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® Universal Trap
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Crack parallel to eddy
cuments - not detected

Crack interrupts eddy
currents - detected

crack parallel to eddy currents - not detected
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Eddy Current
Strength
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TABLE 1 -5 5"
CONDITIONS OF ANALYSIS AND EXPERIMENT
Exciting coil 1kHz, 1A(rms), 30tunsXx2 Saltch il * *rnees ARRN Y AN
Steel $8400, 0 =7.51 X 10° S/m (70 turns)™
Nodes and element: 88095, 83232 - N
Convergence N-R  method 0.0IT _]é-m 10 45
criterion ICCG method 1.0x107 g Gy v\
CPU time 6.85 hours/Istep, (o method: 3.54 hours) g WA }(» i e
VT-AlphaSU-600MHz & -3 30
s v é/ - 1R 40
. . &g v J 1 95 95
TABLE I b !
NUMERICAL DaTa oF B-H CURVE (SS400) = ,
B(T) H(A/m) wus B(T) H{A/m) us B(T) H(A/m) us z
0 0 0 0.80 230 2768 1.60 1310 972 | .
005 101 394 050 249 2876 165 2120 619 crack (width 0.02mm, depth 1mm,
0.10 138 577 1.00 267 2980 1.70 3490 388 X plate (55400) length 100mm)
020 162 982 110 295 2967 175 5490 254 )
030 177 1349 1.20 324 2947 1.80 8470 169 (nnit: Ganes)
040 190 1675 130 384 2694 1.88 13200 113 _
0.50 199 1999 140 476 2341 1.94 18000 86 F
060 208 229 1.50 676 1766
070 218 2555 1.55 884 1395
B measured
27 O calculated
1.5 7
4
- <
[
& 1 8
0.5
0 1 I ! I 1 crack (Cw=0.5mm)
0 2000 4000 6000 8000 10000 position of search coil D [mm]
H[A/m]
Fig. 4. Change of B= by search coil position D (C'w = 0.5 mm, €1 = 100
B-H , - mm).
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Fig. 5. Companson of flux distributions at linear and nonlinear analyses
(Cw = 002 mm, I = 1 A(rms)). (a) Linear analysis (gs = 3000,
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| B max = 1.69T].
b e g (o LT jo (sd Lo 95 awlie £V-F S
o e BT o g can Ll 1) 055 Jlade pesSle S L a5 Sy 0t=0 o a3 JGT o
21.2T Lo J&> ot 5JGT 5o .l oo ools lis (2.25 cycles) cyuilo 0,90 Y,YO 5l al YO 50 azs

55 yeke Jutwl o SLbI o L das e S JBT o (K0 Bk ol e hd> e Jlade ol 4 el

el o.))ﬁi Cowdy L)”’j) 99 -E.wy Oo.\A).j o)‘J.J T o J?‘.) )Q‘) |BZ|)L~J ‘_Ali> Y- JS..» 39

20
P non-linear
18- (calculated)
W L —
E = r—
S, 16- .
w ‘\\\
=} lisiear measured
149 (calculated)
12 T T T

o 5000 10000 15000 20000
relative permeability

Fig. 6. Comparison of linear and nonlinear analyses (C'w = 0.5 mm, C1 =

100 mm, D = 1 mm).
bt 5 b3 Sojlll o pucblits e adlge aunlis FY-F

\N”’ u)sg AW 00)5] ()“l—\“ Jiw )b 45 B-H )"“9"“ 4.: 4.‘>5.a l; LS)""M"‘}‘L’ g.,u)..a )L,\.Q.A M)SLQ
009y Sl el (28ly e Jlade G aS A e dgas Ul 3u3g85 aslie el S 8L jelate 4y 0l o



(113 , |
A0 S ddien (60388 oo as pJUT o iams e las Y ol e pee YU e U]
Steel goas jo L B> canl oals ools las £V-F G 0 a5 jshailen 0ad oo Cael (p] 09 c0 4285
e g U o s il 1y 85 0 B a3l 5 3 ol o] o sl (6o ol S 5

U1 a5 i) oo am ol 0 1) Lol ol Tio0 95250 (283 Lo )0 (655 iz ek (600004
Al oo s ol o onuny ol o sl sl Yl pgY a2

S5 Bt 3 s Sl TN

(search  Sexins gu pow bawg a5 |, Bzmax L J&> ey Sl 55, 1, Cl Job 306 #Y-F S
Ao oo lid (el a5 o3lail coil)

measured

calculated

Bzmax [Gauss]
=3

T T T 1
0 20 40 60 80 100
crack length Cl [mm]
Fig. 7.  Effect of crack length €l on Bz (Cw = 0.02 mm, D = 1 mm).

Lo Ghae S5 Job 3l £Y-F
Cewl 0l (5,25 ojlwil(search coil) S oxivns g e Lawg a5 1, ald g0 51 polie 51 (SG Bamax
g oo olg.)‘ Cl u**")s‘ LBz LTy ul“’ Dé%*éaﬂ P L

e 3 oad 655 ol polie am3e oLis Bamax 55y (S5 o2ye) CW 3l SF-F S

!

(=
(r
I

[
=
1

—
4l
L

measured  calculated

_.
2

Bzmax[Gauss]

A
1

0d : : : ;
0 0.5 1 1.5 2

crack width Cw [mm]
Fig. 8. Effect of crack width C'w on Bz (C1 = 100 mm, D = 1 mm).

selolise oo 51 Z adlge 5 S5 e W30 FF-F SS

o8l HLSU Bz il o o ,oV,0 0905 )0 00l dwlons g(adais 90 0) 00l (6,5 o3l oy Dglis
ool Cw g Jwlidl L Bz e o oo CW=0.1mm sg0> jo ald o5lasl ol 5 b oo iul38l Cw
ol 3 BV Jbls 4y conl ald ale a5 ol jalls 5 )b ol Ll oo



(114 , |
Sy B,k las cal sl s cde a4yl g b oo (i3858 Bz Wb e jioli8l SWil Cw o as Sl
S grablise Saaglie s oo Gl Bl 0y CW oS Sloj 05800 65 o3l Sz g oo Loy

Al oo salS Cw 5l 0, 0 BZ aseil o g o0

S 90 (S8 Hd (Fedd L s, FIe-F

90 (L) alols .ol ouds ools )Las PO-FUSS Lawgd S5 SO L g0 (o3 jo guid )Lh a8 9,8,
<l 0.2mm S

(a) (b

(b) Sypgg (S S ELbl o suis )l L) S £O-F IS

Sl JBs (a)F0-F S0 dgh sed 00ls adkid Bz a9 L S5 g0 ol L=02mm oS lej
(b)FO-F I sl 55550 S5 G (o5 ,0 Bz 5l (S5 g0 Cusdse 10 By aws o lis 1) Lawgie
Ly oS oo oboul S5 SO L aslin o S5 g0 jea> jo |, Szl (Jaowl 2o jo )Ls a5 WS o asrin
Sl Loalols ) 1555 alolid g pe Sogm a8 51095 00 155 S5 90 b el 5o Joles Canslite
D g0 glwlid ol Imm b L=0.2mm 45" Jbey S5 90 &je0 ol jo

807 one crack
= 407
o
=0
I x[mm]
-40
-8 T one crack
L=0.2 }two cracks
~—F 121

Fig. 10. Distribution of Bz (C'w = 0.02 mm).
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[Calculate velocity induced current density ( jo).- ]

v

> Using (- J; )i to define SCC nodes
Calculate the perturbation current (Jp )i

L. J

, v ,

Using total current ( ]=ju+jp )i
calculate the fields ( B,, B,, B,)i
calculate: (¢,); =B, -ds )

Fig. 4. The three step procedure
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Fig. 9. Induced voltage measured at different circumferential coil positions
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INIFUM THICKNESS = 3.8 mm J
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Effect of Velocity on Applied Fields

Increasing the velocity
of a tool reduces the
applied field strength by
inducing eddy currents
near the pole pieces.
The effects of eddy
currents can be
significant if they reduce
a high or medium
applied field strength to
a low field strength. The

calculated finite-
element effects of
velocity on the

tangential component of
the applied field level in
a pipe wall with no
metal loss are shown at
right.

For the static case, the
tangential component of
the magnetic field is
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fairly uniform between the pole pieces. For the 10-mph case, the magnetic field
in the pipe drops 10 percent. So, the applied field is reduced, which affects

detection and characterization.

Since the applied field in the pipe is reduced by velocity, the air-coupled field
typically increases. The air-coupled field affects the base signal measured in
regions of no metal loss. As a result, the ratio of the leakage signal to the base
signal should decrease, which can make detection of imperfections and small

defects more difficult.




Basic Effects of Remanent Magnetization

Remanent magnetization is the magnetization level left after a tool passes.
Remanent magnetization can either increase or decrease the applied field, and
so, it influences the detection and characterization of metal-loss regions.

Pipeline steels exhibit a hysteresis effect when magnetized; specifically, when
the applied field is removed, a flux density is left in the pipe. When the
magnetic field is reapplied, the magnetization curve starts at an applied
magnetic field equal to zero and a flux density equal to the remanent flux
density. Hence, a new magnetization curve is generated. In other words,
magnetization curves are not only nonlinear, they are also different for

repeated magnetizations.
|
sensor Poskion > m

Remanert Magnetization
r

Magnetic Flux Density B

o
Magnetic Field Strength H

Sen=or Position —'r

Remanent magnetization and the resultant magnetization curves are complex.
The figure schematically shows the magnetic field and flux density for a
magnetizer passing a point in the pipe. The magnetization curve starts at the
origin, which means the pipe has no previous magnetic inspections or that it
has been demagnetized. The curve moves through the following points:



Position A: As the magnetizing assembly approaches, a negative magnetic field and
flux density are produced due to air-coupled fields.

Position B: As the forward leg of the magnet passes the sensor location, the applied
field changes orientation and increases significantly.

Position C: The maximum field intensity is achieved when the sensor is between the
pole pieces, although not necessarily at the halfway point.

Position D: As the trailing leg of the magnet passes the sensor location, the field
decreases significantly and changes orientation.

Position E: The applied field reaches a maximum negative value before the
magnetizing assembly leaves the sensor region.

Position F: The applied field now is zero but some flux density remains in the pipe.
This remaining flux density is the remanent magnetization.
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The effects of multiple passes on the applied field can be seen in the above
figure. These data are from a measurement program using an instrumented
pipe without metal-loss regions. Subsequent passages of a magnetizing
assembly created different magnetization curves.

Two important changes can be observed. First, the maximum field and flux
density are less for each passage. Second, the remanent magnetization
changes between each passage. These effects become less significant after
the first few passages. For this case, even though the magnetization levels
varied widely, the applied flux density levels in pipe did not vary significantly
because the pipe wall was saturated.
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For lower applied field levels, the effect on flux density is greater. The above
figure schematically illustrates these effects. For tools that operate at low or
medium magnetization levels,

significant.

remanent magnetization effects can be
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Sensor Type

Two sensor types, induction coils and magnetic field sensors, are commonly
used to measure the magnetic field or flux density.

FIELD SEMSOR COIL SEMSOR
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Induction Coils.

The most commonly used type of sensor on MFL tools is an induction coil.
Induction colils incorporate several turns of fine wire

YVoltage

Q

Fipe Specimen

1
b. Axial {Tangential) Coit. Radial (Normal) Coil

a. Simple Coil

A changing magnetic field induces a voltage across the wire. Coils can have
different orientations, as shown on on the right of the above figure; each



orientation measures only one component of the magnetic field. Coils can take
on many shapes and sizes and have many subtleties and strategies that
enhance the performance in one way or another.

The output voltage V across the ends of the coil moving through a magnetic
field is time rate of change of magnetic flux density B across the coil. Coils
have an aperture or area equal to A. (Note the direction of A is defined by its
normal vector.) So, the output voltage of a coil can be written as:

V =d(BeA)/ dt

Coils are sensitive only to the flux that is perpendicular to their apertures. (To
obtain the perpendicular component, the dot product () is used between B and
A). The flux density is constant in a region with no imperfections. Therefore, no
voltage will be induced when no defect is present. When an imperfection
causes flux to leak into the air, a voltage is induced because the flux density is
changing.

The output voltage of an induction coil is directly proportional to tools speed, S,
in the axial direction (dz/dt). So, the output voltage can be written as

V « d(BeA) / dz

where dz is a change on distance along the pipe axis during the measurement.
Therefore, the output voltage of an induction coil is directly proportional to tool
speed, and the tool speed must be known to calculate the actual leakage field
level.. So, accounting for velocity effects with coil sensors is difficult.

Other Coil Configurations. Coil sensors come in many shapes and sizes and
have many subtleties and strategies that enhance performance in one way or
another.
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a. Axial Differential Coil b. Radia Differential Coil

/

¢. Printed Circuit Coil d. Recording Head Sensor

One of the most common strategies in coil design is the use of differential coils
to reduce noise. One coil is placed near the pipe surface where a flux signal
can be detected; this signal includes a certain amount of noise. A second coil
is placed away from the pipe surface, where only noise is detected. By
subtracting the output of the second coil (noise) from the output of the first coil
(signal plus noise), only the flux leakage signal should remain. This subtraction
can be easily performed by winding one coil clockwise and the other coil
counterclockwise and wiring the coils in series. The noise signals never cancel
out completely, but significant noise reductions can be made.

In coil construction, it is difficult to make two coils have the same output
characteristics. But MFL inspection systems have many sensors (10 to 30 in
conventional tools, and nearly 100 in some advanced tools). One method to
fabricate duplicate coils is using printed circuit card technology as shown in
(Item c above). Then each coil will have the same geometry and number of
turns. The design of MFL sensors can benefit from other technologies. For
example, variations of magnetic tape recording heads, (Item d above), can be
used to measure the magnetic fields.

Other Coil Design Considerations. One other design consideration related to
coils is the choice of a core material. The core of a sensor is the region inside
of the wire coils. In some MFL sensors, a solid core is used to change the
sensitivity of the sensor to flux leakage fields. Solid cores are generally more



sensitive to small leakage fields, but as a result, they are also more sensitive to
noise variations.

Hall-Effect Sensors.

Many new MFL inspection systems use a magnetic field sensor. Unlike a coill
sensor, a magnetic field sensor measures directly the magnetic field. The most
common type is a Hall-effect sensor, which directly converts the magnetic field
level to an output voltage. Since field and flux density are related by a constant
in air, the output voltage of a Hall-element is directly proportional to the flux
density.

The figure below shows a Hall-effect sensor. Typical Hall-effect sensors are
relatively small, thin devices that are nominally 0.25 inches square and 0.03

inches thick, although devices exist that are twice as big and five times smaller.
Hall-effect sensors, like coils, measure only one component of a magnetic field.
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Developments in other industries have help the implementation of hall effect
sensors. The most significant improvements are in the area of magnetic field
sensors, with antilock braking system development improving Hall-effect
sensor technology and reducing the price. In the past, Hall-effect sensors were
fragile, needed additional circuitry for the supply current and amplification,
were temperature sensitive, and had large variation in offset and gain. The
Table below shows the development of Hall effect sensor to overcome these
problems.



. Company/ Cost,
Problem Solution Model Year $
Fragile leads Kapton film leads FW Bell 1991 | 15.00
Additional Integrated into circuits and hall || Allegro 3501, || 1993 || 10.00
circuitry ~ for || plate on a chip. These 3-pin || 3503
current supply || devices need power and ground
and and provide an output proportional
amplification to flux.
Temperature Integrated temperature || Microswitch || 1996 || 6.00
Drift compensation into circuit SS495, and
Allgero 3507
Offset and gain || Programmable Hall sensors to || Melexis 1998 || 6.00
variation adjust sensitivity, offset, gain and (est)
temperature compensation. One
additional pin (4th) for
programming.

Hall-effect sensors require power to operate, on the order of tenth of a watt per
sensor. This power drain is important for long distance inspection
requirements. Hall-effect sensors are also temperature sensitive, with a drift in
output voltage on the order of a tenth of a percent per degree Celsius (-0.06
percent/degree F). Operational temperatures for commercial sensors range
from -76 F to 185 F. During a typical MFL inspection, though, the change in
temperature is likely to be too small to significantly impact measurements. The
bandwidth of these sensors exceeds 10 KHz. Therefore, the output is not a
function of velocity for normal inspection speeds.

Like differential coils, differential field sensors can be used to reduce the
effects of noise. In addition, other types of field sensors can directly measure
the magnetic field. These devices are usually referred to as magnetometers
and operate on a variety of principles. At least one in-line inspection system
uses a proprietary magnetometer to measure magnetic field levels.

Sensors between the magnet pole pieces measure the flux leakage field. The
purpose of sensor systems is to convert the flux leakage field into a signal that
can be stored and analyzed. The sensor system consists of the sensors
themselves, the mounting system used to support the sensors, wear plates
between the sensors and the pipe, and cabling between the sensors.




The GRI MFL test bed vehicle has
48 sensors heads, 6 on each w si5am
magnet bar. In each sensor head : : it
has four axial hall element sensors.
This spacing is similar to commercial
high  resolution  systems. To
minimize noise, some amplification
of the signal takes place very near|
the sensor. An example of
integrated Hall element is the SS495
Series, solid-state, ratiometric, linear,
sensors manufactured by Honeywell
Micro Switch. These sensors

operate on supply voltages ranging from 4.5 volts to 10.5 volts. Outputs are
ratiometric, and are set by the supply voltage. The sensors measure a
minimum of +/- 600 Gauss, and they include an amplifier integrated into the
circuit




