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Acronyms Definitions

AE Acoustic emission
GW Guided wave

VA Vibration analysis
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The main task associated withis deliverable is Task 6.1: Comparative Assessment of Well
Integrity Monitoring Technologies.

Geothermal wells are commonly more thakm deep [1]. The casings can prevent collapse

of the borehole and preventnwantedflow from/to acquirers, it is alsa conductor for the
geothermal fluid to flow up the well. Therefore the integrity of tleasingsis critically
important for the safe operation of geothermal wells. Any casing damage can introduce a risk
to the operation of the wel[2]. Hoop, radial and axial stresses build up in a casing that is
cemented in place as the well heats Ojmere are different failure modes from which casings
suffer,includingcasingmplosion corrosion and crack.

The common techniquapplied tomonitor the casing conditions. Mechanical integrity testing
is concerned with leakages and tlwenstant controlof the pressure of the fluid within
different casings aarding to regulatory standards$].

The aforementioned techniquean only provide a assessmenbn the present state of the
structural integrity rather than give early warnings of the defects before they cause
catastrophic failures. Thereforenore advanced integrity monitoringchniques should be
applied toidentify the defects when they are undelevelopment.

In order to determine the integrity of metal tubing and the concrete casing in thessdiace,
three condition monitoring techniques including Acoustic Emis$AE), Guide Wave (GW),
and Vibration Aalysis (VA) are introduced. Thesedértechniques work under different
frequency ranges:

1 Using accelerometetype sensors to measure the frequency and energy of pipework
vibrations is an established method of predicting pipe failure from fatijlezhanical
systems tend to have much of tiieibration energy contained in the relatively narrow
frequency range between 10 Hz to 1000 Hz but measurements are often made up to
10 kHz, as there are vibration componertisaracteristic of the different failure
mechanismst higher frequency rangdd].

1 At a higher frequency rangihan VA(below 100 kHz)GW is an established non
destructive testing technique for detecting thinning in the wall of transmission
pipelines and process pipgork. The thinning, which may be caused by corrosion or
erosion,can be detected on either the internal and external surfaces.

1 AE is used to detect the crack propagation in casamgsthe presence of them in the
structure of interest The elastic waves generated by the crack propagation travels
within the structure,then detected by the sensors on the surface. Therefée can
be used when the assdi.e., the casingjs not assessabldor example when it is
buried or surrounded by insulationMost of the released energy is within the range
from 20 kHz to 1MHz.
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High temperature geothermal wells are often constructed of three concentric casings: a
surface casing, an anchor casing and a production casing where the geothermal fluid flows.
Each casing is cemented externally all the way to the top for structural suppd leak
prevention [2]. For a complex structurdike this, the challenge of applyingthe
aforementionedthree techniquedor structural integrity monitoring idue to theattenuation

of the signal, which relates closely to the monitoring distanceerfiation effect is a
phenomenonthat waveslose energy as they propagate through theaterial, resulting the
reduced monitoring distance.

Therefore,for a successful implementation oftegrity monitoring techniqueghe first step

isto evaluate theattenuation rate of thesehree different techniques. In this regard,series

of lab tests andnodelling work was carried out. Results showed that the AE and GW have
advantages over VA in terms of the detectidistance. Therefore, for the field trails, oGy

and AE techniques will be evaluated. Last but not the least, the techniques a#kbssed in

an operational environment.

In conclusion, the procedure for implememng the techniques is as follows:

1 Assessment through lab tests and numerical madig!|
1 Evaluatiorthough field trails
1 Demonstrationin an operational environment

1.1 Deliverableobjectives

In this deliverable, a detailed introduction to each condition monitoring technique including
VA, GW and AE is givén.the first stageresults from lab tests and numerical modelling are
presented. In the end, the future work plan inding the evaluation througheid trialsand
demonstration in an operational environmental are explained.

The objective is to give a clear plan of theplementation of well integrity monitoring
techniques as developed within the S4CE consortium

2 CSOKYAIldzSa F2NJ Sttt AYyOuSaANRI

2.1 Acoustic Emission

Acoustic emission@E)are transient elastic waves generated by the rapid release of energy
from localized sources within a materidhe working principle of AE is presented in Figure 1.

Acoustic emission is a physical phenomenon whereby transient elastic waves are generated
within a material or bya process.The application of loador the impact ofa harsh
environment produces internal structural modifications such as Iqaaktic defornation,

crack growth, corrosionerosion and phase transformationéll these mechanisms and
processes are generally accompanied by the generation of elastic whaaepropagate
through thematerials in our case through the casindgis summary:
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A Energy source is STRESS

A The detected energy comes from the FLAW, not from K Destructive Testing
(NDT)equipment

A Sensor detects movement, not geometric discontirasiti
Advantages:
A it allows a 100 % volumetric monitoring of the test object

A itis sensitive to growth of discontinuities and changes in the material structure rather
than to the presence ddtatic discontinuities

A it can be used to detect the effects die application of load in order to prevent
catastrophic failure o$tructures

it allows for esting at any stage of life cycle
reaktime evaluationof the integrity of the material

ability to discern betweervolving and norevolvingdefects

o Do o o

it is ca@mble of locating a growing discontinuity in the structure under tggh the
use of a sufficient number @ensors.

Disadvantages:
A non growing disentinuities may not generate AE;
A Attenuatiory
A AEis sensitive to irservice or other extraneous noise.

AE
Transducer |

H I ‘/\‘ I Signal

Conditioner

Pre- A -
= : ST mplifier _
- Amplifier Filter I &
- Event

Parametiic s—— Detector
d’m Inputs
,-f'
Crack
Computer 5 : :

Data Storage

‘ ‘ J’ Post-Processor

FHgure 1: A typical AE sfem set upCopyright: Using Acoustic Emission in Fatigue and Fracture Materials Research, (Huang,
1998)
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The main parameters used to describe the AE waveform are:
1 Peak Amplitude the greatest measured voltage in a waveform and is measured;in dB

1 Energyc the measure of the area under the envelope of the rectified linear voltage time
signal from the transducer

1 Counts¢ the number of pulses emitted by the measurement circuitry if the signal
amplitude is greater than the threshqld

1 Rise Time the time interval between the first threshold crossing and the signal peak
1 Durationg the time difference between the first ahlast threshold crossings
1 Peak Frequenayfrequency of the maximum FFT amplityde
1 Frequency Centroid frequency of centre of gravity
Those parameters are describsdhematicallyn Figure 2.
Duration
1 Ri3 Energy
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- >

Hit

Figure2: AEWaveformParametes [5]

2.2 Guided Wave

Guided Wave (GW) testing is one of latest methods in the field ofdestructive evaluation.
The method employs mechanical stress waves that propagate along an elongated structure
while guided by its boundaries. This allows the wavesaeel a long distance with little loss
in energy.
1 In ultrasonic ND;Tsound is made to travel in a material as a beam, this beam will be

reflected by a reflector which sits in the beam.
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1 Discontinuities that are planar will need to be almost perpendicutathe beam if
they are to be detected.
1 The piezoelectric crystal in th@robe converts electrical pulsesto ultrasonic sound
waves that are transmitted into the material.

The pulseacho ultrasonic transmission is described in Figure 3.

\ A-Scan display A-Scan display A-Scan display
= 2 = =

—

Figure3: Pulseecho ultrasonic transmission

Pulseecho method is based on mechanical waves (ultrasound) generated by a giezo
magnetically excited element at a frequency typically in the range between 2 and 5 MHz.
Control involves the transmigsi, reflection, absorption of ultrasonic propagated wave in the
controlled part. Transmitted wave beam is reflected within the play and the flaws, the returns
to the flaw that can be both transmitter and receiver. Positioning fault is done by
interpretation of the signals.

The principles of GW are based on tlesistance to travel of sound waves within a material
and the reflectiveness of,iis explained pictorially in Figure 4.

Increased Acoustic
Impedance

Generated wave

Reflected wave

Figure4: Resistance to travel of sound waweithin a material

2.3 Vibration Analysis

Vibration monitoring i longestablished technology, whidk usually applied to assess the
integrity of rotating machinery. It can also be used to evaluate the performance of a structure.
Vibration analysis (VA) makes use of appropriate sensors, which are placed on the structure
of interest, and its integrity ianalysed by means of its frequency spectrum characteristics.
Relevant data can be collected, digitalised and visualised from appropriate sensors with a
view to obtain statistical features. An example of those features are the root mean square,
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which is tle effective value of a varying signal (Fighidecrest factor, which shows how spiky

a signal is (Figu®) and skewness, which is a measure oframmetry of the waveform (Figure
7).

0.707a—

= T I 1 I
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Figure5: Root mean square of a vibratisignal which can be calculated as 0.708kYwhere Vis the peak amplitude of
the signal
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Figure6: Crest factorwhich is calculated as theeak amplitude/RMS value of the signal
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Figure7: Skewness
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There are two common ways to investigate vibration data. A typical signal which is acquired

on the time domain is shown in Figugan terms of signahmplitude as a function of time.
This is the raw data, which is collected by accelerometers.

Theacquisition of data takes place with the use of accelerometers. The working principle of
an accelerometer is based on the spramgss system and the calculation of the displacement
according to equation 1.

O 4 @ Q  Equationi

This leads to the calculation of the acceleration. There are different types of accelerometers
depending on the purpose of the structure that needs to be monitored such as mechanical,
capacitive, piezoelectric, MEMS etc.

Basedon the time series data and by applying a fast Fourier transform, we can obtain the
signal presented in Figu@ which is the amplitude as a function of the frequen€Eyamining

the frequency spectrunallows usto extract more information such as abnorhfaequency
components which may be correlated with potential defects and frequency band where
signal energy is more concentrated.

Amplitude (]

Amplitude [mv]
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Figure9: Amplitude as a function of frequenaf/the data showed in Figure 8 after Fourier transformation has been applied
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2.4 General layout of a monitoring well

The general layout of a wefor the purpose of our experinms, consisted of four casings
made out of conventional stainless steel with different diameters and concrete in between
them as shown ifrigurelO.

For such complex structures, the extent of monitoring that can be performed relies
extensively on the attenuation rate. The attenuation rate, which is the rate at which the
intensity of an aquired signal drops as a function of the distance that the wave has travelled
through, is a significant parameter in terms of assessing the applicability of the
aforementioned techniques. It is found that while the emitted waves and guided waves
propagatein the structure of interest, they suffer a gradual decrease in amplitude, which
reduces the range of inspection. That is the reason why the attenuation effect on the
propagating waves is tested. This deliverable presents the methodology and the relevant
experimentation used to calculate the attenuation rate and to come to a conclusion regarding
the suitability of AE, GW and VA for well integrity monitoring. The results show a promising
attenuation rate when using AE or GW on casings like the ones usedthregmal field sites.

FigurelO: Schematic of a typical well geothermal casisgconsidered by S4CE in developing technologies to monitor the
casings themselves
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Activities carried out

A AE and Vibration attenuation rate test on a steel pipe

A AE and GW attenuation test on a stpale surrounded by concrete
Research findings

A GW and AE suffer less from attenuation in comparison with VA

3.1 Acoustic Emissioiest

3.1.1 Testsetup

Firstly, four AESensorsg VS36SIG46dB were placed along a twuoeter-long pipe with a
distance of 0.5 m between one another. The frequency range of the sensors is between 25
80 kHzThe sensor has a buiibh amplifier (Gain = 46 dB). The low frequency response makes
it especially suited for monitoring large objects or objects made of highly attenuating
material. AE signals were recorded and analysed uaiMallen AMSY6 data acquisition
system. The sampling rate for the experiment VBaBIHz. To verify the response ofroAE
d2a0SY LISNF2NXIYyOSsS || Wl adz LISy OA fl6. BB tzbidOS 0 LJS
aid to simulate an AE event using the fracture of a brittle graphite lead in a suitable fitting.
More precisely, the test consists of breaking a 0.5 mm ditamgencil lead approximately 3

mm from its tip by pressing it against the surface of e [7]. This test first ensures that

the transducers are in good acoustic contact with the pipe and secondly, it checks the
accuracy of the source location setdpgurell, shows the experimental setup with the four

AE sensors that were placed across the casing. Bggtaime and ouof-plane sources were
introduced to represent two different fracture mechanisnseeFigurel? [8].

T N} T TOYOTR | ';“v‘
Ars o [/

iy =1 B

P —

Data Acquisition System

Figurell: AE setup for a production casing used in geothermal wdllief description is provided in the text.
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Figurel2: Pencilead break experiment performed for (a) in plane and (b) out of plane measurements

Next, an AE experiment was performed on a five meters long pipe surrounded by concrete to
assess the effect of the presence of concrete on the attenuation rate. Two$&36 dB AE
sensors were placed at both ends where concrete starts (leftsidece)and finishes (right
side). The experimental setup is showrFigurel3.

Hsu-Nielsen -
source

Figurel3: Description of the AE experimentaf.5mpipe covered with concret®n the left hand side the point where the
pencitlead break experiment was performed is shown along with the two AE sensors that were placed in the beginning of the
pipe and in the end of the pipe after the concrete. A cencial AE system was used to acquire the relevant data

PU Pagel4 of 26 Version3.0



DeliverableD6.3

b Science4CleanEnergy
3.1.2 Results

Acoustic Emission attenuatiorate on casingwithout concrete

The attenuation rate is the slope of the curves showrFigure14. The curves show the
amplitude of the signal as a function tife length of the pipeThe attenuation rate was
calculated for both the in plane and out of plane measurements and was found émjbal
to:

0 i o e FQ I
0 Yowqap: dBQNA

where AR is the attenuation rate.

85
1 ®— In-plane measurements
84 - = ®  Out-of plane measurements
1 R, Esss Linear fit of in-plane measurements
83 4 M e Linear fit of out-of plane measurements
1 ) K
82 - N
— 81 - T\ A Mg
— 80 - Cv, e Twg
(] S S W
° i ¥y g
g 79 N s ~ o \\‘.5
- — ° . e
s 78- : \\\ \\::\:
77 = Equation y=a+b*x bgX B |
d Adj. R-Square 0.93275 0.93375 [ N = &
76 - Value Standard Error R &
i Amplitude (dB) Intercept 84.21667 1.0363 b
Amplitude (dB) Slope -4.94 0.75681
75 =1 Amplitude (dB) Intercept 85.32857 0.90328 A
‘4 Amplitude (dB) Slope -4.34 0.65967 )
74 % ) ) b ) L ) = ) o ) = L) o )
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Distance (m)

Figureld: Amplitude versus distance for the in plane (black line) and out of plane (red line) measuressised on a
pipe not covered by cement.

The dtenuation rate is a relative parameter, which changes based on the type of structure
(e.g, being or not covered by cemertype of sensor and distance from the pencil. In the case
of our experiment, the amlfude of the signal does not suffer from significant attenuation
along the structure. This is very important in terms of the acquired signal, which will be
further analysed as part of the online monitoring.
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Acoustic Emission attenuation rate arasing covered with concrete

The sensors placed at the beginning and at the end of the pipe covered with concrete, have
generatedthe responses shown iRigurel5. Itis essential to examine the amplitude from
both sensors in order to assess the effect of the presence of concrete in the final signal. The
attenuation rate for that case is close to the attenuation rate calculated for the normal casing
without any concretearound it and it is equal to:

0'Y uvdQga

From the results shown in Figure 15, it can be seen that there is no dramatic decrease of the
signal amplitude from the beginning of the concrete to the end. This is very promising because
in general, con@te is highly susceptible to attenuation but the results suggest that with the
use of appropriate sensors this effect can be minimized.

95 =
] ® Sensor 1 response (left side)
904 ® Sensor2response (right side)
d | | | | | | | |
u
85 <
o 80-
=) 4
3 754
3
: &
2 704
£
< e
65 ~
J ®
60 - . ® 5 @ .
4 ® ®
55 f———— 17— ——— 71—
0 1 2 3 4 5 6 7 8 9

Sample number

Figurel5: Response from left side (black) and right side (red) placed sensors on coasirege’cpicture of the
experimental setup is provided in Figure 13.

3.2 Vibration AnalysisTest

3.2.1 Testsetup

Two accelerometers AC150 with sensitivity 100mV/g and dynamic range +50 g peak, were
placed on the well casingVith the aid of a hammer, the propagation of a crack was
simulated. The experiment was carried out in two different ways. First by hitting the pipe with
a hammer with a small amplitude stimuli and another one with a high amplitude stimuli. The
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experimentaketup is shown ifrigure 16 The purpose of this experiment was to examine the

characteristic frequency spectrum of the casing under different stimuli and how this could
affect the structure of interest.

Data Acquisition
system

Figurel6: Descriptiorof Vibration Analysis experimenh the casing that was not covered with concrete. The two AC150
accelerometers that were placed on the pipe are shown along with the commercial system that was used to acquire the
necessary data

3.2.2 Results

The attenuation rag¢ using the vibration analysis technique can be calculated as follows:

sy g YatiptRingti0
G YOEticE Qi NéEEi Q

where AR is the attenuation rate, sensor 1 response is the signal received from the
accelerometer on theelft side and sensor 2 response is the signal response from the
accelerometer on the right side respectively.

The experiment was carried out in two different ways. First, by hitting the pipe with a hammer
with a small amplitude stimuli and another one wathigh amplitude stimuli.

Small amplitude stimuli

The peak amplitude of the acceleration measured for the small amplitude stimuli from the
two accelerometers is:

W e@arc
W o§axms
0'Y @8 Qo
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where & is the peak acceleration measured from the accelerometers placed on the pipe.
In Figurel?, the acceleation signals received frotmoth sensors are shown.

Vibration captured from sensor 1

14 1§ T 14
— S0F 1
Nw a
-
E
(0]
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=
o
g
50 F B
' ' i -3 | 1 A 'S 1 I

25 26 21 28 29 3 31 32 33 34
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NN
PN

Vibration capttired frorr'| sensor 2

=
o

Amplitude [m/s?]
o

D
T
'

A A A J A A A d A

24 25 26 2.7 28 29 3 31 3.2 33 34
Time [seconds]

Figurel7: Acceleration captured from (a) sensor 1 and (b) sensor 2 under small amplitude Blgask refer to Figure 16
for the experimental setup.

High amplitude stimuli

The peak amplitude of the acceleration measured for the higiplitude stimuli from the two
accelerometers is:

W T Yapafic
@ P waTic
0'Y U®'Qao

where & is the peak acceleration measured from the accelerometers placed on thelpipe.
Figurel8, the acceleation signals received frotmoth sensors are shown.
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Vibration captured from sensor 1
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Vibration captured from sensor 2
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Figurel8: Acceleration captured from (a) sensor 1 and (b) sensor 2 under high amplitude Btieasié refera Figure 16
for the experimental setup.

The attenuation rate for both cases is higher compared to the use of AE and GW and it
increases with the increase of the amplitude of the stimuli. In the cases of AE and VA the peak
amplitude parameter was used to lable to derive a direct comparison of the attenuation
rate. It has been provefrom this test that AE and GW suffer less from the attenuation effect

in the structure. Therefore AE and GW are recommended to be applied for the structural
integrity monitoring of the geothermal wells.

3.3 Guided Ultrasonic Waves$est

3.3.1 Testsetup

GW testing was performed on the pipe sample covered with concrete and the experimental
setup is shown irFigure 19 A collar with the necessary transducers was placed along the
circumference of the pipe in such a way to ensure contact between the pipacgyréll the
transducers face plates. Once the collar is fastened to the pipe direct coupling is achieved by
forcing the transducers against the pipe surface. The wave frequency was chosen equal to 30
kHz and the transducer arrangement was chosen to pegfially excite longitudinal waves.
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Figurel9: Presentation of the commercial GW equipment used during the experiments

3.3.2 Results

The experimental results from the GW experiment on the concrete casing are given in the A
scan shwn in Figure20. The commercial equipment that was used for the testing has the
capability to differentiate between different parts of the pipas it can be seefrom the
results shown irFigure 20 Starting from short distances, we observe thhete is a peak
first, which designates the presence of a flapgtter that, a characteristic peak coming from
the presenceof the commercial monitoring systeiwan be ser. Another peak due to the
presence of a weld is showand the attenuation rate can be calculated by identifying the
slope between the peak designating the weld and the pipe end. Using the software that
accompanies the monitoring todhe attenuation rae was calculated tbe:

0'Y ¢& Qo

These results suggest that GW has a promising attenuation rate, but with the presence of a
defect an appropriate algorithm needs to be developed asilitlve revealed from the FEA
simulationsin section 4.

The atenuation rates received from different monitoring techniques are called relative ones
and they were also calculated in the work of Tan and Mba (2005). This is a typical approach
to assess the obtained attenuation rate and conclude on the most appropmateod that

can be used.
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