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Localizationof Continuoussasl eaks from a
Flat-SurfaceStructureUsing an ALoustic Emission
Sensor Aray

Xiwang Cut?, *Yong Yan'?, Miao Gud, Yonghui H4, Xiaojuan Hah

1School of Control and Computer Engineering, North China
Electric Power University, Beijing 102206, China

Abstract—Leak localization is of great importance for
pressurized vessel$or reasons ofsafety and maintenance This
paper presents an experimental studyusing an Acoustic
Emission sensor array coupled with a hyperbolic positioning
algorithm for continuous leak localization The study aims to
detect continuous CO: leak from an isotropic flat-surface
structure on a pressurized vessein the Carbon Capture and
Storage system The proposed approach consists of four main
stages. In the first stage, empirical mode decomposition is
deployed to extract the useful signal from the noise. The second
step is concerred with the estimation of thetime differences of
the sensor array in conjunction with correlation signal
processing The third stage estimats the distance difference
between the sensing elemenflom the measured time differences
and wave speedFinally, a hyperbolic positioning algorithm is
used to locate the leak sourceon the flat-surface structure.
Results obtained from experiments ona 100 cm x 100 cm
stainless platedemonstrate that the mean full -scale error in the
leak localization is 4.9%

Keywords—continuous leak; localization; circular sensor
array; acousticemission; hyperbolic positioning; crosorrelation

1.INTRODUCTION

Pressurize vesselsand containers are widely used in a

range of industries. For instance, in the carbon capture an

storage (CCS)rocesspressurized vessels are used to store th
captued CQ. It is imperative to identify and locatany
accidental leak quicklyfrom flat-surface structurs in a
pressurized vessethen it occurs.Acoustic Emission(AE)

technology is a promising approach to locate the leak source

and has evoked much interest in recent yebf3.[A number
of sensor array configurations have bpesposedn previous
studiesto localize the leak$rom flat-surfacestructure [4].
Gangadhran et al. [5] proposed a sensor arrayf four
piezoelectric sensors whickere arranged in the four corners
of the plate Bian et al. [6] developed an itype array to
achieve aigh accuray on an aluminum alloy platéiri et al.
[7] proposel an AE source lod&ation model based om
sparse array withmultiple piezoelectricsensors.lt is well
known that, fora largeflat-surface structurethe resolution of
AE localization will increasavith the number of sensoend
so does theomputatiomal power.

This paper proposesrgewsensor arraysingonly four AE
sensorarranged in a circléor continuous leak localizatioon
aflat-surfacestructure The configurations specific tdocatea
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continuous CQ leakfrom anisotropic flatsurface structure in
the CCS system Meanwhile, the proposed method
incorporatesalgorithms of empirical mode decomposition,
crosscorrelationand hyperbolic positioningThere have been
no reported studies of this methadth a small numbe of
sensors for the intended industrial applicationsThe
advantage of this methodalong with experimentaksults are
presented and discussed.

Il. METHODOLOGY

A. Sensing arrangement and leak localization

In this study he sensinglements in the AEensor array
are arrangedevenly in a circle as shown in Fig1l In
comparison with previous studies, his new sensing
arrangementas advantages afompact layoutand similar
attenuatios and dispersiosibetween the different sensors i
the array whichis beneficial to the correlation signal analysis.
The implementation of th@roposed approach consists of four
main stagesasillustratedin Fig. 1. In the first stageempirical
mode decompositio(EMD) is deployed to extract the useful
signal from the original leak signalln the secondstagethe
time differencesbetween the signals from the sensare

e distance differensdbetweenthe sensos with reference to

E?wStimaEd throughcrosscorrelation. The third staggetermines

he leak source from the measured time differences and the

measuredAE wave speed Finally, a hyperbolic positioning
algorithm is used to locate the leak source.
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Fig. 1. Block diagranof the poposedapproach

B. Leak localization
Assuming two AE sensors are installed at any positions on

the plate, then a coordinate system can be established where

the midpoint of these two sensors is the origin, and the
connecting line of these two sensarthe horizontal axighus



the coordinates of sensofl and 2 are-¢, 0) and (c, 0),
respectivelyas shown in FigR.
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wherev is the speed dhe AE wave,t; andtz arethe times of A
arrival of sensos 1 and 2,and 4¢ is the time difference
betweert; andts. } Yes

X0 =300 41,0

According to the geometrical relationsh{ipig.2), the leak
hole (point P) is on a hyperbolic curve, therefore the leak
source can be accurately located through the csirve Fig. 3. Flow chartshowing the determinatiasf EMD.
intersection when the number of sensors is more than three.

C. Feature extraction

. . IIl. EXPERIMENTAL SYSTEM
The original leak signalcollected by the AE sensor array

contain significant noise. Therefore, it is not accurate or Experimentswere carried out on a 316&tainless plate
sometimes even not feasible to locate the leak sdayr@eoss  with dimensionf 100 cm x 100cm x 0.2 an. A continuous
correlating the AE signals directly. EMD @®nsidered as an leak of CQ was createdt a pressure of 2ar from a holef 2
effective approach tsohing this problem. The continuous mm in diameteiin the centerof the plate. An array with four
leak AE signals can be decompogeda series ofintrinsic AE sensors was mounteid a circular formon the plate.
mode functions(IMFs) [8]. The flow chartshowing the  Acoustic data were pramplified using AE amplifiers with a
determinationof EMD in this studyis shown in Fig 3. The bandwidth of 10kHz — 1 MHz and a gain of 4QB. A
original signalX (t) can be represented by the sum of all the 4-channel holographic AE signal record®S-8A) was used
IMF components and the final residugt). to acquire thewaveforns at a sampling rate of BIHz. The
sensor arrangemeahd experimental seup are shown in Fig

D. Cross Co”e'a“?” o o 4 andFig. 5, respectively
Crosscorrelation method is widely used for estimating the

time delay in many research fields and has showed a very good
performance. In this paper, the time difference is estimated
through the following cross correlation computatigh [
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IV . EXPERIMENTAL RESULTSAND DISCUSSION

A. Signal characteristics

The signals from the four sensors are of very similar
characteristicglue tothe fact that they are mounted close to
each other and used to detect the same leak sdlake.the
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Fig. 6. Time domain signal waveforfrom sensor 1and the corresponding
frequency spectrum.

Fig. 7 shows theEMD decomposition resultof the
original signalfrom sensor lusing the methodlustratedin
Fig. 3. It can be seen that seven IMF componeats
generated. IMF1 has the highest frequenoynponentsand
other IMF components have the lower frequecagnponents
According to the above analysI§JF1 is extracted tadentify
the location of the leak source.

signal from sensor 1 as an example, the time domainy oo0s : : : : ,

waveform ad correspondindrequency speaiim are plotted

in Fig. 6.

It can be seen frorAig.6 that the leak signal is continuous
in the time domain and has a wide spectral rarid® kHz to
300 kHz. Thesignal contains frequency componentghree
main regionsone in the high frequency band (168z — 200
kHz), the othertwo in the low frequency band @lkHz — 50
kHz). Since thehigh frequencyregionis not adversely affected
by the common ambientnoise the signal in tls regionis
utilized for the localizatioof the leak sourcan thisstudy
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Fig. 7. EMD results of the leak signal

B. Leak localization result and error analysis

The time differencedetweenany pair of signals from the
sensor array can be calculatdtloughcrosscorrelation. The
sensor array contains four sensing elesyettterefore there is
a set of six crosscorrelation results. If the speed of the AE
signal is known, the distance diffee can be calculated and
then the leak source located. The speefbusd to be4610
m/s, which wasmeasured by the Nielséfsu Pencil Lead
Break Test [0]. Table 1 showsne of thebestmeasuredime
difference and distance differenoetween thaignalpairs

TABLE I. MEASUREDTIME DIFFERENCESAND ERRORS

AE Time Distance Actual Distance | Absolute

Difference | Difference Difference Error

Sensors

(us) (cm) (cm) (cm)

1&2 12.33 5.69 5.50 0.19

1&3 21.67 9.99 10.00 0.01

1&4 12.0 5.53 5.5 0.03

2&3 9.67 4.46 4.5 0.04

284 0.33 0.15 0.00 0.15

3&4 9.67 4.46 4.5 0.04

It can be seen from Tablé that the errorin the
determination of the distance differeriseno greaterthan0.2

cm. This result shows the potential advantages of the AE

sensor arragrranged in a circle

(1) Degress of attenuation and dispersion frahedifferent
sensors in the arragre similar. The reasofor thisis thatthe
sensors in the circulaairrangementre closeto each other
This advantage iseneficialto the correlatiorsignalanalysis.

(2) The maximum distane difference from leak hole to
different sensors is the diameter of theleirén this case the

two sensorgsensors 1 and 3e locatedon the same linas
the leak hole, ashownin Fig. 4. For all the other cases, the
distancedifference is smaller than the diameter of theleirc
Thislimit is used as a threshald judge thecorrelationresuls.

The leak localization result using the hyperbolic
postioning algorithm is shown ifrig. 8. The crossing points
of all hyperbolic cevesare seen inthe zoomedin version of
the plot Fig. 8(b)).
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Fig. 8. Leak localization result

In theory all curves should interseat one point (i.e. the
leak hole) however,in practice there are more than one
crossing poirg due toerrors inmeasurement. It can be seen
from Fig. 8(b) that three crossing points formed by at least
three curves and their coordinatae €0.44 cm, 1.97 cm),
(0.04 cm, -1.97 cm), and (0.36 cm, -4.94 cm), respectively
The location of theleak hole is thusestimated ugsg the
following equation
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Theresultingcoordinate of the leak hole i€D(01cm, -1.65
cm). The absolute errdn this localizationis no greaterthan
0.2 am on the100 cm x 100 cm plate. To assesshe location
performance of tamethod the experimentsvere repeated for
five times Results arglottedin Fig. 9. As shown irFig. 9,the
five estimatedeak locationsare all belowX-axis, because the
actual hole is nearest to sensantdmany crossig points are
generated near ighsensor.In summary, he mean absolute
error is4.9 cmand the mean fulicale error i4.9% (The
full-scale erroiis defined as the absolute error normalized to
thefull length of thesquareplate)

Y
M

¥ Estimated Leak Location

Fig. 9. Localization errar

It must benotal that thetime differencemeasurement is
crucial in the whole localizatioprocessand evera small error
cancorrupt the source localization resuthe ime difference
calculatedthrough cross correlation usually contains several
peak valuesErrors will be introduced if the wrong peak is
selectedMore stable and accurate algorithms shoulddught
in thenea future.

V. CONCLUSIONS

In this papeexperimentalnvestigations have been carried
out using an AE sensor arrayarranged in a circlefor
continuous leak localizatioon a flat-surfacestructure. The AE
sighak have been decomposed using the empirical mode
decomposition techgue. The high frequency bandf the
signal (IMF1) has beeunsedto predict the location of the leak
hole through crossorrelation. A total of six hyperbolic curves
are generatedresulting inthree crossing points formed by at
least three curveddvantages of the proposed AE sensor array
have been investigatedlhe mean absolute errorin the
localization experiments or0@ cm x 100 cm plate is4.9 cm,
which is equivalent ta mean fultscaleerrorof 4.9%
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