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Abstract. The most commonly used and widely accepted mearsrafsion monitoring is the use of coupons
introduced inside the pipe. An alternative appro&ithe use of ultrasonic technology which providesonintrusive
monitoring of corrosion. Ultrasound techniques hdneen used successfully in the accurate measuretmekhess.
The round trip duration of propagation, divided twe known sound velocity through the pipe matepadyides a wall
thickness measurement equally accurate to a midemmeading. Moderate rate corrosion of steel redsithe pipe
wall thickness from 0.1 to 0.2 mm/year. Accuratasneement of thickness requires temperature adprstsrfor both
the size and the velocity of propagation. This pggesents the development of a corrosion monitpequipment
using an array of ultrasonic transducers. The testse performed to assess the stability and reflitia of the
measurement technique. An experimental setup usigigt 5 MHz ultrasonic transducers was mounted on a
mechanical device which represents part of a 272imdiameter and 20-mme-thick pipe section. The aewias
immersed in water and the eight transducers wermeoted to a multiplexed ultrasound equipment, eoted to a
PC via USB interface. It was also used a digitalBUBermometer (resolution of 0,01°C) connectedh® $ame
microcomputer. The signals from each ultrasoundadthucers and temperature measurements were acoemerny 4
minutes for 60 days. The pipe thickness was measigiag the travel time between two internal rdftets using the
Hilbert transform of the cross-correlation betwevo echo signals. Since there was a water delay hietween the
transducers and the outer wall of the pipe, thevétadime was measured in this medium for each tracsr. Several
strategies can be used for temperature compensdtiathis case the implicit function between thavel time in the
water and the propagation time on the pipe walus®d to compensate temperature variations. Frompthe wall
thickness measurements performed within 60 daysstig, appropriately correcting for temperatuiewas found
that the variation in the measured thickness of e wall was less than 2 micrometers. This variatis due to
existing noise in measurements, differences in éeatyore compensations and presence of sedimewni times. In
order to check the level of detection, a sandpapes used to induce a corrosion spot in the regiofront of one of
the transducers. After this procedure, the ultrasaneasurement detected a wall thickness decreflaappooximately
25 micrometers. The developed technique has gaanpal for monitoring corrosion in oil pipeline€urrently, the
technique is being extended to the development mfototype for operation in deep waters, using 3Rasonic
transducers, with capability of continuously moriiig for 2 years.

Keywords: ultrasonic array, corrosion detection, nondestive testing
1. INTRODUCTION

The most commonly used and widely accepted meansrodsion monitoring is the use of coupons intitlinside
the pipe. Weight loss coupon monitoring is the stdmethod for assessing the corrosivity of an emvirent on a
specific material and involves exposing a speciif@@upon) of the material to the environment forieg duration,
and measuring the resultant weight loss. It isrdgrusive device and requires very expensive ané tonsuming
manual intervention for installation and frequestrievals and re-weighing for useful data to beaot®d. An
alternative approach is the use of ultrasonic teldgy which provides a nonintrusive monitoring afrimsion
Rommetveitet al (2008). Ultrasound techniques have been usedessfidly in the accurate measurement of
thicknesses. The round trip duration of propagataivided by the known sound velocity through thpepmaterial,
provides a wall thickness measurement equally abeuo a micrometer reading. The main problemas the sound
velocity depends on the temperature. The corrasionitoring of offshore deep water pipelines idl stichallenge due
to the difficulty of accessibility. Standalone ®ms are extremely convenient in terms of instalteaind price. These
devices are typically self-contained battery powedata loggers with on-board data storage. Theeloggn be
deployed and retrieved by ROV if required and bidulgack to the surface for downloading and refumisnt.
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Moderate rate corrosion of steel reduces the pigk thickness in the order of 0.1 mm/year. Theasltmic accurate
measurement of thickness requires temperature tagjuss for both pipe thickness and velocity of @ggtion
Rommetveitet al (2010). This paper presents the performance atialuof a corrosion monitoring technique using an
array of ultrasonic transducers and temperaturgpeosation Rommetvedt al (2010). Tests were performed to assess
the stability and repeatability of the measurenmenhnique using an experimental setup with eighMHge ultrasonic
transducers mounted on a mechanical device whigtesents part of a 250-mm-diameter 20-mm-thick [ipetion.
The paper presents the experimental setup, thalsmgncessing technique used to achieve the bestut®n, the
temperature compensation strategies, the experaiesilts and the conclusions.

2. EXPERIMENTAL SETUP

In order to implement the test to evaluate the walogy a special sample is constructed. The mhjactives of the
present experiment are the evaluation of the liafitdetection and the correction of temperature ct$fe Both
evaluations can be made using a sample with the sgometry as a section of a pipe; in this casaligmositive is
constructed using aluminum in order to simplify thanipulation.

Figure 1 shows two perspectives of the mechanitsgdogditive. Standard pipe geometry is selectedtHertest:
diameter 272 mm and thickness = 20 mm. The didpges# a slice of 50 mm and close to 1/6 of theegdmmeter.

Figure 1. Mechanical dispositive and 5 MHz transtacA) Upper view. B) Lateral view.

The sample is placed in a water tank in order toptm the surface of the sample with an array afastinic
transducers. The signals are emitted and receiyedight 5 MHz ultrasonic transducers. These traosduwere
developed in théEscola Politécnica da Universidade de S&do Padtm"high pressure applications. In Fig. 1.B thisre
a gap between the transducers and the externaksuof the pipe, this gap corresponds to thedkb arriving time.

A 16 channel ultrasonic pulser/receiver was usesktal and receive the signals, at the same timethygerature is
measured in two different points of the water tasknoted that the temperature is not controlled iavaries freely
along the day. Both the pulser/receiver and thertheneter are controlled by an acquisition PC rugmiatlab.
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Figure 2. Schematic diagram
The software in the acquisition PC record the 8atinic signals, the 2 temperatures and the realatda time of
the acquisition. This data is recorded and staneadshared file, one file is generated every founutes.
Using this architecture, the data signal processind visualization can be made in several remots R@Ehout
interfering with the acquisition.

Figure 3. Experimental Setup.
3. SIGNAL PROCESSING

In this section the main features of signal proogsare presented. To evaluate the corrosion leviie tube, the
time of flight of ultrasonic pulses propagatingides the tube is used. The time interval considenethe received
ultrasonic signal includes the first three echdlbs;first one is the reflection at the externalface, while the second
and third are internal reflections.
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Figure 4. Ultrasonic echoes form the tube. A) Fadto, reflection in the external wall of the tuB@.Second echo, first
internal reflection. C) Third echo, second intmeflection

The time of flight of the first echo is used to ke the distance between the transducer andubee However,
temperature strongly affects the results, as ingha the speed of the ultrasound both in waterimtide tube. In the
next section, this first echo is used to compeneerrors induced by temperature shifts.

The other time to be determined Ts, the time between the second and the third echwin® this time, the
ultrasonic pulse travels two times inside the sanpahd if the speed of soundin the tube is known, the thickness can
be calculated by

cr- T
Thickness = ———

The first step in the signal processing is selgctin appropriate temporal window for each echdhis case it is
simple because the echoes are not overlappingrdctipe, the windowing is made by multiplying thgral by a
rectangular pulse, centered in the maximum of Hs®late value of the signal around the desired .echo
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Figure 5. Windowing of second and third echoes.

Next, the cross-correlation of these two echBesndE, is computed. This can be calculated using tkaoft”
Matlab function or by using the Fourier transfofim

l::crrr = S_l (S (El) . S(EZ)H}

For pulsed signals with similar shape, tberr function is a symmetric and concentrated pulse faximum of
this pulse is at the delay time between these thoes. However, the determination of a maximumbg &accurate.
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One alternative is the use of the Hilbert transfottms function crosses zero at the maximum ofdhiginal function
(Oppenheim and Schafer, 1998). The determinatianz&ro crossing is simpler than the determinatfoa maximum.
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Figure 6. Cross correlation “Blue”, imaginary paftHilbert transform “dotted black”, ten point impwlation of the
Hilbert transform “dotted red”

At this point the determination of the transit tifieis limited by the sampling frequen€yused in the acquisition of
the signals. In this cage= 50 MHz corresponding to a resolution2® nsin the determination of the time and up®
pmin the determination of the thickness. To redunig limit an interpolation method must be usedthis case a low
pass interpolation is used. This interpolation loarobtained by the use of ttieterp” Matlab function or by taking the
Fourier transform, extending the transform fillitige high frequencies with zeros and calculatingitiverse Fourier
transform of the extended function. This interpiolatresults in the same spectrum as the origintiénsampled region
in the spectrum and zero amplitude for higher fesgies, for that reason it is called as low passjpolation (IEEE,
1979). Figure 6 shows the results using ten intatjpm points to illustrate the technique, but iagiice a fifty point
interpolation has been used to reduce the resaltdioear 1 um.

4. TEMPERATURE COMPENSATION
In order to achieve a high resolution in the thiessm measurement, the temperature effects in thead sfesound

must be compensated Rommetwital (2010). To show this effect, the time of flighside the tubdy, the time of
flight in waterT,, and the temperature is displayed in a one weedavin
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Figure 7. Evolution of the time of flight insideethubeT+ (A), Water time of flight (B) and the temperatyf® in one
week.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

One possible solution to reduce the fluctuatiothien measurement is taking the mean value in aetkeggmporal
window. The length of this window depends on theqakicity of the temperature variations, for whialgquasiperiodic
daily variation plus a slow drift is expected.

The sample acquisition rate is one complete sehe@dsurements for each four minutes; one set is asewpby
eight ultrasonic channels and two temperature atlanithe samples can be averaged over differeqideghwindows,
for example over 1 sample (4 minutes), 15 samples fiour), 60 samples (four hours) and 360 saniptelours).
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Figure 8. Averaging in the time of flight insideesteample. Continuous gray 1 sample, continuoukldlasamples,
dashed red 60 samples, dotted green 360 samples.

Using an estimated value for the speed of soundiénte aluminum sample @350 m/s one division in the
vertical axis in Fig. 8. corresponds 105 um. As expected the use of averaging reduces théufitions due to
temperature, however this strategy is limited by lbng term drifts. To reduce such fluctuationsjeay long term
average must be used. In the proposed applicalierdesired resolution is in the orderlgfm, limiting the use of very
long windows to achieve the desired resolution.

Thus, another temperature compensation schemalbrausted. One possibility is compensating the cbanging
an explicit law for the dependence between thedspésound in the used material and the temperatinis law can be
measured in laboratory with high precision. In ttése, the temperature of the water must be alssuned during the
experiment and it is assumed that this temperaduhe same as the sample temperature.

In this work an alternative methodology is usedisThethodology is based in the existence of aniaitglinction
between the time of flight inside the tulbgand the time of flight in the watdr,. This dependence can be observed in
the Fig. 7; when the temperature increases, the timthe water decreases and the time of flightlenshe sample
increases.

As the corrosion rate is very slow, it is assumgé dnypothesis that the tube thickness constant in a period of
few days. In the case of our experiment this istbfrtrue because there is no real corrosion ettlbe and the changes
in the thickness are introduced in a controlled waing sand paper. Additionally, to reduce theuiefice of sediment
deposits, all surfaces were cleaned using a smafihbduring the first week. This hypothesis allosi®aining a
polynomial expression for the speed in the saroples a function of the time in the watkgy.

T,(k) = T,(T,, (k)

2-e
cerll) = 75

Here the indek = 1:Nsis the number of the sample. To estimate the valdke thickness e the measured speed in
the tube at a temperature2# < is used ¢=6380 m/3.
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Figure 9. Relation between the speed of soundeiritthe and the time of flight in water. Experiméni@a “dotted
blue”, polynomial approximation “continuous black”

As can be seen in Fig. 9, this relation can be@pprated by a low order polynomial. This approxiioatis made
channel by channel, that means one polynomiah®titansducer in channel one, other polynomiatHertransducer in

channel two and so on.

In this example the speed of sound can be estingetedfunction of the time of flight in water féretchannel 1 as

cr(T,) = 3.6 107 T,, + 5.7 103

Using this corrected speed, the time of flightdesthe tube becomes independent of the temperatiiegst in the
range used to adjust the polynomial. An importasihipto be verified is the efficiency of the cortiea for long times;
Fig 10 shows the firs200 hwindow used for the calculus of the polynomialustiment and the same window after
1000 h Note that the drift in the thickness is less tBam, an acceptable value in this application.
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Figure 10. Temperature corrections in the thickmesasures. A) first 200 hr. B) results after 100thftontinuous
operation. Original data “blue line”, temperatammpensated data “black line”.
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The small drifts in the values for long times candxplained by the presence of sediments in thiacas. This
effect can be corrected using a safe referencéjisnexample channel 1 is selected as referencettenéstimated
sedimentation rate 0 nm/day This can be observed in fig. 1000 hcorresponds approximately to 40 days and the

predicted drift isl.7 gm.

5. RESULTS

To evaluate the performance of the proposed systentinuous measurements were performed for siays.dThe
measurement period is 4 minutes; this period iy fa&st for a corrosion process, but was chosewvatuate the use of
averaging in the results.

Each measurement set is composed by eight sigmadésfrom each transducer. Each individual signal 1@00
points sampled &0 MHzusing a 10 bit A/D converter. Additionally the tpemature is measured in two different
points in the bath.

After the first thirty days, a reduction in the dkiness was made using sandpaper in front of thesdraers
numbered seven and eight. The sanding is highdroint of the transducer numbered seven; this etialuas
gualitative based in the polish time for each posit

The first results to be presented are the thiclasesweasured from the echoes without temperatureeosation, in
order to show more details only channels 1, 2, &are displayed. Fig 11. show these resultgyusifixed speed in
the tube oft;= 6380 m/s Additionally, the data are presented in thremdoivs, the first corresponding to the first five
days (remember that the temperature compensatimade using the first week data), the second windorresponds
to the five days period around the moment in whiehsample is polished and the last window cornedpdo the last
five days. To evaluate the possibility of detecticiganges in long times, the first and the last wimdnust be
compared. The center window evaluated the deteofiariocalized jump.
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Figure 11. Measured thickness in channels 1, ad/Bawithout temperature compensation. Dotted spshow the
jumps produced by polishing.

As expected, the temperature drifts disturbes tlemsurements; big changes like the observed in ehanhrare
detectable without compensation in a localized jubhpwever, for long times and continuous process difficult to
determine changes in the order of tens of micrbitde changes like the induced in channel 8 arpasible to detect
for long times and also difficult to detect in ti®@ment of the jump.
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Figure 12. Data corrected by temperature usingitine of flight in water.

When the speed of sound is compensated by temperdhe fluctuation of the data is greatly redudedthis case
fluctuations in the order of tens of micrometers aasily detected for long times, as shown in E&y.Both jumps are
also detected; 8um jump is estimated in the case of channel 8 a@8 am jump in the case of channel 7. However,
little changes can be masked by sedimentatiorofug times.
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Figure 13. Data corrected by temperature and sedatien rate.

In this example the drift in channel 1 is usedgtineate a rate of sedimentation and all channelsampensated using
this value. Although this compensation is imperfedt may improve the results, as shown in Fig. 13,
and can be easily implemented by placing a referbodly in parallel with the real measure.

6. CONCLUSIONS

In this work is evaluated an ultrasonic systemdorrosion monitoring in pipelines. The use ®MHz transducers
sampled ab0 MHzallows achieving a resolution in the orderlgim. The distance between the transducer and the tube
can be calculated using the first echo (see Fignd)the thickness is calculated using the timevden the second and
the third echo.

To calculate the times a cross-correlation algorith used, additionally to obtain the desired ngsmh an interpolation
schema is needed. To obtain a resolution nearaf, a50 points interpolation is needed.
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In the case of an underwater application two aspeutst be considered, the energy consumption anartiount of
memory available onboard. To both factors the nunobeneasures must small as possible, in Fig. 8.bmaseen that
using one measure each hour the dairy variationseafollowed and corrected a posteriori. The Usaverage in an
individual measure to reduce the noise must beuated in the final application, because it depestdsngly on the
used electronics, the presence of impurities intater and the quality of the external surface.

Temperature effects can be corrected in posprogessing the time of flight in water. However irakapplications the
temperature inside the tube can be different froentemperature in the water. At this moment a ngpeement is
planned to evaluate the compensation in the cadéfefent temperatures. The presence of sedinaatsaffects the
results; this can be corrected using an extersabiedy safe of corrosion and internal temperature.

The mechanical setup is critical in this applicatiall transducers must remain fixing during thg@emment. In the
design of the mechanical setup the distance betwhentransducers and the pipeline surface sholdd dhe
collection of the first three echoes without intzeince.

As can be seen in the results, changes in thickneb®e order of hundred micrometers are easilgdet! even over
month variations. Using an adequate temperaturepeasation schema variations of tens micrometens atso
detected. To determinate variations less than tenometers the sedimentation must be compensageettect also
depends strongly on the real application conditeomd must be evaluate in the future with more gieni
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