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The aperture effect of home-built AE sensor is calculated for Rayleigh velocity in steel
of 3,000 m/sec using MATLAB software. The calculated result is shown below.
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Figure A.1 Simulation of aperture effect using MATLAB
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The some definitions and constants of PZT element according to APC International
(2002) are summarized here.

The piezoelectric charge constant (d) is the polarization created per unit of
mechanical stress (7') applied to a PZT material or, alternatively, is the mechanical
strain (o) experienced by a PZT material per unit of electric field applied. The first
subscript to d is the direction of polarization created in the material when the electric

field (£,) is zero or alternatively is the direction of the applied field strength. The

second subscript is the direction of the applied stress or the induced strain, respectively.
Because the strain induced in a PZT material by an applied electric field is the product
of the value for the electric field and the value for d, d is an important indicator of a
suitability of material for strain-dependent applications. The details of piezoelectric
charge constant are shown below.

d, is induced polarization in direction 3 (parallel to direction in which ceramic element

is polarized) per unit stress applied in direction 3 or induced strain in direction 3 per
unit electric field applied in direction 3.

d,, is induced polarization in direction 3 (parallel to direction in which ceramic element

is polarized) per unit stress applied in direction 1 (perpendicular to direction in which
ceramic element is polarized) or induced strain in direction 1 per unit electric field
applied in direction 3.

d,s is induced polarization in direction | (perpendicular to direction in which ceramic

element is polarized) per unit shear stress applied about direction 2 (direction 2
perpendicular to direction in which ceramic element is polarized) or induced shear strain
about direction 2 per unit electric field applied in direction 1.

The piezoelectric voltage constant ( g) is the electric field created by a PZT material
per unit of mechanical stress applied or alternatively is the mechanical strain
experienced by PZT material per unit of electric displacement applied. The first
subscript to g is the direction of the electric field created in the material, or the
direction of the applied electric displacement. The second subscript is the direction of
the applied stress or the induced strain, respectively. Because the strength of the induced
electric field produced by a PZT material in response to an applied physical stress is the
product of the value for the applied stress and the value for g, g is important for

assessing a suitability of material for sensor applications. The details of piezoelectric
voltage constant are shown below.

gy, is induced electric field in direction 3 (parallel to direction in which ceramic

element is polarized) per unit stress applied in direction 3 or induced strain in direction
3 per unit eiectric displacement applied in direction 3.

g4 1s induced electric field in direction 3 (parallel to direction in which ceramic

element is polarized) per unit stress applied in direction 1 (perpendicular to direction in
which ceramic element is polarized) or induced strain in direction 1 per unit electric
displacement applied in direction 3.
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85 is induced electric field in direction 1 (perpendicular to direction in which ceramic

element is polarized) per unit shear stress applied about direction 2 (direction 2
perpendicular to direction in which ceramic element is polarized) or induced shear strain
about direction 2 per unit electric displacement applied in direction 1.

Elastic compliance (s) is the strain produced in a PZT material per unit of stress
applied. For the 11 and 33 directions, it is the reciprocal of the modulus of elasticity

(Young's modulus, ¢). s” is the compliance under a constant electric displacement and

s” is the compliance under a constant electric field. The first subscript is the direction
of strain. The second is the direction of stress. The details of elastic compliance are
shown below.

53 is the elastic compliance for stress in direction 3 (parallel to direction in which

ceramic element is polarized) and accompanying strain in direction 3, under constant
electric displacement (open circuit).

s,; is the elastic compliance for stress in direction I (perpendicular to direction in which

ceramic element is polarized) and accompanying strain in direction 1, under constant
electric field (short circuit).

Young's modulus (¢) is the stiffness of PZT material. ¢ is calculated from the value

for the stress applied to the material divided by the value for the resulting strain in the
same direction.

The electromechanical coupling factor (k) is an indicator of the effectiveness with
that a PZT material converts mechanical energy into electrical energy, or converts
electrical energy into mechanical energy. The first subscript to k is the direction along
that the electrodes are applied, and the second is the direction along that the mechanical
energy is applied.

The values of & quoted in ceramic specifications of manufacturer characteristically are
theoretical maximum values. At low input frequency, a typical PZT ceramic can convert
30 - 75% of the energy delivered to it in one form into the other form. It depends on the
formulation of the ceramic and the directions of the forces involved. A high value of &
usually is desirable for efficient energy conversion, but & is not in itself a measure of
efficiency as it does not account for dielectric losses or mechanical losses. Additional,
unconverted energy often can be recovery. The accurate measure of efficiency is the
ratio of converted, useable energy delivered by the PZT element to the total energy
taken up by the element. By this measurement, PZT elements in well designed systems
can show efficiencies that exceed 90%.

The dimensions of the PZT element can dictate unique expressions of & . For a thin disc
of PZT element the planar coupling factor (k,) expresses radial coupling, the coupling
between an electric field parallel to the direction in which the PZT element is polarized

(direction 3) and mechanical effects that produce radial vibrations, relative to the
direction of polarization (direction 1 and direction 2). For a disc or plate, the thickness

coupling factor (k,) a unique expression of k,,, expresses the coupling between an
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electric field in direction 3 and mechanical vibrations in the same direction. The details
of each electromechanical coupling factor are shown below.

ks, is the factor for electric field in direction 3 for ceramic rod, length >10 x diameter

(parallel to direction in which ceramic element is polarized) and longitudinal vibrations
in direction 3.

k, is the factor for electric field in direction 3 and vibrations in direction 3 for thin disc
(surface dimensions large relative to thickness; &, < k;).

k,, is the factor for electric field in direction 3 for ceramic rod (parallel to direction in

which ceramic element is polarized) and longitudinal vibrations in direction 1
(perpendicular to direction in which ceramic element is polarized).

The dielectric dissipation factor (dielectric loss factor), (tand ), is the tangent of the
dielectric loss angle. tand is determined by the ratio of effective conductance to
effective susceptibility in a parallel electrical circuit, measured by an impedance bridge.
Values for tand characteristically are determined at 1 kHz.



APPENDIX C

Analogies between Electrical and Mechanical Systems and Wave Equation for
Thickness Oscillations
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C.1 Analogies between Electrical and Mechanical Systems
In this sub section, the derivation of analogies between electrical and mechanical
systems is explained. The details are shown as follows.

From the Newton’s second law of motion, the equation is

Fo d(mv)
dt
Equation C.1 can be also written as
F= mﬂ
dr

Since the velocity is small compared with the velocity of light and thus the mass is a
constant. In the case of a rectilinear motion, equation C.2 can be written as

F=m

o (C.3)

where y is the displacement from the equilibrium position, and the relation between the
velocity and the displacement is

_ &
dt

v

(C.4)

The quantities F,v and y in equations C.1 to C.4 can be alternating depend on time.

Usually, the harmonic vibrations are interested. In this case, these quantities are
sinusoidally dependent on time. Introducing the complex-number notation can be
written as

P .87 (C.5)
where @ =271 is the angular frequency, f is the frequency, and j =+/—1.
From equations C.4 and C.5 can obtain

dy

v=—"=jay, e’ =v, e’ = joy (C.6)
dt
Similarly, the acceleration
ﬂ &= jajvmejax = ja)V (C7)
dt

From equations C.2 and C.7 can be written as
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F = jomv (C.3)

In an elastic system without mass and friction, the force is proportional to the
displacement within the limits of Hooke’s law. Thus

F=sy=-— (C.9)

where s is the stiffness and ¢, is the compliance of the system. A relation can be given
by

The stiffness can be defined as the force per unit displacement and the compliance can
be expressed as displacement per unit force.

Substituting

(C.10)

The retardation force due to effects of friction in a system during motion is usually
proportional to the velocity. The proportionality constant, r, is called the mechanical
resistance. The relationship

F=ryv (C.11)

m

gives the retardation force caused by friction and other losses.

Equations C.8, C.10 and C.11 are reminiscent of the well-known relations between the
voltage, u and the current, / in linear electrical circuit theory:

u=joLi (C.12)
i

= C.13

i JjoC ( )

u=Ri (C.14)

where L is inductance, C is capacitance, and R is electric resistance.
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The analogy between the mechanical and the electrical systems is explained with the
force (F') playing the same role as the voltage (u), and the velocity (v) playing the
same role as the current (/). The mass (m ) in this analogy, has a similar significance in
mechanical systems as inductance (L) has in electrical circuits; the mechanical
resistance (r) corresponds to the electrical resistance ( R ); and the compliance (¢) has
the same significance in mechanical systems as capacitance (C) has in electrical
circuits. In this analogy, the displacement (y ) of a mechanical system corresponds to
electric charge (gq), as

so that

y= Ivdt
and this is analogous to the relationship

q= jidt

between electric charge and current.

In agreement with this is the equation (according to equation C.9)
Fe=y

which is analogous to the relationship
uC=gq

between the corresponding electrical quantities.

Similarly, as electrical impedance, Z, is introduced in the theory of electrical circuits as
the ratio of voltage to current

so an analogous quantity, the mechanical impedance, Z, is introduced there for
mechanical systems. It is defined as the ratio

Zo =

m

L (C.15)
\%

of the force acting on the system to the velocity with which, under the influence of the
exciting force, the system vibrates.
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The mechanical impedance of a mass is
Z, =jom
the mechanical impedance due to friction is equal to the mechanical resistance.
Z, =r

And the mechanical impedance associated with elasticity is

Z,=—
jac

Equations C.8, C.10 and C.11 can be considered to be the mechanical analogy of Ohm’s
law, which is a well-known relation in electrical circuit theory.

It is given by the formula
v=— (C.16)

According to this formula the mechanical velocity is proportional to the force and

indirectly proportional to the mechanical impedance. In a mechanical system the power
is given by

]
s ijdt
T 0

This expression gives a formula analogous to that in electrical circuit theory,
P= Ft,fvef cos @ (C.17)
The relationship between equations C.16 and C.17 are generally valid for any linear

mechanical system, that is, for any system where there is a linear dependence between
the velocity and the force.

C.2 Wave Equation for Thickness Oscillations

In this sub section, the derivation of wave equation for thickness oscillations is
explained.

From the forces acting in the sections x, the increment of force along the length dx is

STl(x)~STl(x+dx)=—Saaidx (C.18)
X

This force (if there is no external force acting in section x) is in equilibrium with the
inertial force, which according to Newton’s second law is given as a product of the
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mass pSdx and its acceleration 0%7/0t*. Therefore, for the equilibrium of forces acting
on the element dx, the equation can be written as

o7, o'n
_ S G e () C.19
oy dge (12
and
P
o o L (C.20)
Ox

This expression can be substituted in equation C.19, which gives after rearrangement

Q.14 80T
o g, o 1
11

Equation C.21 is the wave equation of oscillations propagating in the x direction. Its
general form is

o’'n, _ 120,

oxr ¢ ar’

(C.22)

where ¢, is the velocity of propagation of mechanical oscillations in the x direction.
Comparing equations C.21 and C.22

¢, = /& (C.23)
yo)

Considering only harmonic oscillations of frequency f, the equation can be written as

M, = Nme’™ (C.24)
where @ = 27f . Then
2
aa;* = —w'y, (C.25)

Substituting equation C.25 into C.22, for the time-independent part of 7_, the equation
can be written as

o’n,
ot?

+k*n, =0 (C.26)

where k = w/c, is the wave number.



APPENDIX D

Characteristic of Tungsten Powder (Backing Material)



Table D.1 Characteristic of tungsten powder

1568754 DMTMP200 TUNGSTEN TMP200 300C F7098
Characteristic

Batch: F03810886 / Quantity Unit | Value Lower Upper
10,000 kg

TOTAL CARBON % 0.02 | SPEC: 0.00 — 0.15
OXYGEN % 0.10 | SPEC: 0.00 — 0.15
IRON % 0.1 | SPEC: 0.0 - 0.2
APP DENS g/cm3 PESPEC: 7= 15— 10
APP DENS GI3 154.4 | MIN: 0.0

TAP DENSITY g/cm3 | 11.6 | SPEC: 10.0 — 13.0
TAP DENSITY GI3 190.6 | MIN: 0.0

HALL FLOW S 7 | UPPER SPEC: 10
+ 100 % 0.3 | MAX: 1.0

+ 100 + 140 % 10.2 | SPEC: 5.0 - 20.0
+ 140 + 200 % 22.2 | SPEC: 15.0 — 30.0
+200.% 325 % 41.9 | SPEC: 30.0 — 50.0
+ 325 + 400 % 15.4 | SPEC: 5.0 - 20.0
+ 400 % 10.0 | MAX: 15.0
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LOCAN 320 Setting
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E.1 Introduction of LOCAN 320

A LOCAN 320 AE acquisition from Physical Acoustics Corporation (PAC) was used in
this study. The LOCAN 320 is a computerized AE system that performs AE signal
measurements, stores, displays and analyzes the resulting data in real time. The AE
signal from the AE sources (leakage and corrosion) are converted into electrical signals
by the AE sensor, amplified to useable voltage levels by the preamplifiers and measured
in two-channel computerized modules known as Independent Channel Controllers
(ICCs). Each source event may be detected by one, two or eight channels. The
important components of internal and external hardware show follow.

Processor: 80286 20MHz
Co-processor: 80C287
BIOS: 100% IBM PC/AT compatible
Operating System: MS-DOS, (Version 3.3)
RAM: 2 MByte
Storage: 40 MByte Hard Disk
Power Supply: 200 Watt Digital

100 Watt Analog
Slots/Channels: Eight (8)
AE Signal Measurements (Based on ICC Analog)
Bandwidth: 3kHzto 1 MHz
Noise: 18 dB (with 40 dB gain setting)
Gain Setting: 0 to 60 dB in 1 dB steps
Gain Accuracy: +/-1dB
Threshold (fixed): 20 mV to 2.5 V range

10 mV resolution

3 mV accuracy

Auto set by ICC computer in range of 12 to 88 dB
Threshold (floating): 50 mV to 12 V (DC) range

E.2 LOCAN 320 Setting

Turn the power on using the switch located on the rear panel and uses the following
sequence to set the AE data acquisition.

- Press Esc and press del, and then select Run Cmos

- Setting Cmos (press Page Up and Page Down)

Hard Disk C: 47 = usertype Cyln Head WDcomp Lzone Sect Size
826 16 825 0 63 -

Hard Disk D: not installed
VDO VGA
Keyboard Installed

For exit, press Esc, enter Y and press Enter
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The computer starts the program.
Press Ese and press del, and then select Run Xcmos Set up

- Select ADVANCED NEAT CHIPSET REGISTER SET UP

- Setting Xcmos (press Page up and Page Down)

82 C211
60H 00 0 0 R 0 RO
61H 0 1 00 01 01
62H RR 11 11 10
82 C212B
6AH 11 1 RRRR
6BH 1 1 0 0 10 11

For exit, press Esc and select WRITE CMOS REGISTERS AND EXIT
Waiting the program:
Enter 1320loc on the Dos command, and press Enter

E.3 Hardware Setting

The hardware setting must be selected before the test. The structure of this menu is
divided into four blocks: Channel Setting, Hit Data Set, Time Driven Data Set and
Parametric Multiplier/Offset. To move the cursor between these blocks, use the TAB
key and to move the cursor within each block, use the four arrow keys in the right-hand
section of the keyboard.

In this study, the value of parameter in channel setting block was set as shown follow.

GAIN (Main Amplifier) = 20 dB (valve leakage), 32 dB (corrosion)
PDT (usec) = 300

HDT (usec) = 600

HLT (usec) = 1000

Threshold (dB) = Fix 50

Note: Amplified signal by preamplifier = 40 dB (valve leakage), 60 dB (corrosion)



APPENDIX F

HP 89410A Vector Signal Analyzer Setting
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A HP 89410A Vector Signal Analyzer was used to determine the characteristic of AE
signal in term of frequency response. The Vector Signal Analyzer has a frequency
bandwidth of 0 to 10 MHz and frequency points of 51 to 3201 points. In order to
optimize the measurement, measurement speed, measurement resolution and display
resolution are considered. For determining measurement resolution and measurement
speed, resolution bandwidth, frequency span, main length and window selection are also
considered (Agilent Technologies, 2000). The detail of each functions shows follow.

F.1 Resolution Bandwidth

The resolution bandwidth (RBW) determines the analyzer’s frequency resolution. It
may effect how fast the analyzer makes a measurement. Normally, resolution bandwidth
is adjusted automatically as the frequency span is selected. RBW is one of the most
important parameter setting in a spectrum analyzer. Because RBW may affect
measurement time, manually selecting a narrow RBW can slow down a measurement.
On the other hand, selecting a RBW that is too wide may not give adequate frequency
resolution and can obscure spectral components that are close together. In vector mode,
the minimum resolution bandwidth is a function of frequency span and the number of
frequency points, and the maximum resolution bandwidth is a function of frequency
span only.

In this study, the RBW is about 10 (9.99750) kHz (adjusted automatically by HP
89410A).

F.2 Frequency Span
The full-span measurement of HP 89410A is from 0 Hz to 10 MHz. Measurements with
spans that start at 0 Hz are often called baseband measurements. In the HP 89410A the

sample rate is adjusted, based on the span, to achieve the desired information
bandwidth.

In this study, the frequency span was set to cover 0 to 1 MHz.

F.3 Display Resolution and Frequency Span

The number of frequency point of HP 89410A can be selected from 51 to 3201 points of
display resolution. However, for a given number of frequency points, narrower spans
have finer frequency resolution because the same number of frequency points represents
a smaller range of frequencies. The display resolution can be calculated by

Display resolution = Frequency span / Number of frequency points — 1 (F.1)

In this study, the number of frequency points is 401 points and frequency span is 1| MHz
(from subsection E.2).

So
Display resolution = 1x 10°/ (401-1) = 2.5 kHz

F.4 Windowing

A window is a time-domain weighting function applied to the input signal. A window is
a filter used to compensate for the fact that most signals are not periodic within the
input time record. Depending on the window, the HP 89410A attenuates the ends of the
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input time record, to prevent leakage caused by transforming signal that are not periodic
within the time record.

In this study, the Flattop window is selected because it has good frequency resolution

for a fixed resolution bandwidth and high amplitude accuracy. The window bandwidth
(WBW) of Flattop is 3.8193596.

F.5 Time Record Length
The time record length (T) is described in term of window bandwidth (WBW) and

resolution bandwidth (RBW). The relationship can be written as (Agilent Technologies,
2000)

T =WBW /RBW (F.2)

Maximum Time Record Length
The maximum time record length (Trax) is limited by the number of frequency points,

Tmax = (FP - 1) / Frequency span (F.3)
where FP is the number of frequency points.
Minimum Time Record Length
The minimum time record length (Twis) is dependant on the relation bandwidth to span

ratio,

Twin = WBW / RBWax (F.4)

RBWax = 0.3 x Frequency span (F.5)

In this study, the time record length (T) is
T =3.8193596/ 10x 10> = 381. 93 x 10 second
The maximum time record length (Tpa) is
Tmax = (401 - 1)/ 1x10° = 400 x 10 second
The minimum time record length (Ty) is
RBWpax = 0.3 x (1x10% =300 kHz
Tmin = 3.8193596 / 300 x 10> = 12.73 x 10 second

F.6 Time Record Size
The time record size (TP) refers to the number of time points (samples) in a time record.

The TP can be defined as (Agilent Technologies, 2000)

TP=SR x T (F.6)
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SR =2.56 x Frequency span (F.7)

where SR is the sample frequency rate (in baseband mode).
In this study, time record size (TP) is

TP = (2.56 x 10° x (381.93 x 10°) = 988 (977.75) points

The vector measurement mode, amplitude and phase information in frequency and time
domain and also time gating, was set in this study. The all parameters can be
summarized as shown below.

RBW = 10 kHz
Frequency span = 0-1 MHz
Display resolution = 2.5 kHz

381.93 x 10 second

Time record length (T)
Maximum time record length (Tpax) 400 x 107 second
Minimum time record length (Tyin) 12.73 x 107 second
Time record size (TP) = 988 points

Il
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Comparison of AE Spectra between Artificial Leakage and Air Jet at External Ball
Valve (Flange)
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For comparison of AE spectra between artificial leakage and air jet at external ball valve
(flange), artificial leaks from the incomplete closure of a ball valve are used to simulate
a leak. The AE spectra of internal ball valve leakage are recorded using the same
equipment and under the same conditions as those that are used in internal valve
calibration (a 25.4 mm ball valve at inlet pressure from 300 to 500 kPa at three valve
leakage rates of 100, 130 and 160 ml/sec).

The AE spectra from internal ball valve leakage are shown in figure 5.10 (AE1 sensor)
and figure 5.11 (WD sensor).

The air jet calibration results of AE spectra from external ball valve (flange side) are
shown in figure G.1 (AEI sensor) and figure G.2 (WD sensor). The frequency response
of the AE1 and WD sensor is about 100 kHz.

—— Air Jet 300 kPa (at flange) |

20+

-
[%,]
(E

AErms (mV)
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0 100 200 300 400 500 600 700 800 900 1000
Frequency (kHz)

Figure G.1 The AE spectra from external ball valve (flange side) of AE1 sensor
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Figure G.2 The AE spectra from external ball valve (flange side) of WD sensor

The average ratios between G, /G, (AE1/WD) from both the air jet (flange side) and

fluid leakage spectra are shown in figure G.3 and G.4. The ratio of the air jet and the
fluid leak between two AE sensors are not similar in shape. This ratio can not use to
transfer data between the different AE sensors.
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Figure G.3 The average ratio of G, /G, (AE1/WD) at flange side for pressure from
300 to 500 kPa and leakage rate from 100-160 ml/sec
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Figure G.4 The average ratio of G, /G, (AE1/WD) at flange side
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