally in the tange of 1 to 100V [44], Therefore, an ADG20)

* The cores were constructed fTom c-core lransformers,

™ The aim ol Teitsma’s probe design was to determine the effects of significant lift-oll on defect
detectability. Tt was presumed Lhat the detector in this design was axially aligned to intercept the magnetic
field, wiich becomes eradually more axial close to the centre of the inside of the pipe.
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precision amplifier was chosen due to its high common mode rejection ratio (CMRR) of
100dB, low noise of 72n nV/NHz and gain of 10, It is worth mentioning that significant
isolation from environmental noise was achieved by mounting the sensitive pre-
amplification circuitry within the remote field zone but past the detectors (from the
exciter) [44]. Nonetheless, care was taken to avoid large loop areas in the construction of
the pre-amplification circuit (design used twisted pairs and compact layout). For the

RFEC probe circuit diagram, see Appendix C-1.

The reference signal required for demodulation (Section 2.2) was defined as the voltage
measured across a 10Q resistor placed in series with the exciter coil. This provided
measurements of the driving current that is directly proportional to the H-field (Equation
2.2). A Ling (PA 100) oscillator and frequency generator supplied the drive signal and
acted as a current source for the exciter coil. Both the reference signal and detector
waveforms were displayed in real-time on an Agilent Oscilloscope (DSO1002A) and DC
power for the sensitive circuitry was provided by a Kenwood Regulated DC power supply
(PW 18-2). To permit probe travel of 3m away from the apparatus bank, Sm shielded
cables were required. The parasitic impedance effects were removed with capacitive
decoupling of the lines at the supply and the probe, and the supply current was regulated
with chokes placed in series with the DC power rails. It was found that for the elimination
of environmental noise, it was essential to short the data cable shielding to the pipe wall
and ground both. This noise was expected to be due to the large area loop formed by the
data cables, interacting with the magnetic fields produced by the AC pull-rig motor. The
schematic is shown in Figure 4.3. For the full circuit diagram, see Appendix C-1.

Detector coll

re_nlgt_e _ﬂe_ld _tca_n_s!nlsslgn / - Pipe wall
Detector signal -» é_ Pre-amplifier Shielded cable
Exciter coil
Reference signal { > To Data Acquisition
‘I System
Oscillator and 'i_
power amplifier

Figure 4.3 — Electrical schematic of the RFEC probe
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4.3 Data Acquisition System

Traditionally, eddy current NDT data pre-processed by an analogue demodulation stage.
However, demodulation may be implemented effectively and with additional flexibility
by software combined with high-speed digital sampling. For latter, a 10kSa/s, 12bit
analogue to digital converter (ADC) from National Instruments , (model: NI-6008) was
used. Three data channels were required to record: the reference waveform, the detector
waveform and the axial position of the detector (note that the circumferential position of
the detector is set manually and therefore does not require an input - both circumferential
and axial position systems and mechanisms are discussed in Section 4.5). Sampling three
channels divided the sampling rate down to 3333S/s. This was sufficient to fully
determine these waveforms as RFEC typically operates at less than 100Hz, a frequency
that is well below the Nyquist rate® [34]. To prevent aliasing from high frequency
content, passive low-pass filters with cut-off frequencies of 160Hz were placed in series
with the ADC inputs*'. The converted digital data was imported to Matlab using an NI
Device Monitor (v1.8) via USB. For Matlab code, see Appendix D-1.

The demodulation was carried out in Matlab using the discrete Fast Fourier Transform*
(FFT) function. This was able to provide a real-time display at less than 50ms per

demodulation with 8333 observations™®.

Ni-6008 DAQ PC: Matlab

Low Pass Filter |----| D/A conv. G Amplitude and Display
Phase -1 (complex
from RFEC probe Low Pass mw-w—l__ __I D/A conv. } FFT Demodulation plane)
Pote . l—-——-—-l D/A conv} == Data storage I

—

meumm ]

Figure 4.4 — Data acquisition schematic
Typical FFTs of the reference and detector signals are shown in Figure 4.5. The
frequency associated with the reference signal peak was extracted and used as a reference
to filter and demodulate the detector signal, as explained below.

4 See the Nyquist—Shannon sampling theorem [91].

41 Although these are inefficient compared to active filters, the impedance values could be low. Power
dissipation across these filters was also low as the input impedance to the ADC was high (144k)

42 The Fourier transform decomposes a waveform into a sum of its constituent sinusoidal frequencies.

43 The FFT function operates at a 10® of this speed but the overall process is slowed by the supporting code.
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As the Fourier transform returns the complex number representing the signal amplitude
and phase, the relative amplitude and phase between detected and reference signals may
be attained by complex division of the detector and reference peak values (Figure 4.5).
For Matlab code, see Appendix D-2.

200 Reforoncesional 200 — Deteded sional
1804 4 1“ L J
160} 160}
140} 140}
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Figure 4.5 — Representation of reference and detector signals in the frequency domain

Note the additional noise present in the detector signal. The demodulation described
above filters the noise by targeting only the reference frequency, in this way the system
also behaves as a band-pass filter.

Put in Maths, let
Vrer(wo) = Arefejaref
Vsig (wp) = Asiyejas‘g

0
. Vsig _ Asigej sig _ Asig

J(Osig—0Bref)
, = = el 9sig
Vier Arese’®ret  Ares
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|/ @stg=trep)| = st
Vref

ref

ref

The values in the Figure correspond to — 1.69dB* at a phase lag of 141.9°

“ For details on Fourier Theory, see Hoffian [92].
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4.4 Calibration and Optimisation

441 RFEC Probe Calibration

Before REEC inspection could take place, it was [irst necessary to determine the localion
of the remote field zone, and thus the exciter delecior distance. The amplilude and phasc
of the H-field inside the pipe was measured with the detecior as it was axially displaced
from the exciter coil, as detatled in Section 3.2.1, and plotted in Figure 4.6, These results
closely resembled (hose shown in the literature (Figure 3.3). Note the transition field zone
al approximately 2 pipe diameters {dotted line) as discussed by IHaugland [67] As a
compromise between contamination from the near field and weak field strengths in the

remote ficld, an cxeiter detector distance of 219mm was chosen (2.7 pipe diameters).
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Figure 4.6 — Field strength from pullout tests

The remuote lichd zone (right of the dotted line) for thickness (t) of 4mm pipe corresponds to Figure 3.3,
Mole that the phase lag oceurs at 127 per mm.
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4.4.2 Optimisation of Data Acquisition and Post-Processing Systems

Originally, the method developed for this project allowed real-time viewing of the data as
outlined at the beginning of this chapter. However, this meant that the ADC was only
sampling the waveforms for a small fraction of the total amount of time to extract a single
amplitude and phase data point (Figure 4.7). This was caused by Matlab’s handshaking,
demodulation, and storage processing times. Therefore a significant improvement to the
quality of the test results was to run the ADC continuously during testing (foregoing real-
time display), and processing the stored waveforms and position data separately after
each inspection.

interval between recordings
{Matlab post-processing)
400ms

1 1] L |
>
k- I [l
sampling time total ime to generate

50ms a single phase and amplitude
data-point

Figure 4.7 — Sampling and processing time allocations
Note that by continuous sampling; 8 times more waveform data could be stored

The DC component of the detector and reference waveforms was removed prior to
performing each FFT to reduce the numerical error. The FFT of a truncated sine wave
(finite length recording) is a sinc function (sin(x)/x) centred on the frequency wg. The
main lobe width of this function (known as the frequency resolution) is inversely
proportional to the time spent recording and the aim is the extract the peak of the sinc
function. Zero-padding in the time domain prior to transforming to the frequency domain
results in a more finely sampled Fourier transform. Hence the peak could be more
accurately extracted by padding each set of sampled data with zeros (length 10 times the
number of samples). Incorporating these modifications, the RFEC system was able to
process five amplitude and phase measurements per 4 seconds of data capture (or 1.25
demodulations per second). Note that the processing stage was done offline (to reduce
latency discussed above) but could also be implemented in real-time.

The following section describes the supporting structure required to propel the RFEC
probe through the test pipe. Note that the demodulation rate defined in the previous
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section is instrumental in determining the maximum allowable probe speed. This is

calculated in the following section.

4.5 Experimental Design

This section describes the design and implementation of the RFEC probe’s test rig. This
included a pull-rig to draw the RFEC probe through the test pipe at constant velocity and
a position sensing system to determine the detector position. It is a requirement that the
defects tested in this thesis are as narrow as possible to be similar to fatigue cracks, for
this purpose specialised defect machining equipment was built. These details are covered
in the final section (defect fabrication).

4.5.1 Testing Rig

The testing rig was designed to house the test pipe, propel the RFEC probe, and feedback
axial position data. As the field external to the pipe is stronger than the internal field in
the remote field zone (Section 3.1), it was considered important to ensure no metal parts
were close to the test pipe. Therefore, the pipe was supported by wooden blocks, and all
the pipe fittings were made of nylon.

The pull-rig was a pulley system operated by a 3-phase induction gear motor as shown in
Figure 4.8. Speed control was implemented by powering the induction motor with a
Siemens programmable power inverter (MicroMaster 420). These heavy current devices
- were screened, powered, and controlled by an electrically isolated power box to reduce

~‘electrical interference. For the heavy current connection diagram, see Appendix C-2.

tensions tensione
3 phase ! ' potentiometer - puliey
induction motor mechanism
push-rod [ -

' - ~ #/ i ‘

H push-rod guide

i power bo; l l I I axial position

E\ i test pipe RFEC probe wooden support block deta (DAQ)

B B SIT (cut-off wheel)

Figure 4.8 — RFEC testing rig overview
Electrical connections are shown by dotted lines
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It was required 1o be able lo mamiain a constani circumierennhial position of the probe
during inspections. lior this purposc a nylon bush was pressed into the drive end of the
pipe. A second bush inside the cuter bush was able to rotate freely but could be locked
with nylon bolts. The inner bushing was a shiding [t 1o 2 push-rod (80mm class 6§ PVC
plastic pipe) which could altach 1o ithe detector end of the probe with nylon bolts. The
inside of the inner bush had onc rectangular key way (3mm by Smim) cut inlo it and the
PVC pipe had a 5mim by Smm rectangular PVC strip glued to it axually (i.e. a single
toothed spline)d. The strip was a light slide fit in the kevway.

The prebe fitted inside and bolted to the push-rod, and had a rotational position Lolerance
of less than +0.6mm on the circumlerence (<2.9°). Relative to the effective diameter
(8mm) ol the pickup cotl, this tolerance was considered insignificant. This design allowed

shding axial movement of the probe at lixed circumlerential positions (Figure 4.9).

o ke Dusfung

= Mylan biolt

.- Inner hushing

T —

Figure 4.9 — Push-rod puide {nvlon hushing ) shown in position for testing

A multi-turp [0k£) potenticmeter (Spectrol 534) was used to deternuine the axial position.
The wiper was connected o the pulley shalt via a 0.8mm thick aluminium strip. The strip
specifications were chosen so that it would vield before the transmiticd torque could
damage the potentiometer and thereby protect the position sensing system from over-rins.

The potentiometer terminals were connected a £20% DC supply and the wiper signal was
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measured directly by the ADC (input impedance 144kQ). The load life of 900hrs and
high repeatability was considered sufficient for the testing of this project.

As mentioned at the start of this chapter, the probe velocity is limited by a wide range of
factors; among them, the spatial resolution (dz), the lateral extent of the defect signal, and
the size of the detectors sensing area. The maximum scanning speed may be
approximated by Vmax = dz/t, where t is the length of time that determines data batch size
used for a single demodulation (FFT), see Section 3.2.3. Previous studies found that a
spatial resolution of dz = 10.3mm was required to detect axial stress corrosion cracks on
the outside of ferromagnetic pipes [93]. A smaller dz value (i.e. a higher resolution) is not
likely to significantly improve the signal accuracy as the sensing area of the detector face

(being the cross-sectional area of ferrous core) is 8mm across.

A drive frequency of 40Hz (a period of 0.026s) is typical in ferromagnetic pipe and
therefore taken to be the lower limit in this study [94]. To achieve accurate amplitude and
phase measurements, several periods must be “averaged™ in each demodulation. An
average of 50 periods (i.e. t = 1.25 seconds pgr demodulation) was necessary by to reduce
the demodulation error to less than 0.5%, using an Agilent oscilloscope (DSO5054A) as a
benchmark. Therefore Vpax = 8.3mm/s (10.3/1.25).

The speed calculation above depends on the extent of the defect signal which in turn
depends on the defect dimensions. Thus, this study needs to inspect defects which are

similar to fatigue cracks, i.e. narrow and circumferentially oriented.

4.5.2 Defect Fabrication

As discussed in Section 2.5, although the major requirement of this NDT system from a
Fracture Mechanics viewpoint is defect depth (a;), the surface crack length (2¢) is also
useful in order to determine the geometry correction factor (Y). It may be recalled that the
ratio @/2c - called the crack aspect ratio - describes the crack shape. As fatigue crack
shapes may vary widely depending on loading history (Figure 4.10), the testing of two
different defect profiles is included in this study for comparison. These are the straight
fronted and thumbnail shaped profiles (Figure 4.10). A third fatigue crack profile may

*5 There are various reasons to average multiple signals, among them, the time required to reach ‘steady
state’, noise reduction, and improvement of frequency domain resolution.
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oecur called the cresecent moon shape, However, this profile was nol studied duc to
difficulty in machimng this shape.

thurnbnail shape

straight fromeed shape

crescent moon shape

Figure 4.10 - Fatigue crack shapes

'To machine the thumbnail shaped and straight fromted defect shapes, two cutting blades

were used: a circular diamond blade and a siraight edged hack-saw blade (Figure 4.11).

Figure 4.11 — Hack-saw blade (a) and diamond blade {b}
Bath blades are width — 1.3mm

Hack-saw cuts could be made manually with the aid of a Nexible steel guide 1o prevent
slit widening close to the tapered slit ends. The diamend blade was very debeate.

therefore a machine was reguired Lo achicve gentle cutting to precise depths.

For thus purpose a precision cut-off wheel was built. All moving parts were mounted 10 a
hinged and counterbalanced length of chammel (100 x 30 x 8). welded into a v-shape
{hinged at the apex as shown in Figure 4.12), This ensured that the melal structure could
be lifted away from the test pipe during testing and the blade could retarn to the same cut

precisely.
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f,,bolt {depth contral]

3 phase motor  counter weight
- -
; :

chaln drive
5 .channel

.~ pillow block
" deep groove
ball bearings

\dia mand blade

.'Wc;uden supports

Figure 4.12 — Cuot-off whee] schematic

The cutling blade was driven by a 0.2 kW 3 phase motor mounted close to the hinge. The

culling hlade was clamped between steel spacers. These were designed to permrmt only the

outer Smm of the blade to protrude to provide maximum support. These were fastened

onto the cutting shaft by a threaded nut and were located by a shoulder. The blade shaft

was balanced and mounted on pillow block deep groove ball bearings. The force on the

blade and sl depth could be controlled by a fine threaded boit (pitch Tmm) threaded

through the channel above the blade so that the blade position could be accurately

positively limited. The bladc was cleaned while cutting by a ceramic tile glued to the pipe

wall and lubricant was applied regularly. A counter weight was used to control the force

on the blade. Damping was required (o prevent vibrations™.

Figure 4.13 — Cui-off wheel ¢lamped 1o the work-station (left) nilth the hlade. blade supports and bolt

{depth contrel) shown {right)

" I'his was achicved by attaching the blade arm to a plastic sleeve. The sleeve was made adjustable by a
hase clip. This allvwed it to 3lide with the majectory of the cut-oft whee] arm located on a vertical shafl

provided by a retort stand.
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4.6 Summary

This chapter detailed the design of an RFEC probe and supporting structure motivated in
Chapter 3. As drill pipe was not available for this project, a scaled-down pipe (81mm ID,
4mm wall thickness) was tested instead. As many of the parameters for the RFEC system
are reliant on the pipe geometry, these differences were noted. To accommodate future
testing of thicker walled pipe or different wall thicknesses, the guides and supports were
designed to be adjustable.

The RFEC probe was designed to ensure conventional RFEC field distributions (and the
possibility of the use of skin depth equations for calibration). Thus the structure of the
probe was comprised mainly of PVC piping. The main component of the electrical system
was the onboard pre-amplification circuitry. The detector signal was amplified by an
AD620 instrumentation amplifier, chosen for its high gain, low noise and high CMRR
capabilities. However, the low signal at the amplifier inputs was susceptible to
contamination with noise; therefore the power supply was decoupled and data cables were
shielded. It was essential to “short” the pipe wall to the shielding of the data cables.

The required demodulation of the detector signal with reference to the reference signal
was implemented digitally due to the additional flexibility. Analogue waveform and
position data was converted to digital data (10kS/s ADC) and imported to Matlab via
USB. Demodulation was achieved by computing the Fourier transforms for both the
reference and detector signals and subsequently, the complex quotient at the probe drive
frequency, to extract the relative magnitude and phase components of the detected signal.

An exciter detector distance of 219mm (2.7 pipe diameters) was chosen after pullout tests
confirmed the location of the remote field zone. Significant improvements in data quality
were made after observing that the ADC was inactive for the majority of the inspection
due to the time spent demodulating the waveforms. Thus the data acquisition process was
changed to continuous sampling. The final system could perform five demodulations in 4

seconds (offline).

The probe pull-rig comprised an AC motor driven pulley system, with speed controlled
by an inverter, and a multi-turn potentiometer which provided the positional feedback.
The maximum probe velocity was estimated at 8.3mm/s, limited by an axial resolution of
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10.3mm (based on the demodulations per second result of the previous paragraph). The

overall setup 18 shown in Figure 4.14.

The {ollowing chapter presents inspection results produced by the RFLEC probe developed
above. However, many of the parameters set in this chapter are related to the lateral
extent of RFEC defect signals (probe speed, detector size and demodulation time). The
values chosen in this chapter are, inherently. estimations as the defect response ol this
RFEC system was nol yel known. Therefore the first section of the following chapter is a
pilot study to verify these parameters. Note that this RFIIC probe design is specific to the
test pipe selected in this chapter. Subsequent testing of thicker walled pipe (Chapter 6)

would require higher drive current, lower drive ltequencies and lurther pullout tests to

determine the new exciter detector distance.

position
SENsSing

 rut off wheel

Figure $.14 — Final RFEC testing setup
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CHAPTER 5 DETECTION OF CIRCUMFERENTIALLY
ORIENTED SAW-CUTS

5.1 Introduction

This chapter presents inspection results obtained from the RFEC testing rig developed in
Chapter 4. As the aim of this NDT system is ultimately the early detection and monitoring
of circumferential fatigue cracks, this chapter focuses on establishing these capabilities by
detecting a series of saw-cut defects. Note that the assumption is that narrow saw-cut
defects are representative of fatigue cracks, and that these effects are explored further in
Chapter 6. All the defects in this chapter are machined with the apparatus developed in
. Section 4.5.2, therefore these have a width of 0.3mm, and can be either straight fronted or
thumbnail shaped.

As mentioned in the previous chapter, a pilot study emulating fatigue crack growth with

saw-cuts is required. The aim of this study was to:

e Consolidate or define the RFEC probe parameters chosen in Chapter 4,

e  The usefulness of RFEC inspection history for identifying ‘progressing’ and ‘non-
progressing’ defects.

o Identify and address any adverse effects of the RFEC system (Section 3.2),

e Identify the smallest detectable defect in the presence of these effects.

The section following the pilot study presents inspection results from defects inspected at
multiple circumferential positions to determine the defect profile. As RFEC signals are
not readily amenable to Fracture Mechanics interpretation, the final part of this chapter is
dedicated to the calibration of the RFEC defect signals to slit depth.

5.2 Pilot Study

This section presents the results of RFEC inspections of the full length of a 2100mm pipe
(ID 81mm, wall thickness 4mm) for a circumferential saw-cut defect of incrementally
increasing depth. This section therefore aims to investigate the overall detectability of

circumferential defects with the system parameters chosen in Chapter 4. This aim has two
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main corollaries: the characterisation.of non defect signals originating from the pipe and
environmental noise, and concomitantly determining the minimum depth saw-cut

detectable with this system.

5.2.1 Methodology

The inspections in this section were conducted with the detector positioned
circumferentially to pass directly beneath the centre (maximum depth) part of the defect
profile as this position produces the maximum defect signal on a circumferential defect
and therefore is most likely to detect the smallest defect [81].

As the RFEC probe had absolute and differential mode capabilities, a brief comparison of
these modes was conducted to determine the most useful mode for this pilot study. To test
these modes without damaging the test pipe*’, a small metal nut (M5) was placed on the
outside of the pipe wall such that the detector in each mode measured the field
perturbations of the external metal (Appendix E-1: Absolute and Differential Mode
Results). The use of external metal as a surrogate for an embedded defect was tested by
Teitsma [76]. The high repeatability achieved by absolute mode and the potential loss of
data possible from differential mode*® motivated for the use of the absolute mode in this
pilot study.

A saw-cut defect was located at 1715mm from the ‘start’ of these inspections, as shown
by the vertical dotted line throughout the strip chart results (Figures 5.1 and 5.2). Note
that multiple inspections were performed as crack depth was increased. The experimental
setup is shown throughout this chapter above each set of strip charts. Note that the final
220mm of the exciter end of the pipe could not be inspected due to the requirement for
continuous pipe between the exciter and the detector (Figure 3.6). Black arrows are used
as markers to highlight certain results for later discussion. The significance of each

marker is listed below:

(@) The background signal measured from defect free pipe
(b) The first discernible detection
(c) The final (through wall thickness defect) signal

47 This was considered important as the pilot study is primarily to investigate all of the differences between
RFEC signals measured from damaged and undamaged pipe material.
4 Common mode data is eliminated without being stored.
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The procedure for each inspection was to:

e Calibrate the reference signal by adjusting the frequency and amplitude of the
drive coil voltage at the frequency generator to 80 Hz and 700mV py.pk.

e Normalise the detector signal to the reference signal (|Vig|/ [Vred = 1) by adjusting
the gain of the onboard pre-amplifier.

e Complete a single scan.
o Increase the saw-cut defect depth by approximately*’ 0.5mm.

o Defect depths were measured with modified*® vernier calipers with an accuracy of

0.05mm.

5.2.2 Single Scan Results

The depth of the circumferentially oriented saw-cut is increasing as shown in the title of
each strip chart. Note that the amplitude is represented as a dimensionless ratio of the

reference coil voltage to the detector voltage.

Amplitude Results
start  RFEC probe sawcut  end
af e
0 probe length ; 250
218.7mm

)

¥

¥

] Stot Depth: 0.0mm S
v y . :

]

.M.w
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1
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Figure 5.1 — Amplitude results from RFEC testing of the full pipe length as crack depth increases

The markers identify consecutively the background signal (a), the first discernible detection (b) and the
through wall thickness inspection results (c).

* Constant increments were not strictly adhered to in this pilot study.
0 A 0.3mm width slip was attached to the end in order to be insertable into the machined slits.
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Figure 5.2 — Phase results from RFEC testing of the full pipe length as crack depth increases

The markers identify consecutively the background signal (a), the first discernible detection (b) and the
through wall thickness inspection results (c).
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Figure 5.2 — continued

5.2.3 Discussion of Defect Detectability

Note firstly that the first discernible defect indication (b) is different for each of the
amplitude and phase sets of strip charts — the saw-cut defect signal appears in the
amplitude component at 0.6mm slit depth and in the phase component at 2.7mm slit
depth. Therefore the smallest detectable saw-cut defect was 0.6mm depth (Figure 5.1).
Similar results by Ivanov showed that, for circumferentially oriented defects, the
amplitude component was more sensitive than the phase component (where the phase

component was more sensitive to axially oriented defects)®’ [93].

Having identified the defect signal, the following paragraphs discuss the other signals and
adverse effects found in these results. Note that the axial location of the defect signal does
| not at first appear at the exact true defect location, buf progresses toward this location as
slit depth increases (dotted line in Figure 5.1). It is conceivable that the field alterations
created by small defects is so small that the field direction is remaining relatively co-axial
with the pipe for longer before it penetrates the pipe wall (radially) and is therefore
sensed further down the pipe. In addition, ‘end’ effects appeared in the final 50mm of
each strip chart as an ‘upturning’ in both the amplitude and phase strip charts. This effect

31 It is possibly relevant that this work by Ivanov used a different exciter configuration which generated a
magnetic field rotating about the pipe axis, similar to the rotor of an AC motor. The aim was to generalize
the sensitivity of the RFEC method to all defect orientations.
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is not likely to occur in drill pipe RFEC implementations due to the screening effect that
the flanges will have on the remote field (Section 3.2.2). However, it was necessary to
avoid the final 270mm of the test pipe for further testing (SOmm added to the 220mm

exciter detector distance).

The most prominent feature of the amplitude data is the significant background signal.
The high repeatability of this signal suggests that it is a characteristic of the pipe wall
rather than the probe or the defect. These fluctuations are likely to be caused by
permeability inhomogeneities originating from impurities in the pipe material or uneven
heat treatment during forming [76]. This high repeatability can be seen by superimposing
the signals identified by markers (a), (b) and (c) in Figures 5.1 and 5.2 (plotted in
Figure 5.3). Note that without the background signal, the first detection (a = 0.6mm in the
amplitude component) is easily mistakable for background signal. Also note that although
the phase component appears relatively free of background noise, it is less important as
detection by this signal component only occurs at a = 2.7mm.
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Figure 5.3 - Superimposed amplitude and phase signals
Signals represented correspond to the markers in Figures 5.1 and 5.2

The high repeatability of the amplitude component of the background signal and early
detection with this component suggests that these results might be significantly improved
by implementing background signal subtraction. Note that this requires regression of the
background signal for the purposes of interpolation and time alignment of the stored
background signal with the new inspection data. However, regression by conventional
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least-squares based analysis was computationally intensive and did not achieve accurate
fitting due to the highly irregular shape of the background signal®2, Better speed and
fitting-accuracy®> was possible with a generalised regression neural network (GRNN),
this method interpolates new data points on the background signal as a linear weighted
sum of Gaussian basis functions (for more details see Specht [95]). Superior performance
_ was attributed to the low computational requirements and, that the smoothness of the
regression could be adjusted by setting the width of the Gaussian functions. Optimal
performance was achieved by setting this width to the approximate width of the crests and
valleys of the background signal, that is 4mm (for GRNN Matlab code - see Appendix
D-3).

However, the quality of the background subtracted signal was found to be highly
vulnerable to slight axial misalignments in the amplitude-position data. A recurring
displacement error dependant on scanning direction was observed due to hysteresis in the
pull-rig and position sensing systems (+6mm). This was caused by differences in the
transmission length of the pulley chord between the forward and reverse scanning
directions (Figure 4.4). It was also noticed that over a large number of scans, the position
data tended to creep from its calibrated value at approximately Imm per meter due to
slippage at the drive pulley. To correct for these errors, the data was realigned digitally
using cross-correlation with the background signal before background signal subtraction
was performed (Appendix D-4).

The amplitude results of Figure 5.3 are background subtracted and using the system
described above, and the results plotted below (Figure 5.4). Note that the defect signal
now measures only the field perturbation generated by the defect. The remaining
systematic noise was limitation of the sensitivity of the hardware and therefore could not
be eliminated.

By observing the isolated defect signal, it is now possible to validate the probe speed
estimated in Section 4.5.1. Note that the axial extent of even the smallest detectable
defect signal is approximately 200 times greater than the axial extent (width) of the defect
(defect width: 0.3mm, Defect signal width: 80mm — taken from Figure 5.4). This meant
that the resolution of 10.3mm set in Section 4.5.1 resulted in 7 data points over the

%2 Very high order polynomial basis functions are required to fit the irregular shape of the background
signal, the process was found to be computationally intensive and iil-conditioned.
53 Mean-square error computed via bootstrap sampling.
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smallest defect signal envelope. As this provided sufficient representation of the smallest
defect signal, the estimated speed of 8.3mm/s was considered valid for further testing.

{a) — Background signal
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s ,7 1 i) = Throughthiciness sit
= i
| A S —
< i (./

05F ’l H -

U
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
Distance (mm)

. Figure 5.4 — Background noise subtracted amplitude component of the signal from the defect region

The pilot study has provided an account of the RFEC system responses including certain
adverse effects. These findings validated the preliminary result for the smallest detectable
circumferential saw-cut (a = 0.6mm) and the probe speed. The new post-processing stage
allows defect signals to be studied in relative®® isolation from the background signal,
making it possible to study RFEC defect signals in more detail. However, in reality the
defect signal resolution of an RFEC tool is limited by the spacing of the detectors in a

circumferential detector-array. These effects are investigated in the next section.

5.3 RFEC Detector-Array Results

The previous section showed that defect signals may be studied by previously recording
the pipe background signal from the defect free pipe. Thus it was possible to identify
‘progressing’ and ‘non-progressing’ defects and validate the measurement for the smallest
defect depth detectable with this RFEC system. Hence the first Fracture Mechanics
requirement, a;, has been examined. As circumferential data is captured in detector array
data, the aim of this section is primarily to investigate the second Fracture Mechanics
parameter - defect length (2¢). Note that defect length may vary as a function of defect
depth or defect shape. It may be recalled that the latter is described in Fracture Mechanics
as the defect aspect ratio - a/2¢. To aid in the understanding of how RFEC defect signals

54 As only the repeatable content is subtractable, the systematic noise remains.
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respond to aspect ratio, two slit shapes are siudied: the siraight {ronted and the thumbnail

shaped slit defects.

5.3.1 Methodology

The prototype RFEC probe built for this project records data from a single detector while
m practice RFEC probes generally carry mulliple detectors arranged in a circumferential
array. However, it 15 commonplace lor RFEC researchers to simulate detector-array data
by scanning different circumierential positions consecutively with a single detector
[76,82]. This has the advaniage thal all signals are produced by a detector of the same

impedance properties and gain setlings.

For consistency, 3 discrete circumlberential detector positions are defined betow and used
consistently hereafter to aid in the representation of wrray data. As the circumferential
detector spacing of an RFEC detector array is only Iimited in practice by the width of the
detecior |96], the delector positions were scparated by [Omm arc lengths (or 14.15 degree
angular increments) to accommodate the §mm wide detector face (Figure 5.3). Note that
the top dead centre position (TDC) is & ‘zere' position from which the other detector
positions are defined. For further consistency, all of the defects in this study are always
centred on the TDC circumterential posiion: henee the TDC posttion always corresponds
to the maximum dopth part of the skt profile (comparable to pilot study inspection

results).

ko
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Figure 5.5 — Pipe cross-section showing the 5 circumterential detector scanning positions to generate array
data. Top dead centre (TDNC) is &l [ degrees {(Omm) and corresponds (o the maximum depth part of the slit
profile
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The thumbnail and circumferential defects were machined at the same circumferential
position (TDC) and axially separated by 250 mm. This distance was intentionally set
larger than the exciter-detector distance (220mm) to ensure the independent study of both
defects (Section 3.2).

Prior to teSting and defect machining, background signals from the defect free pipe were
recorded to enable background signal subtraction. Subsequently, the procedure for testing

was as follows:

o Calibration of the frequency and amplitude of the drive coil to 80 Hz, 700mV ypk.

o Circumferentially oriented straight fronted and thumbnail shaped slits were
machined in Imm increments; each slit was centered on the TDC position and
axially spaced as shown in Figure 5.6 - (a), therefore simulated array defect
signals were recorded at depths: 1mm, 2mm, 3mm and 4mm.

o Defect depths were measured with the modified vernier calipers (as with the pilot
study) with an assumed accuracy of 0.05Smm.

e A single inspection was performed at each predefined circumferential detector
position (see Figure 5.5).

o The axial positional errors were digitally corrected (realigned by cross-correlation
with the background signal — the reference) the background signal was subtracted.

Figure 5.6 shows the test setup (a), the circumferential signal variation (b), and the
background subtracted signals (c). Results shown are from the 2mm deep thumbnail
shaped and straight fronted defects (in series) following the above procedure.
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Figure 5.6 — Array inspection results from 2mm deep straight fronted and thumbnail shaped cuts

A schematic with details of the test setup for this section is shown schematically (a); note the difference
between unprocessed data (b) and centred-background subtracted data (c). Note that the end-on view of the
processed data in (c) shows a close to zero mean and localized defect signals.

5.3.2 Detector-Array Strip Charts

The background subtracted results from circumferential straight fronted and thumbnail
shaped defects are shown in the array strip charts below (Figure 5.7 and 5.8). Again,
schematics are shown above each set of strip charts to show the test setup. Note that the
vertical axes show both the circumferential spacing of the detectors as defined in Figure
5.5 (left vertical axis) and the measured quantity (right vertical axis).

Again, a black arrow is used to indicate the first discernable detection in each of the
amplitude and phase results. To enable comparison between the two defect shapes shown
in each strip chart, the ‘first discernable detection’ was defined in these results as the first
strip chart showing discernable defect signals of both defect shapes (this was dependant
on the thumbnail shaped defect as these typically produced weaker defect signals).
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Signal Amplitude Components
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Figure 5.7 — Simulated-array results; the amplitude signal component
Defect indications of straight fronted (left) and thumbnail shaped slits (right) of 1:4mm depth are shown,
The test setup is shown in the schematic (above). The arrow indicates the first detection of both defects.
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Signal Phase Components
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Figure 5.8 — Simulated-array results; the phase signal component
Defect indications of straight fronted (left) and thumbnail shaped slits (right) of 1:4mm depth are shown,
The test setup is shown in the schematic (above). The arrow indicates the first detection of both defects.
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Figure 5.8 - Continued

5.3.3 Discussion of Detector-Array Results

This section discusses the capabilities of the RFEC probe to detect defect length. As
previously mentioned this may result from increasing defect depth or variations in aspect
ratio at a fixed depth, and is mainly useful for determining the geometric correction factor
for Fracture Mechanics evaluation (Equation 2.7).

The 2mm depth amplitude strip chart showing straight fronted and thumbnail shaped slits
is replotted in Figure 5.9. As defect signals appear outside the physical limits of the
defect’, the length, and therefore the aspect ratio, is not clearly defined. Nevertheless, a
monotonic relationship between profile depth®® and signal amplitude suggests that defect
length may be determined by calibration.

Note that the inspection results at TDC position measures both the straight fronted and the
thumbnail shaped defects at the same depth (2mm). It is therefore initially surprising that
the straight fronted defect signal is almost twice the amplitude of the thumbnail shaped
defect signal resulting from only a 30% increase in aspect ratio (in this case, an 8mm

increase in 2c¢).

55 An effect described by Atherton to be due to the circumferentially flowing eddy currents present in the

remote field zone [48].
% This is the depth of the defect as a function of the circumferential position at which it is scanned. This is a
function of defect shape, defect depth, and the circumferential position of the detector.
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Figure 5.9 — 2mm depth strip chart showing straight fronted and thumbnail shaped defect signals

The circumferential length (2c) of each defect is shown. Note that certain of the defect signals are outside
the physical length of the defect, A schematic showing the circumferential detector and axial crack
positions is drawn above the strip chart.

The amplitude of the defect signal is presumably affected mainly by the increase in slit
area perpendicular to the axial magnetic field (Section 3.3). However, to understand the
significance of the effects of aspect ratio and other crack parameters on RFEC defect
signals and subsequently, the geometry correction factor (Y) requires a more rigorous
study. For details, see the work of Rambocus and Tait [97).

However, quantitative support for these observations (assuming constant aspect ratio) is
possible by calibrating the defect signals to defect depth, therefore probe calibration is an
appropriate final stage to this results chapter.

5.4 RFEC Probe Calibration and Signal Interpretation

The RFEC probe in this project is intended as a crack depth measurement tool. However,
the current inspection system only measures defect field perturbations in the remote field. .
For this system to integrate with the Fracture Mechanics methodology detailed in Section
2.5, RFEC defect signals need to be calibrated to physical crack dimensions. Therefore
the aim of this section is to generate a calibration curve of RFEC defect signals as a
function of defect depth, and thereby show the defect measurement capabilities of this
RFEC probe.
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5.4.1 Calibration Methodology

In order for an RFEC signal parameter to be calibratable, a monotonic function of depth
needs to be established. As the amplitude and phase components of RFEC defect signals
are themselves not monotonic®’, a comprehensive evaluation of two potential signal
descriptors (peak-to-peak and root-mean-square descriptors) was carried out in Appendix
E-3: Signal Interpretation. The peak-to-peak amplitude performed best’® and is also
intuitively plausible as it appeared to increase monotonically as a function of defect depth

in the pilot study results.

f

thumbnail shape T
not included in
the calibration

Figure 5.10 — Peak-to-peak method showing a single scan of straight fronted and thumbnail shaped defect
signals

The previous section found that variations in aspect ratio could significantly affect the
defect signal amplitude; therefore for consistency the calibration curve was only
generated from straight fronted slits (also shown in Figure 5.10). This defect shape was
chosen as it tends to achieve early detection making better use of the dynamic range of
the RFEC probe.

To generate peak-to-peak amplitude data for a calibration curve, a range of straight
fronted defects were machined into the test pipe and 10 inspections were performed at

each depth to improve the accuracy of each amplitude measurement (Figure 5.11).

57 The amplitude component defect signal is similar to a single period of a sinusoid, and the phase
component defect signal; a negative-going double peak.
%% This parameter was evaluated as having the largest invertible region and tightest confidence bands.
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Figure 5.11 — Examples of defect inspection results showing ¢=1mm and 2mm results

By extracting the peak-to-peak amplitude from each defect signal, a database of peak-to-
peak amplitude — defect depth data was created. A;s the amplitude — defect depth data was
expected to be non-linear (Equation 3.2), this data was fitted with 2 order polynomials
as shown in Figure 5.12. 95% confidence bands are included to illustrate the scatter of the
data but are not statistically defensible (generated from only 10 data points).

Slit depths were inspected at approximately 0.2mm depth increments from 0-1mm to
improve the resolution close to the detection boundary (0.6mm - Section 5.2.3), and Imm

depth increments thereafter.

The calibratable region was bounded by upper and lower limits as shown by vertical
dotted lines in Figure 5.12. The lower depth limit is the detection limit (@ = 0.65mm),
note that there is a noticeable reduction in variance at this depth® corresponding closely
with the first detection found in the pilot study (@ = 0.6mm). The upper depth limit was
set at @ = 3mm (75% wall thickness) as distorted signals resulting from slits close to full
penetration are not fittable by the calibration function.

* As the defect signal becomes smaller than background noise, the peak-to-peak result was measured on
systematic noise which is inherently of higher variance.
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2nd Order Pobynomial Fit to Peak-to-peak Amphitude Data
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Figure 5,12 .. Peak-to-peak amplitude signal vs. defecl depth calibration curve

The amplitude lBctor is the peak-to-peak amplitude of the RFEC defect signals at each straight fronted slit
depth with the hackgeround signal subtracted as shown in Figure 5.10 and Figure 5.1 E. The upper and limver
litnits of the invertible region are shown by verlical dotted lincs. Discrete markers show meastred
arylitude and depth values {and corresponding 95% confidence intervals), whereus the conlinuous lines
were interpolated with 2nd order polyninials, The shaded region shows the 5% confidence interval of the
amplitude and depth measurements. Note that 0,0} could be included in this inlerpelation.

A 2™ order polynomial was chosen as the calibration function. This was also because the
slit depth — amplitude relationship is hkely to be cxponential (Equation 3.2), and a mgher
order polynomial would be unlikely 10 generalise the data. It is now possible to measure
{and monitor) slit depths within the above defined region. The capabilitics of the

calibration method developed above arc discussed in the following section.

5.4.2 Discussion of Calibrated Results

Figure 3.13 shows the accuracy to which straight fronted and thumbnail shaped defcet
depths may be mcasurcd with the calibration function shown in Iigure 5,12, The accuracy
of these measurements is shown by deviations of the predicted depth from the dotted

100% accuracy line. This shows calibrated peak-to-peak amplitude results from straight
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fronted and thumbnail shaped defects. Note that as the system was calibrated to straight
fronted defects; these measurements are most accurate, and become progressively more
geeurate as delecl depth mereases (bold line). ‘This shows that the smallest detectable
defect {at ¢ = 0.654+0.13mm) produced a repeatable error of ~0.23mm {Gpredicted = 0. 4mm).
As this crror likely to be predominantly calibration error™, increasing the number of slit
depth data poinis (enabling a higher order polynomial fil), and increasing the accuracy of
the deplh measurements by using precision depth measuring instruments wounld reduce

this improve the accuracy of these measurements.
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Figure 5.3 — RFEC defect sipnal calibration accuracy
The calibratable region delined in Figare 5,12 is shown again by vertical detted lines,

Howevet, the most important result shown in Figure 5.13 is the effcct that aspect ratio has
on lhe measurement accuracy as s shown by the thumbnail shaped defect measurcments
(diamond shaped markers). Comparison of these results with the calibrated straight
fronted defect resulls (square markers) shows an averape and relatively constant depth
error of -1.8mm. Tlowever, these predictability lincs arc somcewhat parallel suggesting
that this error may be calibrated out of the system by including 2e as a calibration inpud

{i.e. & third axis in Fipure 5.12),

* All of the calibration parameters {siraight fronted defects measured at TRC position} are met in rhis case.
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The calibration was also tested on off-centre defect signals which were shown in the
previous section to attenuate very gradually circumferentially away from the TDC
position. It was found that RFEC detectors are comparatively insensitive to
circumferential variations, to a tolerance of approximately one detector face (+7degrees
or £8mm from TDC - see Appendix F-1). However, as a result, the ability of this
calibration method to measure defect length (motivated in the previous paragraph) is not
clear. This is discussed further in Section 7.2.

5.5 Summary

The RFEC probe built for this study as outlined in the methodology was tested in this
chapter. Firstly, a pilot study was carried out to determine the detectability of
circumferential 0.3mm width slit defects. The amplitude component was found to provide
the smallest defect detection at a = 0.6mm, but the early defect signals were immersed in
a significant background signal. Fortunately the background signal was shown to be
highly repeatable enabling the implementation of background signal subtraction.
Although excellent results were achieved using a generalized neural network (GRNN),
GRNN itself was highly vulnerable to positional errors caused by mechanical hysteresis
in the pulley and the position measurement systems (tolerance +6mm). For this project,
these errors were corrected offline using cross-correlation with the background signal as a
reference. Both the digital realignment and background signal subtraction became part of
a new post-processing stage for subsequent inspections, requiring that background signal
inspections be performed prior to defect detection. By subtracting the background signal
from the defect signal of the smallest detectable defect, it was shown that sufficient
resolution was achieved to validate the 8.3mm/s probe speed estimated in the previous
chapter.

Array data was studied from which two main observations were made:

o Defect signals increase monotonically not only as a function of the overall slit
depth (at TDC) but also with slit depth along the defect profile (i.e. non-TDC
array positions).

e Increase in defect area (or a decrease in aspect ratio at constant depth) affected the
overall RFEC defect signal, even at TDC where the defects were the same depth.
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For the triangulation of these observations, the peak-to-peak amplitude was calibrated to
defect depth. This calibration showed that defects may be monitored between depths of
0.65mm and 3mm (21.6% and 75% wall thickness) with a 95% repeatability of 0.2mm
(5% wall thickness). The maximum error was associated with the smallest detectable
defect (a; = 0.65mm) and was 0.25mm. However, this error decreased significantly as
defect depth increased. Therefore the defect measurement and monitoring capabilities
were most accurate (less than 0.1+0.1mm) between 50% and 75% wall thickness.

By calibrating array results, it was found that the accuracy of the calibration is largely
unaffected by circumferential position variations, with a tolerance of approximately one
detector face (+8mm from TDC), and that although defect area (associated with defect
aspect ratio) had a strong affect on the RFEC defect signal. This effect may be accounted

for in the calibration parameters.

This chapter has characterised RFEC defect signals in terms of defect depth by
subtracting background signals in the pilot study, defect length by generating RFEC array
data, and calibration in order to measure these parameters for Fracture Mechanics
evaluation. The next step is to investigate the final defect dimension, defect width.
Although this parameter is not represented in the Fracture Mechanics evaluation reviewed
in this thesis, Section 3.3 showed that defect width is closely linked to the overall
detectability of circumferential fatigue cracks. Therefore the following chapter
investigates inspection results from defects of fixed depth and varying widths. As these
widths tend to zero, these results are expected be similar to real fatigue cracks. Therefore
the aim of the next chapter is to link the saw-cut defect signals of this chapter to drill pipe
fatigue crack signals.
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CHAPTER 6 FATIGUE CRACK SIMULATION

6.1 Introduction

The literature review consisted of two parts: the practical aspects of RFEC inspection, and
the detectability of fatigue cracks (Section 3.3). The practical aspects were addressed
from inspection results of saw-cuts of increasing depth in the previous chapter. Therefore
this chapter studies the detectability of defects of various widths, specifically the
detectability of zero width defects intended to simulate fatigue cracks.

Section 3.3 of the literature review presented finite element simulations which showed
that the amplitude of RFEC defect signals from circumferential cracks was largely
dependent on defect volume. Hence, very fine circumferential fatigue cracks should result
in poor detectability. Therefore this chapter aims to achieve an understanding of the
RFEC defect signal amplitude as defect volume tends to zero, as a function of defect
width. This data is useful in the context of this report to determine whether fatigue crack
signals are sufficiently distinct from background signals to provide reliable and repeatable
detection of ‘real’ fatigue cracks.

As wall thickness is also a major contributor to low amplitude signals in RFEC®!, all the
tests in this chapter are carried out in parallel with the same tests on a second pipe of
approximately drill pipe thickness (13mm). This was to aid in understanding the effects of
wall thickness on defect detectability.

As the time and facilities required to generate real fatigue cracks were not available for
this study and it was not possible to machine a defect less than 0.3mm width, it was
necessary to explore alternative methods for simulating ‘zero-width’ defects (fatigue
cracks).

¢! This is due to the skin effect at the exciter and the detector illustrated in Figure 3.2.
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6.2 Zero-width Defect Simulation

6.2.1 Background on RFEC Defect Simulation

Much work has been done simulating defect field perturbations for a better understanding
of the field interactions resulting from various defect morphologies, and mostly
simulations are performed with finite element analysis. Regarding fine circumferential
cracks, the consensus of this work was that the resulting signal amplitudes would be too
small to be detectable experimentally (see Section 3.3 for references). However, these
finite element simulation results have been shown to not agree with field results from
RFEC tools [84]. Russell NDE Systems Inc. has shown circumferential thermal fatigue
defects to be detectable (Figure 3.12).

Atherton and Schmidt showed that external ferromagnetic metal parts containing defects
may be used to simulate the presence of an embedded defects when testing ferromagnetic
pipe [79,82]. That is, with the placement of rectangular metal bars containing defects on
the external surface of the test pipe, the external metal targets behaved magnetically as
part of the wave guide. Thus, the maghetic flux path extends through the external metal
similarly to the RFEC phenomenon in thicker walled pipe. To the knowledge of the
author, no explicit study has been undertaken to examine the equivalence between true
embedded defects and embedded defects simulated by external metal targets. However,
various findings and theories by Atherton suggest that the electromagnetic field
interactions with external metal targets containing defects are similar to interactions with
embedded defects in the case where the defect is circumferentially oriented and narrow

(as in drill pipe fatigue cracks).

Firstly, it was shown by Atherton that circumferential defects tend not to interact with
circumferential eddy current flow generated by RFEC in the remote field zone but rather
with the axial magnetic field [50]. This suggests that electrical continuity between the
external metal part and the pipe wall is not significant. This result was confirmed
experimentally by Atherton [79]. Secondly, similar findings by Atherton suggest that due
to the high permeability of ferromagnetic pipe, circumferential defects may be thought of
as obstructions to the magnetic flux path similar to the classical definition for magnetic
reluctance: easily understandable in terms of external targets interacting with the remote
axial magnetic field [81].
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For further understanding of the electrical and magnetic interactions, see Atherton’s

anomalous source defect models [81], summarised in Appendix A-2.

6.2.2 Methodology

Due to significant interaction of circumferential defects with the axial magnetic field of
the RFEC method, it was considered important for the cross-sectional area of the external
metal target (and pipe wall) to remain constant in the axial direction with the exception of
the local discontinuity representing the defect (Figure 6.1).

Figure 6.1 — Extraneous metal and pipe showing constant cross-section

A metal bar of approximately the same permeability62 as both test pipes (test pipe from
the previous chapter and the new thick-walled pipe), and long enough to fully span the
length of each, was machined in half so that the discontinuity between the two halves
could represent a defect of width w, as shown in Figure 6.2. To improve the continuity of
contact when w = 0, the machined faces of the rectangular bars were machine-ground to
remove burs and make them flat and square, the surface finish was taken to be less than
0.8um (BS EN ISO 1302:2002).

It is worth mentioning that the defects machined into the external targets by Atherton and
Schmidt did not fully penetrate their external targets while in this setup the external target
was machined into two separate parts. This was because it was required in this study to be
able to adjust the simulated crack width, w. The advantage of the non-penetrating defects

62 Magnetic permeability was inferred from the force required to remove a small area magnet from the pipe
wall. Calibration of these results showed the method to be effective.

87



used by Atherton was possibly that electrical eddy current flow is permitted around the
defect in the external target, thus making the target a more accurate representation of an
embedded defect (as it were; machined into actual pipe wall). However, these effects may
be discounted as the eddy current flow tends not to interact with circumferentially
oriented planar defects, particularly those in external targets [48].

As axial magnetic field is strongest near the pipe surface [93], the separation between the
external metal part and the pipe wall should be considered. The findings of Hoshikawa et
al. showed that these gaps should be as small as possible; nominally less than® 0.04mm
[98]. As it was not possible in this project to account for lift-off less than 0.04mm at all
points along the test pipe, the magnetic flux path between the exciter and the detector was
rigidly fixed. This flux path includes the probe exciter, detector, and the part of the
rectangular bar spanning the exciter detector distance, as shown in Figure 6.2 (also
represented as the indirect energy flow path in Figure 3.1 and 3.2). The thickness of the
bar was chosen to simulate a 50% thickness crack. Therefore, referring to Figure 6.2,

t=d=4mm.
Simulated defect
Rectangular bar _J,d AW
5 B 7%&“ = &"”
Detector ﬁ\‘

Figure 6.2 — Schematic of the defect simulation method
d=4mm, w=variable and t=4mm (standard pipe) and 13mm (13mm thick pipe),
foil end-caps are not shown. Sliding (#) and fixed (A4) components are indicated.

% These results originated from an investigation of the feasibility of RFEC for the in-service inspection of
double walled tubes; therefore it is again assumed that eddy current interactions are negligible for these two
experiments to be analogous.
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Note that in order to determine the precise axial location of the simulated defect, the
simulated defect (with w set at 0.3mm) was gradually slid axially over the detector until
amplitude, measured in real-time, reached a maximum. The external bar between the

exciter and the detector was fixed to the pipe wall at this location.

The precision of these results was expected to be significantly improved® by only
moving the bar outside the exciter - detector flux path. However, this metal bar could not
always be fixed as it was also necessary to compare the zero-width result with a ‘no
defect’ case. In order to achieve this comparison, the external metal bar and zero-width
defect was slid axially SOmm away from the detector and the exciter in its wooden guide.
The simulated defect width was set with a Dieter Schmid feeler gauge (quoted by the

manufacturer to be accurate to £0.005mm)®.

Note that by the external metal bar being fixed between the exciter and the detector, only
one face of the simulated defect could be moved when adjusting w (Figure 6.2). The
effect of this asymmetrical widening of the simulated defect was considered insignificant
as only simulated widths of less than 0.3mm are important in this chapter (relevance
derived from earlier saw-cut results being 0.3mm width). Within this range of widths, a
resulting asymmetry was likely to appear small relative to the size of the detector face
(axially 8mm).

6.3 Experimental Setup

This section details the setup of the probe to test pipe sections of two wall thicknesses (as
mentioned in the introduction). It was necessary to ensure that the RFEC effect can be
generated and measured with the current probe in the 13mm thickness pipe. Significantly
shorter pipe sections were tested in this section to permit the pipes to be manually
moveable. This was acceptable given that the probe position was fixed. However,
aluminium foil end-caps (10 layers) were required over the pipe ends to reduce the end
effects (inherent in RFEC, particularly in short pipe sections [34]).

% The moveable metal bar was beyond the detector (from the exciter) and therefore mostly outside the
sphere of influence of the indirect energy flow path.

% At this accuracy, misalignments of the sliding bar and foreign particles on the feeler gauge surfaces are
more likely sources of error.
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Additional pullout tests were required to validate the probe design for the new pipe
geomelnes {13mm thick ind uwsing short pipe sections) as shown in Figure 6.3. These
resulls were consisient with previous resulls and hilerature showing the transition zone al
approximately 2 pipe diameters (dotted line) |99]. As a result, the 2.7 pipe diameler
exciter detector distance is shown to alse be applicable to 13mm wall thickness pipe tesis.
The phase trace of the 4mm thick pipe appears to begin at a non-zero position; this 180
degres phase shuft is expiained by ITaugland [67]. The specifications of both pipes are
listed in Table &.1.
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Figrore 6.3 Pullout tests to validate the probe design for pipe gecmetries shown in Table 6.1

Note: The reinote field zone (right of the dotied line) and the siceper tole-off for the thickness: t=13mm
pipe (black) arc shown. A schematic of the pulloat test is included below,

To ensure that this test setup conformed o standard RFEC field distnbutions, the phase
results were cross-checked with Equation 3.1 as shown in Table 6.1 (right}. The high
tdegree of accuracy was considered to be sulicient validation of the current RFEC probe

for testing of both pipe thicknesses.
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Table .1 — Table of properties including actual and predicted phase results

Pipe Electromagnetic Properties
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6.4 Simulated Fatigue Crack Results

Phase (deg}

Predicted Actual

49,55
TALYS

30
170

6.4.1 Field Perturbation Measurements of Simulated Fatigue Cracks

Results were obtained by the square bar faces bemy clamped at vanous widths while

measurements were taken (Figure 6.4). As previously mentioned, the “no-delect’

measurement was measurcd at & remotc location on the bar to show the differchce

between a zero-width defoet and no defect. The markers are shown with 95% confidence

intcrvals generated from 30 tests taken at each simulated defect width. The figure shows

data for both the 13mm thick {squares) and 4mm thick pipe (triangles). Note thal the 4mm

thick pipe mcasurements were significantly morc pronounced and precise than thosc from

[3mm thick pipe results.
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Mete Lhat solid markess represent a reference *no-defect” signal for comparison with subsequent simulated
defect signals, Le. background signals. These were gchigved by testing defeel free arcas of the bar.
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In terms of assessing the detectability of fatigue cracks, only the data at w = 0 is relevant.
At this width, there is a both a solid and a clear marker for each of the 4mm and the
13mm pipe tests. As the solid marker is simply a similar measurement taken at a part of
the external bar with no defect (a ‘no defect’ measurement), the difference in amplitude
between these two markers at w = 0 indicates the net electromagnetic interaction
generated by the simulated zero-width defect (clear marker). With a special case of
detectability being defined as defect signals which fall outside the confidence band of a
set of background signals (no-defect measurements), the 4mm thick pipe results indicate a
100% detectability of the simulated fatigue crack at w = 0. Furthermore, a distinct
relationship is shown between the amplitude and phase signal components and simulated
defect width for all w = 0. Although this region is not representative of fatigue cracks,
data points greater than w = 0.3mm are useful for comparison with real embedded defects
as widths greater than 0.3mm can be machined and compared to simulated results. This is

the basis for the validation of this simulation method carried out in the next section.

Unlike the 4mm thick pipe results, those for the 13mm thick pipe showed significant
overlapping of the confidence bands at zero-width indicating approximately 30%
detectability (if detectability is as defined above). It was assumed that the defect signals
achieved by the 13mm thick pipe were dominated by the skin effects associated with the
3.25 times increase in wall thickness. As these 13mm wall thickness anomalous results
are also likely to be a result of hardware sensitivity limitations, these are discussed further
in Chapter 7.

As previously emphasised, no explicit study of the equivalence between embedded
defects and defects simulated by extraneous metal targets was found. Therefore the
validation of these results by comparison with true embedded defects signals is conducted

in the next section.

6.4.2 Validation of Results

The aim of this section is to validate the simulated defect results by comparing them with
‘real’ saw-cut defect results. For consistency, the probe setup, pipe and probe positions,
and the observed area of the pipe wall were unchanged between these tests and the
previous simulated defect tests. Accordingly, the embedded defects were machined in the
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same asymmetrical manner in which the simulated defect width was ad_iustf:dﬁﬁ. Note that
only the 4mm thick pipe could be used for this study as the 13mm thick pipe results were
not conclusive. o be consistent with the simulated defect results, the embedded defects
were machined to 50% wall thickness (@ = 2mm1). Embedded {amb) and simulated (sim}

defect results are both shown in Figure 6.5 and Figure 6.4,
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Figure 6.5 — Matural log of amplitude vs, normalised detect width for simulated {sim} test resulls
superimposed on embedded {emb) west results.

Eesults are normalised o wall thickness where the normalisation of simulated widths inchuded the thickness
ol the external bar {8mm).

A close fit was achieved by normalising the x-axis of the embedded and simulated defects
1o their equivalent wall thicknesses. Therefore embedded defect widths were normalised
by assuming that the external metal bar was parl ol the wall thickness {i.e. 8mm
thickness). Note that the log of the simulated defect signal amplilude is approximately
one decibel less than thai of the embedded defect. This suggests that the external metal
{t — 4mm) on the test pipe wall {t = 4mm) was interacting with the renote field simifarly
to contiguous pipe wail oi total thickness 8mm {Equation 3.2), Although a similarly close
i1t was achieved with the corresponding phase results, the vertical offset is not accounted

for by skin depth equations:;

6 That is, defeet wideh was only increased by removing material from one defect face to comrespond Lo the
fixed simulated defect face shown in Figure 6.2, Vor this purpose, a metal strip {spring steel) was fixed to
the pipe as a saw suide during cumting,
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Notice that at first these results tend to increase monotonically until a certain width is
reached (2.4mm simulated defect wadih, 1.2mm embedded defect width), after which the
amplitde and phase decrease ematically, This was possibly due to off-peak
measwrements caused by the asymmetrical widening of these delects, This was not
investigated further as the validity of the defect simulation method is, primg lacie, shown
by the close fit between extmnecus and embedded defecis. It is thercfore more relevant to
serutinise the 13mm thickness results (discussed in the [ollowing chapter). These

equivalence resulis are discussed [urther in terms of detectability in Section 7.2.

6.5 Summary

The literature review covered two aspects ol RFEC applicable to drill pipe inspection:

+  Practical aspects ol RFEC inspection

»  The detectability of fatigue cracks
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The second aspect was dealt with in this chapter. As field testing by Russell NDE
Systems Inc. found fatigue cracks to be detectable while FEA simulations did not, an

experimental approach was needed.

An experimental method by Atherton and Schmidt generated RFEC defect signals by
inspecting defects in separate external metal targets placed on the test pipe wall [79,82].
Their results showed that the received signal was similar to an embedded defect signal
and were substantiated by evidence that, due to the dominance of the axial magnetic field
interactions over eddy current interactions with embedded defects, the simulation is a
particularly accurate representation of circumferentially oriented planar defects. However,
due to the requirement of this chapter to vary defect width (and achieve a zero-width

defect), the existing simulation method was modified in the following ways:

e As only circumferential defects are tested in this project, the extraneous metal
target was made to be continuous between the exciter and the detector to remove
end effects from the external metal (in previous tests using this method, the
extraneous target only covered pipe wall in vicinity of the detector).

o The separation of the machine ground faces of two rectangular metal bars
simulated the defect rather than a single metal part with an embedded defect

machined into it as used in previous studies.

e Short pipe lengths were required for testing in this chapter to allow

maneuverability.

e The probe was rigidly fixed during testing.

The results showed that simulated zero-width defects were 100% detectable, where
detectability wés defined by the percentage overlap of the defect data with background
‘no defect’ data. The same results conducted with 13mm thick pipe were not conclusive.
The building and calibration of the probe on the 4mm thick pipe could have contributed
to this result: in particular, the magnetic field generated by the exciter coil and the
resulting field perturbation of the simulated defect were probably too weak to overcome
the 13mm wall thickness due to the skin effect. However, the main result was the clear

identification of a zero-width defect in a simulated area of pipe wall.

Thus far, this study has successfully implemented RFEC testing through the design and
building of an RFEC probe, and studied the detectability and shape of 0.3mm width saw-
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cut defects. As the saw-cuts were only representative of fatigue cracks which in reality
are significantly narrower, this chapter contributed significant value to the earlier results
by providing evidence that zero-width defect field perturbations are detectable. However,
final implementation of RFEC in drill pipes based on these results requires special
considerations to account for the scale of the prototype built in this project. Therefore the
focus of the next chapter is to discuss the design of a ‘to-scale’ RFEC NDT system for the
inspection of De Beers drill pipes, and demonstrate the effectiveness with which such a
system may perform fatigue life predictions with Fracture Mechanics. |
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CHAPTER 7 DISCUSSION

Before the main points of this project are discussed, it is helpful to review the motivation
and objectives of the project introduced in Chapter 1. The project was motivated by costly
failures of the De Beers Marine drill pipes due to fatigue cracks. These fatigue cracks are
known to be circumferentially oriented and propagate radially inwards from the outer
surface of the drill pipe due to cyclic bending stresses induced during operation. Eddy
current inspection is an NDT technique highly sensitive to fatigue cracks and requiring no
surface preparation making it ideal for drill pipe inspection. However, it is widely known
that conventional eddy current methods are not well suited to subsurface detection. This
was a key limitation in this project as drill pipe inspection must take place from inside the
pipe and detect fatigue cracks on the outer surface®’. Under these conditions, the primary
objectives of this project could be identified as:

(1) The selection of the most applicable deep penetrating eddy current method,
(2) Building an NDT pipe inspection system that employs the chosen method,
(3) Evaluating the detection capabilities of the method.

The RFEC method is well suited to the inspection of pipe geometries as it has
approximately equal sensitivity to both internal and external defects and is able to inspect
pipes with small diameter variations without the need for sensor lift-off compensation
systems. However, literature showed that the detectability of circumferential fatigue
cracks with the RFEC method is unclear due to the small interaction of the axial magnetic
field with the extremely low defect volume of a fatigue crack. As commercial inspections
of fatigue cracks have given positive results, RFEC testing was nonetheless chosen as the
NDT technique for this project with the provisory that a 4™ objective be appended to the

previous three objectives:

(4) Investigate the detectability of circumferential fatigue cracks in ferromagnetic
pipe with the RFEC method.

57 It may be recalled that the outer surface is obstructed by flanges and fittings such that inspection of this
surface impractical.

97



A prototype RFEC system was built and tested in this project, but was scaled down from
drill pipe proportions in order for manageable manipulation of the probe and test pipe in a
laboratory environment. Therefore a significant topic for discussion is the implications of
scaling the prototype up to drill pipe proportions. This is covered in the first section of
this discussion and draws mainly on the findings of the RFEC probe design sections:
Chapter 4 and Section 5.2 - the pilot study (addressing objectives (1), (2) and (3)).

The sections which follow discuss the detection results of this report, namely, the
capabilities of the RFEC system for the detection and monitoring of drill pipe fatigue
crack growth. Therefore it is necessary to revisit the assumptions of the fatigue crack
simulation chapter in order to validate these results. Note that this part of the discussion
mainly addresses the 4" objective. As the fatigue crack detection and monitoring
capability is mainly required to facilitate subsequent drill pipe fatigue life calculations,
the final section of this chapter contains an evaluation of the current RFEC NDT system
for fatigue life prediction.

7.1 Practical Implications of RFEC in Marine Drill Pipes

The probe built for this study was designed for the inspection of an 81lmm ID, 2.1m
length and 4mm thickness pipe, while the drill pipe used by De Beers is 500mm ID,
approximately 200m in length and 15mm wall thickness. Therefore it is of primary
importance to discuss the scaling of the RFEC probe prototype built in this project up to
drill pipe proportions. Note that this section does not discuss the scaling of saw-cuts to
fatigue cracks and test pipe wall thickness to drill pipe wall thickness as these parameters
were studied in relation to detectability rather than probe design. These considerations are
dealt with separately in the Section 7.2.

7.1.1 Drill pipe RFEC probe design

A drill pipe RFEC probe would require a large circumferential array of detectors and an
exciter fill-factor of at least 75%, as discussed in Section 3.2. The saw-cut inspection
results and various other sources [44,48,76], show that the positional tolerances of the
exciter are considerably more relaxed than those of the detector. Therefore the design of
the detector array is a likely first step in the design of a scale RFEC probe. Detector

position considerations include determining circumferential detector spacing, the absolute

98



axial position of the detector, and the axial separation of the circumferential detector from
the exciter. These requirements are discussed here in detail. Note that, as lift-off effects
were not noticed in any of the results of this project, and as these are widely accepted to
be minimal in RFEC (Section 3.2), only lateral detector spacing is discussed.

The axial distance of the detector from the exciter coil may be determined experimentally
via pullout tests, as detailed in Section 4.4.1 and 6.3. A safe separation distance was
found to be 2.7 pipe diameters. However, it should be noted that wall thickness was
shown to be proportional to the roll-off in the remote field zone such that thicker pipe
wall may require a smaller exciter detector separation for sufficient signal amplitudes to
perform accurate measurements (Figure 6.3). Defect measurement accuracy, which is a
function of the number of detectors in the circumferential detector array and the
circumferential extent of the defect signal, is discussed below.

The array results from Chapter 5 suggest that; due to the wide circumferential spread of
defect signals, adjacent detectors may be circumferentially separated by up to 20mm with
less than 5% wall thickness errors in these defect measurements (from defect TDC). As
the circumferential positional tolerance is presumably also a function of the sensor size, a
normalised expression of this tolerance would be approximately one detector diameter
(#8mm in this project). Therefore a drill pipe ID of 500mm should be inspected by an
array of at least 56 evenly spaced detectors to achieve less than 5% wall thickness defect
depth measurement accuracy. As drill pipe is more than three times the thickness of the
pipe tested in this project and the spreading of the field from a remote defect is
correspondingly greater, this estimate is likely to be conservative (i.e. fewer detectors
should be sufficient). Note that the wide circumferential spreading of defect signals also
allows the possibility of decreasing the probability of missing a defect by measuring a
single defect with multiple detectors.

Thus far, the axial and circumferential positions of the detectors relative to the exciter
have been discussed. In this project, the positional accuracy with reference to the pipe
wall was also important due to the use of pre-recorded data for background subtraction. It
may be recalled that this was originally based on the decision to perform inspections in
absolute mode (i.e. a single detector coil — see Section 5.2.1). Therefore discussion of

axial positional accuracy centres on the choice of detector — absolute or differential.
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The RFEC probe had differential and absolute mode inspection capabilities. This project
used absolute mode (a single detector coil) due to the excellent repeatability achievable
with this detector type (Appendix E-1). However, a possible advantage of differential
detectors is that they are able to achieve inline background signal subtraction with zero
computational expense. This is often desirable on autonomous platforms with limited data
storage or data processing capabilities [77]. However, there are two important
considerations when applying differential detectors. Firstly, wall thickness data is lost
with this detector type®; this data may be useful as wall thickness is a primary factor in
the operational and fatigue life of the De Beers drill pipes. Secondly, differential detectors
are fundamentally unable to discriminate between gradual defect signals (such as a long
axial fatigue crack) and background signals (shown to be due to pipe microstructure) if
these are a similar shape. This is especially relevant given that the results of the pilot
study showed that the early defect signals (e.g. from smallest detectable defect) are a
similar shape to the background signals. The smallest detectable defect and background
signal (inset) are redrawn in Figure 7.1.

sawcut  early defect signal
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Distance (mm) t

Figure 7.1 — Similarities between early defect signals and background signals

Fortunately, drill pipe RFEC inspection history is likely to be available due to the regular
inspections required to monitor fatigue crack progress. Therefore the implementation of
background signal subtraction is feasible in a drill pipe implantation of this system, albeit
requiring additional data storage and computational capacity. However, these costs are
presumably outweighed by the versatility of background subtraction mainly due to the
optimiseable smoothing parameter provided by GRNN (Section 5.2.2). The drawback of
using background signal subtraction was that it was highly vulnerable to small axial
misalignments (estimated tolerance: +2mm, or a quarter of an effective detector

% A single differential detector is actually comprised of two detectors observing adjacent areas of pipe wall.
The differential of these two signals is then used to indicate flaws. The rejection of signals common to both
detectors is used to improve the probes sensitivity to localised field perturbations. A single differential
detector is implemented by placing each detector in series with ground and the each of the positive and
negative inputs of the a differential amplifier [77].
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diameter). In this project, these were caused by positional hysteresis in the pulley system
due to sensor measurements taken far away from the probe at the pulley support block; as
these effects would compound over large distances and also become susceptible to surges,
the axial position should rather be measured as closely as possible to the RFEC detectors
in the drill pipe implementation.

7.1.2 Cost of Operations and Probe Speed

The maximum allowable probe speed imposed on the inspections performed in this
project was estimated from an axial resolution of dz = 10.3mm and time constant of
t = 1.25s using the equation: Vp = dz/t = 8.3mm/s (see Section 4.5.1). However, the
required probe speed to inspect 200m of drill pipe in an estimated permissible time of
Shrs imposes a minimum probe speed of 11mm/s [5]. Therefore a 2.7mm/s increase in
scanning speed is required. This may be achieved by simply reducing the time constant
(set to sample 100 periods at 80Hz) by 0.3 seconds (i.e. 75 periods), particularly as the
time constant used in this project is clearly conservative when compared to commercial

RFEC tools which reportedly inspect at up to 83mm/s [100].

As the reliability of detection is dependent on defect signal resolution and defect signal
amplitude, it is relevant that increases in probe speed inherently reduce the achievable
defect signal resolution (dz), and to recall that defect signal amplitude was shown by
Chapter 6 to be highly dependent on wall thickness and defect size. It is therefore
appropriate to discuss methods to increase probe speed without reducing the reliability of

detection.

A common method to increase the probe speed in ferromagnetic pipes, especially when
inspecting wall thicknesses greater than one standard depth of penetration [34], is to
saturate the pipe wall. Cheong et al. [23] found that magnetic saturation of the pipe wall
at the exciter coil can more than double probe speed by permitting higher drive
frequencies. However, it should be noted that full saturation was often not achieved
experimentally in large diameter pipes [34].
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A second method to increase scanning speed is by increasing the number of axial detector
slages (Figure 7.2} The increase in probe speed permissible from each additional detector
stage 15 then simply preporticnal to the nmumber of axial detector stages used

([undamentally also reducing the signa! error™) [101).
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3 axial detector stages

Figure 7.2 — Mulliple axial deteclor stages used to permit increased probe spesd
without loss af sipnal quality

It may be recalled that a major assumption used Lo produce the results discussed above is
that the saw-cuts inspected were representative of true fatipue cracks. [ is therefore

imporiani to understand the detectability of true fatigue cracks.

7.2 Zero-Width Defect Simulation

The results from the defect simulation method tested on 4mm and [3mm wall thickness
pipes (referred to as ‘thin’ and the ‘thick’ pipes respectively) are discussed in this section.
The thin pipe achieved distinet signals and was vsed to demonstrate the signal amplitudes
obtainable from a fatipuc crack width discontinnity. and for cxperimenial validation of
the defecl simulation method with real defects of various widths, The thick pipe tests
were intended to relate the thin pipe results to results possible from drill pipe proportions,
and thereforc contended aganst the effects of both a low delect volume and more than 3
fimes the original wall thickness. The conclusive thin pipe results sngpested thal an
clectromagnetic inferaction exists with the simulaled defect. Tl is important to note that
this 15 nol in agreement with (inite element analyses reviewed in Chapter 3; therefore the

test procedure and assumptions are scrutinised below,

A possible source of emror exists in the manner in which the *no-defect’ case was

simulated, This step of the simulaiion is illusirated in Figure 7.3, The figurc shows the

® Siunal error is reduced as a multiple of the signal error-prebabilities of each detector,
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movement of the external metal bar betwecn the zero-width defect measurement (a) and
the "no defect” measurement (b). An external factor due to the manual movement of the
bar berween the exciter and the detector is possibly introduced into the detector resulls
due to all ol the non-zero width results being gencrated without any movement of the
external metal bar between the exeiter and the detector {only the second bar was moved
when adjusting w). That is, the entire external bar, containing the zero-width defect, had

to be slid away from the exciter 1o simulate a ‘no defect” signal.

Zero-width defect
External bar —f W=D

Datector

fa) (b)
Figure 7.3 — Zero-width defect (a) and *no defeel” (B) cases

As a result, two possible factors may have alfected these results:

1.) The background signal of the cxternal metal bar was not measured; therefore the
resultant background signal at the detector measured after moving the external bar

and within the cxciter detector flux path may have varicd.

This can be examined by comparing the simulated fatigue crack results (Figure 6.4) with
the background signals presented in (he pilot study (Uigure 5.1 and 5.2 — (a)), as shown in
Table 7.1. These valucs show that the simulated fatigue crack signals arc distinet from
background signals. Signals from real latigue cracks are likely to be more distinet than
these results suggest as this comparison does not take int account the clfective increase
in wall thickness caused by the 4mm (hick cxicrnal bar.

Table 7.1 Amplitude and phase perturbations of fatizue cracks compared to background siznal

i Sig—na.l .culmpmmnt Simu'lnteﬁ; fatigue crack Backgroumd signal F
b Amiplinale (¥ ref) (.34 B
Phase (doorees) 6.5 i
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2.) The external metal was located in epoxy guides; therefore the tangential point of
contact between the external metal and the pipe wall was subject to the

mechanical tolerances of these guides (estimated maximum +1mm).

However, the circumferential spreading of the field is already shown to permit defect
measurement with a circumferential positional tolerance of +8mm, consequently this

effect is likely to be small enough to be neglected.

Therefore it was concluded that a measurable portion of the zero-width defect signal
amplitude resulted from direct electromagnetic interaction of the remote field with the
atomically narrow interface between the two external metal bars. Combined with
evidence of the equivalence of the fatigue crack simulation method of Chapter 6 to saw-
cut defects of the type measured in Chapter 5 (Section 6.4.2), it is believed that this signal
is similar in amplitude to the signal produced by a true fatigue crack.

The 13mm wall thickness pipe results did not result in sufficient signal amplitude at the
detector to permit final discussion of these results (30% overlap in the defect and no-
defect signals). As the probe was designed for the 81mm ID 4mm wall thickness pipe,
this was expected to be due to the weak exciter field produced by the exciter coil. By
comparison of the aspect ratios of the 4mm wall thickness pipe and the drill pipe, it is
conceivable that these results are equivalent to detection through a 25mm wall thickness.
If correspondingly large field strengths are possible (and the field is proportional to the
pipe aspect ratios), sufficient signal amplitudes are likely to be achievable in drill pipe to
counter this effect. Based on this assumption, interpretation of these results may be
carried out with fatigue life analysis on drill pipe dimensions. The objectives of this
project converge in the next section, where the effectiveness of this RFEC inspection

system in terms of its fatigue life prediction capabilities is assessed.

7.3 Fracture Mechanics Evaluation

Fracture Mechanics evaluation of the integrity and fatigue life of the De Beers drill pipe
requires the solution of Equation 2.7 to estimate the critical flaw size, and Equation 2.10
(reprinted below) to determine the number of cycles until failure. Therefore it is firstly
necessary to discuss the accuracy of the inputs to these equations (the first part of this
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section) in order to estimate the fatigue life estimation that is achievable by the RFEC
method. The calculation of the remaining fatigue life after detecting a defect is useful to
determine an acceptable interval for scheduling drill pipe inspections (the second part of
this section). Note that these results are calculated mainly to understand the procedure and
provide rough estimates for this discussion rather than as a final word on the detectability
of fatigue cracks using the RFEC effect. Final accuracy in these predictions would require
direct measurements of fatigue cracks from drill pipe with a large scale RFEC probe.

7.3.1 Determination of Fracture Mechanics Parameters

As detailed in Section 2.5, the main inputs required from this NDT system for the
Fracture Mechanics evaluation of structural integrity and fatigue life is the length and
depth of the flaws detectable in the structure to be evaluated. It may be recalled that these
parameters describe the geometric correction factor (Y) which significantly effects
subsequent fatigue life predictions (see Equation 2.10). This is illustrated by the bracketed
term in Equation 10 (the stress intensity factor, Kj, from Equation 2.7), and noting that m

is generally close to 3.

Np= [y 7 dN = [t —= - (MY ~/Tr5) (Equation 2.10, from pg 34)
Therefore it is helpful to understand the relative importance of parameters a and 2¢ in
terms of flaw acceptability. To demonstrate this, the independent effects of a and 2¢ on
the stress intensity factor have been studied here. A range of stress intensity factors were
calculated by independently varying depth and width from a reference flaw shape of 1mm
depth and 8mm width and plotted as shown in Figure 7.4 (stress intensity factors were
estimated using the guidelines of BIS PD 6493: 1991 [102]).
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Lstimations of the applied stess intensity factor assumned an applied stress of 803 Pa, see Figure 7.3, and
wal| Lthickoess B — dmm, cajeulsied from BS PD 6493 0 1991 assuming lovel 1 acceplability [102]. Noete
that « 15 normalised to wall thickness (£, and 2c is nonmalised to the total pipe circumference (cirenm) and
may extend significanily arcund the pipe [depending on the fatigue loading canditions),

Although the length of a fativue crack - 2¢ may extend significantly around the
circumference of a fatiguing element in rotational bending, it can be seen from Figure 7.3
that in general the effect 15 less signilicant on the overall stress inlensity faclor than the
flaw depth «. Tn particular, it is imporlant that the first delectable defect 1s as small as
possibile in order to maximise the permissible margin of error from the subsequent fatigue
lile prediction. This was found to be @, = 0.6mm from a straight fronted defect (15% wall
thickness) in the 8 1mm ID pipe lesied in this project.

Two elfecls were identified that may affect this resuli: firstly, early prediction was only
possible by visual or numerical comparison with the background signal measured prior to
defect fabrication, Without comparison with pipe history, the first detectable defect would
ingrease to approximately 50% wall thickness (visual assessment of Figure 5.1)
Secondly, comparison of straight fronted and thumbnail shaped siits showed that the flaw
aspect ralio may cause depth measurement errors of approximately 30% of the wall
thickness. This was mainly because the calibration in ilns project was not designed to

account for aspect ratio variations. Therefore, although Z¢ is not a critical measurement
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on its own (Figure 7.4), it is clearly indirectly necessary to calculate the aspect ratio, and
by calibration, validate crack depth measurements. The sources of error that emerged
during inspection and calibration are listed in Table 7.1; the most relevant sources of error
(discussed above) are starred.

Table 7.2 — Defect depth measurement errors

1st detection a(mm) % wall thickness
Amplitude component 1st detection 0.6 15.0%
Amplitude without background subtraction * 2 50.0%*
Phase component 1st detection 2.7 68.0%

Calibration error Description

Signal error 95% standard dev. of the amplitude signal 0.2 0.1%
Fitting error 2nd order polynomial fit 0.25 6.0%
Aspect ratio* Straight = 0.108, thumbnail = 0.074 1.8 30.0%*
Off-set detector error  Circumferential misalignment of 8mm from TDC 0.4 0.1%
Total calibration error (RMS) 0.94 23.5%

Recall that the first detection achieved by the signal phase component may be ignored due
to prior detection with the amplitude component.

7.3.2 Fatigue Life Prediction

The parameter required for fatigue life prediction which has not yet been verified is the
nominal applied stress perpendicular to the crack plane. These values were determined in
a study by CRS, a company contracted by De Beers Marine to determine the operational
stresses in the drill pipes, as shown in Figure 7.5 [7]. Stress measurements were
calculated from strain gauges at nominal depths of 60 and 120m (Pods 1 and 2). This
study showed that the cyclic bending stresses resulting from ‘smooth’ operation (i.e.
cyclic bending due to ocean currents etc) are dominated by random extraneous stresses
(indicated).
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Figure 7.5 — Real time axial, bending and torsional stress data measured on the upper (Pod 1) and lower
{Pud 23 pusitions on the drill string (Press and Tait [ 7]

These extraneous stresses are reportedly a function of wave parameters (slamming of the
drill string). sea-hed morphologies, and the type of sea bed material in contact with the
drill head: when the drill head becomes stuck on the ocean floor, the drill string winds up
until the torgue 15 sulhcient to “break’ the drill bead loose. As fatigue life prediction is
hghly dependent on the loading conditions, it is clear that accurate estimation of the
crack growth rale is not possible with the currently avanlable data. However, hopelully
comrelation with the crack detection system proposed in this projecl would improve the
understanding of these stresses by initially monitoring the growth rate and associated
stresses very closely. For the purposes of discnssion, a rough estimate of the fatigue fife is
caleulaled from: the results of this project, the accuracy and detectability limits of the

REEC probe discussed in the previous section, and drill pipe siress data ftom CRS.

All further discussion assumes a 300mm bore drill pipe and a worst case of a worn down
wall thickness from 15mm to 10mm, i.e. toward the end of the dnll pipes operational life
[5]. The initial {lirst detectable) crack depth and final crack depth to cause fast fracture of
the drill string are discussed below.

The validation of the simulated fatigue crack results suggested that saw-cut signals are
larger than fatigue crack signals by a faclor of approximalely 4 (7#(0.72) — In(().54), see
Iigurc 6.5). Therefore if the smallest detectable saw-cut was ¢; = 0.6mm, the smallest

fatigue crack is assumed to be delectable at &; — 2.4mm, where it is presupposed the
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correspondmgly large exciter coil and field strengths are sufficient to counter the effects

of wall thickness,

The fracture toughness, K. of the drill pipe is approximately 82MPam'” [3]. Assuming
Y—1.143 [102], and the maximum stress is approximately 120MPa (Figure 7.4), the final
defect depth may be calculated from Equation 2.7 as @,y = 130mm. Note that depth is
measured circumflerentially when s predicted value exceeds the wall thickness.
Therefore the pipe will be breached before failure and the crack will propagate
circumferentially 130mm symmetrically from the TDC position (Ze = 260mm). As the
geometlry correclion factor changes when the crack breaches the pipe wall (assumed to be
unity for through-thickness cracks [102]), this calculation is split into iwo parts: cveles
gecwring prior to and after the fatigue crack breaches the pipe wall; cases 1 and 2
respectively. These correction factors and the other parameters required are listed in

Tahble 7.3.

Table 7.3 — Fatigue life prediction paramcters

'_‘ﬂtreqa .fﬁ_tensity fuctor (KIC) ol drill pipe — B2MPam 12
_P'»iamm];m stress cycle™ = 120MPa

Estimatcd maximum stress u:-}-'cles .per minute”” = 5

Paris equation parameter Cas:a : Gt

Uniil breach | After breach

| Geometry correction factor - Y 1.14 |
 First crack depth detcered - ai (mm) 24 [ 10
| Critical erack depth - ac (ram) ™ 10 130
E R
o7 T 3.982e-12
i";ui::proximute cyeles o failure; 213 000 ) 130 40

The niember of cycles until failure may then be calculated by substilwtion and integration
of Equation 2.10 (also in Table 7.3}, This gave 1 month until breaching the drill pipe wall
and approximately 2V weeks until catastrophic fracture. However, a more conservative

estimation should take into account cerlain of the errors listed in Table 7.2, This includes

™ Erom Figore 7.5. note that drill pipe is shown rotating at approximately 10rpim.
! Estimated using Bquation 2.7
“ From Carpinlen of af. [103]
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the calibration error (mostly a function of errors in aspect ratio) and measurements with

and without background signal subtraction.

Table 7.4 — Significant RFEC measurement errors

1st detection Flaw depth (% wall thickness)
Total calibration error 23.5%
Inspection without background subtraction 50%

The accuracy of the current system accounting only for calibration error may be
calculated by assuming that fatigue cracks are detected at a; = 4.75mm (2.4 + 0.235t,
Table 7.4). The predicted fatigue life of this initial crack depth in drill pipe is
approximately 1 month (1 week to breach and 3 weeks to fast fracture). Otherwise, if
background subtraction is ndt possible, a; increases to 7.4mm (2.4 + 0.5t, Table 7.4),
resulting in less than half a week until breach (with again an additional 3 weeks until fast
fracture).

Given that the RFEC system is reliant on background subtraction to be able to reliably
detect fatigue cracks before complete wall penetration; little over one month might seem
a tight margin. However, this RFEC system was also shown to be capable of significantly
higher defect measurement accuracies than were achievable with the current calibration
system (due to limited data points — see Figure 5.12) such that these latter predictions are

likely to be conservative.

More importantly in terms of costs due to equipment loss, these calculations show that
cracks are likely to have fully penetrated the pipe wall for a significant portion of the total
fatigue life of a cracked drill pipe. This RFEC equipment displayed a particularly high
sensitivity to wall breaking defects; both in the amplitude and the phase components of
the defect signal. Therefore very close monitoring should be possible after defects have
fully penetrated the pipe wall. In conclusion, it is estimated that a drill pipe scale version
of the current system would be likely to detect fatigue cracks in drill pipes from between
three and seven weeks prior to fast fracture of the drill string. The above fatigue life

estimates are summarised in Table 7.5.
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Table 7.5 — Summary of fatigue life estimates

Time until breach Weeks
Signal error only 3 weeks
Including calibration error 1 week
Including calibration error and no background subtraction ¥ week
Time after breach until complete failure of the drill pipe 2% weeks
Estimated total 1 month

7.4 Project Summary

This project was motivated by De Beers Marine to develop a system capable of detecting
and monitoring circumferential fatigue cracks that otherwise lead to catastrophic failure
of the drill string. The eddy current method is a non-contact NDT technique which is
highly sensitive to fatigue cracks making it ideal for drill pipe inspection. However, the
conventional eddy current method is not feasible for drill pipe inspection as it is typically
unable to detect subsurface defects, therefore eddy current inspection of the internal
surface will not detect fatigue cracks forming on the outside of the pipe where they
naturally form. A literature search identified the RFEC method as highly suitable for the
inspection of ferromagnetic drill pipe inspection due to its approximately equal sensitivity
to internal and external defects. This motivated the building and testing of an RFEC

inspection system.
In this project, an RFEC inspection system was built, the main components being:

e A probe capable of setting up the remote field effect and precision measurements
of the remote H-field.

e A system to extract amplitude and phase data from the remote H-field
measurements.

e A supporting structure to control probe speed and circumferential position while
measuring the probe axial position.

e Separate defect machining apparatus able to machine 0.3mm width thumbnail
shaped slits to aid in characterizing fatigue cracks ‘grown’ from the outside wall,
radially inwards. ‘
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Typical remote field amplitude and phase results were studied in the pilot study which
confirmed that circumferential defects are mainly visible in the amplitude signal
component. Due to a generally small defect signal to noise ratio in the amplitude
component - by firstly recognising that the major component of the amplitude noise was
highly repeatable - a significant achievement of the pilot study was recognising and
subtracting the pipe background signal. A generalised neural network was designed to
perform the regression of the background signal required to interpolate and subtract new
data points. This achieved excellent results by increasing the range of visually discernable
detection from 50% to 85% wall thickness (i.e. now able to detect a 15% wall thickness
or 0.6mm deep straight fronted slit). Therefore a new digital post-processing stage was
developed, featuring digital position realignment using a form of cross-correlation and a
tuneable smoothing parameter (to allow optimisation of background signal subtraction to
the background signal of the test pipe). These features are believed to be highly
applicable to drill pipe inspection, particularly as RFEC pipe history is likely to be
available in the drill pipe implementation of this method.

As the intention is to monitor the progression of fatigue crack growth, multiple scans
were conducted at various depths to calibrate the probe measurements and show the
repeatability of these results. These showed that a highly repeatable exponential
relationship existed between the probe defect signals (amplitude component) and defect
depth, proving that defect depth may be accurately monitored for at least 60% of the wall
thickness with a maximum error of less than 20% wall thickness (a = 0.6 £ 0.38mm). It
was also shown that this error reduced dramatically as defect depth increased. As both the
defect signal amplitudes (Figure 5.12) and the calibration accuracy (Figure 5.13) were
shown to increase exponentially with increasing defect depth, it is thought highly
improbable that defects may breach the pipe wall without prior detection.

Instrument calibration also provided useful insight for future implementation of RFEC
probe calibration. It was found both that the accuracy of the calibration is relatively
immune to detector misalignments in the circumferential direction and that defect signal
amplitude has a strong dependence on defect aspect ratio. The latter was expected to be
due to interaction with the area of the defect perpendicular to the defect area. Hence
defect sizing and monitoring has been achieved and guidelines for robust industrial use
are provided.
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A novel approach for the simulation of RFEC field perturbations caused by
circumferential fatigue cracks (i.e. zero-width defects) was proposed in Chapter 6. The
separation of the machined faces of two metal bars aligned axially and located on the
outside surface of the test pipe in wooden guides, represented a circumferential planar
defect of width equal to this separation distance. Although the relationship between the
RFEC signals and defect width could not be fully explained, convincing evidence was
provided for the validation of these results by comparing the simulated defect results with
true embedded defect results. Therefore the author believes that the experimental
approach has shown electromagnetic interactions which could be responsible for the
positive inspection results for circumferential fatigue cracks achieved by Russell NDE
Systems Inc [84]. Further research is needed to understand why these interactions do not
appear in similar FEA studies. Nonetheless, the simulation suggests that ‘real’ fatigue
cracks are indeed detectable at an estimated depth of approximately 0.15% wall thickness
(a; = 2.4mm; assuming a 15mm wall thickness drill pipe). This is believed to prove the
capability of the RFEC method in detecting external circumferential fatigue cracks from
the pipe interior.

The conclusions are drawn in the following chapter together with additional
recommendations for future research. As this thesis is aimed toward a practical sblution to
an existing problem, a separate section is included with recommendations to aid in the
final design of a drill pipe inspection RFEC tool.
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CHAPTER8 CONCLUSIONS AND FUTURE WORK

This project set out to research and develop an eddy current inspection system to detect
and monitor the growth of circumferential fatigue cracks propagating from the outside of
De Beers drill pipes. The aim was originally to review eddy current methods for the most
suitable method, and test the capabilities of that method. Between PEC and RFEC
methods, the RFEC method was selected due to its equal sensitivity to internal and
external defects. However, the RFEC method required clarification regarding the
detectability of fatigue cracks. Therefore an examination of RFEC responses to fatigue

defects was appended to the previous aims.

8.1 Summary of Achievements

An RFEC probe and data acquisition testing rig was built and successfully tested on
81mm ID and 4mm wall thickness pipe, inspecting 0.3mm width saw-cuts of various
depths. The smallest detectable saw-cut was achieved at a; = 0.6mm (15% wall thickness)
by identifying and eliminating the repeatable component of the RFEC signal found
predominantly in the amplitude component. It was shown that, via background
subtraction, the RFEC system was able to achieve amplitude and phase measurements of
the field perturbations caused by defects in isolation from the background (pipe) signal.
This approach was considered to be valid for drill pipe inspection as the pipe history is
likely to be available from periodic inspections.

Calibration of array data found that a circumferential tolerance of +1 detector diameters
resulted in a defect depth measurement error of less than 6% wall thickness, the
implication being that a relatively sparse circumferential array of at least 56 evenly
spaced detectors is required to inspect 500mm ID drill pipe. However, as background
subtraction was found highly sensitive to axial position errors; the axial position was
required to be accurate to within +£0.25 detector diameters. In practise this was achievable
in software by translation of the recorded signal relative to a background signal using

cross-correlation.

Repeated depth tests showed that the peak-to-peak amplitude — defect depth relationship
was highly repeatable for at least 60% of the wall thickness, where the lower limit was
defined by the smallest detectable defect (defined in terms of variance shown in the peak-
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to-peak values), and the upper limit was imposed to exclude signal distortion (necessary
for fitting accuracy). This enabled calibration of this region.

RFEC signal amplitude was shown to be highly sensitive to defect aspect ratio,
amounting to a flaw depth error of approximately 30% wall thickness. It was shown that
although accurate 2c measurement is less critical than the accuracy of a; 2c derives
indirect value in determining the defect aspect ratio (a/2c), and thereby validating the

defect depth measurement.

A novel approach was developed for the simulation of circumferential defects in
- ferromagnetic pipe wall. The advantage of the method was that, unlike machined defects,
defect width could be reversibly adjusted and set to zero (Section 6.2.2). Three defect

conditions were measured:

(1) Zero-width (w = 0),
(2) Widths greater than zero (w = 0),

(3) and a special ‘no defect’ case

RFEC measurements of (1) and (2) were 100% separable from (3), suggesting that
circumferential zero-width defects in ferromagnetic pipes were able to produce

measureable signals distinct from these associated background/‘no defect’ signals.

Comparison of these results to ‘real’ embedded defects (saw-cuts) of equivalent depth
(50%), various widths, and measured under the same static conditions showed a close
correlation. Although the error resulting from movement of the external bar to simulate a
‘no defect’ signal was a factor in these results, it concluded that circumferential
embedded zero-width defects that are similar to fatigue cracks (by the equivalence
mentioned above) are likely to be detectable with this NDT system.

A notable result of this finding is that it is generally not in agreement with similar FEA
simulations (only in agreement with field results). Therefore the assumptions of this
defect simulation method and the boundary conditions of the FEA simulations should be
examined. This is discussed further in the final section.
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8.2 Future Work

This section contains two sections:

o Future research — aspects of this research that require clarification or further
development.

¢ RFEC drill pipe implementation — recommendations for the final drill pipe probe
design based on the findings in this project.

8.2.1 Future Research

The amplitude of fatigue cracks simulated in this section suggests that true fatigue cracks
present measurable amplitudes. This result should be validated with inspection results of
real fatigue cracks. As wall thickness is considerably thicker than was tested in this
project, and as the thick walled pipe fatigue crack simulation was inconclusive in this
study, the fatigue cracks should also be tested in realistic pipe proportions (but with

correctly sized exciters — fill factors of at least 75%).

Any measurements taken with an RFEC tool are only as accurate as the calibration
method with which it is partnered. The NDT system developed in this thesis was
calibrated to a family of defects of constant width, shape and circumferential position,
.and only used a single input - the peak-to-peak amplitude (Apx—pi) - to determine defect
depth (a):

a=f (Apk—pk)

As this was found to be vulnerable to certain of the parameters which were held constant
(particularly crack area — discussed in terms of aspect ratio), future calibration schemes
should include inputs from multiple detectors of circumferential positions (y), and should
be defined in terms of both amplitude (A,x-px) and phase (@), in order to account for the
aspect ratio (a/2c¢) and its adverse affects on depth measurements:

(a,2¢c) = f(Apk-pko ®,y)

Such a calibration methodology requires a comprehensive study of RFEC defect signal
responses from defects of various widths and aspect ratios, such a study should follow the
methodology of Rambocus and Tait [97]. If it is shown that defect signals are of the same
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highly repeatable shape as appearing in this study, cross-correlation methods could be
implemented in placement of the peak-to-peak amplitude signal descriptor used in this
thesis, see the work of Bowen and Dadi¢ [104,105].

The calibration system in this study was limited to calibrating defect depths throughout
60% of the wall thickness. This due to first detection taking place at 15% wall thickness
and signal distortion beyond 75% wall thickness. This region could be increased by also
including the distorted signals typical of defects close to breaching the pipe wall.

It is worth mentioning that the comparison of PEC and RFEC methods at the outset was
based on the earlier work which seldom provided data relating to the power specifications
of the eddy current tests. For a more accurate comparison of the PEC and RFEC methods,
the following parameters should be accounted for:

¢  The time duration permitted to observe the target,
o The total energy permitted to stimulate the material during this time, i.e. exciter

power,

e The bandwidth of both instruments.

If these parameters are equal in both tests, the limitations of the sensitivity of the

hardware are likely to play an increasingly dominant role in this comparison.

8.2.2 RFEC Drill Pipe Implementation

An important aspect of drill pipe implementation of RFEC is increasing probe speed. Two
methods to achieve this were discussed: saturation, and implementation with multiple
axial detector stages. As the focus of this thesis was to improve the repeatability of these
results and as full saturation is seldom achieved experimentally [34], the use of multiple
axial detector stages is well suited to the requirements of drill pipe implementation with
RFEC [101]. However, as the double detector configuration is required to account for the
data loss caused by flanges (Figure 3.6), each additional detector stage installed must be
mirrored at the second detector array. Fewer stages may be needed if the field strength is
sufficient in the remote field zone to provide high signal-to-noise ratios. It is possible to
increase field strengths in this case by increasing the attenuation of the direct field. This
can be achieved with nonferrous conductive disks perpendicular to the pipe axis as shown
in Figure 8.1 [106].
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It is worth mentioning that although seawater is conductive (4.8S/m), the conductivity ol
ferrous pipe is orders of magnitude greater (approximately 10'S/m). Therefore RFEC
inspection of latigue cracks in offshore structurcs is not cxpected to be significantly

affected by conductivily across the crack width.

Master sensar ring Dl col| Slave processing
electronics

Power Unit Master processing Shield Shield Slave sansar ring
electronics

Figure 8.1 RFEC prototype with shiglding (Robinson [ 106T)

Improved signal quality was achieved in this project by implementing the signal post-
processing offfine™. The advantage is that by storing ‘raw’ delector and reference
waveforms, the data may be recursively processed, facilitating optimisation of the various
post-processing  parametcrs (time constant, smoothing parameter) without data loss.
However, as the probe operates over a long distance, this system should be implemented
int parallcl with real-time processing and vicewing of the inspection data, The value of both
online and offline processing operating in parallel is that defects missed during real-time
inspection can be iteratively searched for with a range of posi-processing parameters post

inspection,

And {inally, as several of the final probe design parameters depend on accurate positional
feedback and constant velocity data, a separate tractor module should attach to the probe
dedicated to performing these functions. Ilowever, such a device is likely to create
clectromagnetic interference as a resull of on board AC motors and their proximity to the

sensitive RFEC pre-amplification circuitry. Therefore such a module should either be

™ This wus 1o avoid the time lag ftom data handling in Matlab as this tended to result in a significant loss of
data {Section 4.4.2}.
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rigorously electromagnetically insulated or powered hydraulically. It is possible that an
inline tractor might be made redundant as the repeating flanges appear as distinct features
in the probe signal and may therefore prove useful as waypoints for digital realignment’,

similar to the system used in this project to resolve mechanical hysteresis issues.

71 ocal feature recognition is also possible due to the characterful and repeatable pipe background signal.
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APPENDIX A: TESTING FERROMAGNETIC
MATERIALS WITH RFEC

A-1 Magnetic Saturation for RFEC Inspection

As the majority of field attenuation occurs at the exciter and the detector. the use of
saturation and low Irequencies are often applied 1o improve the amplitude of the detector
feld and therefore increase probe [requency and scanning speed. One does nol need 1o
saturate the whole pipe between the exciter and the detcctor, only localised saturated

“windows® at the exciter and detector as shown in [34,79].

SI-MAL CADLES ENZRGY FLOW 2ATH

BETEESTOR COIL

o
EXGITER QOIL | —Ter suppmaT—

R
WAGHETIEALLY SATURATED WIMDOWS

Lus DRAIYE ACD

Schematic of a RFEC tool showing saturated ‘windows’ (klack) at the exciter and detector. For simplicity,
the permanent magnets and yobes used o saturate the pipe wall are omited (Atherton and Toal [34])

The high permeability region material between the exciter and the detector is
advantageous as it tends to guide the field toward the outer pipe surface, reducing
attenuation in the axial direction [34,83], Though most atlempts did not achieve full
saturation experimentally [23,34,79,83], a study by Cheong [23] showed that more than
double the nominal probe speed is often achievable throngh saturation ol the
ferromagnetic pipe wall. It was unclear whether these results were with saturation at both

the exciter and the detector: this was assumed 1o be the case.
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[1 15 however important Lo note that saturation at the detector was in general found noet to

improve detection of circumferential defects”™ [34].

It is interesting to note that circumferentislly onented slits are highly detectable m
{ferromagnetic pipes, but axial defects arc signtficantly less so. Also that RIEC
detectability 1s hikely 1o decrease as defect volume tends fo zero. Investigation of this

critical limutation 15 covered in the following section.

A-2 RFEC Field Components and Anomalous Source Models

This section teviews two models 1o assist with the undersianding of the electromagnetic
ficld intcractions with defects in ferromagnetic pipe. The magnetic field in the remote
field zone 1s predominantly axial; theretore eddy currents tend to forin in circumterential
currertl hoops inside the pipe wall in thus region [48)]. The axial magnetic leld and
circumierentially {lowing eddy currenls form the basis {or understanding the RFEC
sensitivity to planar defects of various oricntations. Axially oriented planar detfects tend te
block circumlerentially flowing eddy currents, and circumiferential planar defects tend to
block the axial magnetic fleld. As circumferentially oriented defects are detected by
magnelic interactions, it 18 related 1o defeet volume and the magnelic permeability of the
material. Note that as a resull. RFEC 1s most sensitive lo circumlerential delects in

ferromagnetic pipe material. Conversely, the tendency for circumdfcrential eddy currents

™ Despite this, the detectability of adjacent cracks was noted w improve due (o the field lines clinging to
tha surfaces of the defect when testing in high permeability muaterials |85].
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to interact with axially oriented defects implies that axial defects are best detected in non-

ferrous matenals [48].

These two mechanisms for defect detection can be described as the anomalous
eleclromagmetic sources shown by phasor vector subtraction of the defect {b) and defcct

Iree {a) electncal and magnetic (eld patterns [54].

Eddy current filaments in a defect free pipe wall (a), showing hlament interaction with an axial siit (b) and
the anomalows itlustration genersted from the defeet and defect free cases (¢} (Atherton (48)])

These models scparately consider the magnetic and clectric field imteractions as described
above. The first interaction considered here the model for non-ferromagnetic materials.
This anomalous model recognizes that circumfcrential eddy current intcractions
dominate. Therefore planar defects must have some axial component to be described by
this model. The perturbation of the electric lield i1s described by decomposing the cddy
current flowing around the crack face into a component diveried beneath the non-
penetrating slit (a) and a surface component which ends o form current whorls as 1t is

diveried around the edges of the erack (b) [34].
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Note that sources are decomposcd into (a) cddy currents which dive bencath a non-
penetraiing siit (seleneidal current source) and (1) eddy currents diverted arcund the ends

of the slit {current whorls).

In ferromagnetic pipes, the axial magnetic hield 18 magnified such that RFEC ingpections
arc more sensitive to circumferentially oricnted planar defocts. ‘The same process of
phasor vector sublraction may be applied to the axial magnetic fields in the pipe wall, that
is, the background magnetic field (a) is subiracted from the defect case (b) {0 preduce the

anomalous magnetic source (c) shown below:

132



a} Background

-
H
-

B Deleo Case

elipe-

o} Anomalous

Radial T ..

Circwnferential

Anomalons missing magnetization detect source (midified from Ref. [54])

Field patterns are formed by subtraction of (a) the unperturhed background H-[ield in the

sleel pipe wall from (b} the 11-field in the vicinity of an orthogonal slit.

The difference gives a resultani AC magnelic lield in the opposile sense of the applied
remote field; called the anomalous magnetic source |48]. This model accounts for the
missing magnetic field cnergy lost by the missing ferromagnehe material and the

resulting magnetic reluctance [54].

This suggcsts that, in ferromagnetic pipes, the detect signal is predominantly due to the
missing magnetization caused by a defect [34]. For this reason, as the magnetic
refuctance’™ of the air-gap tends to zero or the pipe becomes non-ferromagnetic {e.g. due
to magnetic saturation), defeet responses are likely to beeome vanishingly small such that

circumferential fatigue cracks should become undetectable [48,81.85].

" A scalar quantity analogous (o electrical resistance; magnetic flux tends to follow the path of [east
reluctanee. The reluctance of a slit defect is defined as tending to zerir as the width of the air gap tends to
ZETO,
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APPENDIX B: EMAIL CORRESPONDENCE

Emails are listed by institution below:

(1) Russeliteeh NDE

Ankit Vajpayee <avaipayee@russelltech.com=
T matthew moltenc <matmeltensi@gmal.com=

Cear hiats

| very wel understand wour projest and have attached a soreen capture
fogr you,

This i= data fram a boiler fube (2,57 diameten) “wrich had thermal
fafigue cracking. 't s detected using an externai RFEC joo

| ik keep an eye an any develzpment and information pertaining to youyr
procect ard il irfortm you secordings.

Gooad k!
Anait
Woanecsed et i)

Thermal fatigle sample and signals JPG
170K
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Ankit Vajpayee <avajpayee@russalitach. com= 2 May 2011 23:43

To: matthew molbeno ~mattmolfeno@gmail com=
Helz katt.
Feagse farcive the ateness in reply,

My comments in RED below.

Best ragards,

Ankit

-—-—-Origiral Message-----

From: matthew moiteno [maitto: matmolensi@amait. cor)
Sent: April-27-13 806 AM

To: Ankill Vajpayes

Subiect: Re Masters Advice from South Afrca

Dear Ankit.
Thanks again for your advice, & has been a great help in putting together my methodology.

Wolkd you mind if | ask a few guestions that occured to me since ther? do groblems.

fAr Alherton sugoested that | buy a standard BFT 1ooi from Russeiltech fo perform my' tests (if ezems ke the
best topl foi this is the 28" See Snake Tool), but I'm coneerned that this wil be too expensive on my funding.
Could you possibly send me your ballpark estimate of what the total costs wod be for equipment and shipping
In South Afriga? 287, See Snake woikd be over quarter millian doltars + shipping + dutigs. Moreover we do not
seli these tacls BUT only provide serdces.

COne more thing. rereading your amall with the crcumferential fatgue crack picture, | naticed that you mentiomed
that an external RFEC togl did the detection. Flease excuse my ignorarce, but what is the difference beteeen
zxlernal and irefine tools i erms of probahility of detecticon and their sensitivity. | ask because my pioject
specification is very clear that | should detec! these cracks Siom inside the poe. Vou are Tight that Remete Fiald
5 egualy seneiiive 10 both 1D GO defects so we can detest these fatigue cracks fram ingsde, BLIT b bojiar «waler
wall tubes fromewhere | sant you the sereen shot) there iz ne internal access for the tool'orabe so the
imspettion vas done externally.

Thank you very much for your $me and help. vou are waicome.

[ s 1es Fiddenr]
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{2)Queens University — Circumferential fatigue crack studies

Fmal below is in response a query regarding to the detectability of circumierential

fatigue cracks in ferromagnetic steel pipes using the RFEC method.

David Atherten <dlaghphysics queensy. ca>» 1 April 2011 20:22
To: matthesr moltehe <mattmeitenc Gy mail camy

Dear Matthe..

! think that yolt showd be making tests.

RFEC is the best approach for extarnal clreunferential cracks in stes] pipes.

Many pagple are oo used to thinking Just of eddy currents arw fail 1o uncerstarel that magnetic fluxes are
generally the dominant affect in skeel pipss and that cireurmferantial eracks will therefore generatly respond

betier thar awal cracks. Of course if any cracks terd to zero responses tend to zere, especislly from the far

side, We did show that SCC was detectabilz in the laberatory but we cerfainly also shawed that it requirad very
skilifid ~vork {and alzo that i is difficult fo make sarmples for testingl).

So ! wrge you to start making st and honing your experimenta! skiliz,

Best wishes,

Deanad Athwerton

(3) Queens University — On fatiguc crack simulation

The correspondence below suggests that no explicit equivalence study was performed in

conncetinn with Atherton’s defect simulations using external metal targets containing
defects.



Mzt Molteno <mattmolteno@gmail.com= 3 January 2012 11:38
To: David Atherton <OLARphysics queensu cax

Dear Mr Atherton,

Thank you for your comespondence last year, you have beedn very
hetpful to my NOT research hers in Caps Town

Flease could you advuse me on ane mora thing: | am trying to find a
wistification for the method you used fo simuiale defects in your
paper nvestigations of the remote feld eddy current tachnigue in
large diameter pipehne '

You placed metal bar containing a defect on the pipe extenor which
enabled you to test different defect crientalions simply by turning

thy extranegus metal defect. This makas sense to me gven the strong
axipl field in RFEC, but is this method based an any previous work? |
am unabte to find any explicit sludy showing an egquivalénca to
embedded defects.

Kind Regards.

David Atherton =dla@physics.queensie.caz 2 Febroary 2012 79:59
Ta Matt Moltena <mattmoltenc@gmait coms

Dear Matt.
gy glad that your woek is gong well
We often uged metal targets on the oulside of stee| pipes, generally as preliminary sensitnity tesls as
precigion machining ts then so much simpler We used pits a8 well ag slits but rormally these were just blanks |
do rot remambaer publishing much on this bacauze we were, of Course. much more interested in natural pbjects
such ae suppert plates . circunderetial windings sie
Bles! wishes

Cawnd Atherton

138



APPENDIX C: CIRCUIT DIAGRAMS
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C-1 RFEC Probe Circuit Diagram

Circuit diagram showing connections, components and apparatus of the RFEC system
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C-2 Power distribution circuit

"~"""""""""""'"'""'""'"'""""'"""“-"""""""""""": Notes

E L :

' "‘D e T P, ! 1. Frequency {(and motor

: - BG12 : speed) was settable at
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APPENDIX D: MATLAB CODE

D-1 Data Acquisition Script File

This file sets up the inputs of the DAQ device and commences data acquisition at the
maximum allowable sampling rate. Note that the inputs were set to differential mode to
improve waveform accuracy, see the datasheet for the ni-DAQ 6008 device.

%Set up DAQ

dagreset

ai = analoginput('nidaq','Dev1');
set(ai,'InputType',' Differential');

%set time taken for test (calculated from probe speed: 8.1mm/s)
timer=input('time taken for test: ');

chan=addchannel(ai, 0:2); %detector signal, ref and position voltage
sr=3333;
spt=sr*timer; %=samples per second X total amount of time (takes 1 second/16000 samples)

ai.SampleRate = sr; %corresponds to half of this
ai.SamplesPerTrigger = spt;

ai.Channel.InputRange = [-10 10];
ai.Channel.UnitsRange = [-10 10];
tic;

start(ai);

wait(ai,timer*1.2);

datal = getdata(ai);

stop(ai)

beep

time=toc;

%Save All Inspection Details
details=[sr,spt.time};
details2=get(ai);

name=input(‘type name of run: ','s");
save(name,'datal’);
name=[name,’_details'];
save(name,'details');
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name=[name,'2'];
save(name,'details2');

D-2 Demodulation Script File

Note that ‘scb’ is the name of the dataset stored in the ‘save’ operation ending the previous

routine.

load scb
srp=datal; %sig ref pos
[n,d]=size(datal),
stp(:,[1,2])=srp(:,[1,2])-ones(n,1)*mean(stp(;,[1,2])); Yosubtract the DC offset
ints=274.7; %intervals (length pipe, 2747
% %lIf scaling of the position data is needed (change in pulley size/offset position):
% stp(:,3)=srp(:,3)-min(srp(:,3));
% srp(:,3)=(srp(:,3)/range(srp(:,3)))*2.548;
% inc=range(srp(:,3))/p;
N=0.01;
N=round(n*N); %number of zeros (n is observations) \
sn=floor(n/ints); %samples in each packet (number of samples/number of intervals = sub_n)
app={];
for i=1:floor(ints) %number of intervals
pac=srp((i-1)*sn+1:i*sn,:);
fs=fft(pac(:,1),N); %Fourier output Signal
fr=fft(pac(:,2),N);
c=round(N/2);
fs1=fs(1:c); %neglect the second half of Fourier transform
fr1=fr(1:c);
[a,b]=max(abs(fr1)); %find the maximum frequency using the reference data
h=fs1(b)/fr(b);
amp=abs(h); %scaled to give accurate (Vout/Vin)
pha=angle(h)*(180/pi); %scaled to give degrees
pos=mean(pac(:,3));
app(i,:)=[amp pha pos];
end

name=input('type name app file: ','s");

save(name,'app’);

C=198.9422; %scale the potentiometer data to millimetres
m=min(app(:,3))*C;

%Plot data

hold on

subplot(2,1,1),plot(app(:,3)*C-m,app(:,1),’k.");
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xlabel('Distance (mm)')

ylabel(' Amplitude Vout/Vin')

hold on
subplot(2,1,2),plot(app(:,3)*C-m,app(:,2),'’k.")
xlabel('Distance (mm)')

ylabel("Phase (degrees)")

hold off

D-3 Background Subtraction Function M-File

The code below performs regression on the the independent variable (X) and the dependant
variable (t), and outputs interpolated values for t at new independent values Q. Sigma is the
width of the Gaussian shape functions used to approximate the function t(X) and y is the un-
subtracted ‘new’ signal associated with the Q values.

function [t2,y2,Q2]=gmnNDT(Xt,Q,y,sigma)
% %turns X and t into a function so we can get the new y values for points

% determined by Q
%This ensures that the domain of Q is defined by X.
mt=mean(t);
t=t-mt;
chop=(Q>=min(X))&(Q<=max(X));
Q2=Q(chop,:);
y2=y(chop,:);
%(Q.X)
%GRNN
D2=dist2(Q2,X); %Computes the distance matrix
K=exp(-D2/((2*sigma)"2)); %Elementwise evaluation of the gaussian function on D2.
norm=sum(K,2); %The required normalisation factor

t2=K*t./(norm+(norm==0)); %predict new t values using target weighted kernel activations,
% norm==0 prevents division by zero.
t2=t2+mt; %Add the mean to the predicted outputs.

The code below was written by John Greene, Electrical Engineering, University of Cape
Town. and enables fast operation of the GRNN code above.

function D2 = dist2(A,B)

[na,d] = size(A);

[nb,d] = size(B);
D2=(ones(nb,1)*sum((A.*2)',1))+ones(na,1)*sum((B.~2)",1)-2.*(A*(B"));
%this last expression exploits the identity (x-q)"2 =x"2 - q"2 - 2*x*q ...
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D-4 Digital realignment using GRNN cross-correlation

Upper and lower limits are chosen by the user to be a section away from the viscinity of the

defect so that the fit only uses the repeatable component of the signal (i.e. the background
signal).

function [fit,a,b}]=grnnFIT2(a,b,sigma,lowlim,uplim) % This function moves b onto a

%bites out the data range defined by the limits above
a=a((a(:,3)>lowlim)&(a(:,3)<uplim),:);
b=b((b(:,3)>lowlim)&(b(:,3)<uplim),:);

%subtracts the mean to be added on at the end
am=[ones(length(a),1)*mean(a(;,1:2)),zeros(length(a),1)];
bm=[ones(length(b),1)* mean(b(:,1:2)),zeros(length(b),1)];
a=a-am;

b=b-bm;

res=0;

store=(];

for bo=[5,0.5,0.05,0.005] %covers arange of 1 and 0.1
store=[];

for i=res+linspace(-bo,bo,10)
bb=b;
bb(:,3)=bb(:,3)+i; %not sure wich one :p
c=grnnSUB(bb,a,sigma);
sc=sum(sum(abs(c(:,1:2))));

store=[store;[sc,i}];

end

[~,n]=min(store(:,1));

res=store(n(1),2);

end

plot(store(:,1))

~,nj=min(store);

fit=b;

fit(:,3)=fit(:,3)+store(n(1),2);

% figure %uncomment this code to plot realigned data
% plot(a(:,3),a(:,1),’k--");hold on;

% plot(b(:,3),b(:,1),’k:");hold on;

% plot(fit(:,3),fit(:,1),'’ko"); % is the target function

% hold off;
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APPENDIX E: STRIP CHART ANALYSIS

E-1 Absolute and Differential Mode Results

This section presents results rom the RFEC probe with its deteclor in absolute and
diflferential made, tor a briel comparison ol these results, The mnomaly used was a small

medal nut (M3} placed at 1291 from the ‘start” position (shown in the schematic below).
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it was concluded that although the differential defect signul was arguably more pronounced,
the variance in this signal component was presumably a result of mechanical noise, Therefore

absolute mode was chosen (or pilot study results.
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E-2 Background subtraction

The results helow show the same superimposed strip chart results shown in Figure 3.3 bul
also show the superimposed results of the rest of the pipe inspection. This shows thal the only

anomaly between these results is the defect signal.
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E-3 Signal Interpretation

This section investigates the most suitable descriptive parameter (descriptor) with which to
calibrate the RFEC probe to defect depth. It is therefore firstly necessary to characterise
typical amplitude and phase defect signatures, mainly from Figure 5.7 and Figure 5.8. The
amplitude component of the defect signal resembles a single period of a sinusoid (sin(x))
such that the true defect location is approximately at the ‘x-crossing’ (0:x:2x ; sin(x)). The
phase component defect response is a sharp, double peaked decrease from the zero-position”.

In the presence of a defect, the amplitude components peak-to-peak amplitude increases
while the area enclosed by the phase component and the background signal increases.
Therefore the peak-to-peak and root-mean-square (RMS) signal descriptors were defined to
assist in the interpretation of these signals:

o The peak-to-peak signal descriptor is defined as the difference between the maximum
and minimum data points of the defect signal.
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e The RMS descriptor is defined by the standard RMS formula for a discrete valued

series over a defined region.

" Note that the zero phase representation is a result of background signal subtraction, the true remote field zone
is characterized by a relatively constant non-zero phase (Figure 3.3).
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The defect region was chosen by inspection of the influence of the largest defect signal (3mm
deep saw-cut) as shown in the Figure above. Note that larger signals resulted from through
thickness defects, but as these were not included in the study due to severe distortion in these
signals. The inspection data used in Section 5.4 was evaluated with each descriptor. Thus 10
peak-to-peak and RMS values are associated with each signal depth. These are plotted
against defect depth in the figure below. Again, 95% confidence intervals are shown to define
the scatter of the data.
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Peak-to-peak and RMS defined signal parameters as functions of depth, note that amplitude
(amplitude factor — top) and phase (phase factor — bottom) were evaluated separately.
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The descriptors (peak-to-peak and RMS) and signal components (amplitude and phase) are
represented in the grid plot above. Two criteria are required for successful inversion, a large
invertible (monotonically increasing) region, and small variability within this region (tight
confidence bands). The peak-to-peak descriptor and the amplitude component of the defect
signals were chosen as the best combination for the calibration in this study. Note that
although other descriptors and the phase component may be combined with cross-correlation
of a set of stored signal shapes to improve these calibration results, this was considered
beyond the scope of this project.
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APPENDIX F: GRAPH OF PREDICTED SLIT PROFILES
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F-1 Predicted Slit Profiles
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The figure above shows calibrated measurements (dotted lines) of the defect signals detected at all circumferential positions and measuring a
series of straight fronted defects (shown by solid lines) at depths of 1mm, 2mm and 3mm. The measurements calibrated at each circumferential
position were interpolated with 2™ order polynomials. Note that the calibrated depth at +14.5° are close to the maximum depth measurement,

making the error from small circumferential variations small, while detectors further away still receive defect signals due to the significant
circumferential spread of the defect signal.

157



158





