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Abstract

Measurement of pipeline wall thickness is one & thain contents of nondestructive
inspection on offshore oil pipeline. A novel apmbaased on the marginal spectrum of the
Hilbert-Huang transform is proposed for ultrasoe&ho signal processing. The demodulated
ultrasonic echo signal contains the thickness méiron of pipeline wall, which is an
approximately periodic signal. The marginal spectis obtainedy applying Hilbert-Huang
transform to the ultrasonic echo signal. It effeely reveals the information of wall thickness of
pipeline. The relation between the main frequenog déhe wall thickness of pipeline is
established to calculate the wall thickness. Thiediya and the robustness of the proposed
method are shown by signals collected by ultraspipeline intelligent gage.

Keywords: marginal spectrum, Hilbert-Huang Transform, ultra@sothickness inspection,
pipeline inspection, ultrasonic signal processing

1. Introduction

It is very important to inspect the pipeline in &nbecause those offshore oil pipelines are
prone to internal corrosion usually by the presenicéhe water (salty or not), external damage
by anchor or othef8. The ultrasonic nondestructive inspection techaigucurrently the most
common used pipeline inspection method which caratienetal loss and cracks of pipelines
accuratel§f!. The pipeline corrosion can be judged by the tedidalue of the pipeline wall
thickness which can be estimated by the ultrasecio signals acquired and stored for pipeline
inspection using ultrasonic in-line inspection a@eviln order to acquire the value of pipeline
wall thickness, the frequency of the pipeline wihltkness must be estimated according to the
ultrasonic echo signals firstly. But the classiegimency estimation method, such as Fourier



transform, may cause some problems with its lowlii®n because of acquired ultrasonic echo
signal with noise.

Recently, Hilbert-Huang Transform (HHT) which waoposed by N.E. Huang, et al in
1998 is a promising signal processing techniquaencppiith nonlinear and nonstationary time
serie§’. In this paper marginal spectrum of HHT is adogtediltrasonic echo signal processing
to obtain the accurate pipeline wall thickness irdeo to increase the resolution. The
Hilbert-Huang transform has two components, onempirical mode decomposition (EMD) to
obtain the intrinsic mode functions (IMF), the atieeapplying Hilbert transform for IMFs to get
marginal spectrum. The marginal spectrum offers easure of total amplitude (or energy)
contribution from each frequency value. It représahe cumulated amplitude over the entire
data span in a probabilistic sense. The contributbthe amplitude from each frequency is
measured by the marginal spectrum.

In this paper, ultrasonic echo signals are coliédig ultrasonic pipeline intelligent gage
(pig) from the inside out. Ultrasonic echo signab®ut pipeline wall thickness are analyzed by
HHT to get the frequency value of the pipeline wiiickness according to the marginal
spectrum of HHT. The results show that the pipelival thickness based on the marginal
spectrum has high inspection accuracy, especiallyttie ultrasonic echo signals with high
noises.

2. Marginal Spectrum of the Hilbert-Huang Transform

Hilbert-Huang Transform has proven to be a powedul for the analysis of nonlinear and
nonstationary signal. It consists of two parts: giogl mode decomposition and Hilbert spectral
analysis (HSA).

2.1 Basics of the empirical mode decomposition method

With the empirical mode decomposition method, ammplicated data set can be
decomposed into a finite and usuadlgnall number of intrinsic mode functions. An IMF is
defined as a function satisfying the followin g ddions:

() In the whole dataset, the number of extrematherdnumber of zero-crossings must
either equal or differ at most by one;

(b) At any point, the mean value of the envelopéndd by the local maxima and the
envelope defined by the local minima is zero.

Empirical mode decomposition method is developedhfthe simple assumption that any
signal consists of different simple intrinsic moaokgcillations. The essence of the method is to
identify the intrinsic oscillatory modes by thehiaracteristic times scales in the signal and then
decompose the signal accordingly. The charactesigime scale is defined by the time lapse
between the successive extremes. The EMD algoritihnot be described here due to the
limitation of the length of the paper. The readmesreferred t¢4] for details.

By applying the empirical mode decomposition tothetIMFs §(t)), an arbitrary signad(t)
can be expressed as



X =Y %0 +r() &)

where n is the total number of IMFs an) is the residue of the sifting procegsm IMF
extracted by EMD represents simple oscillatory modeedded in the signal. And the residue
shall not contain any kind of oscillation and shiblé a constant or a data trend.

2.2 TheHilbert-Huang transform and marginal spectrum

Hilbert transform, a well-known signal analysis het, is defined as the convolution of
signalx(t) with 14 and emphasizes the local propertiex(df as follows:
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where P is the Cauchy principal value. Couplin¢f) andy(t), an analytic signat(t) can be

produced by

2(t) = x(t) +iy(t) = a(t)e”", ©)

where

a(t) =\x(1)* + y(t)*, (4)
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Here,a(t) is the instantaneous amplitudex@, which can reflect how the energyxtf) varies
with time, andp(t) is the instantaneoyhaseof x(t).

One important property of the Hilbert transfornthat if the signak(t) is monocomponent,
then the time derivative of instantaneous phagewill be the physical meaning of signdgt)’s
instantaneous frequene(t) expressed as follows:

dg(t)
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(6)

EMD is a necessary pre-processing of the data dédfor Hilbert transform is applied. It
reduces the data into a collection of IMFs and dbtiR which represents a simple oscillatory
mode, is a counterpart to a simple harmonic fun¢tiut is much more general.

Having obtained the IMF components, one will hawedifficulty in applying the Hilbert
transform to each IMF component, and in computhng instantaneous frequency according to
the Egs. (4), (5) and (6After performing the Hilbert transform on each IMBmponent, the
original signal can be expressed in the followiagf:
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Eq. (7) enables us to represent the amplitude astdntaneous frequency as functions of
time in a three-dimensional plot. The frequencyetidistribution of the amplitude is designated
as the Hilbert spectrum(w, t).

With the Hilbert spectrum defined, we can alsomethe marginal spectrunfw) as
T
h(w) = jo H (e t)at . 8)

The marginal spectrum offers a measure of the ttgblitude (or energy) contribution from
each frequency value. This spectrum representadbemulated amplitude over the entire data
span in a probabilistic sense.

3. Method of wall thickness measurement

The ultrasonic echo signals used in this paper caiéected by a ultrasonic pipeline
intelligent gage. The smart pig runs through alsif@5 mm pipeline buried underground. The
pipeline is made of continuous welded, carbon steetions. The smart pig utilizes ultrasonic
sensors to measure the wall thickness. The semsdsut an ultrasonic pulse signal, which is
bounced off and through the pipe wall. The echomfrthe wall is time measured by
perpendicular incidence to determine the size amehé of the internal and external defects. All
the ultrasound data gathered during the inspeetierdigitized and stored in a mass storage unit
within the pig modules. Figure 1 shows one samptie@demodulated ultrasonic echo signals.
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Figure 1. Ultrasonic echo signal from pipeline wall

It is easy to see that the demodulated ultrasoclw esignal contains the thickness
information of pipeline wall, which is an approxitaly periodic signal. The wall thickness can
be estimated accurately to a great extent accotdirige period of the signal. To get the period
of the signal, Hilbert-Huang transform is adopted.
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Ultrasonic echo signal is typical nonstationarynsig which can be accurately decomposed
by empirical mode decompositionhen by Hilbert transform, we can obtain Hilberespum
and marginal spectrum of the ultrasonic echo sidhiglure 2 shows the marginal spectrum of
the ultrasonic echo signal. It can be clearly stheh the energy mainly concentrates on lower
frequency domain. It is easy to see that the signalgy is mainly concentrated on the main
frequency. On the other hand, one has no difficutteeing the main frequency is precisely the
reciprocal of signal period. Figure 3 shows themfequency of the ultrasonic echo signal. It is
easy to see from the right figure that the maindency concentrates on about 0.226, which is
the reciprocal of the signal period.

From the above analysis, it is concluded that tlaegmal spectrum effectively reveals the
information of wall thickness of pipeline. Theredothe relation between the main frequency and
the wall thickness of pipeline is established.

d=v/2f, 9)

whered is the wall thickness of pipeling,is the sound velocity in the steel pipeline &mslthe
main frequency obtained from the marginal spectofifHHT.
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Figure 2. Marginal spectrum of the ultrasonic signdigure 1
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Figure 3. Main frequency of the ultrasonic sigmaFigurel

A great number of experiments have been conducteetify the conclusion. The results
show that the pipeline wall thickness based on rtigginal spectrum has high inspection
accuracy, even for the ultrasonic echo signals W noises. Moreover, it measures pipeline
wall thickness to an accuracy of £0.2mm. The maggudency can be calculated correctly by
means of adding white noise. A great number of expnts also show that the proposed method
is valid even for the ultrasonic echo signal froefedt which periodicity is very weak. Figure 4
is the ultrasonic echo signal from an internal def@he wall thickness can be calculated
correctly from its marginal spectrum of HHT as shaw Figure 5.
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Figure 4. Ultrasonic echo signal from pipeline wailth internal defect
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Figure 5. Main frequency of the ultrasonic sigmaFigure 4

4. Conclusion

The demodulated ultrasonic echo signal containghtickness information of pipeline wall,
which is an approximately periodic signal. Hilbeittang Transform is an adaptive powerful
method to analyze nonlinear and nonstationary serées. In this paper, a novel method based
on the marginal spectrum of HHT is presented tdyaeathe ultrasonic echo signal. Firstly
marginal spectrum is obtainéy applying EMD and Hilbert transform to the ulwag echo
signal. It provides higher resolution and energgaamtration infrequency plane. The marginal
spectrum effectively reveals the information of Mthickness.Thus, the relation between the
main frequency and the wall thickness of pipelmestablished. The examples indicate that the
proposed method is simple, powerful and effectivgrovides higher resolution and energy
concentration in frequency plane.
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