Modeling of Remote Field Eddy Current transient phenomena
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Abstract - An integral formulation is presented and used for
the analysis of the Remote Field Eddy Current (RFEC) tran-
sient phenomena. The model presented allows simple and
accurate modeling of RFEC systems in the presencc of
axisymmetric defects.

The method has been validated first by comparison of the
computed results with resuits obtained with an analytical
model. Then the method was used to show that the Remote
Field effect is mainly due to a direct induction effect rather
than propagation effects.

The Remote Field effect phenomena are usually analysed
using a steady state domain. However, the results obtained here
have shown that detection of defects is not due to a steady state
phenomencn, but depends mainly on the transient signal.

L INTRODUCTION

The remote field effect is a Non Destructive Test method
used for the testing of thick ferromagnetic materials for
deep defects and in particular corrosion effects on the outer
surface of tubes. This is particularly useful for gas lines but
also for water lines and other thick walled tubes like oil well
casings. The method relies on the use of very low intensity,
low frequency electromagnetic fields which, unlike other
types of tests are equally sensitive to defects on the outer
surface of the tubes as on the inner surface. Thus, testing of
thick materials can be easily performed from the accessible
inner surface [1]. The RFEC testing probe is made of two
coils separated at a distance of about two coil diameters and
moving as a unit.
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Fig. 1 RFEC probe configuration

One coil (the exciting coil) is driven with a sinusoidal
current, and induces an output signal in the second coil (the
pick-up coil). The probes move inside the tube at a constant
velocity and the exciting current frequency is normally be-
low 100 Hz. The theoretical basis of the remote field cffect
is not well established. In particular, some modeis [2-4] call
for propagation cffects to explain the equal sensitivity to

defects on either surface of the tubes. This model is not
supported by experimental data or by the basic
electromagnetic theory for low frequency fields. Existing
models for the far field effect assume that all testing is done
at such low speeds that the motion of the probe does not
affect the signal obtained. This is far from being realistic.
At low frequencies the speed effects on the signal are large
and, in some cases, may even dominate. In this paper, we
propose an integral model that incorporates speed effects, to
correctly analyse the influence of speed on the calculated
data.

2. MODEL
Due to the axial symmetry of the system, we divide the

tube into elementary rings in which a uniform current is as-
sumed.

Fig 2 Subdivision of the tube into concentric rings

We write the Ohm's law at a point inside a generic ring

as:
i:-VV_% (1)
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and then integrate both sides of this equation over the vol-
ume of the ring to obtain the integral equation [3]:

Me éle
at

+vie & Mpe + Ry + Z!\«f}lté— LJ"——' = (2)

This can be v1cwed as the electric equilibrium equation of
the equivalent circuital loop made of a resistance R, a self
inductance L due to the ring itself and the mutual induc-
tances M between the ring and all other rings that make up
the tube and the coils. In Eq. (2) the subscripts k identifies
the rings 1 through n. e identifies the exciting coil, Iy the
current in the k-th loop of the network and I, the current in
the exciting coil.

To calculate the signal we consider only the n significant
rings close to the coils. Writing this equation inside every
ring, we obtain a system of n equations. that can be viewed
as the cquilibrivm equations of the equivalent network
shown in fig. 3. The equations thus obtained can be easily
integrated using a classical Runge-Kutta method.
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Fig. 3 Equivalent electric network

Axisymmetric defects in the tube are modeled by simply
removing the rings corresponding to the volume of the de-
fects. The corresponding loops in the equivalent network are
also removed. The output signal Vp is:
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The currents Iy, are found from the solution of the sys-

tem of equations for the equivalent network in fig. 3.

3, RESULTS

The model presented above has been tested by analyzing
the geometry of TEAM Problem 9 [6], shown in fig. 4. The
results for the tube without defects were compared with re-
sults obtained from an analytical solution.
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Fig. 4 Geometry of the Team problem 9

We first analyze the behaviour of results using a discre-
tization of 150 x 3 rings, and varying the length of the tube.
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considerablc influence on the correctness of the calculated
data. To obtain good results, the distance between the excit-
ing coil and the edge of the tube must be at least twice the
distance between the exciting and pick-up coils. Next, we
analyze the effect of discretization on the calculated data
using a 400mm tube and three levels of discretization. Fig. 6
shows that the calculated results agree well with the ana-
Iytical results even for a coarse discretization of 50 x 3 rings.
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Fig. 6 Induced voltage vs. coil velocity, tube without defect

ade

- - - numerical data r=15mm

< | == analytical data r=17mm

g r=19mm
O sos
LT ]
008

-:u -%13 =01 -0 L ] L) [ 8} ais at
distance [m]

Fig. 7 Induced current modulus in the tube vs. distance from the
exciting coil on three radii, for v=0,
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Fig. 8 Induced current modulus in the tube vs. distance from the
exciting coil on three radii, for v = 100 m/sec.

Fig. 5 Induced voltage vs. coil velocity, tube withont defect
The effects of velocity are clearly shown by comparison

of the analvtically and numericaily calculated induced cur-

Fig. 5 shows the calculated and analytical voltage on the
rents in the tube. Fig. 7 and 8 show the induced currents at

pick-up coil for different coil velocities and three different
tube lengths. The results show that the length of the tube has
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three different radii in the tube for v=0 and v=100 m/sec for
the previous geometry and discretization level.

Next, we study the geometry shown in fig. 9 considering
a conductivity o= 2-10% (S/m) and a constant relative per-
meability 1~1000, the exciting signal frequency is 50 Hz
For configurations which includes an axisymmetric defect,
there is an analytical solution only for a non ferromagnetic
tube [5], or for a ferromagnetic tube at zero coils velocity [7].
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Fig. 9 RFEC geometry with an axisymmetric defects.

Fig. 10 and 11 show good agreement between the com-
puted and analytical induced voltage and phase for a defect
size of 2 x 4 mm and different relative positions between the
defect and the coils. In the following figures distance zero
means that the pick up coil is exactly under the defect.
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Fig. 10 Induced voltage vs coil position, tube with defect
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Fig. 11 Phase of the induced voltage vs. coil position, tube with
defect

As a conclusion from the tests above, we observe that the
characteristic "double bump" signal was only clearly detect-
able if the tube material has a high conductivity; copper for
instance. The influence of tube length and discretization
level on the results calculated for the cases shown in figures
7. 8. 10 and 11 is not shown here but these show the same
trends as the results in fig. 4 and 5. The influence of the
tube length is more pronounced than that due to discretiza-
tion. This means that the proposed method does not require
fine discretization for good results. even in presence of
defects. One purpose of this method was to show that the
RFEC is a direct induction ¢ffect. To do so we calculated the
induced voitage for tubes with wall thickness of 7 cm. and
12 cm.
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Fig. 12 Induced voltage vs coil position, thick tube with inner

defect

Figure 12 shows that the indoced voltage is still sensitive
to the presence of an internal defect as the pick-up coil
passes under the defect. In addition, the magnitude of the
induced voltage is nearly equal for the two thicknesses
tested. indicating that sensitivity is unrelated to wall thick-
ness. Figures 13, and 14 show the transient induced voltage
for different frequencies and probe velocity.
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Fig. 13 Induced voltage vs. coil position, f=30 Hz, v=5>m/sec
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Fig. 14 Induced voltage vs. coil position, £=50 Hz, v=10m/sec
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The induced voltage has a typical transient behaviour,
even for the lower velocities considered here. This behaviour
cannot be related to steady state parameters. Furthermore,
there is also a dependence between coil velocity and excita-
tion frequency and detectability of the defect. In fact, at a
frequency of 50 Hz, and a velocity of 10 m/sec, the pick-up
signal is distorted, as shown in fig. 12, while at a velocity 5
m/sec the amplitude variation is clearer, and the defect can
be discerned. Therefore, the conclusion is that there must be
a high frequency/velocity ratio for clear defect detection.
This is also pointed out in the figures 15 and 16.

P}
ot F
13+

_ 1ok

=

I

4

i o

3 sk

3

= a0k
13 7
20+ 4
25 N
0.2 0.15 0.1 -0.05 0 003 01

distance {m}

Fig. 15 Induced voltage vs. coil position, =785 Hz, v=5m/sec

Figure 15 shows a clearer variation of the pick-up signal
in comparison with Fig. 12. This is accomplished by increas-
ing the frequency from 50 Hz to 785 Hz. Fig. 16 shows that
the sensitivity is unchanged if the frequency/velocity ratio is
kept constant but with a frequency and wvelocity 10 times
higher.
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4, CONCLUSIONS

The integral formulation presented here allows simple
modeling of RFEC iests, including defects. Computation
time is relatively short even in the presence of moving ob-
jects. The method has been validated first by comparison
with analytical results. Application of the formulation for
the analysis of the response of a RFEC testing apparatus has
highlighted the importance of several aspects of the tran-
sient phenomena.

In particular, the output signal must be transient for
complete understanding of defect detection process. Also,
the importance of the relation between frequency of the ex-
citing signal and coil velocity was pointed out.
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