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Abstract

Using normal incident, pulse-echo ultrasound is a well-established approach
in the non destructive testing and evaluation community for measuring wall
thickness and detecting defects. If the sensors are permanently installed, this
opens for a high sensitivity to relatively small changes in the wall thickness. At
present, intrusive probe technology is commonly used for rapidly determining
the corrosion rate of steel structures. However, non-intrusive methods are often
desired. The �rst part of this thesis focuses on developing a new ultrasound in-
spection technique in relation to high resolution corrosion monitoring of internal
steel surfaces in the presence of thermal variations. The method extracts both
the change in steel thickness and temperature from a set of ultrasonic signals in
a monitoring setup, eliminating the need for an independent thermometer. The
analysis illustrates the importance of temperature compensation and how even
small thermal variations can give an erroneous corrosion rate if not corrected
for.

In many applications it is required to extract information from materials
through steel. Two examples taken from the oil and gas industry are deposits
monitoring and cement evaluation through a tubing wall. A challenge when
using pulse-echo ultrasound for such applications is the high impedance ratio
between the steel and the material under observation causing most of the en-
ergy to reverberate back and forth in the steel structure. Signal interference
together with a large contrast ratio between the steel reverberations and the
desired echo may complicate the detection scheme. It is therefore a need for
further development of robust techniques addressing such issues. The second
part of this thesis hence deals with feature extraction from materials through
steel. It is entirely related to a new bi-layer transducer design or to a dual
frequency technique which can be applied with the new transducer. The dual
frequency technique is based on transmitting two pulses with a frequency sep-
aration of about 1:10 simultaneously and coaxially. The low frequency (LF)
pulse manipulates the acoustic properties of the medium nonlinearly, while
the high frequency (HF) imaging pulse propagates under the in�uence of the



LF pulse. In order to transmit such pulse complexes, the transducer consists
of two piezoceramic elements which have a common aperture. In the second
paper the HF part of such a transducer is characterized, and a methodology
for characterizing para�n wax deposited on steel is presented. The method
is based on modeling the electro-acoustic channel of the transducer when only
the HF element is active. The model is then �tted to measured data which in
turn facilitates inversion of wax parameters. The third paper investigates the
same transducer when both elements are active. A method for detecting water
�lms through steel by applying radiation pressure is then presented as well as
the modeling and suppression of acoustic crosstalk from the LF to he HF ele-
ment. The next paper analyzes the two-way dual frequency wave propagation
in a plane layer when assuming normal incident, plane wave propagation. In
particular, it is discussed how a nonlinear delay between two HF pulses propa-
gating on opposite polarity of the LF pulse accumulates for di�erent boundary
conditions and layer properties. This is important for the last paper, where a
re�ned design and prototype testing of the dual frequency transducer is dis-
cussed. Experimentally, nonlinear delays are obtained from a water layer both
in transmission mode and in pulse-echo mode. It is also illustrated how these
delays can be used for suppressing the reverberations in steel relative to the
desired echo signal.
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Introduction

Tarjei Rommetveit
Department of Engineering Design and Materials, NTNU

1.1 Background

The current trend in o�shore petroleum industry is to move into deeper water
and more extreme environments. This leads to higher expenses related to,
amongst others, inspection, replacement and maintenance of pipes, tubes and
process equipment. In order to reduce such costs, there is an increasing demand
for online monitoring of failure mechanisms and other parameters for better
control and planing of related measures.

The SmartPipe project [1] addresses some of the above mentioned issues
by intending to develop a concept for real time monitoring of the technical
state of o�shore pipelines. The main idea of SmartPipe is to mount distributed
sensor packages with local power supply and wireless communication onto the
pipeline. Only non-invasive sensors should be used. The following sensor types
are integrated in the sensor package:

1. Thermistors for measuring temperature.

2. Accelerometers for measuring vibrations and inclination.

3. Strain gauges for measuring internal pressure and de�ection.

4. Ultrasound transducers for measuring wall thickness.

The sensor data will be transmitted to a centralized database for storage, anal-
ysis and visualization. By combining the measurements with advanced simu-
lation tools, both local and global degradation e�ects can be monitored. The
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1.1 Background

�rst phase of the SmartPipe project focused on the general development of the
system and veri�cation. It resulted in a demonstrator showing the feasibility
of the concept (summer 2009.) It is aimed at running a second phase of the
project ending with a full scale pilot installation.

This ph.d. project is one out of two which is funded through the SmartPipe
project. Both ph.d. projects addresses ultrasound inspection methods, but
while the other deals with acoustic guided wave technology, this thesis focuses
on the development of normal incident pulse-echo inspection techniques through
steel with permanently installed sensors related to the following themes:

1. Wall thickness measurements and corrosion monitoring.

2. Methods for feature extraction from materials through steel.

1.1.1 Wall thickness measurements and corrosion monitoring.

For high resolution corrosion monitoring in lab experiments and process con-
trol applications, a method denoted Linear Polarization Resistance (LPR) is
commonly used [2]. This is an intrusive method based on electrochemical prin-
ciples. The LPR method and its variants are regarded as very accurate mea-
suring methods with a rapid time response. Limitations with this approach are
that it requires continuous water phase and that the probes have a restricted
lifetime. Since continuous water phase is required, LPR is usually not suitable
for corrosion monitoring in the petroleum industry.

Another intrusive measuring principle is based on Electrical Resistance (ER)
which measures the increasing resistance as the probe corrodes [2]. Again a
restriction is the limited sensor lifetime which decreases as a function of sensi-
tivity. The ER method does not require a continuous water phase, but it has
a slower time response than the LPR principle.

The Field Signature Method (FSM) [3] is a variant of the ER technology
which measures the change in current �ow and electrical resistance in the pipe
by applying a voltage over several pins connected to the pipe. A constant
current is fed through the pipe and by measuring the potential drop between
the di�erent pin pairs, the internal corrosion pattern can be calculated.

Using ultrasound is a well established approach in the non destructive test-
ing (NDT) community for measuring wall thickness and detecting defects [4].
The ultrasound normal incident pulse-echo approach is based on transmitting
an ultrasound pulse from a transducer and into the steel as seen in Figure 1.1 a),
and receiving the re�ected echoes with the same transducer. The resulting
waveform is shown in Figure 1.1 b) and it is characterized by a sequence of
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Introduction

decaying echoes due to the reverberations in steel. Given the sound speed, c,
in steel, the wall thickness, L, is calculated as

L = (tof · c)/2 (1.1)

where tof is the time-of-�ight between two subsequent echoes. In this way, the
wall thickness is measured directly and non-intrusively. By observing the wall
thickness over time, the corrosion rate can be estimated.

(a) (b)

Figure 1.1: a) Typical setup for measuring wall thickness. b) Received wave-
form.

The Smartpipe project aims at a sensitivity of 0.01mm (= 10µm) from the
wall-thickness measurements. The sensitivity is related to the signal to noise
ratio (SNR) of the wall thickness measurements which in turn are directly
related to how fast one can estimate a reliable corrosion rate. Several factors
will a�ect the SNR and sensor response. Some examples are amount and type
of coating, eventual deposits, roughness of di�erent interfaces, temperature
variations, transducer type and the electronics. In this thesis, the resolution
of wall-thickness measurements is studied in relation to corrosion rates and
temperature e�ects.

1.1.2 Methods for feature extraction from materials through
steel.

'Looking' through steel is desired in many situations. One example is during
oil- and gas recovery and production, where formation of deposits such as wax,
scale and hydrate can cause large production losses due to restricted �uid �ow
and possible plugging. The need for actions in order to remove deposits, such
as operational shut-downs, pigging operations and chemical treatment, leads
to great expenses for the petroleum industry. Further, if the composition of
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1.2 Objectives and tasks

the deposits is unknown, the chemical treatment is to a large extent based
on guesswork. This may lead to chemical wastage which further enhances
the deposit-related costs. If robust detection and characterization schemes are
present, preventive actions can be taken at an earlier point in time.

With ultrasound pulse-echo systems 'looking' through steel is feasible, but
there are some challenges. The main issue is usually the large impedance ratio
which may occur between the steel and the material under observation. This
causes most of the energy to reverberate back and forth inside the steel (as seen
in Figure 1.1 b) and only a fraction will be transmitted into and re�ected back
from the layer of interest. If the strong reverberations from steel overlaps with
the weak echo of interest, feature extraction is further complicated.

Several approaches for detecting deposits have been suggested. In [5], an
apparatus for measuring the Doppler shift from the �owing �uid inside the
pipeline is described. The idea is then to extract the deposit-thickness from
the time-gate of the Doppler shift. In [6], guided waves are employed for ex-
tracting information about eventual deposits by studying changes in the cut-o�
frequencies and group velocity of di�erent modes. A method for estimating the
thickness of wax deposits as well as identifying hydrates through gas pipelines,
based on a standard pulse-echo technique is presented in [7]. At the Robert
Gordon University in Aberdeen, a group has produced several publications re-
lated to ultrasonic deposit monitoring [8�11]. By using the fact that at an
interface between two materials, a certain amount of acoustic energy will be
re�ected based on the di�erence in characteristic impedances, one is able to
characterize the deposit based on the decaying echo sequence in steel. Fluid
�lm detection through high impedance materials [12, 13] is another area with
many of the same challenges as for deposits monitoring. For pipelines a po-
tential application of detecting water �lms can be to identify areas exposed to
CO2 corrosion.

1.2 Objectives and tasks

The main objective of the project has been to improve and develop ultrasound
pulse-echo techniques for permanently installed, normal incident sensors re-
lated to corrosion monitoring of internal steel walls and feature extraction from
materials through steel.

When investigating the issue of corrosion monitoring, existing transducer
technology and traditional pulse-echo methods have been used. In relation
to feature extraction from materials through steel however, a dual frequency
technique requiring a new, bi-layer, transducer design has been studied. The
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Introduction

dual frequency technique is based on transmitting two pulses with a frequency
separation of about 1:10 coaxially and simultaneously. The high frequency (HF)
pulse is then supposed to propagate under the in�uence of the low frequency
(LF) pulse. This may lead to observable 2nd order e�ects from the material
under observation which can be utilized for new imaging modalities. During
the test phase of the transducer, the need for a thorough characterization of its
behavior through measurements and modeling was identi�ed. This has in turn
triggered the work with parameter estimation through modeling and inversion
of the complete electro-acoustic channel based on linear acoustics (i.e. without
using the LF manipulation pulse). It has also been necessary to study the dual
frequency wave propagation in plane materials and to prove the dual frequency
concept through steel. Based on this, the following subtasks have been identi�ed
during the course of work:

1. Improve and develop techniques for high resolution corrosion monitoring
in the presence of temperature variations.

2. Design and characterize bi-layer transducers to be used for feature ex-
traction through steel. This includes modeling and measurements.

3. Develop a technique for estimating the properties of wax deposited on
steel based on linear acoustics.

4. Investigate the possibility of detecting water �lms through steel using
radiation force.

5. Formulate a theory for the accumulative nonlinear propagation e�ects in
a plane layer using the dual frequency method.

6. Prove the nonlinear propagation e�ects through steel with the bi-layer
transducer.

1.3 Estimation of material parameters from layered

structures using plane wave analysis

All waves are in reality three-dimensional and have to some extent curved
phase fronts. Plane waves are a simpli�cation which assumes plane phase fronts
and a one-dimensional (1D) energy propagation. For normal incident beams
transmitted into layered structures where the phase fronts are nearly parallel
with the interfaces, plane waves are however a good approximation.
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1.3 Estimation of material parameters from layered structures using plane

wave analysis

When analyzing plane, linear, wave propagation, we can �rst consider the
broadband pressure pulse, pm+(z, t), which propagates in material m in the
positive z-direction according to:

pm+(z, t) = pm+(z − cmt) . (1.2)

Here z is the position, t is the time variable and c is the sound speed. The
subscript letter denotes the material. It is often convenient to consider the
beams in frequency domain:

Pm+(z, ω) = Pm+(ω)e−jkmz . (1.3)

Here ω = 2πf is the angular frequency, k is the wave number, f is the frequency,
Pm+(ω) is the frequency dependent complex envelope while j =

√
−1. Further,

frequency domain variables are related with time domain variables through the
Fourier transform pair. The forward Fourier transform is given by:

Pm+(z, ω) =

∫ ∞
−∞

pm+(z, t)e−jωtdω . (1.4)

The inverse Fourier transform is given by:

pm+(z, t) =
1

2π

∫ ∞
−∞

Pm+(z, ω)ejωtdω . (1.5)

If Pm+ hits an interface at normal incidence between material m and material
n, some of the energy are transmitted into material n while some of the energy
is re�ected back to material m as seen in Figure 1.2.

The transmitted and re�ected pressure waves are given at z = 0 as

Pn+ = Tm,n · Pm+

Pm− = Rm,n · Pm+
(1.6)

where Tm,n and Rm,n are the pressure transmission- and re�ection coe�cients
from material m to material n respectively. These are given by:

Tm,n =
2Zn

Zm + Zn

Rm,n =
Zn − Zm
Zm + Zn

(1.7)

Here Z = ρc is the characteristic impedance of the material while ρ is the
density. As the pulse travel through the medium, it is attenuated due to power
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Figure 1.2: Re�ection and transmission of the plane, normal incident wave Pm+

at an interface.

absorption and scattering losses [14]. It is often a sound approximation to
assume that the attenuation increases linearly with frequency by incorporating
a loss factor, η, into the wave number:

km =
ω

cm
(1− jηm

2
) . (1.8)

In general, η = 1/Q where Q is the mechanical Q-number.
In a pulse-echo setup, the re�ectivity, R(ω), is an important parameter as

this relates the incoming pulse to the total re�ected signal. For an N−layer
medium it may be challenging to achieve any closed form expressions for R(ω).
An alternative is to calculate R(ω) by analyzing the frequency dependent acous-
tic impedance, ZAI(ω) iteratively using the formula:

for i = 1 to N

ZAI,i(ω) = Zi
ZAI,i−1 + jZi tan(kiLi)

Zi + jZAI,i−1 tan(kiLi)

end

(1.9)

Here ZAI,i and Li are the spatial dependent acoustic impedance seen into
layer i and thickness of layer i respectively. In order to initialize the itera-
tion ZAI,0 = ZL where ZL is the characteristic impedance of the load. The
concept is illustrated in Figure 1.3. The re�ectivity is now given as

R(ω) =
ZAI,N (ω)− ZN+1

ZAI,N (ω) + ZN+1
. (1.10)
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wave analysis

Figure 1.3: Impedances seen into layered medium.

Here ZN+1 is the characteristic impedance of the medium between the sensor
and the layered structure.

Eqs. (1.2)-(1.10) can de�ne the building blocks when formulating the for-
ward model for a given problem. The forward model can be used in order to
predict the behavior of a system, but it can also be employed to invert acous-
tical parameters and layer thicknesses from measurements. Then the objective
is to estimate some true parameters, p, through a comparison of a measured
data set, d and the forward model, d̄. The best estimate of p is the one that
minimizes an objective function, ϕ, which typically is a variant of the squared
error sum between d̄ and d:

ϕ(p) = ‖d̄(p;ω)− d(ω)‖ . (1.11)

Here ‖.‖ denotes the L2 norm. The formulation of the inversion problem thus
becomes:

p̂ = arg min
p
ϕ(p) (1.12)

Here p̂ is the estimated value of p. Note that the estimation scheme also can
be formulated in time-domain.

Much work regarding parameter estimation from layered media is reported
in the literature for which a brief discussion follows. The problem of esti-
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mating attenuation, group velocity and phase velocity in specimens with sub-
wavelength thickness in both pulse-echo and transmission mode is addressed
by Kinra and Dayal [15]. The ratio of a reference signal and the received sig-
nal is then examined in the frequency domain in order to extract the desired
parameters. In [16], Zhu and Kinra has developed a technique to determine
thin plate properties using only time domain information. The simultaneous
determination of ultrasound velocity and plate thickness from the analysis of
thickness resonances is presented by Alvarez-Arenas [17] while the evaluation of
thin coatings on thick substrates by using a frequency domain inversion scheme
is given in [18].

Characterization of three-layered structures, where up to six parameters are
estimated simultaneously using resonant frequencies, is presented by Yapura et
al. [19]. Raisutis et al. has used an iterative deconvolution technique to estimate
material properties from the individual layers both in a three-layer aluminum
foam precursor material [20] and in a three-layer plastic material [21].

In this thesis parameter estimation based on plane wave analysis is em-
ployed both with respect to corrosion monitoring applications, where a maxi-
mum likelihood estimator is used, and for estimating layer thicknesses and wax
properties in a multi-layered transducer structure, where a genetic algorithm
inversion scheme is used.

1.4 Modeling of piezoceramic ultrasound transducers

Transducer modeling is an important aspect of sensor development. Through
modeling, new ideas can be tested and optimized before moving to the next
step of prototyping. As transducer fabrication in many cases is precision work,
small deviations relative to the design speci�cation readily occur. Regarding
prototyping, modeling in combination with measurements is therefore a vital
tool in order to identify such di�erences and relate them to e.g. layer thicknesses
or material parameters.

Transducer modeling is in this thesis divided into �nite element method
(FEM) modeling and 1D modeling analogous to the plane wave analysis for
layered media. The piezoelectric materials will have a polarization normal to
the vibrating faces, causing it to operate in thickness mode. A 1D model is a
good approximation for layered plate structures where the transverse dimen-
sions are much larger than the wavelength at the desired resonance. We then
assume that the strain normal to the propagation is zero leading to a transver-
sally clamped material. One limitation with a 1D model is that transversal
modes in general occur in addition to the thickness mode due to �nite dimen-
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1.4 Modeling of piezoceramic ultrasound transducers

sions. The fundamental transverse mode is in general present at a much lower
frequency than the thickness mode, a fact which limits its in�uence. However,
in some cases it is necessary to study how the di�erent modes interact or how
complicated geometries a�ect the transducer behavior. In such situations a
FEM model should be employed.

There exist several 1D transducer models. The most common are perhaps
the approaches of Mason [22], Redwood [23] and Krimholtz et al. [24]. In
the current work, the Mason model is employed. The piezoelectric element can
then be represented with a three-port lumped circuit as seen in Figure 1.4. Two
of the ports represent the acoustical vibrating faces with pressures P1 and P2

and particle velocities U1 and U2, while the third port represents the electrical
interface with voltage V1 and current I1.

Figure 1.4: Mason equivalent of piezoelectric element.

Mathematically Figure 1.4 can be represented with a matrix representation:P1

P2

V1

 = −j

 Z1 Z2 h/ω
Z2 Z1 h/ω
h/ω h/ω 1/(ωC)

U1

U2

I1

 (1.13)

Here Z1 = Z/ tan(kL) and Z2 = Z/ sin(kL) where Z is the characteristic
impedance, k is the wave number and L is the thickness of the piezoelectric
element. Further, C is the clamped capacitance and h is the piezoelectric
constant of the element. Eq. (1.13) acts as a basis for transducer modeling,
and by terminating the ports with electrical and mechanical impedances, the
electro-acoustic behavior of multi-layered structures can be analyzed. For stacks
with N piezoelectric layers, the Mason model can be extended to a multi-port
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transducer model governed by an admittance matrix model:
I1
...
IN
U

 =


Y11 · · · Y1N Htt,1
...

. . .
...

...
YN1 · · · YNN Htt,N

Htt,1 · · · Htt,N YM



V1
...
VN
2Fi

 (1.14)

Here Ymn is the mutual electrical admittance between port m and n, when
all ports but m and n are shorted. Htt,m is the transmit transfer function
given as Htt,m = U/Vm when Vn = 0 ∀ m 6= n. YM = 1/(ZL + ZsM ) where
ZsM is the mechanical impedance into the surface of the transducer when all
electrical ports are shorted. Further, U is the particle velocity and Fi is the
incoming wave force on the surface of the transducer. Eq (1.14) is derived by
Angelsen in [14], ch. 3, and examples of its use related to transducer character-
ization is given in [25, 26]. Another framework for transducer characterization
is presented by Lopez-Sanchez and Schmerr [27] where the transducer's sensi-
tivity and electrical impedance is determined in a pulse-echo setup. A related
framework can be used for determining the electro-acoustic path of a measuring
setup, where electro-acoustic refer to the combined modeling of the electrical
network, the transducer and the acoustic propagation path [28].

In FEM models, the active element may use the piezoelectric material model
governed by the stress-charge equations which express the relation between the
stress, strain, electric �eld, and electric displacement �eld:

T = bcEcS−
⌊
eT
⌋
E

D = becS + bεScE
(1.15)

Here, T is the 6x1 stress vector, E is the 3x1 electric �eld vector, S is the 6x1
strain vector and D is the 3x1 electric displacement �eld vector. cE , e and εs
are the 6x6 elasticity matrix, the 3x6 coupling matrix and the 3x3 permittivity
matrix of the material respectively. The subscript E indicates a zero, or con-
stant, electric �eld; the subscript S indicates a zero, or constant, strain �eld;
and the superscript T stands for transposition of the matrix. Isotropic and
anisotropic subdomains (e.g. matching layers, epoxy layers etc.) are governed
by Hooke's law, T = bccS where bcc is the 6x6 elasticity matrix. In general,
3D FEM models are time consuming to solve and symmetries are often sought
for. One example is given in [29] where Frijlink and Torp have simulated a
linear array with a 2D FEM model and with the use of symmetry planes. Also
in [30], a 2D FEM model is used by Azuma et al. in order to analyze unwanted
excitation of lamb waves in a bi-layer transducer array. A thorough FEM study
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1.5 Dual frequency ultrasound

of the general behavior of piezoelectric elements and transducers, is given by
Kocbach [31].

In this thesis both 1D models and FEMmodels have been developed in order
to study and characterize a new transducer design consisting of two piezoelectric
layers with a frequency separation of about 1:10 stacked on top of each other.
The underlaying way of thinking, has been plane wave propagation for both
elements. The modeling have shown that a 1D model is su�cient for the HF
ceramic, while it is not necessarily so for the LF ceramic.

1.5 Dual frequency ultrasound

Dual frequency ultrasound is mainly used for extracting 2nd order e�ects such
as nonlinear propagation e�ects or nonlinear scattering e�ects. The idea is in
general that a LF pulse, which is transmitted only, manipulates the acoustic
properties of the medium or the local scattering properties, and that a HF pulse,
which is both transmitted and received, is nonlinearly manipulated by the LF
pulse. This introduces new degrees of freedom which can lead to new imaging
modalities compared to single frequency band methods. In the literature the
LF pulse is also denoted manipulation pulse or pump wave, while the HF pulse
may be denoted probe pulse or imaging pulse.

Several dual frequency methods have been developed in relation to estima-
tion and imaging of the nonlinearity parameter B/A. In [32, 33], the LF wave
is transmitted perpendicular to the HF pulse and B/A is estimated from the
accumulated HF phase shift. A theoretical study of a re�ection mode imaging
approach of B/A is given by Cain [34]. Then the nonlinear interaction between
the HF pulse and the LF pulse propagating in opposite directions, causes a
phase shift which can be derived. A pulse-echo approach where the LF pulse
and HF pulse is transmitted simultaneously and coaxially is given in [35]. The
HF pulse is then positioned on the �ank of the LF pulse causing a nonlinear
frequency shift which is used for estimating B/A.

In relation to non destructive evaluation (NDE) applications, it has been
shown that local scattering properties of cracks and micro-cracks behave non-
linearly. By letting the probing pulse interact with a mechanically generated
LF modulation wave, these nonlinear e�ects are intensi�ed and opens for in-
creased detectability of such damages [36, 37]. In medial applications, a similar
approach denoted sonoelasticity [38] where elastic properties of tissue are es-
timated by applying a LF vibration source to the imaging region, has been
developed.

Second order UltRasound Field (SURF) is another technique developed for
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medical application. It utilizes dual frequency-band pulse complexes with a
frequency ratio of about 1:(7-10). Examples of such pulses are shown in Fig-
ure 1.5.

Figure 1.5: Positively (upper) and negatively (lower) manipulated SURF com-
plex.

An important relation for SURF imaging is that between sound speed, c,
and pressure, p:

c(p) ≈ c0/
√

1− 2βnκp (1.16)

Here c0 is the constant linear sound speed, βn is related to the B/A param-
eter as βn = 1 + B/(2A) and κ is the compressibility of the medium. When
transmitting SURF complexes, the aim is to manipulate the elasticity of the
propagation medium with the LF pulse. The HF pulse will then propagate un-
der the in�uence of the of the LF pressure. Because of the e�ect of nonlinearity
on sound velocity, the positively manipulated HF pulse will propagate faster
than the negatively manipulated HF pulse. This will cause a nonlinear delay,
τ , between the two HF pulses which can be expressed as [39]:

τ =

∫
Γ

(1/ [c0(1− βnκp(z))]− 1/ [c0(1 + βnκp(z))]) dz (1.17)

where Γ is the propagation path and the spatial dependence of p is taken
into account. This accumulative e�ect can e.g. be utilized for suppressing
reverberations in the ultrasound image [40, 41]. Another application of SURF
is that of contrast agent imaging [42, 43] where the nonlinear scattering behavior
of contrast bubbles is utilized.

In this thesis, a dual frequency concept based on SURF is studied but with
the aim of adapting it to NDE applications for feature extraction from materials
through steel. The dual frequency wave propagation has been analyzed from
the point of view of plane wave propagation and in relation to the bi-layer
transducer which has been developed during this project.
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1.6 Summary of thesis

1.6 Summary of thesis

This subsection contains a summary of the contributions included in the present
thesis.

Paper A: A combined approach for high-resolution corrosion
monitoring and temperature compensation using ultrasound

This paper discusses a method for extracting both the steel thickness and the
temperature from a set of ultrasonic signals in a monitoring setup, eliminating
the need for an independent thermometer. The method can be applied for
thickness monitoring in temperature-varying environments.

The main idea is to use an immersion transducer with a well-de�ned stand-
o�. If the temperature dependence of the sound speed in the immersion �uid is
known a-priori, it is possible to use that knowledge for estimating the temper-
ature which in turn can be used for estimating the temperature compensated
steel thickness. A linearized maximum likelihood estimator (MLE) is employed
and combined with a sub-sample delay estimation scheme for predicting the
optimal values of the temperature and steel respectively. Experimental valida-
tion of the proposed technique shows a good correspondence between theory
and measurements.

This paper was published in the IEEE Transactions on Instrumentation and

Measurements, vol. 59, issue 11, 2010.

Paper B: Using a multi-layered transducer model to estimate
the properties of para�n wax deposited on steel

This paper discusses an ultrasound methodology for estimating the acoustical
properties of para�n wax on the surface of steel. A challenge is the large
impedance ratio, introducing di�culties in observing the weak echoes received
from wax in the presence of the strong reverberations from steel. The presented
method is based on modeling and inversion of the complete electro-acoustic
channel. Both a 1D model and a FEM model of the structure are developed.
The models relate the transmitted voltage over the active piezoelectric element
with the received voltage resulting from the acoustic reverberations in the multi-
layered structure. By using a reference signal, the wax signal is isolated from the
steel reverberations. The isolated wax-signal is then �tted to a corresponding
model, facilitating parameter inversion from the wax layer. The models agree
well with measurements and it is shown that up to three parameters can be
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inverted from the wax simultaneously.

This paper was published in Ultrasonics, vol. 51, issue 1, 2011.

Paper C: A dual frequency transducer applied for �uid �lm de-
tection through steel using radiation force

In the third paper the transducer already presented in Paper B is used for de-
tecting water �lms through steel by applying radiation force. The method is
based on manipulating the water �lm surface with the low frequency (LF) radi-
ation pressure, while the high frequency (HF) pulse images the �lm. Acoustic
crosstalk from the LF to the HF element introduces unwanted noise. A theo-
retical framework for evaluating such crosstalk is therefore presented. For the
measurements, an empirical approach to crosstalk reduction is performed, and
it is shown that the crosstalk suppression is about 15-20dB. The measurements
also show that, by applying the radiation force, it is possible to isolate the water
�lm echo from the strong steel reverberations in situ, hence making it possible
to estimate �lm thicknesses without the use of any reference signals.

This paper is being prepared for submission as a short paper.

Paper D: Two-Way Nonlinear Manipulation in Plane Materials
using Dual Frequency Band Pulse Complexes

In the fourth paper a one dimensional model based on plane wave, linear acous-
tics is derived. It is used to estimate the two-way nonlinear delay, τ , obtained
in a plane layer using a dual frequency band method where two pulses with a
large frequency separation are transmitted simultaneously and coaxially. The
model handles broadband LF pulses as well as the continuous wave situation.
When continuous waves are transmitted, standing low frequency waves (SW)
are generated in the layer. For SW, the location of the HF pulse relative to the
LF pulse is investigated. The model then �nds the phase relationship which
maximizes τ given the boundary conditions (BCs) and the linear acoustic pa-
rameters of the layer in addition to the incoming pressure. A one dimensional
nonlinear simulation tool based on the spectral element method is used to ver-
ify the suggested model, and the results show a good correspondence between
the two. An experiment is performed to study τ as a function of the BCs in a
water layer. The measurements are compared with simulations and it is shown
how τ is related to the nonlinearity parameter B/A.
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Portions of this work were presented in the Proceedings of the IEEE Ultra-

sonics Symposium, San Diego, 2010.

Paper E: Design and Test of a Dual Frequency Band Transducer
for Extracting Nonlinear Propagation E�ects through Steel

In this paper, the design and test of a dual frequency-band transducer that can
be utilized for extracting nonlinear propagation e�ects from low impedance
materials through steel is discussed. Based on the interaction between the HF
pulse and the LF manipulation pulse, it is aimed at generating a nonlinear
delay from the nonlinear medium beneath steel which in turn is used for sug-
gesting a pulse-echo imaging modality. This modality suppresses the internal
reverberations in the transducer and steel relative to the echo of interest. One
hypothesis that has to be ful�lled for this method to work, is that the observed
nonlinearity should be much larger in the low impedance material than in the
transducer and steel.

The transducer design is based on a bi-layer solution where two piezoelectric
layers are stacked on top of each other, resulting in a coaxial solution with
common aperture for the two frequency bands. In order to transmit su�cient
LF energy through steel, a narrowband LF pulse that generates resonance in
the transducer and steel is transmitted. Results from �nite element method
simulations and water tank measurements show that approximately plane LF
waves are generated in a narrow frequency band where the LF part of the
transducer operates in thickness mode. This is important in order to obtain
the correct manipulation of the HF pulses. Experimentally, nonlinear delays
are obtained through steel both in the water tank and in pulse-echo mode from
a water layer. In pulse-echo mode, the delay is a function of the water layer
thickness. The delay is then characterized by a series of periodic peaks due to
resonance in the layer. This e�ect is illustrated in simulations and validated
through measurements. The suggested pulse-echo imaging modality works well,
and the unwanted reverberations are considerably suppressed relative to the
echo of interest.

This paper is being prepared for submission.

1.6.1 Thesis outline

In addition to the introductory chapter, the thesis includes the full-length ar-
ticles summarized above. Note that for the already published papers, slight
corrections can have been made relative to the journal papers. Also note that
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as each article should be possible to read as an independent paper, some of the
theory may be restated several times.

1.6.2 General discussion and future work

The current work has been categorized into corrosion monitoring and feature
extraction through steel. In relation to the former, which is presented in Pa-
per A, the pulse-echo measuring principle has been utilized assuming 1D prop-
agation, linear acoustics and standard single element immersion transducers.
Using this well-established approach as a basis, signal processing techniques has
been combined with modeling in order to develop a framework for high resolu-
tion corrosion monitoring in the presence of temperature variations. The work
has focused on small temperature variations. As corrosion attacks in general
are slow processes, the results demonstrate that even a slight temperature shift
will cause large errors in the estimated corrosion rate if not compensated for.
In steel, a 1µm variation corresponds to about 0.01 radians phase change at
5MHz. When investigating changes in the (sub-) micrometer range, the results
will therefore be sensitive to various noise terms and other factors. Some exam-
ples are e.g. formation of rust deposits and other deposits, changes in surface
roughness and temperature gradients. To further enhance the robustness of
the method, future work should address such issues. Further, in a concept such
as SmartPipe, it may be more appropriate to use viscoelastic elastomers (e.g.
polyurethane or epoxy) instead of �uids as the coupling material between the
transducer and steel. In the current work, low-attenuating �uids have been used
and zero absorption is assumed. Elastomers often exhibits a complex tempera-
ture dependence in terms of attenuation and dispersion e�ects [44] which must
be corrected for in a corrosion monitoring setup. An example of a 'clamp-on'
design where an elastomer is used as coupling medium, is given in [45].

It is also a need to consider larger temperature variations. This will have an
increased impact on the pulse form due to temperature dependent di�raction
as a result of sound speed changes, and because the piezoelectric parameters of
the transducer may change with temperature. Last but not least a more thor-
ough uncertainty analysis which takes into account more of the aforementioned
e�ects should be performed. This will help identify the parameters introducing
most uncertainty into the estimates which again will aid in designing a better
measuring setup [46].

The work with feature extraction from materials through steel has been
related to the bi-layer transducer and the dual frequency technique. The design
presented in Paper B in this thesis was the �rst out of two transducer concepts
developed during this project and the work carried out there can be considered
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from two di�erent viewpoints. The �rst is that it is an independent work dealing
with the electro-acoustic modeling and characterization of layered transducer
structures in general, with the particular application of parameter inversion
from para�n wax. The second point of view, not directly mentioned in the
article, is that it characterizes the HF element and investigates the feasibility of
transmitting well-de�ned broadband HF pulses for this design. Hence Paper B
is also a critical part of the characterization for the dual frequency transducer
concept.

Although not discussed in any of the papers, the design in Paper B was also
tested in order to extract nonlinear propagation e�ects through steel. This was
not achieved. However, another 2nd order e�ect was observed; the e�ect the
acoustic radiation force has on thin water �lms. This is discussed in Paper C.
Two shortcomings were identi�ed regarding the transducer design presented in
Paper B. The �rst was that of the geometry of the LF element, with a thickness
(10mm) to diameter (30mm) ratio of 1:3. The large thickness of the element
made it challenging to generate a su�cient electrical �eld which again limited
the output pressure. The small ratio made it more demanding to generate the
desired plane LF waves. It is also unclear if the near�eld region was su�cient
large. The second was that the HF ceramic and LF ceramic had apertures of
equal size. This undermined an even manipulation pressure across the HF beam
because the LF beam pro�le decreased much faster in the lateral direction than
the HF beam pro�le. Hence, the center part of the HF pulse would experience
a much higher manipulation pressure than the rest of the beam, violating the
plane wave terminology used herein. In Paper E, the shortcomings have been
addressed by changing the thickness (6mm) to diameter (44mm) ratio of the
LF element to 1:7.3 and by decreasing the HF aperture (10mm) relative to
the LF aperture (44mm). The design can still be improved. One example
is the LF stack which in Paper E consists of 3 elements glued together and
electrically connected in series. By connecting these electrically in parallel
instead, an increased manipulation pressure will be achieved given the same
transmit voltage due to the elevated electrical �eld. In the current work, they
were connected in series due to time constraints.

In the beginning of this project, it was aimed at developing a simple trans-
ducer prototype relatively fast, and work more with dual frequency wave prop-
agation and testing of di�erent materials. However, the need for a thorough
understanding of the transducer was quickly identi�ed, leading to much work
related to modeling, prototyping and characterization. This left little time
left for testing experimentally how the nonlinear delay changes with di�erent
boundary conditions and materials. To be more speci�c; in Paper D the theo-
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retical two-way nonlinear delay in a plane layer is analyzed for continuous LF
waves. It is distinguished between the two boundary conditions where the re-
�ection coe�cient, R, between the layer and load is above and below zero. This
categorization is important because when R > 0, the HF pulse will experience
the same polarity of the manipulation pressure both forwards and backwards.
However, when R < 0, the HF pulse will experience the opposite polarity on
the way back from the re�ecting interface. This complicates the observation
of the nonlinear e�ect because the accumulated delay obtained on the way for-
wards to the re�ector will decrease when the HF pulse propagates back. The
analysis still reveals the feasibility of obtaining nonlinear delays for R < 0 and
in particular around the resonance peaks of the LF wave. R < 0 is a particu-
larly important case in relation to the detection of deposits. E.g. for a wax-gas
interface, R ≈ −1, while for a scale-oil interface R ≈ −0.6. A more detailed
experiment should therefore be carried out in order to analyze these scenarios.

One of the limitations with the dual frequency transducers has been acoustic
crosstalk from the LF element to the HF element generating unwanted noise in
the HF frequency band. The hypothesis is that the LF element, even though
excited with a CW wave, also transmits small stress components in the HF
frequency band. Even though these components are 60dB down relative to the
components at the LF centre frequency, they will contribute to the recorded
HF signal. This limits the detectability of small nonlinear delays and it also
degrades the results of the suggested imaging modality presented in Paper E.
A framework for the theoretical modeling and empirical crosstalk suppression
is discussed in Paper C, but it is still a need for better characterizing and
compensating for such e�ects.
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1.7 Contributions

What follows is a list of contributions made during the time as a ph.d. candi-
date.

Peer reviewed papers

1. Tarjei Rommetveit, Tonni F. Johansen and Roy Johnsen, �A combined
approach for high-resolution corrosion monitoring and temperature com-
pensation using ultrasound,� IEEE Transactions on Instrumentation and

Measurements, vol. 59, issue. 11, 2010

2. Tarjei Rommetveit, Tonni F. Johansen and Roy Johnsen �Using a
multi-layered transducer model to estimate the properties of para�n wax
deposited on steel,� Ultrasonics, vol. 51, issue. 1, 2011

Conference proceedings

1. Tarjei Rommetveit, Roy Johnsen and Øystein Baltzersen, �Using low-
noise ultrasound measurements for real-time corrosion monitoring of pipelines,�
Proc. of 31st Scandinavian Symposium on Physical Acoustics, 2008.

2. Tarjei Rommetveit, Roy Johnsen and Øystein Baltzersen, �Using ultra-
sound measurement for real-time process control of pipelines and process
equipment subjected to corrosion and/or erosion,� Paper 08285, NACE

Corrosion, New Orleans, 2008.

3. Tarjei Rommetveit, Tonni F. Johansen, Roy Johnsen and Øystein
Baltzersen, �High resolution ultrasound wall thickness measurements through
polyester coating and real-time process control,� Paper 09452, NACE

Corrosion, Atlanta, 2009.

4. Øystein Baltzersen, Tarjei Rommetveit, Erik Strand and Øyvind Dahle,
�Ultrasonic System for Monitoring of Corrosion in Real Time,� Proc. of

the 13th Middle East Corrosion Conference, Bahrain, 2010.

5. Tonni F. Johansen and Tarjei Rommetveit, �Characterization of ultra-
sound transducers,� Proc. of 33rd Scandinavian Symposium on Physical

Acoustics, 2010.

6. Tarjei Rommetveit, Tonni F. Johansen, Jochen Deibele, Halvard Kau-
pang and Bjørn Angelsen, �Two-Way Nonlinear Manipulation in Plane
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Materials using Dual Frequency Band Pulse Complexes,� Proc. IEEE

Ultrasonics Symposium, San Diego, 2010.

Other Talks and Presentations

1. Tarjei Rommetveit, Anders Løvstad, �Structural Health- and Corro-
sion Monitoring of Pipelines Using Ultrasound,� Seminar for strategisk

inspeksjonsstyring 2008
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Abstract

An approach for combined corrosion monitoring and temperature compensation
(CMTC) using permanently installed immersion ultrasound probes with a well
de�ned stando� is presented. Combining sub-sample delay estimation with
knowledge of how the sound speed in the immersion �uid and the steel varies
with temperature enables us to estimate the temperature variations as well
as the changes in wall thickness simultaneously using a linearized maximum
likelihood estimator (MLE). The results show that sub-micrometer changes in
the wall thickness are detected, and that the corrosion rates are predicted in
good accordance with theory, also in the presence of temperature variations.
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A.1 Introduction

A.1 Introduction

Corrosion is a major limiting factor in the service life of components ranging
from microelectronics to o�shore structures. The annual economic losses in
USA due to corrosion damage are estimated to about 3.1% of the Gross Do-
mestic Product [1]. In the petroleum industry, which is the main concern in
this work, corrosion damage can lead to fatal environmental consequences due
to oil leakage as well as huge maintenance/repair costs due to breakdown of
process equipment. Hence it is of great importance to implement a corrosion
management system including e.g. modeling, inspection and monitoring.

Corrosion of steel is a slow process. Typical acceptable general uniform
corrosion rates for pipelines are in the range 0.1-0.2 mm/year [2]. This cor-
responds to a change in the wall thickness of 11.4-22.8 nm/hour. There are
some applications where one aims for estimating the 'instantaneous' corrosion
rate. One application is that of inhibitor optimization. Corrosion inhibitors are
widely used in order to reduce the corrosion to a minimum. As such inhibitors
both lead to great expenses (e.g. to the petroleum industry) and to chemical
wastage, it is of common interest to optimize both type and amount which si-
multaneously minimize corrosion. Also, as the corrosive environment changes,
a change in the composition of the inhibitor may be necessary over time. In
order to optimize the use of inhibitors with respect to amount and e�ciency
it is therefore of vital interest to monitor the corrosion rate 'instantaneously,'
i.e. as fast as possible. Using ultrasound is a well-established approach in the
non destructive testing community for measuring wall thickness and detecting
defects [3]. The well-known pulse-echo technique is frequently used for one-
side access measurements [4] and should be well suited for general corrosion
monitoring applications. However, when it comes to high resolution corro-
sion monitoring, probe technology is more commonly used. Some examples of
probe technology are Linear Polarization Resistance (LPR), which is based on
electrochemical principles, and Electrical Resistance (ER), which is based on
measuring the increasing internal resistance as the probe corrodes. A drawback
with LPR probes is that they require continuous water phase, and can thus not
be used in oil and gas pipelines (except in water phase). General drawbacks
with probe technology are that they are invasive and that they have a limited
lifetime as they measure corrosion on the probe itself. An overview of corrosion
monitoring techniques is given in [5].

Ultrasound has some advantages compared to probe technology: First of
all it is non-invasive, secondly it measures directly on the metal of interest
and �nally the ultrasound probes have no theoretical upper lifetime-limit. A
challenge with high resolution ultrasound applications is the temperature vari-
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ations of acoustic properties which often have to be compensated for [6]. An
approach to temperature compensation of di�use ultrasonic waves for struc-
tural health monitoring where a model for the temperature dependent delays
in an aluminum structure is developed, is presented in [7]. This has relations
to our application where we need control of the sound speed and the thermal
expansion; the smaller changes in steel thickness we want to estimate, the more
critical is a robust temperature compensation scheme. Another challenge is
the requirement for small changes in the wall thickness to be detected. Earlier
work has shown that wall thickness changes in the sub-micrometer range are
detectable [8�10].

The objective with this paper is twofold: a) To show the importance of
temperature compensation with respect to high resolution corrosion monitor-
ing and b) to develop a new method for corrosion monitoring of steel structures
such as pipelines, where the wall thickness and the temperature is estimated si-
multaneously using only one ultrasound pulse-echo measurement. Throughout
this paper, the proposed method is denoted CMTC as an acronym for combined
Corrosion Monitoring and Temperature Compensation.

Applying ultrasound measurements for temperature estimation is a well-
established technique in the literature [11]. There are some bene�ts with using
the ultrasound sensor both as temperature- and wall-thickness estimator; a)
traditional thermometers will be super�uous causing fewer sensors and less
complexity in the complete measuring setup, and b) the temperature will be
measured at the same spot as the wall-thickness measurement which means a
more correct estimate in the case of temperature gradients. CMTC requires a
combination of sub-sample delay algorithms [12, 13] and a mathematical model
of how the delays are functions of the temperature and the wall thickness. In
order to obtain an optimal estimate with respect to the variances a linearized
maximum likelihood estimator (MLE) is employed. Note that a concept for
immersion wall thickness monitoring of subsea pipelines already has been de-
veloped [10], and this can act as a starting point for a real CMTC-based system.

The paper is organized as follows: First, an outline of the background theory
and CMTC is given. Then the experimental method for validating CMTC is
presented. Finally the results are discussion before a brief conclusion is given
at the end.
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A.2 Theory

A.2.1 E�ect of temperature

For the proposed estimation scheme, control of temperature variations both in
the steel and in the immersion �uid is required. For the steel there are two
relevant issues:

1. Thermal expansion.

2. Thermal variations of the sound speed.

The thermal expansion is in general temperature dependent but it changes
slowly with temperature. For a certain temperature range, it is thus a rea-
sonable assumption to use the linear thermal expansion coe�cient, α, which
relates the change in temperature to the change in the material's dimensions
by the following equation [14]:

α =
1

y0
st

∆yst
T − T 0

(A.1)

Here y0
st is the thickness of the material at reference temperature T

0, T is the
current temperature, and ∆yst is the thermal expansion due to the temperature
shift. T 0 is in this work equal to 25oC. In CMTC, y0

st is the main parameter
we want to estimate. Using the fact that the Young's modulus, E, varies
linearly with temperature [15] and that the total mass will be constant during
the thermal expansion, the longitudinal sound speed (P-wave speed) in steel is
given by [8]

cst(T ) =

√
Υ (E0 + β(T − T 0)) (1 + α(T − T 0))3 /ρ0. (A.2)

Here Υ = (1−ν)/(1−ν−2ν2), ν is the Poisson's ratio, ρ0 is the density referred
to T 0, E0 is Young's modulus at T 0 while β is a material-speci�c parameter. It
is not straight forward to determine the exact material parameters for the steel,
and small variations may occur from sample to sample. For practical reasons
(A.2) is approximated with a 2nd order polynomial:

cst(T ) ≈
2∑

n=0

ϕnT
n . (A.3)

Here ϕn denotes the regression coe�cients which determine the temperature
dependent sound speed in steel. When we perform pulse-echo measurements of
steel with constant temperature, the thickness can be calculated as

46



Paper A: A combined approach for high-resolution corrosion monitoring and

temperature compensation using ultrasound

yst(T ) = cst(T ) · δst/2. (A.4)

Here δst is the time-of-�ight (tof) in the steel and yst(T ) = (1+α(T −T 0)) ·y0
st.

Note that for steel, β/E0 >> α, and hence the variations in sound speed
will dominate compared to the thermal expansion. For relevant contact �uids
such as water and ethylene-glycol (EG), the sound speed, cf , is in general
approximated with an N th order polynomial depending on the temperature
range and curvature of the function:

cf (T ) =
N∑
n=0

γnT
n (A.5)

Here γn denotes the regression coe�cients which determine the temperature
dependent sound speed in the �uid.

A.2.2 Sub-sample delay estimation

In this work, a relatively low sampling rate (50MHz) is employed. For many
real-life applications a low sampling rate decreases the complexity of the system.
A higher resolution of the wall thickness measurements is achieved by sub-
sample delay estimation. Now consider the recorded discrete, noisy acoustic
pulses sj−1(n) and sj(n) from measurement number j − 1 and j respectively
and assume they take the form

sj−1(n) = x(n) + wj−1(n)
sj(n) = x(n− τ) + wj(n) ,

(A.6)

where x is the acoustic pulse and w is additive white Gaussian noise. The
desired delay, τ , is in general not an integer and must be estimated using a sub-
sample delay algorithm. For CMTC, any suitable algorithm can be utilized,
but in this paper the well-known direct correlator with parabolic �t is employed
[12, 13]. This is given by

τ̂ = Ts

[
m− 0.5

R̂sj−1sj (m+ 1)− R̂sj−1sj (m− 1)

R̂sj−1sj (m+ 1)− 2R̂sj−1sj (m) + R̂sj−1sj (m− 1)

]
, (A.7)

where Ts is the sampling period, and m = arg max R̂(l) is the estimated corre-
lation function.
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A.2.3 Derivation of the proposed method (CMTC)

We can represent the sequence of K echoes received from measurement j as

sj(n) =

K−1∑
k=0

xk,j [n] + w(n) . (A.8)

Disregarding the subscript j, the echo xk is received at time tk (see �gure A.1)
which is given by

tk = k · δst(T, y0
st) + δf (T ). (A.9)

Here δst is the tof in the coupling �uid. Since the sound speed varies with tem-
perature, δst will be a function of temperature, T , in addition to the decreasing
steel thickness, yst.δst will only be a function of temperature since no corrosion
is expected on that side of the steel. For an illustration of the measurement
setup and the waveform, see Figure A.1 and Figure A.2 respectively.

Figure A.1: Principle drawing of the problem.
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Figure A.2: A typical received waveform from the pulse-echo measurement.
(tk, k = 0..3: Time instants of the p-wave re�ections. a. u. denotes amplitude
in arbitrary units.)

Assume we have performed a similar measurement as in Eq.(A.8) at time in-
stant j−1. If the temperature or wall thickness has changed from measurement
j − 1 to j, all other parameters being equal, then δst and possibly δf should
also have changed. Now we can identify each echo in the waveforms and do
sub-sample time delay estimation between the echoes in sj−1 and sj using Eq.
(B.13). The time delays between time instant j − 1 and j can mathematically
be modeled as:

τk,j(Tj , y
0
st,j) =

(
k · δst(Tj , y0

st,j) + δf (Tj)
)

−
(
k · δst(T̂j−1, ŷ

0
st,j−1) + δf (T̂j−1)

)
, k = 0...K − 1

(A.10)

It is assumed that the temperature and wall thickness from the previous mea-
surement already is estimated as T̂j−1 and ŷ

0
st,j−1 respectively. From Eq. (A.10)

it is clear that the delays as a function of k represent much redundant infor-
mation. This can be used for enhancing the resolution of our estimate. The
physical meaning of the various delays is given in Table A.2.3.

As the contribution from the immersion �uid is constant for all delays, we
can rewrite Eq. (A.10) as

τk,j = τ0,j + k · τst,j , k ≥ 0 , (A.11)
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Table A.1: Physical meaning of delays for increasing number of echoes
Delay Physical meaning

τ0 time di�erence due to temperature varia-
tions in the immersion �uid

τ1 τ0+1×(time di�erence due to temperature
variations and thickness variations for the
steel)

... ...

τK−1 τ0 + (K − 1)×(time di�erence due to tem-
perature variations and thickness varia-
tions for the steel)

where

τst,j = δst(Tj , y
0
st,j)− δst(T̂j−1, ŷ

0
st,j−1)

τ0,j = δf (Tj)− δf (T̂j−1).
(A.12)

In general, if there is a temperature gradient in the immersion �uid, δf is given
by

δf =

∫ yf

0
2dz/cf (T (z)). (A.13)

Here z is the distance from the transducer surface to the observation point,
yf is the total stando�, and T will be a function of position. In this work we
assume a zero temperature gradient, and hence δf is given by

δf (T ) = 2yf (T )/cf (T ). (A.14)

We see that, depending on the measuring setup, yf is a function of temperature
and this should also be compensated for. In this work thread bars with the same
α as for the steel are employed in order to have a well de�ned stando�. Thus
yf (T ) = y0

f (1 + α(T − T 0)) where y0
f is the stando� at temperature T 0. By

combining Eq. (A.5) and Eq. (A.14), τ0,j can be rewritten as

τ0,j = 2y0
f

(1 + α(Tj − T 0))
N∑
n=0

γnTnj

− (1 + α(T̂j−1 − T 0))
N∑
n=0

γnT̂nj−1

 . (A.15)
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Now we already have the estimates from measurement j−1. If we assume that
the change in temperature and wall thickness is su�ciently small, we can do a
�rst order Taylor expansion of Eq. (A.11) around (T̂j−1, ŷ

0
st,j−1):

τk,j ≈ (k ·Bj +Aj) ·
(
Tj − T̂j−1

)
+ k · Cj ·

(
y0
st,j − ŷ0

st,j−1

)
(A.16)

where

Aj=
2y0
f

(
α·cf (T̂j−1)−(1+α∆T̂ )

N∑
n=1

nγnT̂
n−1
j−1

)
cf (T̂j−1)2

Bj =
2ŷ0
st,j−1

(
(α·cst(T̂j−1)−(1+α∆T̂ )

2∑
n=1

nϕnT̂
n−1
j−1

)
cst(T̂j−1)2

Cj = 2
(

1 + α(T̂j−1 − T0)
)
/cst(T̂j−1)

(A.17)

Here ∆T̂ = T̂j−1 − T 0. The error of this approximation is easily calculated by
subtracting the right-hand side of Eq. (A.16) with Eq. (A.10). If we assume
that the delay estimate τ̂k (dropping the subscripts i and j) has a Gaussian
distribution, and assume independent measurement noise, we can calculate the
joint probability density function as

fτ̂ =
1

(2π)(N−1)/2

N−1∏
k=0

1

σk
e
− (τ̂k−τk)2

2σ2
k (A.18)

Now we can apply the maximum likelihood estimator which states that the
minimum variance estimate is given by

(T̂j , ŷ
0
st,j) = arg max

Tj ,y0
st,j

fτ̂k = arg min
Tj ,y0

st,j

N−1∑
k=0

(τ̂k,j − τk,j)2

2σ2
k

(A.19)

By doing the Taylor approximation, the estimate reduces to a weighted least
squares estimate where the weights are given by the inverse of the variance. For
this linearized problem, we can apply the normal equations for a computational
e�cient solution:

(XT
j WjXj)χ̂j = XT

j Wj τ̂j

⇒ χ̂j = (XT
j WjXj)

−1XT
j Wj τ̂j

(A.20)

We see that in the general case, the measurement noise, Wj, is updated at
each time-step. One approach for adaptive noise covariance estimation is given
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in [16]. Herein it is however assumed that the variances are known a-priori,
and that they are constant, hence Wj = W in the rest of this paper. From
Eqs. (A.16)-(A.20) we see that

Xj =


Aj

Aj +Bj
Aj + 2Bj

0
Cj
2Cj

...
Aj + (N − 1)Bj

...
(N − 1)Cj



W =


1
σ2

0
0 0

0
. . .

...
0 · · · 1

σ2
N−1

 , τ̂j =

 τ̂0,j
...

τ̂N−1,j



χ̂j =

[
∆T̂j

∆ŷ0
st,j

]
=

[
T̂j − T̂j−1

ŷ0
st,j − ŷ0

st,j−1

]

(A.21)

The complete algorithm is given here:

1. Initialization

(a) Record the initial measurement, s0.

(b) Given the stando�, yf , and a coupling �uid with the well de�ned
function cf (T ), estimate from s0 the initial temperature as well as
the initial wall thickness using (A.4) and (A.14) respectively.

(c) Identify the echoes, xk, you want to use in the estimation scheme.

2. For each j do:

(a) Record a new measurement sj .

(b) Estimate the delay between each echo in sj−1 and sj using Eq.
(B.13).

(c) Update the coe�cients Aj , Bj and Cj as well as the matrices Xj

and τ̂j .

(d) Estimate ∆ŷ0
st,j and ∆T̂j using Eq. (A.20).

(e) Update the current estimate of the wall-thickness and temperature
using ŷst,0,j = ŷst,0,j−1 + ∆ŷst,j and T̂j = T̂j−1 + ∆T̂j .
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In order to utilize this algorithm, the following a-priori information are
needed: a) The stando�, yf , b) the speed of sound in the �uid and steel as a
function of temperature, c) thermal expansion coe�cient for the steel, d) the
variances for the delays and e) the thermal e�ects on yf . A block diagram
of the algorithm is presented in Figure A.3. Note that the algorithm requires
at least two echoes in order to work; the front wall echo and the �rst back
wall echo. If more observations are incorporated, the system of equations in
Eq. (A.20) are over-determined which according to theory [17] should lead to
a higher resolution due to increased noise suppression as long as the model is
correct.

Figure A.3: A block diagram of the proposed algorithm.

A.2.4 Corrosion rate vs. rate of change in temperature

A method for estimating T and y0
st has been proposed. The most interest-

ing parameter to the corrosion engineer though, is the true corrosion rate,
acorr = −∂y0

st/∂t, where t is the time variable. If one already has obtained y
0
st,

the real-time corrosion rate using e.g. a Kalman-�lter as shown in [9] can be
estimated. If the temperature varies relatively slowly with time (i.e. the e�ect
of the temperature is much less than the e�ect of the corrosion), temperature

53



A.3 Experimental procedure

compensation is not that important. However, if the opposite is true, compen-
sation is necessary in order to estimate the correct corrosion rate. To analyze
this, consider the erroneous uncompensated wall thickness:

yst,ε(T, t) = cst (T o) · yst (T, t) /cst (T ) (A.22)

As the temperature is a function of t, the total derivative of A.22, which also
gives the erroneous corrosion rate, acorr,ε, is expressed by

dyst,ε
dt

= −acorr,ε =
∂yst,ε
∂T

∂T

∂t
+
∂yst,ε
∂t

. (A.23)

Note that d/dt is the total derivative operator, while ∂/∂t is the partial deriva-
tive operator. The erroneous corrosion rate is then given by

ε =
dyst,ε
dt
− ∂y0

st

∂t

=

[
αy0

st · cst(T )−
2∑

n=1
nϕnT

n−1yst(T )

]
cst(T

0)

cst(T )2

∂T

∂t

+
(
cst(T

0) · (1 + α∆T ) /cst(T )− 1
) ∂y0

st

∂t

(A.24)

From Eqs. (A.23)-(A.24) the requirements needed with respect to the temper-
ature compensation scheme for realistic values of ∂y0

st/∂t and ∂T/∂t can be
investigated. In order to estimate yst,ε and acorr,ε, a direct correlation scheme
(DC) is applied. DC calculates the delay based on correlating two subsequent
echoes with sub-sample interpolation, and estimates the wall thickness based
on a constant sound speed. Hence DC calculates the new thickness for each
new measurement. For measurements where the temperature is kept constant,
DC is considered as the ground truth. Note the conceptually di�erent way of
estimating the wall thickness for DC and CMTC; while the former calculates
a new wall thickness for each measurement, the latter estimates the di�erence
between the former and current measurement and updates the wall thickness
estimate based on that.

A.3 Experimental procedure

For many pulse-echo applications, multiple re�ections from internal and ex-
ternal interfaces are exploited in order to determine layer thicknesses with a
required accuracy [18]. When it comes to corrosion monitoring, it is the rela-
tive reduction of the wall thickness which is of main importance, i.e. the change
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from one time instant to the next. In order to obtain repeatable measurements
and high resolution, the transducer should be �xed with respect to the steel.

For testing CMTC a focused Imasonic immersion transducer with 5MHz
center frequency, 10mm aperture and 50mm focal distance has been positioned
in a cylindrical test cell with radius 35mm. The test cell has an end cap
made of carbon steel �xed perpendicularly to the transducer axis. The test
cell was �exible with respect to both steel thickness and stando� between the
transducer and the steel. Further, the test cell was �lled with a mixture of de-
ionized water and EG. Di�erent ratios of water and EG has been tested. This
liquid has two main purposes; a) it will function as a contact �uid between the
transducer and the steel and b) it will prevent corrosion on the sensor-side of
the steel block. Another bene�t with the mixture is that the attenuation is low
and approximately constant with temperature, at least for the temperatures
studied herein. The ultrasonic beam was aligned perpendicularly to the sample
surface by maximizing the amplitude of the �rst echo. A caliper was used for
determining the stando� between the transducer and the steel.

The test cell was immersed into a 100dm3 tank �lled with a corrosive
electrolyte. As corrosion is a very slow process, for experimental purposes it is
more convenient to employ accelerated corrosion. Herein, the corrosiveness was
adjusted either by using an impressed current (anodic direction) or by changing
the pH of the solution (a lower pH increases the corrosion rate of carbon steel).
For the former method, note that corrosion of steel is an electrochemical reac-
tion where iron (Fe) is oxidized to ions (Fe2+/Fe3+) by giving away electrons.
The �ow of electrons can be stimulated by using an impressed current and the
resulting corrosion rate can be estimated in mm/year by applying Faraday's
law [19].

acorr = −∂y0
st/∂t = 3268 · icorr ·M/(zρ). (A.25)

Here icorr denotes the impressed current density in A/cm2. M = 55.8g/mol is
the mol weight of the actual alloy, z is the number of valence electrons andρ =
7.85g/cm3 is the density of steel. As the iron is oxidized both to Fe2+ and
Fe3+, a common practice is to set z = 2.67. Platinum is used as a counter
electrode in order to minimize unwanted chemical reactions. The power supply
must be connected with the positive voltage connected to the steel (anode) and
the negative voltage connected to the platinum (cathode). The platinum thread
is symmetrically positioned with respect to the exposed steel surface so that
the corrosion shall occur as smooth as possible. With impressed current two
achievements can be made: a) The measured corrosion rate can be compared
with the theoretical corrosion rate quantitatively, and b) equally important is
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the qualitative measure stating that the corrosion rate increases linearly with
current.

An immersion heater was used for regulating the temperature in the elec-
trolyte. A Dallas DS1621V thermometer covered with a thin epoxy-layer and a
pump was submersed in the electrolyte for temperature readings near the test
cell and to ensure circulation respectively. The circulation contributes to keep
a constant temperature gradient in the tank as well as to remove rust-deposits
on the exposed steel surface. The experimental setup is conceptually presented
in Figure A.4. With this setup, it is clear that only the side of the steel sample
in contact with the electrolyte is exposed to corrosion. This is similar to e.g.
pipelines where it is the internal corrosion that is most relevant.

The transducer is excited with a 60V 1-cycle square pulse. On the receive
part, an AD8332 ultra-low noise preamp is connected to a LTC2298 50Msps
14bit analog to digital converter. The digitized data are stacked 128 times
before transferred over a RS485/RS232 bus to a PC for further examination.
The processing is performed in Matlab (Mathworks, Massachusetts, USA) .

Pulse-echo experiments have been performed in order to measure the sound
speed in mixtures between water and EG for temperatures in the range 10-
90oC. The results from two experiments with di�erent volume fractions are
shown in Table A.2. For mixtures with ratios comparable to that found in the
literature [20, 21], a good correspondence has been found. The analysis has
revealed two main problems: a) Very small changes in wall thickness should
be detected; the smaller the better. b) Even small temperature variations
will distort the wall thickness and corrosion rates estimates. This should be
compensated for.

Table A.2: Temperature coe�cients.

ϕ0 ϕ1 ϕ2

Steel 6008.1 -0.46 0.000

γ0 γ1 γ2

Pure EG (>95%) 1715.8 -2.38 0.000

EG - water, 50%-50% 1712.0 -0.768 -0.0081

EG - water, 67%-33%a 1648.6 1.046 -0.015

a Taken from [20].
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(a)

(b)

Figure A.4: a) Experimental setup. 1: Thermometer 2: Transducer �xture
with coupling �uid submersed in electrolyte. 2: Platinum electrode (cathode).
b) A schematic �gure of the received re�ections. (yf , yst: Thicknesses of the
layers; tk, k = 0..N − 1: Time instants of the re�ections.)

A.4 Results and discussion

A.4.1 Error introduced if no temperature compensation is per-
formed

Equation (A.24) gives the relationship between, amongst other, ∂T/∂t , acorr
and the error, ε. Inserting values re�ecting the material properties used in the
experiments gives the following relation:
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ε = 12.9 · ∂T/∂t− 4.7 · 10−4acorr(T= 30◦C)

ε = 12.9 · ∂T/∂t− 7.3 · 10−3acorr(T= 100◦C) .
(A.26)

Here ∂T/∂t is given in ◦C/hour while acorr is given in mm/year. Two ob-
servations can be made from (A.26): a) The value of T is only signi�cant for
the coe�cient in the 2nd term. (Note that the coe�cient in the 2nd term is
monotonic decreasing.) Hence the coe�cient in the 1st term can be assumed
constant for all T 's. b) For realistic values of ∂T/∂t (e.g. 1 ◦C/hour) and
acorr (e.g. 0.1 mm/year), the 1st term will totally dominate. Hence the 2st

term can be neglected. This means that ε is nearly independent of ∆T and
that only ∂T/∂t gives a signi�cant contribution. A plot of ε as a function of
∂T/∂t is presented in A.5. It is clear that even small temperature derivatives
give rise to large errors compared to realistic corrosion rates. An example is
that if ∂T/∂t = 0.008◦C/hour, then ε = 0.1mm/year which is comparable to
typical corrosion rates. The standard deviation of the temperature estimates
for CMTC is estimated to 0.003◦C indicating that very small temperature vari-
ations can be detected.

Figure A.5: ε as a function of ∂T/∂t.

A.4.2 Test 1: Constant temperature experiment

In the 1st test, pure EG was used, and the temperature was held constant at
21.5◦C. During the �rst part of the test icorr = 5mA/cm2 while it was doubled
to 10mA/cm2 in the latter half. The wall thickness development of both y0

st

and yst,ε is presented in Figure A.6 and it is seen that they are approximately
equal. Hence CMTC operates as desired for constant temperatures.
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Figure A.6: Test 1: The plot illustrates the wall thickness development at
constant temperature. The triangles (∆) show the development using DC,
while the stars (*) show the same with CTCM. The dashed line indicates the
time-instant for which the impressed current-density is doubled from 5mA/cm2

to 10mA/cm2. The solid lines show the linear regression curves for the two
current-densities together with the corresponding estimated corrosion rate.

As long as the current density is constant, the corrosion rate is also assumed
constant. Thus we can estimate acorr and the related con�dence intervals based
on linear regression. This is shown in Table A.3. The corrosion rate based on
CMCT is 38.4mm/year and 79.2mm/year for icorr = 5mA/cm2 and 10mA/cm2

respectively. According to Eq. (A.25), the ratio of the corrosion rates should
be the same as the ratio of the impressed currents (since we have assumed self
corrosion to be negligible). In this case, the measured ratio is 38.7/79.2 = 0.487
which is less than 2.6% deviation from the theoretical ratio of 0.5. Qualitatively,
a very good accordance between theory and measurements is hence achieved.

There is a good agreement between the theoretical and estimated corrosion
rates with the latter systematically about 6-10% lower. Some possible error
sources are: a) Equation (A.25) assumes a constant corrosion rate over the
exposed steel surface. Local e�ects can occur, resulting in di�erent rates on
various spatial positions on the steel surface. Local e�ects can both increase and
decrease acorr compared to the calculated value. b) Surface roughness on the
exposed area may increase the total surface area. c) Some of the electrons may
react in other reactions, such as dissolution of other ions or oxygen evolution
at the anode. d) Rust deposits such as iron oxide may form on the steel surface
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causing a small change in the pulse-form. Deposits are indeed observed by
visual inspection during the experiments. For b), c), and d) acorr will be lower
than what is predicted with (A.25). Thus we see that most of the error sources
tend to decrease compared to what is calculated, a fact which is supported by
the results.

Table A.3: Estimated and theoretical corrosion rates and the estimated temper-
ature derivative.

Experimental information âcorr
a âcorr,ε ε̂ ∂T̂ /∂tb acorr

c ε

Test 1: icorr = 5mA/cm2

(0-32min)
38.6±1.0 38.5±1.7 0.2 0.01±0.02 43.0 0.1

Test 1: icorr = 10mA/cm2

(32-60min)
79.2±1.3 79.2±3.0 0.0 0.01±0.02 86.0 0.1

Test 2: icorr = 10mA/cm2

(0-65min)
81.7±0.4 54.6±0.6 -27.1 2.25±0.02 86.0 -29

Test 2: icorr = 5mA/cm2

(65-175min)
39.3±0.2 47.0±0.4 7.9 -0.58±0.01 43.0 7.5

Test 2: icorr = 0mA/cm2

(175-min)
-0.19±0.6 5.8±1.1 6.0 -0.48±0.00 0.0 6.2

a The corrosion rates and ε are given in mm/year. All uncertainties are given in
95% con�dence intervals.The regression is taken over an interval where ∂T̂ /∂t is
approximately constant, and not necessarily over the whole time interval indicated
in the parenthesis. The estimated parameters are indicated with a � (e.g. âcorr).

b ∂T/∂t is given in ◦C/hour.
c These values are calculated by using Eq. (A.25). Self corrosion due to the corrosive
electrolyte will occur as well, but that is assumed negligible in this case.

Other acoustic errors sources which are assumed negligible are: a) Varying
surface roughness during corrosion can cause pulse distortion and hence an error
in the delay estimation. b) Attenuation is assumed constant with temperature.
c) The di�raction of the acoustic pulse will be temperature dependent. For
the relatively small temperature variations investigated in the current work, no
pulse distortion has been visually observed.

A.4.3 Test 2: Varying temperature experiment

In the 2nd test, pure EG was used and both icorr and T varied as shown in
Table A.3 and Figure A.7. The temperature estimate using CMTC clearly
follows the temperature measured by the thermometer, but it is in particular
one main source of error; the assumption of a constant temperature in the
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electrolyte, coupling �uid and steel. When the temperature in the electrolyte
changes, a temperature gradient will arise in the test cell causing a true rela-
tion between the tof and cf as calculated by Eq. (A.13). A consequence of
this is an error in the temperature estimation; when the temperature increases
(decreases) in the electrolyte, an underestimation (overestimation) will occur
because the temperature will be lower (higher) in the coupling �uid than in the
steel. This phenomenon is seen in Figure A.7. If in addition ∂T/∂t is di�erent
in the steel and in the contact �uid, an erroneous value of acorr is estimated. A
more detailed study of this requires investigating the heat equation and how the
temperature gradient and ∂T/∂t relates for the speci�c setup. Then it may be
possible to invert the measured temperature development in the �uid back to
the true temperature in the steel increasing the accuracy of the compensation
scheme. Such a study is not considered in the scope of this work.

Figure A.7: In the upper plot the estimated- versus the measured temperature
is presented. In the lower plot the estimated wall thickness using CMPT and
DC is shown. The vertical dashed lines show the time instants for which icorr
change; �rst from 10 to 5mA/cm2, and then from 5 to 0mA/cm2.

When estimating the wall thickness, the lower plot of Figure A.7 illustrates
di�erent developments for DC and CMTC respectively. In the �rst period from
0-65min, âcorr,ε is lower than âcorr due to the increasing temperature. For
the two latter periods, the opposite is true due to the decreasing temperature.
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Note that for the second period, the regression is taken between 120min and
175min because it is important that ∂T/∂t is approximately constant. ∂T/∂t
is estimated in order to compare ε with the estimated error, ε̂ = âcorr − âcorr,ε.
(Note that âcorr is roughly the same even if time intervals where ∂2T/∂t2 6=
0 is incorporated in the calculation.) Table A.3 shows that there is a good
match between ε̂ and ε . Comparing the theoretical acorr with the estimated
âcorr shows approximately the same systematic deviation as for the constant
temperature test, but still it is a good agreement. Further, when comparing
âcorr for the 1

st and 2nd test at equivalent current densities, the di�erence is
1.5% and 3% for 5mA/cm2 and 10mA/cm2 respectively. These results indicate
the e�ciency of the temperature compensation scheme.

It is worth noting that each step on the range-axis is 1µm and 5µm in
Figure A.6 and Figure A.7 respectively, and the resolution is clearly in the sub
micrometer scale. When it comes to resolution in general, Eq. (A.20) indicates
that by incorporating more echoes in the calculation, a better estimate of the
wall thickness may be obtained. Table A.4 shows standard deviations from a
linear trend in nanometer (nm) as a function of number of echoes employed in
the calculation for three cases: 1) Only acorr > 0. These values are calculated
based on the �rst 32min in the constant temperature test. 2) Only ∂T/∂t 6= 0.
These values are calculated based on the last part of Test 2 where only the
temperature changes. 3) Both acorr > 0 and ∂T/∂t 6= 0. These values are
calculated based on data between 120- and 170min in Test 2. From the results
it seems that by incorporating more echoes a better resolution is obtained,
which is according to theory. But the picture is not all that clear. E.g. in
the 2nd case, 3 echoes have the best standard deviation. It also seems that
the standard deviation is less when the corrosion is zero. This may be caused
by noise from the impressed DC current which is turned of in the case of no
corrosion, or from the fact that the corrosion rate is not a true constant; it may
vary slightly over time causing a deviation from the linear trend. In general, 5
echoes are used in the current work.

Table A.4: Standard deviation as a function of incorporated echoes.

Number of echoes
Standard deviation, σ [nm]

acorr > 0 ∂T/∂t 6= 0 acorr > 0 and ∂T/∂t 6= 0

2 195 82 181

3 118 74 145

4 91 78 145

5 86 78 142
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A.4.4 Test 3: Low corrosion rate experiment

When using impressed current, high current densities are important in order
to make acorr the dominant factor compared to other error sources. In Figure
A.8 results from an experiment with more realistic corrosion rates and a 67%-
33% EG-water mixture as coupling �uid are presented. Here, acorr is varied
by altering the pH in the solution; for pH < 7, decreasing (increasing) the
pH causes an increase (decrease) in the corrosion rate. The drawback with
the method is that the theoretical corrosion rate is di�cult to estimate. The
upper plot shows that the estimated temperature corresponds very well to the
measured temperature. In the �rst 1350min of the experiment, the pH equals 4
with âcorr around 0.4mm/year. At the indicated time instant at 1350min, the
pH is decreased to 3, causing âcorr to increase to 3mm/year. It is clear that the
thermal error (here ∂T/∂t| < 0.3◦C/hour) in some time intervals dominates
over the wall thickness loss, leading to periods where the thickness seems to
increase when using DC. Even for such low corrosion rates, CMTC removes
most of the thermal error and a more realistic corrosion rate is obtained.

Figure A.8: In the upper plot the estimated- versus the measured temperature
is presented. In the lower plot the estimated wall thickness using CMTC and
DC is shown. The vertical dashed line show the time instant where the pH is
reduced from 4 to 3.

A.4.5 Veri�cation with contact micrometer

The accumulated wall loss from the steel sample has been measured using
a contact micrometer. In order to decrease the uncertainty (±5µm) of the
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contact micrometer readings relative to the change in wall thickness, a separate
experiment with a relatively large accumulated loss is performed. The measured
accumulated losses at 3 spots near the ultrasound footprint are 50µm, 50µm
and 52µm using the contact micrometer (average of 51.3µm), while it is 53µm
if we use CMTC. This result indicates an excellent agreement between CMTC
and contact micrometer readings.

The reason why the accumulated losses are less when using the contact
micrometer may be because of the surface roughness. The contact micrometer
will always measure the thickest point under its footprint while the ultrasound
measurement gives an average. Thus if the roughness increases during the
experiment, the measured accumulated wall thickness may be larger for the
ultrasound measurement.

A.4.6 Error due to linearization

The linearization in Eq.(A.16) introduces an error which can be calculated by
subtracting the true- and approximated delay. Figure A.9 shows that the error
introduced from the �uid is 100 times larger than from the steel. As an ex-
ample, consider the large temperature step of 15◦C from one measurement to
the next which causes approximately 1ns and 0.01ns error in τ0 and τst respec-
tively. This corresponds to an error of 0.03◦C in the estimated temperature.
For the estimated wall thickness we get two error contributions: a) From the
linearization error of τst directly and b) indirectly from τ0 through the erro-
neous temperature compensation. The former error is 30nm while the latter is
60nm. This adds up to 90 nm which is comparable to the standard deviation
of the thickness measurements. If, however, the measuring interval is small
compared to ∂T/∂t and ∆T e.g. is less than 1◦C, the linearization errors will
be negligible. Accumulating errors may be an important aspect for long term
applications, but that is considered as future work. In relation to e.g. corro-
sion monitoring of petroleum pipelines, the really large temperature deviations
usually occur in connection with shut-down operations.

A.4.7 Uncertainty analysis

Here we investigate how the initial parameter errors translate into the �nal accu-
racy of T and y0

st. We assume type B uncertainty [22], that a �rst order polyno-
mial describes the temperature dependence of the sound speed in the �uid/steel
and that we can disregard thermal expansion, i.e. yst(T ) ≈ y0

st, yf (T ) ≈ y0
f ,

in order to simplify the analysis. For steel, the ratio of in�uence due to sound
speed compared to expansion is about 8:1. For EG this ratio is above 100:1.
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Figure A.9: Linearization errors in nanoseconds (ns). In the upper plot the
error for the delay in the �uid is shown as a function of temperature step. In
the lower plot the same is presented for the delay in the steel. It is assumed
that y0

st = 12mm, yf = 20mm and that pure EG is used.

Hence the thermal change in sound speed is the dominant factor, and the ap-
proximation is sound. The fundamental factor in the uncertainty analysis of
a function f(p1, p2...pn), where pi is parameter i, is the sensitivity given as
Sf,pi = ∂f/∂pi. The combined standard uncertainty of f for independent con-
tributions is now given as

uc(f) =

√∑
i

S2
f,pi
· u2(pi) =

√∑
i

u2
f (pi) (A.27)

where u(pi) is the type B uncertainty of pi and uf (pi) = Sf,pi · u(pi) re�ects
the uncertainty translated into f from pi. In order to be able to compare the
sensitivities of di�erent parameters, it is adequate to normalize Sf,pi , giving
the normalized sensitivity S̄f,pi = |pi/f · ∂f/∂pi|. Starting from Eq. (A.14)
and solving with respect to T , we obtain an equation which depends on 4
parameters: T (y0

f , t0, γ0, γ1) = (2y0
f − γ0t0)/γ1t0. Similarly, by inserting the

equation for T into Eq. (A.4) we obtain an equation of 7 parameters for y0
st

giving:

y0
st(y

0
f , t0, γ0, γ1, δst,ϕ0, ϕ1)

= (t0(ϕ0γ1 − ϕ1γ0) + ϕ12y0
f ) · δst/(2γ1t0)

(A.28)

From Eq. (D.15) and Eq. (A.28), the partial derivatives of T and y0
st with

respect to its parameters can be found and the according normalized sensitivi-
ties calculated. This is shown together with the uncertainty of each parameter
in Table A.5. We can deduce that T is most sensitive to t0, γ0 and y0

st and
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that for the given uncertainties, t0 contributes most to uc(T ). We can also see
that y0

st is most sensitive to ϕ0 and δst and that these parameters contributes
to nearly 100% of uc(y

0
st). From Eq. (D.15) we obtain uc(T ) = 0.7◦C and

uc(y
0
st) = 65µm. By perturbing the parameters in CMTC accordingly and cal-

culate the resulting acorr, we can �nd uacorr(pi). Since it is assumed, based on
Eq. (A.24), that uacorr(pi) also is a function of ∂T/∂t and acorr, uacorr(pi) is
found in 4 di�erent cases. From the constant temperature case, it is seen that
ϕ0 contributes to almost all the uncertainty and that the uncertainty increases
with acorr which is expected. The latter means that for realistic values of acorr,
the uncertainty will be very small. It can also be noted that even though δst
contributes to 60% of uc(y

0
st) , it does not contribute signi�cantly to uc(acorr).

Hence, a slight bias in the absolute thickness estimate does not in�uence the
estimate of the relative change in thickness notably. When the temperature
varies, we see that in addition to the contribution from ϕ0, we also have two
signi�cant contributions from ϕ1 and γ1 for which the contribution increases
with ∂T/∂t. This is logical, since it is ϕ1 and γ1 which determine how the
sound speed changes with temperature. A more elaborate uncertainty analysis
is considered as future work.

Table A.5: Results from uncertainty analysis.
pi S̄T,pi

S̄
y0
st,pi

u(pi) uT (pi) u
y0
st

(pi) uacorr (pi)
b uacorr (pi)

c uacorr (pi)
d uacorr (pi)

e

t0 27.8 0.06 20ns 0.57 (65%)a 0.6 (0%) 0.00 (0%) 0.00 (0%) 0.02 (0%) 0.05 (8%)

γ0 28.8 0.06 0.7m/s 0.29 (17%) 0.3 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%)

γ1 1.0 0.00 ≈1% 0.25 (12%) 0.3 (0%) 0.01 (2%) 0.01 (0.5%) 0.21 (24%) 0.06 (11%)

y0f 27.8 0.06 5µm 0.17 (6%) 0.2 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%)

ϕ0 - 1 13m/s - 26 (16%) 0.08 (96%) 0.17 (99%) 0.31 (52%) 0.15 (70%)

ϕ1 - 0.00 ≈1% - 0.3 (0%) 0.01 (2%) 0.01 (0.5%) 0.18 (18%) 0.05 (8%)

δst - 1 20ns - 60 (84%) 0.00 (0%) 0.00 (0%) 0.10 (6%) 0.03 (3%)
a The values in the parenthesis indicate the relative contribution to the total uncertainty, i.e. u2

f (pi)/u
2
c(f) · 100%.

b Based on the 1st part of Test 1, i.e. ∂T/∂t ≈ 0 and âcorr = 38.6mm/year.
c Based on the 2nd part of Test 1, i.e. ∂T/∂t ≈ 0 and âcorr = 79.2mm/year.
d Based on the 1st part of Test 2, i.e. ∂T/∂t=2.25◦C and âcorr = 81.7 mm/year.
e Based on the 2nd part of Test 2, i.e. ∂T/∂t=-0.58◦C and âcorr = 39.3mm/year.

A.5 Conclusions

A technique for estimating the wall thickness and temperature simultaneously
from one ultrasound measurement has been investigated. The analysis has re-
vealed the importance of temperature compensation and how even small ther-
mal variations can give an erroneous corrosion rate if not corrected for. The
main challenge has been to separate the two phenomena temperature vari-
ations and corrosion, as well as to exploit the ultrasound signal so that very
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small changes in the wall thickness can be detected. The proposed method com-
bines a sub-sample delay algorithm and a linearized MLE with a mathematical
model of how the various delays relates to temperature and wall thickness. To
estimate the temperature, a well de�ned stand-o� between the steel and trans-
ducer where the coupling medium has a de�ned speed of sound as a function
of temperature, is necessary.

The results show that the estimated corrosion rate agrees very well qual-
itatively and quite well quantitatively with Faraday's law. When comparing
CMTC with DC, a very good match is obtained for the constant temperature
case, a fact which shows that CMTC operates similar to more conventional wall
thickness algorithms under that particular condition. The estimated errors be-
tween the compensated and non-compensated corrosion rates also match very
well with theoretical values. An uncertainty analysis revealed that uc(y

0
st) and

uc(T ) was 65µm and 0.7◦C respectively for the current setup. δst, which gives
the major contribution to uc(y

0
st) , is, however, not contributing signi�cantly to

uc(acorr). uc(acorr) is empirically found to increase both with ∂T/∂t and acorr.
The developed technique can be used for non-invasive corrosion monitor-

ing applications where high resolution and fast response is required, e.g. for
monitoring of pipelines and process equipment, for lab applications etc.
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Abstract

When using ultrasound for detecting low impedance materials on the surface
of high impedance materials, a major challenge is the contrast di�erence be-
tween the strong reverberations from the high impedance material and the weak
echoes received from the low impedance material. The purpose of this work is
to present the theoretical and experimental validation of an ultrasonic method-
ology for estimating the acoustical properties of para�n wax on the surface of
steel. The method is based on modeling and inversion of the complete electro-
acoustic channel from the transmitted voltage over the active piezoelectric ele-
ment, to the received voltage resulting from the acoustic reverberations in the
multi-layered structure. In the current work, two conceptually di�erent models
of the same multilayer transducer structure attached to steel is developed and
compared with measurements. A method is then suggested for suppressing the
strong reverberations in steel, hence isolating the wax signals. This contrast
enhancement method is �tted to the model of the structure, facilitating param-
eter inversion from the wax layer. The results show that the models agree well
with measurements and that up to three parameters (travel time, impedance
and attenuation) can be inverted from the wax simultaneously. Hence, given
one of the three parameters, density, sound speed or thickness, the other two
can be estimated in addition to the attenuation.

Ultrasonics, vol. 51, issue. 1, 2011
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B.1 Introduction

Detection and characterization of low to medium impedance materials through
a high impedance material such as steel using ultrasound may be a challenging
task. The main reason is that the di�erence in characteristic impedance causes
most of the energy to reverberate back and forth inside the high impedance
material. Consequently only a small fraction of the energy will be transmit-
ted into and re�ected back from the material of interest. An eventual overlap
between the weak desired echo and the strong echo from the steel further com-
plicates the problem. Much work has been performed with respect to material
characterization through metals. In [1], a windowing method is used for sepa-
rating strong and weak echoes when characterizing a three-layered aluminum
structure. Kinra et al. demonstrated in [2] how to determine phase velocity
and thickness of sub-wavelength coatings through an aluminum substrate based
on plane wave analysis and an inversion scheme. In [3] a technique for charac-
terizing mineral deposits through steel is presented. By using the fact that the
re�ected energy at an interface is dependent on the characteristic impedances
of the two materials, it is possible to characterize the type (not thickness) of the
deposit by analyzing the sequence of decaying echoes in the ultrasonic wave-
form. Another related problem is ultrasonic monitoring of wax-deposits which
can cause production losses due to restricted �uid/gas �ow and eventual plug-
ging of pipelines. Wax can precipitate in both oil- and gas pipes due to a drop
of either pressure or temperature. A method for estimating the thickness of
wax-deposits through gas-pipelines, based on a standard pulse-echo technique
where the received signal is correlated with a reference signal and the peaks
are separated in time-domain, is presented in [4]. This is a straightforward
approach with some drawbacks. In the �rst place, the large contrast di�er-
ence between the wax- and steel signal can make it di�cult to identify the
wax echoes, in particular if there is an overlap with the steel echo. Secondly,
if the pulse length is larger than the wax thickness, it is di�cult to separate
two subsequent wax echoes and thus to estimate the thickness. In the current
work an approach to para�n-wax detection which addresses these challenges is
presented.

When dealing with excitation of plane waves at normal incidence into a
multi-layered structure, one dimensional (1D) models can be employed. To
model the 1D electromechanical coupling of a piezoelectric element, the ap-
proaches of Mason [5], Redwood [6] and Krimholtz et al. [7] are popular. 1D
models are bene�cial to use as a �rst study of a piezoelectric transducer. For
single element transducers and transducer arrays which have elements that are
large compared to the wavelength such a model is a good description of the
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transducer and it can e.g. be used for transducer characterization [8]. For
more elaborate modeling, a �nite element method (FEM) can be employed.

The objective of this work is threefold: Firstly, to model a multilayer struc-
ture (a maximum of 6 layers is used herein) with one active piezoelectric ele-
ment through the electrical impedance. Herein a 1D model and a �nite element
(FE) model are developed. By combining these with a model of the electrical
transceiver circuit it is possible to, given an electrical transmit pulse, simu-
late the received voltage which will be a function of the reverberating signals
in all layers. Hence both the acoustical channel and the electrical channel
are modeled simultaneously. This may be important for continuous, long term
structural health monitoring applications, such as for the SmartPipe project [9]
where it is aimed at installing sensor-belts along subsea pipelines. Given a good
correspondence between the model and the measurements, a change in the
transducer response can then be related to the piezoelectric parameters as well
as changes in the temperature or layer thicknesses. Secondly, in many non-
destructive evaluation (NDE) applications it is challenging to separate weak
signals from strong overlapping echoes. Herein, a simple contrast enhance-
ment scheme for removing the strong reverberations in steel is presented. This
increases the robustness of the proposed wax detection scheme by making the
wax echo more readily identi�able. Finally, the model is �tted to measurements
using a genetic algorithms inversion scheme. This increases the con�dence in
both the model and the transducer behavior, and it facilitates the inversion
of material parameters and layer thicknesses. When it comes to inversion of
material parameters from plane layers, much related work is reported in the
literature (see e.g. [2, 10�12]). The conceptual di�erence with this work is
that herein the inversion includes the model of the electro-acoustic coupling
and that the inversion is performed on the isolated wax signal. In general
the suggested approach can be useful for applications where it is necessary to
separate out weak signals from strong reverberations in an intermediate layer.
More speci�cally, if this method should be used for detection and monitoring
of wax deposits in gas pipelines, surface roughness, curvature of the pipeline
as well as e�ect of temperature should also be taken into account. These top-
ics are thoroughly treated in [13, 14] and it should be feasible to implement
eventual compensation schemes into the method presented herein. It should be
noted that the electro-mechanical (E/M) impedance method is another tech-
nique which employs the electrical impedance in order to estimate the state of
multilayer structures. This can in turn be related to e.g. near-�eld damages or
self-diagnostics [15, 16].
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B.2 Overview of the multi-layered structure

An example of the multi-layered structure is illustrated in Figure B.1 and it is
composed of maximum 6 layers. The structure consists of plane layers, starting
with a PZ26 [17] circular piezoceramic layer (which is considered passive in
this work), a frequency selective, low impedance, isolation layer and a circular
active PZ27 [17] piezoelectric layer which is bonded directly onto a rectangular
steel with a thin epoxy layer. As the piezoelectric element has a characteristic
impedance close to steel, this will cause a good acoustic match between those
two layers. An additional layer consisting of para�n wax is optionally deposited
on the steel surface. The thickness of the isolation layer should be λiso/4
where λiso is the wavelength in the centre of the passband of the transducer.
The isolation layer is originally developed for 2-frequency transducers with the
objective of minimizing the energy transmission in the backward direction as
well as separating the two frequency bands [18, 19]. In [20] it is shown that by
using such an isolation layer, the mechanical impedance seen backwards from
the active piezoelectric element is lower than the impedance of the material
constituting the isolation layer in the expected passband of the transducer.
This, together with the good acoustic match towards steel, indicates a high
e�ciency of the transducer in its pass-band. Hence the isolation layer is an
alternative to more traditional high-impedance backing procedures for which
the sensitivity of the transducer can be increased. The e�ect of the isolation
layer is investigated in Section B.5.1. Relevant material properties of the multi-
layered structure are given in Table B.1.

Table B.1: Material properties and layer thicknesses

Z = ρc [MRayl] c [m/s] η L [mm] ν E [GPa]

Passive ceramics 34.6 4523 0.0003 10.1 - -
Isolation layer 2.9 2600 0.033 0.337a 0.37 4.25
Piezoceramic
layer

33.3 4330 0.014 1.0 - -

Coupling layer 2.9 2600 0.033 0.0055a 0.37 4.25
Steel 46 5900 0.002 14.5 0.29 209
Wax 1.85b 2030b 0.08b - - -
a This value is estimated using the genetic algorithm inversion scheme.
b This value is estimated from independent measurements
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Figure B.1: Outline of the multi-layered transducer structure. ZF and ZB are
the acoustic impedances seen forward and backwards from the active piezoelec-
tric layer respectively. vB is the received voltage due to the backward prop-
agating energy. The forward propagating waves are split into the echo from
the steel/wax interface, vs/w, and the reverberations in the wax layer, vw. The
dashed arrows indicate the acoustic path of the three signals.

B.3 Theory

B.3.1 1D modeling of a multi-layered transducer structure and
transceiver circuit

When the piezoelectric material equation is assumed to be in one dimensional
thickness mode, the relations between the voltage, V1, across- and the current,
I1, into the electrodes of the piezoelectric element, and the pressures and parti-
cle velocities at the two surfaces of the piezoelectric element can be represented
by the Mason equivalent 3-port circuit in Figure B.2 [21]. The pressures over
the acoustic impedances seen forward and backwards (ZF and ZB) from the
piezoceramic layer are denoted by P1 and P2 respectively while the particle
velocities at the boundaries of the piezoelectric element is given by U1 and
U2. Harmonic variables are assumed, i.e. p1(t) = Re{P1e

−jωt}, etc where
ω is the angular frequency and j =

√
−1. Further ZM1 = jZ0 tan(k0L0)/2

and ZM2 = −jZ0/ sin(k0L0) where Z0 = ρ0c0 is the characteristic impedance,
ρ0 is the density, c0 is the speed of sound in the piezoelectric element and
L0 is the thickness of the piezoelectric element. The complex wave number
k0 = ω/c0 · (1− jη0/2), incorporates a linear attenuation model using the loss
factor, η0. Consider that there are N (M) additional layers in the backward
(forward) direction. Then ZB (ZF ) can be calculated iteratively using the
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formula:

ZAI,i(ω) = Zi
ZAI,i−1 + jZi tan(kiLi)

Zi + jZAI,i−1 tan(kiLi)
. (B.1)

Here ZAI,i, Zi, ki and Li are the spatial dependent acoustic impedance seen
into layer i, the characteristic impedance, wave number and thickness of layer
i. In order to initialize the iteration, ZAI,0 = ZAir ≈ 0 (ZAI,0 = ZL) when
calculating ZB (ZF ). Here ZAir and ZL are the characteristic impedances of
air and the load respectively. Hence it is clear that ZB = ZAI,N (ZF = ZAI,M ).
M and N can be any positive integer in the general case. The total number of
layers thus becomes M + N + 1. For the speci�c setup shown in Figure B.1,
M = 3 and N = 2 but some simulations also assumes that M < 3 or N < 2
depending on the analysis. The total electrical impedance of the transducer,
ZXD, seen from the electrical ports is calculated using Figure B.2:

ZXD(ω) = (ZC0 ||ZM )/A (B.2)

Here ZC0 = 1/(jωC0) where C0 = ε/L0. ε is the dielectric constant. Further A
is the area of the piezoceramic while ZM is the impedance of the components
above the transformer referred to the primary side de�ned as:

ZM (ω) = (−h2C0/(jω) + ZM
2

+ ZR||ZL)/(hC0)2 (B.3)

where ZR = ZF +ZM
1

and ZL = ZB +ZM
1

and h is the piezoelectric constant.
Note that the operator ‖ returns the resulting impedance from two impedances
coupled in parallel, i.e. Za||Zb = ZaZb/(Za + Zb).

The transceiver circuit applied in this work is illustrated in Figure B.3
where ZScope, Zg and ZCables are the electrical impedances of the oscilloscope,
the signal generator and the cables respectively, and Vg refers to the voltage
source. The impedance transfer function, HM,N , which relates the transmitted
electrical pulse to the received voltage over the oscilloscope for a M + N + 1
layer model is de�ned by

HM,N (p;ω) =

[
Zpar(p;ω)

Zpar(p;ω) + Zg(ω)

]
M,N

(B.4)

where
Zpar(p;ω) = ZCables||ZScope||ZXD . (B.5)

Here p is the model-parameters to be estimated, e.g. layer thickness, loss factor
etc. In general p is a vector as multiple parameters can be estimated simul-
taneously. Note that HM,N completely determines the received voltage due to
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Figure B.2: Mason equivalent of piezoelectric element.

Figure B.3: Electrical network of transceiver circuit.

internal ringing in all the layers in the structure. Given a transmitted genera-
tor voltage Vg(ω) the windowed received waveform is de�ned in the frequency
domain as

VM,N (p;ω) = [HM,N (p;ω) · Vg(ω)] ∗W (ω) . (B.6)

Here W (ω) is the Fourier transform of a Tukey window [22] used in order to
separate out the echoes to be analyzed and * is the convolution operator. This
is preferred over a rectangular window because of lower side-lobes. The received
signal in time domain can now be found through the inverse Fourier transform:

v̄M,N (p; t) =

∫
ejωtVM,N (p;ω)dω/2π . (B.7)
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Note that the measured signal and the simulated time-domain signal are de-
noted without and with a bar, respectively.

B.3.2 FE modeling of a multi-layered transducer structure

An axisymmetric FE model has been developed in Comsol 3.5a (Comsol AB,
Stockholm, Sweden) for validating the 1D model as well as comparing with
measurements. The geometry of the FE model is shown in Figure B.4. The left
boundaries represent the axial symmetric axis. This is a multiphysics problem
where Comsol's Piezo Axial Symmetry application mode and Axial Symmetry

Stress-Strain application mode can be combined. The Piezo Axial Symmetry

application mode has three material models for which all are employed in this
model. The active element uses the piezoelectric material model governed by
the stress-charge equations which express the relation between the stress, strain,
electric �eld, and electric displacement �eld:

T = bcEcS−
⌊
eT
⌋
E

D = becS + bεScE
(B.8)

In the general 3D case, T is the 6x1 stress vector, S is the 6x1 strain vector, E is
the 3x1 electric �eld vector and D is the 3x1 electric displacement �eld vector.
cE , e and εs are the 6x6 piezoelectric elasticity matrix, the 3x6 coupling matrix
and the 3x3 permittivity matrix of the material respectively. The subscript E
indicates a zero, or constant, electric �eld; the subscript S indicates a zero, or
constant, strain �eld; and the superscript T stands for transposition of the ma-
trix. The isolation layer and coupling layer use the decoupled isotropic material
model. The passive ceramic employs the anisotropic material model. Both the
isotropic and anisotropic model is governed by Hooke's law, T = bccS, with
the di�erence that for isotropic materials, the 6x6 elasticity matrix bcc is de-
termined by two constants only, namely the Young's modulus and the Poisson
ratio. The mechanical damping is given as a loss factor, η. The steel uses an
isotropic material model together with the axial symmetry stress-strain appli-
cation mode which also is governed by Hooke's law. The reason for introducing
this application mode is to incorporate a cylindrical perfectly matched layer
(PML) absorbing in all directions for the steel. PMLs are not available in the
Piezo Axial Symmetry application mode. The width of the PML is larger than
the longest simulated wavelength in steel, indicating that su�cient absorption
is attained [23]. For the interior boundaries in the transducer and steel, conti-
nuity of displacements and stresses are necessary. The exterior boundaries are
free as the measurement is performed in air.
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Figure B.4: Geometry of the FE model.

The maximum mesh size, hmax, is determined by hmax ≤ λmin/6 . λmin is in
general determined by the maximum frequency as well as the lowest wave speed
in the material. For solids, this is given by the shear wave velocity. As a 2nd

order Lagrange polynomial is used as basis functions, this implies a minimum
of 12 nodes/λmin. A convergence study where the element size is decreased
from larger to smaller mesh sizes has been performed to ensure the reliability
of the results. Unstructured and structured meshes have also been compared,
but only negligible di�erences in the results are observed. An unstructured
mesh is employed in the simulation.

In order to compare the FE model with the 1D model, the electrical impedance,
Zxd, seen from the electrodes of the active piezoelectric element must be calcu-
lated. (Note that the subscript of the electrical impedance of the FE model is
in lowercase letters.) Since the FE model can't be represented with a lumped
circuit model, Zxd is found di�erently: The FE model is solved by applying a
harmonic voltage, V1, over the electrodes. This is performed for a whole range
of frequencies, and for each frequency a resulting current density, J, is devel-
oped. The total current is then calculated by performing boundary integration
over the electrode as

I1 =

rmax∫
0

J · n · 2πrdr . (B.9)
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Here n is the normal unit vector on the boundary. Finally Zxd can be calculated
as

Zxd = V1/I1 (B.10)

Now Zxd can replace ZXD in Eq. (B.5), making it possible to compare the two
models.

B.3.3 Isolation of wax signal

When the piezoelectric layer is excited with an electric pulse, it will transmit
energy both in the forward and backward direction. Referring to Figure B.1
it is clear that the forward propagating wave eventually will hit the steel/wax
interface where it is partially re�ected and partially transmitted. The pulse
transmitted into the wax causes a reverberating wave bouncing back and forth
between the steel/wax- and wax/air-interface. It is assumed that a Tukey-
window has selected only the �rst echo from the steel/wax interface together
with the resulting wax reverberations, and the total received voltage can hence
be split in the time domain as

v3,2(t) = vF (t) + vB(t)

≈ vF (t) = vs/w(t) + vw(t).
(B.11)

Here vF and vB are the received voltages due to the forward and backward
propagating signals respectively while vs/w and vw are the received voltages due
to the 1st re�ected wave at the steel/wax interface and due to the reverberating
wave in the wax respectively. The approximation in Eq. (B.11) is introduced
because the amount of signal power transmitted backwards is small compared
to what is transmitted in the forward direction and hence assumed negligible.
This is discussed in more detail in Section B.5.1.

Now assume a reference signal, v2,2, is measured with only air beneath steel.
The received signal will then mainly consist of the echo from the steel/air in-
terface; again neglecting vB (this will simplify the following analysis.) Denote
this by vs/a. Hence the reference signal is approximated as v2,2(t) ≈ vs/a(t).
Compared to vs/w, vs/a will have a larger amplitude due to a higher absolute
value of the re�ection coe�cient. A time-shift may also occur due to tempera-
ture variations and experiments have shown that it is crucial to do a time-shift
correction; even small temperature variations (< 1oC) will distort the result if
not compensated for. The �rst step is to correct for the amplitude-di�erence:

v̂s/w(t− τ) =
v2,2(t) · ||v2,3||∞
||v2,2||∞

≈ v2,2(t) · |Rs/w| (B.12)
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where ‖.‖∞ denotes the peak, v̂s/w(t − τ) is the estimated signal from the
steel/deposit interface with the true time-shift τ andRs/w is the normal incident
re�ection coe�cient between the steel/deposit-interface. To estimate τ , a time-
delay estimation scheme, e.g. correlation, between the estimated- and measured
signal is performed:

τ̂ = arg max
k

E{v̂s/w(t− τ)v2,3(t− k)}

≈ arg max
k

E{v̂s/w(t− τ)vs/w(t− k)}
(B.13)

The main assumption in the approximation of Eq. (B.13) is that ‖vw‖∞ <<
‖vs/w.‖∞. This is apparent when considering that the voltage ratios are bounded
upwards by the ratios of the transmission/re�ection coe�cients governing the
amplitude of the echoes in steel when disregarding attenuation: ‖vs/w‖∞ is
governed by |rRs/w| where r is a constant and Rs/w is the normal incident
re�ection coe�cient between the steel/deposit interface. ‖vw‖∞ is on the other
hand bounded upwards by |rTs/wRw/aTw/s| where Ts/w is the transmission coef-
�cient between the steel/wax interface and Rw/a = -1 is the re�ection coe�cient
between the wax/air. Hence it is seen that:

||vw||∞
||vs/w||∞

≤
∣∣∣∣Ts/wRw/aTw/sRs/w

∣∣∣∣ =
4ZsZw
Z2
s − Z2

w

(B.14)

with equality for zero absorption. Inserting a plausible value of Zw = 1.8MRayl
gives ||vw||∞/||vs/w||∞ ≤ −16dB. The estimate of the signal from the steel/deposit
interface now becomes:

v̂s/w(t) ≈ v̂s/w(t− τ + τ̂) (B.15)

and vw can further be estimated from the measured received signal, vr, as

v̂w(t) = v3,2(t)− v̂s/w(t) ≈ vw(t). (B.16)

It should be noted that vB will be equal for v2,2 and v3,2. Hence the subtraction
in (B.16) will also remove vB (which is already assumed negligible) except for
a scaling error corresponding to the ratio of the re�ection coe�cients given in
(B.12). Since Rs/w/Rs/a = Rs/w ≈ 0.95, roughly 95% of vB is removed through
this scheme.

B.3.4 Inversion procedure

In any inversion scheme, the objective is to estimate some true parameters, p,
through a comparison of a measured and a predicted data set. The best esti-
mate of p is the one that minimizes an objective function, ϕ, which typically
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represents a variant of the squared error sum between the observed and modeled
data. Another common name for ϕ is the error function. In the current work, a
hybrid approach using genetic algorithms combined with a quasi-Newton search
is employed for the data �tting. Genetic algorithms is a global nonlinear opti-
mization scheme related to genetic evolution and driven by stochastic means.
It has successfully been employed in e.g. seismic applications [24, 25], and it
reduces computation compared to traditional Monte Carlo techniques. The ge-
netic algorithm is implemented employing the Genetic Algorithms Toolbox in
Matlab (Mathworks, Massachusetts, USA). To improve the value of the search,
a local quasi-Newton minimization scheme which uses the �nal point from the
genetic algorithm as its initial point is employed.

B.3.4.1 Fitting of Reference Signal

The reference signal is modeled using Eq. (B.7) and assuming that the thickness
of the wax layer is zero. ϕ is assumed to be the normalized root mean square
error between the simulated and measured signal:

ϕ(p) = ||v̄2,2(p; t)− v2,2(t)||/||v2,2(t)|| (B.17)

where ‖.‖ denotes the L2 norm. As most of the model parameters are known
with the desired certainty, the number of unknowns in the optimization is lim-
ited to two; the thickness of the isolation- and coupling layer denoted Liso
and Lc. Hence p = [Liso;Lc]. The reason for estimating only these values is
that Liso and Lc are associated with the largest uncertainties in the reference
structure (i.e. the multi-layered structure without any layer beneath steel) due
to the manufacturing procedure. In order to limit the search space, realistic
bounds are given. The formulation of the inversion problem becomes:

p̂ = arg min
p
ϕ(p) (B.18)

Here p̂ is the estimated value of p.

B.3.4.2 Estimation of acoustical parameters from wax

The re�ections from the wax/load interface are very weak compared to the
strong reverberations in the steel. To increase the sensitivity of the inversion,
the wax signal is isolated prior to the optimization. Hence the two models
v̄2,2(t) and v̄3,2(pw; t) are simulated. Note that v̄2,2(t) have no dependence on
the vector p which in this case consists of a combination of any of the wax-
parameters to be estimated, for example cw, ρw, Lw or ηw denoting the sound
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speed, density, thickness and loss factor of the wax respectively. By subtracting
the two modeled waveforms, the signal from the wax/air interface is obtained:

v̄w(p; t) = v̄3,2(p; t)− v̄2,2(t) ·Rs/w/Rs/a (B.19)

By combining Eq. (B.16) and Eq. (B.19) with the selected optimization crite-
rion, the objective function to be minimized becomes

ϕw(p) = ||v̄w(p; t)− v̂w(t)||/||v̂w(t)|| . (B.20)

When performing inversion it is important to do a sensitivity analysis of the
di�erent parameters. The sensitivity of a parameter pi ∈ p is herein de�ned as

Sv̄w,pi =
1

‖v̄w‖

∥∥∥∥piδv̄wδpi

∥∥∥∥ (B.21)

i.e. it is a normalized measure of how much the model varies when performing
a perturbation of the parameter. It is not in the scope of this work to do a
detailed sensitivity analysis, but it is worth mentioning the main principle: If
the sensitivity is small, a small error in measuring vw causes a large error in
estimating pi and vice versa [2]. Hence, when solving the inverse problem, the
sensitivity is a very important parameter; the higher the sensitivity, the better.
If two parameters have the same in�uence on the model, linear dependency
between the parameters makes the inverse problem impossible. An example of
two nearly linearly dependent parameters is cw and Lw; when perturbing these,
the main change in the model is a change in phase through the one-way travel
time τw = Lw/cw. It is clear that separate changes in cw or Lw can lead to the
same change in phase. Hence it is not possible to determine which of cw or Lw
that has caused the phase change. It is still theoretically possible to estimate
both cw and Lw simultaneously because cw also determines the wax impedance
Zw but then ρw must be assumed known. This is discussed in more detail in
Section B.5.4.

B.4 Experimental procedure

The experimental setup is represented as a lumped circuit as shown in Fig-
ure B.3. The electrical transmit pulse is generated using a WW2571 Tabor
signal generator (Tabor Electronics Ltd., Tel Hanan, Israel) which is directly
connected to the active piezoelectric element. The received signal is stacked and
recorded by a Lecroy WaveSurfer 42Xs oscilloscope (LeCroy, Geneva, Switzer-
land) and transferred to a PC for further investigation. The wax [26] layer is
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obtained by heating the leveled low carbon steel (the transducer structure is
now below the steel plate) with a certain amount of wax already placed inside
a mold on the steel surface. When the temperature of the steel exceeds the
melting point of 57-59◦C, the para�n wax melts directly on the steel. When
the heating procedure stops, the wax will solidify as a plane layer. To avoid
vaporization of the wax, the steel is then cooled down in a water bath. The
mold had a well de�ned circular geometry. An estimation of Lw was enabled
by depositing a known mass of wax over a known area. The material param-
eters ηw, cw and ρw, were determined from independent measurements. The
estimated values of the material parameters are found in Table B.1.

B.5 Results and discussion

B.5.1 E�ect of isolation layer

As the passive ceramics has negligible loss, the acoustic energy transmitted
backwards will reverberate back and forth in the layer for a long time and
a�ect the received pulse response. Considering an excited signal transmitted
simultaneously in both directions, the expected transit time for the pulse prop-
agating backwards to the ceramic/air interface and back to the piezoelectric
element, where it is received as vB, is 4.7µs. The expected transit time for the
pulse propagating forwards to the steel/air interface and back to the piezoelec-
tric element, where it is received as vF , is 4.9µs. As one period of the pulse lasts
for about 0.5µs, these signals will overlap. In order to simulate the in�uence of
vB on the complete signal v3,2, two scenarios are simulated with the 1D model:
a) vF is modeled in the same manner as v2,2 (disregarding the wax layer which
is uninteresting in this analysis), but with one main di�erence: The passive
ceramic is assumed to be the load in the backward direction. Hence no signal
from the ceramic/air interface is received and v2,1 = vF . b) vB is also modeled
in the same manner as v2,2 except one important di�erence: It is assumed that
the steel is the load, i.e. the steel is semi-in�nite. Then the strong signal from
the steel/air interface is avoided, and v1,2 = vB. (It is important to note that
the subscripts denote the number of layers forwards and backwards seen from
the active element).

The signal envelopes of the received voltages from these scenarios are com-
pared in Figure B.5. A one cycle sine pulse with fc = 2MHz is given as input
voltage. According to this result, the amplitude of the �rst arrival of vB is 28dB
below that of vF . Hence, vB has little in�uence on the total received signal in-
dicating that the isolation layer works as intended and that the approximation
in Eq. (B.11) is sound.
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Figure B.5: Simulations of signal envelopes of vB versus of vF .

B.5.2 Fitting of reference signal

A reference signal is recorded using a 10 volt peak-to-peak 1 cycle sine pulse
as input from the signal generator. Then the inversion scheme expressed with
Eq. (B.18) is executed to obtain the optimal �t between the 1D model and
the measurement. Most of the �xed parameters for the 1D model are found
in Table B.1, except the piezoelectric parameters which are h = 1.98 · 109V/m
and the relative permittivity εr = 914 [17]. The result from the inversion is
presented in Figure B.6. It can be seen that an excellent agreement is achieved
between the simulated and measured data suggesting that the 1D model is valid
for the given multi-layered structure.

Figure B.6: 1D-modeled and COMSOL-modeled vs. measured reference signal,
v2,2.
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Based on the estimated layer thicknesses of the coupling- and isolation layer,
the complete axisymmetric Comsol model has been developed. The isolation
layer and the coupling layer are made from a two-component epoxy (SvaPox
110/Harter TL, Svas Kjemi AS, Fetsund, Norway). For isotropic materials
such as steel and epoxy, the input structural material parameters are density,
Poisson's ratio, ν, and Young's modulus, E. As the true values of ν and E are
unknown, they are estimated in the following way: The p-wave velocity and
density of the materials are measured. ν and E are then chosen so that they
correspond to tabulated data found in [27] of similar materials with compa-
rable densities and p-wave velocities. Zxd is found using Eq (B.10) and then
replacing ZXD in Eq. (B.5). The resulting received voltage, given the same
transmit-pulse as for the 1D model, is also shown in Figure B.6. The agree-
ment with both the measurement and the 1D model is excellent when it comes
to pulse shape, a fact that further increases the con�dence in that a plane
wave solution is su�cient for the given structure. When looking at the signal
amplitude though, the signal modeled with the FE model is down about 10%
compared to the 1D-modeled signal and the measured signal. There are some
probable explanations for this: Firstly, it is only the 1D model which is opti-
mized with respect to the measurement. If the FE model had been optimized,
slightly di�erent parameters favoring the FE model could have been obtained
instead. Secondly, the 1D model incorporates fewer parameters leading to less
uncertainty. For example, there is less uncertainty related to the longitudinal
speed of sound which is input to the 1D model, than to the combination of E,
ν and ρ which determines the sound speed in the FE model. The tolerances for
the piezoelectric materials are ±5% for the electromechanical properties and
±2.5% for the mechanical properties [28]. As the FE model employs more of
these parameters, more uncertainty are also introduced into the model.

In Figure B.7 the error function ϕ(Lc, Liso) which is characterized by a
valley along the Liso-axis is presented, but it still has a well de�ned minimum.
Since the gradient of ϕ increases more rapidly along the Lc-axis, it is clear that
the model is more sensitive to Lc. For Liso the target thickness was λiso/4 at
2MHz, corresponding to 325µm when c = 2600m/s. The inversion gives 337µm
which is a deviation of 12µm. When bonding a plane piezoelectric element onto
a plane steel sample with epoxy, a thickness of a few µm is expected. Herein,
Lc is found to be 5.5µm. So even if the true values of Lc or Liso are unknown,
the estimates seem reasonable.

A typical result from the COMSOL simulation, showing the real part of the
z-component of the stress in steel, is illustrated for f = 2MHz in Figure B.8.
By studying the wave fronts, it can be observed that they are not completely
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Figure B.7: ϕ as a function of Lc and Liso with a minimum at (5.5µm, 337µm).

plane. The reason for this is that for a harmonic solution at one frequency,
a mode pattern will occur on the excited piezoelectric element. When several
of these frequencies are combined into a broadband pulse, the mode pattern
will vary for each frequency causing destructive interference and the summation
over the whole frequency range will produce an approximately plane wave with
no such mode pattern. Di�erent mode patterns of piezoelectric elements are
analyzed in for example [29].

Due to a signi�cantly reduced computational complexity when using the
1D model compared to the FE model and the good correspondence between
the 1D model and measurement, the 1D model is employed in the rest of this
paper.

B.5.3 Isolation of wax signal

If the wax layer is thin compared to the wavelength of the transmitted pulse,
it is not possible to resolve the individual re�ections from the wax. When
the echoes interfere, the individual �anks of the re�ections will be masked.
In order to test the contrast enhancement scheme proposed for resolving the
problem, a reference measurement, v2,2, and a measurement with wax, v3,2, are
recorded using a 32 volt peak-to-peak 1 cycle sine pulse as input. Then the
procedure described in Eqs. (B.12)-(B.16) is executed. An example result with
a 1.1mm wax layer is seen in Figure B.9. Here v2,2 and v3,2 is plotted and it can
be observed that the weak re�ections from the wax is di�cult to distinguish
relative to the strong signal from the steel/wax interface. The ellipse illustrates
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Figure B.8: Continuous wave simulation. Real part of z-component of stress in
steel at f = 2MHz.

the time interval for where deviation is expected. Indeed, some di�erences are
observable, but due to the overlap between the internal ringing and the wax-
signal causing interference between the signals, it is challenging to draw any
conclusions regarding the wax parameters directly.

Figure B.10 illustrate that by performing the isolation procedure, the strong
reverberations in steel are suppressed with 40dB. It can be observed that v̂w is
21dB below the peak of v3,2 and that v̂w is clearly below the internal ringing of
the transducer. If for example Figure B.9 and Figure B.10 a) are investigated
more carefully, the main positive peaks occur at 1.05µs and 2.15µs respectively
resulting in an estimated layer thickness of ≈1.1mm given cw = 2030m/s. This
is a straightforward estimate yielding �ne results given a good estimate of the
sound speed.
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Figure B.9: v2,2 and v3,2 where the di�erence in amplitude has been corrected.

(a) (b)

Figure B.10: a) Modeled (v̄w, solid) versus processed measured data (v̂w ,
dotted) of the isolated wax signal. b) Signal envelope of vr (solid) and v̂w
(dotted).

B.5.4 Estimation of parameters from wax layer

By �tting the model to the measurements through the inversion scheme two
main achievements can be made: Firstly, increased con�dence in both the model
and the contrast enhancement scheme can be attained. Finally, material pa-
rameters as well as layer thickness can be estimated.

When selecting parameters to optimize, it is of importance to avoid ill-
conditioned problems. Let's denote the wax parameters cw, ρw and Lw as the
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primary parameters. If no a priori information of the deposit layer is available,
it is assumed that a wave experiences a combination of three factors when
reverberating in the layer: Firstly, the travel-time τw = Lw/cw. Secondly, the
acoustic impedance, Zw = ρwcw. Finally, the frequency dependent attenuation,
here modeled through ηw. It can readily be observed that it is not possible
to invert both cw, Lw and ρw correctly simultaneously as it has an in�nite
number of solutions (combining τw and Zw end up in two equations with the
three unknowns cw, Lw and ρw). However, if one of the primary parameters
is known in advance, the other two may be estimated based on the relations
Zw = ρwcw and τw = Lw/cw.

In the general case p = [τw;Zw; ηw]. To investigate the feasibility of invert-
ing these, consider the sensitivity de�ned in Eq. (B.21). When perturbing τw,
the most prominent e�ect is a phase-shift. Two similar signals with di�erent
phases will have a large deviation in the mean square sense; hence the sensitiv-
ity with respect to τw is large. Knowing one of the parameters cw or Lw, it is
thus feasible to invert the other. Zw will only alter the amplitude according to
Eq (B.14), while ηw in addition changes the frequency spectrum causing a pulse
distortion in the time domain. The model is in general much less sensitive to
Zw and ηw. As an example, assume τw = 0.7µs, Zw = 1.8MRayl and ηw =0.05.
Perturbing the parameters with 1%, gives (using Eq. (B.21)) Sv̄w,τw = 20.1,
Sv̄w,Zw = 0.8 and Sv̄w,ηw = 0.5 and it is observed that the sensitivity with
respect to τw clearly is the largest.

In Figure B.10 b) a typical result from the inversion is presented illustrating
that the modeled signal match very well to the contrast enhanced measured sig-
nal. Now the percentual deviation σp = (p̂/p−1) ·100% where p̂ is the inverted
and p the 'true' parameter is introduced and plotted as a function of the true
layer thickness. This is presented for the 3-parameter inversion in Figure B.11
for 5 di�erent values of Lw ranging from 0.8 to 1.5mm. It can be seen that the
deviation of τw, Zw and ηw is roughly within ±2%, ±9% and ±4% respectively.
στ is in the same order of magnitude as the uncertainty of Lw. Hence, the
accuracy of predicting τw is probably higher then what is indicated here. It is
a contradiction that the deviation is larger for Zw than for ηw even though the
sensitivity is larger for Zw. One possible explanation is as follows: The contrast
enhancement scheme tries to isolate the wax signal. The error introduced by
the contrast enhancement scheme is larger in the beginning of the wax signal
where it strongly overlaps with the echo from the steel/wax interface. It also
seems that when estimating Zw, the inversion scheme emphasize the begin-
ning of the wax signal where the amplitude (and measurement error) is largest,
while for ηw it seems that the latter parts of the signal is equally important
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because then the attenuation has had more e�ect on the waveform. An even-
tual measurement error introduced by the contrast enhancement scheme thus
has a greater impact on the inversion of Zw than ηw and this is not taken into
account in the sensitivity analysis.

Figure B.11: Percentual deviation from the true value of the three parameters
ηw, cw and Lw.

B.6 Conclusions

In the current work a multilayer transducer structure has been investigated with
the aim of modeling the transducer behavior and detecting weak signals from
para�n wax through steel and estimating material parameters. A 1D-model
and a FE model of the structure have been developed and compared with
measurements. A contrast enhancement scheme which isolates the weak signal
is presented, and it is combined with the 1D model in order to invert material
parameters from the wax. The results have shown that an excellent agreement
is found between the measured and modeled waveforms. For the inversion,
up to 3 parameters (attenuation, impedance and travel time) can be found
simultaneously from the wax layer, and it is found that the inverted parameters
correspond well to the 'true' parameters. Given one of the three parameters,
density, sound speed or thickness, the other two can then be estimated in
addition to the attenuation.
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Abstract

In this work, a dual frequency transducer applied for water �lm detection
through steel using radiation force is investigated. The transducer consists
of two active piezoelectric elements with an operating frequency separation of
about 1:10 and separated with a frequency selective isolation layer. The method
is based on manipulating the water �lm surface with the low frequency (LF) ra-
diation pressure, while the high frequency (HF) pulse detects the �lm. Acoustic
crosstalk from the LF to the HF element introduces unwanted noise. A theo-
retical framework for evaluating such crosstalk is therefore presented. For the
measurements, an empirical approach to crosstalk reduction is performed, and
it is shown that the crosstalk suppression is about 15-20dB. The measurements
further show that, by applying the radiation force, it is possible to isolate the
water �lm echo from the strong steel reverberations in situ, hence making it
possible to estimate thin �lm thickness without the use of any reference signals.
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Two-way nonlinear manipulation in plane

materials using dual frequency band pulse

complexes
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Abstract

In this work a one dimensional model based on plane wave, linear acoustics is
formulated. It is used to estimate the two-way nonlinear delay, τ , obtained in
a planar layer between two semi-in�nite materials using a dual frequency band
method where two pulses with a large frequency separation are transmitted si-
multaneously and coaxially. The model handles broadband low frequency (LF)
pulses as well as the continuous wave situation which in turn generates standing
low frequency waves (SW) in the layer. For SW the model �nds the phase rela-
tionship between the high frequency pulse and the LF wave which maximizes τ
given the boundary conditions (BCs) and the linear acoustic parameters of the
layer in addition to the incoming pressure. The model is compared with a one
dimensional nonlinear simulation tool based on the spectral element method
for which the results correspond well. An experiment is performed to study τ
as a function of the BCs in a water layer. The measurements are compared
with simulations and it is shown how τ is related to the nonlinearity parameter
B/A.

A shorter version of this paper was published in Proc. IEEE Ultrasonics
Symposium, San Diego, 2010



D.1 Introduction

D.1 Introduction

Understanding of nonlinear wave propagation becomes increasingly important
with more sophisticated ultrasound techniques and applications. Nonlinear
e�ects are e.g. utilized for second harmonic imaging [1, 2] and for nonlinear
characterization of materials for which several techniques have been developed.
As the current work is related to estimating the nonlinearity parameter B/A,
a short review of such methods are given: The thermodynamic approach relies
on estimating B/A by investigating the change in phase velocity as a function
of hydrostatic pressure and temperature [3, 4]. Finite amplitude techniques
estimate B/A by examining the fundamental and 2nd harmonic component
of the received waveform [5, 6]. Using dual-frequency band pulses is another
approach which has been used for estimating the spatial varying B/A parameter
in heterogeneous media such as tissue. The idea is then that a low frequency
(LF) pulse, which is transmitted only, manipulates the acoustic properties of the
medium. A high frequency (HF) pulse, which is both transmitted and received,
then propagates under the in�uence of the LF pulse. Based on this interaction,
B/A can be estimated. One approach is to transmit the LF wave perpendicular
to the HF pulse and estimate B/A from the accumulated HF phase shift [7, 8].
A re�ection mode imaging approach of B/A is given by Cain [9] where the phase
shift of a sinusoidal HF waveform can be derived due to nonlinear interaction
with the LF pulse propagating in the opposite direction. A pulse-echo approach
where the LF pulse and HF pulse is transmitted simultaneously and coaxially
is given in [10]. The HF pulse is then positioned on the �ank of the LF pulse
causing a nonlinear frequency shift which is used for estimating B/A.

In medical pulse-echo applications nonlinear propagation can usually be
ignored for the backscattered wave. However, if a strong re�ector is present,
as often is the case in non-destructive evaluation applications, nonlinear e�ects
occur both forwards and backwards. There are three main objectives of this
work. The �rst is to formulate a model for the two-way nonlinear delay, τ ,
obtained using a dual frequency method where two pulses with a large frequency
separation are transmitted simultaneously and coaxially. The model makes it
possible to calculate τ in a plane layer as a function of B/A, the boundary
conditions and the linear acoustic parameters. Further, it handles arbitrary
incoming LF pulse shapes as well as the continuous wave (CW) situation leading
to standing LF waves (SW) in the layer. Note that in the current work, SW
also refer to partial standing LF waves. The current model is based on two
underlying hypothesises which greatly simpli�es the analysis: Firstly, τ may
be approximated using linear acoustics. Secondly, it is su�cient to analyze
properties of the LF pressure when calculating τ . This means that issues such
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as HF amplitude, HF pulse length and HF pulse distortion is disregarded in
the analysis. It should be noted that the described method is a variant of a
technique known as SURF which is an acronym for Second order UltRasound

Field. SURF has previously been studied in relation to medical ultrasound for
e.g. reverberation suppression [11, 12] and contrast agent detection [13�15].

The second objective is to verify the proposed model, and herein it is ver-
i�ed with measurements and nonlinear simulations. The measurements are
performed using a dual frequency band linear array where τ is estimated in a
water layer as a function of various parameters. Two di�erent re�ectors are used
in order to quantify the two-way nonlinear manipulation. Since τ is directly
related to the nonlinearity parameter, it is also described how the experimen-
tal setup in combination with the proposed model can be used for estimating
B/A. The nonlinear simulations are performed using a one dimensional (1D)
simulation program based on the spectral element model (SEM) with the aim
of looking more carefully into errors introduced by the proposed model due to
the hypothesises it relies on.

The last objective in this paper is to investigate SW simulation results
obtained using the proposed model. It is important to note that SW in this
work refers to standing LF waves, and that the HF pulse still is broadband.
SW may be important in applications where thin layers relative to the LF pulse
length is analyzed or in cases where it is challenging to achieve a su�cient high
manipulation pressure in the layer of interest using short LF pulses. One such
example is if a low impedance material is to be investigated through a high
impedance material such as steel. Then SW may be generated in order to
produce a higher manipulation pressure leading to observable nonlinear e�ects.

D.2 Theory

D.2.1 Background; Forward Propagation

Herein, dual band pulses with a large frequency separation (∼1:10) are em-
ployed. Examples are shown in Figure E.1 where the HF pulse, yHF , is placed
on the maximum, the �ank and on the minimum of the LF pulse, yLF . The
idea is that yLF , which is transmitted only, manipulates the acoustic proper-
ties of the material such as the sound speed. It is therefore also called the
manipulation pulse. The pulse complexes, y, are modeled in time domain as
y(t) = yHF (t) ± yLF (t). It is clear that yHF can be extracted from y by a
suitable band-pass �lter. When taking nonlinear propagation into account, the
sound speed, c, in a material is a function of the manipulation pressure, pm,
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Figure D.1: Examples of transmitted dual frequency pulses with di�erent
phase relationships between yHF and yLF . yHF,+(0, pm), yHF,+(π/2, pm),
yHF,−(0, pm) is presented in the upper, middle and lower plot respectively.

and can be approximated as [16]:

c(pm) ≈ c0/
√

1− 2βnκpm ≈ c0(1 + βnκpm) (D.1)

Here c0 is the constant linear sound speed, βn is related to the B/A param-
eter as βn = 1 + B/(2A) and κ is the compressibility of the material. Note
that in the rest of this manuscript, βn is used for convenience. If the length
of yHF is su�ciently short compared to the LF period one can assume that
the manipulation pressure can be separated into a time varying and an average
component. The former then causes an expansion or compression of yHF de-
pending on the local slope of yLF while the latter leads to a slight change in the
travel time. To incorporate the nonlinear e�ects, yHF is modeled as (neglecting
the time-variable, t):

yHF = yHF,±(ϕ, pm) (D.2)

where ϕ re�ects the phase between yHF and yLF and the subscript '±' in-
dicates the polarity of yLF . Here, ϕ = 0 refers to the phase with maximal
positive peak value of pm given a positive polarity of yLF . If one wants to pro-
mote expansion/compression of yHF , it should be placed on the �ank of yLF
where the time varying component of the sound speed is largest, while placing
it on the maximum or minimum of yLF promotes τ . For a given pm transmit-
ted (assuming plane waves) into a homogeneous, non-dispersive half-space, the
largest delay, τmax, with respect to the pulse with no manipulation, yHF (ϕ, 0),
is obtained by transmitting yHF,+(0, pm) or yHF,−(0, pm). This is illustrated
in Figure D.2. Assuming that yHF has in�nitesimal amplitude and neglecting
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the e�ect of compression/expansion, τmax can be expressed when propagating
from z = 0 to z = L as [17]:

τmax =

L∫
0

(1/c0 − 1/ [c0(1 + βnκpm(z))]) dz (D.3)

where the spatial dependence of pm is taken into account. If pm is constant with
z, the approximation τmax ≈ Lβnκpm/c0 is obtained. Based on measurements,
τmax can be estimated by a (sub-sample) time delay estimation scheme such as
correlation [18].

Figure D.2: Two time-shifted HF pulses due to accumulated delay after prop-
agating a distance L and after bandpass-�ltering.

D.2.2 Derivation of the proposed pulse echo model

For strong re�ectors, the re�ected manipulation pressure cannot be neglected.
As it is desired to describe the two-way nonlinear delay with a linear model,
assumptions must be made. The most important are:

1. Nonlinear propagation of yLF can be neglected.

2. Compression/expansion e�ects and nonlinear distortion of yHF can be
neglected.

3. The spatial extent of the HF pulse is much shorter than one LF wave-
length, λLF . Hence it can be assumed that all of yHF experiences ap-
proximately the same manipulation pressure.

4. The delay, τ , can be estimated by the manipulation pressure experienced
by yHF .
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Throughout this section, the pressure �eld will be given in time domain as
pi±(t; z) or in frequency domain as pi±(ω; z) = Pi±(ω)e∓jkiz where the subscript
i indicates the material, Pi± is the complex amplitude of the pressure wave, j =√
−1 and ω = 2πfLF is the angular frequency. Finally, ki = ω/ci (1− j/(2Qi)),

ci and Qi are the complex wave number, the sound speed and the mechanical
Q-value of material i respectively. The subscript ± gives the direction of the
wave.

Figure D.3: FIG. 2 Viscoelastic layer (Material 0) between two semi-in�nite
materials with p1+ coming in from left in�nity. ci and ρi are the sound speed
and density of material i respectively for i = 0,1,2.

Consider the normal incident plane wave p1+ propagating in from the left
along the z-axis as shown in Figure D.3. The structure illustrates a viscoelastic
layer, Material 0, with thickness L submersed between two semi-in�nite media.
As p1+ hits the interface between Material 1 and Material 0, it will be par-
tially transmitted and re�ected producing p0+ and p1− respectively. The same
phenomenon will occur for p0+ at the 2nd interface between Material 0 and 2
producing p2+ and p0− respectively. The following relations can be obtained
between the complex amplitudes [19]:

P0+(ω) = P1+(ω)T10/(1−R01R02e
−j2k0L)

P0−(ω) = P1+(ω)T10R02e
−j2k0L/(1−R01R02e

−j2k0L)
(D.4)

Here Rik and Tik are the normal incident re�ection and transmission coe�cients
from material i to material k respectively. The total pressure in medium 0 is
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now given as a superposition of the forward and backward propagating wave:

p0(ω; z) = P0+(ω)e−jk0z + P0−(ω)ejk0z (D.5)

The transfer function from P1+(ω) to p0(ω, z) is given by combining Eq. (D.4)
and Eq. (D.5):

H(ω, z) =
p0(ω, z)

P1+(ω)
=
T10[e−jk0z +R02e

−j2k0Lejk0z]

1−R01R02e−j2k0L
(D.6)

In order to estimate the accumulated delay, the experienced manipulation pres-
sure, p0(t), is tracked for a wavelet with in�nitesimal extent in time traveling
back and forth in medium 0. When travelling forwards, the position of this
point can be expressed as a function of t:

z = c0t, t ∈ [0, L/c0] (D.7)

In a similar manner, the position when travelling backwards can be expressed
as:

z = 2L− c0t, t ∈ [L/c0, 2L/c0] (D.8)

Given P1+, p0(t) is found in the forward and backward direction using the
inverse Fourier transform:

p0(t) =



p0(t; z)|z=c0t =∫
H(ω, c0t) ·

P1+(ω)

2π
· ejωtdω, t ∈

[
0,
L

c0

]
p0(t; z)|z=2L−c0t =∫

H(ω, 2L− c0t)
P1+(ω)

2π
· ejωtdω, t ∈

[
L

c0
,
2L

c0

]


(D.9)

The delay between yHF (ϕ, 0) and yHF (0, p0) becomes:

τ =

∫
dz/c0 −

∫
dz/c(p0(t)) ≈ κ · βn

∫
p0(t)dt (D.10)

Two approximations are performed in Eq. (D.10): (a) A 1st order Taylor ex-
pansion of (c − c0)/c0 around zero is carried out, and (b) dz is approximated
as dz = c(p0)dt ≈ c0dt. It is clear that βn and hence B/A can be estimated
from Eq. (D.10).

Note that the current model can be extended to analyzing nonlinear prop-
agation e�ects of a single layer in multilayer structures or transducer stacks by
replacing the real-valued re�ection coe�cients R01 and R02 in Eq. (D.4) with
the complex-valued lumped circuit equivalents of the structure which is part of
the analysis. A more detailed analysis of this is considered as further work.
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D.2.2.1 Special case: Standing LF waves

For CW some simpli�cations can be performed as ω is constant and p0(t; z) =
Re{p0(z)ejωt}. The position of yHF is related to yLF through the phase, ϕ, of
P1+ = |P1+|ejϕ. Hence Eq. (D.9) can be rewritten as

p0(t) =


Re{H(c0t) · |P1+|ejϕ · ejωt}, t ∈ [0, L/c0]

Re{H(2L− c0t) · |P1+|ejϕ · ejωt}, t ∈
[
L

c0
,
2L

c0

] (D.11)

The integral in Eq. (D.10) can then be calculated as:

τ = κ · βnRe{P1+A} = κ · βn|P1+||A| cos(ϕ+ θ) (D.12)

where A = |A|ejθ and A is expressed as:

A =
T10

1−R01R02e−j2k0L

(
2Q

ω

(
1− αL +R02

(
αL − α2L

))
+R02

(
αL − e−j2k0L

)
+ ej2krL − αL/ω (1/ (2Q) + 2j)

)
(D.13)

In Eq. (D.14) the attenuation factor α = e−kr/(2Q) is de�ned and kr = ω/c0 =
Re{k0}. If a non-attenuating medium is investigated, care must be taken as
the �rst term is a 0/0 expression when Q→∞. Applying L'Hopita's rule then
yields:

lim
Q→∞

A =
T10

1−R01R02e−j2krL

(
L

c0
(1 +R02)

+
R02(1− e−j2krL) + ej2krL − 1

2jω

)
. (D.14)

The optimal delay τmax can be found through the optimization τmax = arg max
ϕ,L/λLF

τ .

The phase corresponding to τmax is denoted ϕmax.

D.3 Methods

D.3.1 Measurements

A pulse-echo experiment was performed in order to quantify the two-way non-
linear manipulation in a de-ionized water layer. A bi-layer, dual frequency
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probe designed inhouse and manufactured by Vermon (Tours, France) was con-
nected to a modi�ed Ultrasonix SonixRP (Richmond, Canada) scanner for data
recording. In order to achieve common aperture for the two frequency bands,
the HF elements and the LF elements are organized in a stack only separated
with a low impedance isolation layer with thickness λHF /4. Here λHF refers to
the wavelength in the center of the HF passband for the isolation layer material.
The isolation layer is introduced in order to avoid ripple in the HF passband.
The center frequencies of the probe are 0.9MHz and 7.5MHz for the LF array
and HF array respectively and they were excited with 5 and 3 half cycle square
pulses with center frequencies of 0.9MHz and 8MHz respectively. The reason
for elevating the excitation frequency relative to the centre frequency of the HF
array, is to avoid an unwanted resonance in the lower part of the HF passband.
The HF aperture was 7x7mm2 and the LF aperture 14x21mm2 with the HF
aperture located in the centre of the LF aperture. For a more thorough review
of the principles of design for a similar probe, see [20].

Plane waves were transmitted from both apertures and it was operated
in the di�raction limited near-�eld of the transducer in order to avoid phase-
sliding between the LF and HF pulses. The large LF aperture compared to
the HF aperture was chosen in order to maintain a relatively constant manip-
ulation pressure over the HF beam. On receive, 40 lines were recorded, and
for each line the data was averaged 20-30 times. The probe was attached to a
Physik Instrumente (Karlsruhe, Germany) multistage robot for controlling the
distance, L, between the probe and re�ector. The ultrasound beam was aligned
perpendicular to the re�ector. The thickness of the re�ector was much larger
than the spatial extent of y. Hence the model assumption of a semi-in�nite
boundary medium (Material 2) was satis�ed. By changing the material of the
re�ector (plexiglass and steel), it was possible to study the two-way nonlinear
manipulation because τ will increase as a function of R02 for R02 > 0. The
characteristic impedance, Z2 = ρ2c2, was determined for both plexiglass and
steel by weighing a rectangular sample with known volume, and by measuring
the sound speed in a pulse echo arrangement. The setup, except for the scanner,
is shown in Figure D.4 while the acoustic parameters of the re�ectors are shown
in Table D.1. The sound speed in water was determined from measuring the
temperature with a thermocouple and a multimeter, and using the equations
given in [21].

In order to obtain the output manipulation pressure from the transducer,
the probe was pre-calibrated in a water tank for 25V transmit voltage and it
was assumed that the voltage-pressure relationship was linear. For the water
tank calibration measurements, an 85µm ONDA HGL-0085 hydrophone with
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a 20-dB pre-ampli�er was used (Onda Corporation, Sunnyvale, U.S.A.). The
hydrophone was �xed to the aforementioned robot and the pulses were recorded
using a LeCroy WaveSurfer 42Xs (LeCroy, Geneva, Switzerland) oscilloscope.

Figure D.4: Experimental setup.

Table D.1: Material parameters
Water Plexiglass Steel

βn 3.5 - -

c [m/s] 1486 2783 5970

ρ [kg/m3] 1000 1182 7790

D.3.2 Simulations

In all simulations the following common parameters are used: ρ0 = 1000kg/m3

and βn=3.5 (assuming density and nonlinearity parameter of water).

D.3.2.1 The SEM tool

A time-domain SEM [22] is used to compute the nonlinear solutions. It is not
in the scope of this work to fully investigate this tool, but a brief description
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of the model and the veri�cation procedures are given in the following: The
SEM tool is based on a variational formulation of the acoustic models given by
Tabei et al. [23] and Yuan et al. [24] and it uses high-order (N=16) Lagrange
polynomials to approximate the solution. The underlying model of the SEM
tool is modi�ed to include a pressure dependent speed of sound similar to the
middle term of Eq. (E.1). The absorption model is the same as in [23, 24] and
is based on a theoretical formulation for frequency dependent absorption and
phase velocity presented by Nachman et al. [25].

To verify the absorption model for a wide range of frequencies a chirp signal
constructed from a linear frequency sweep from 500kHz to 4MHz is simulated.
The frequency dependent absorption and phase velocity is estimated from a
SEM simulation and compared with the theoretical results from [25]. The
errors are measured in the L2 norm for the frequency range 0-6 MHz, and are
1.45 · 10−3 for the absorption and 0.24 · 10 −3 for the phase velocity. The
nonlinear model is compared with an analytic expression for a CW plane wave
propagation in a nonabsorbing medium presented by Pierce [26]. From the SEM
solution 32 periods are excerpted for frequency analysis, and the L2 errors are
0.74 ·10−3, 7.85 ·10−3 and 33.12 ·10−3 for the �rst-, second- and third-harmonic
component. In this work, the maximum frequency used in the SEM simulations
is 3.5fHF where fHF is the centre frequency of yHF while the CLF number is
0.5.

D.3.2.2 Verifying the linear model for broadband LF pulses

First, simulations were performed in order to compare with measurements.
Then, several series of simulations were performed in order to validate the pro-
posed model by evaluating it against the SEM tool. In the two �rst simulation
series, the varying parameters were the amplitude of p0+ and the attenuation
in Material 0. Then simulations were performed in order to see the e�ect of
increasing the HF amplitude as well as the HF pulse length. yLF was a 5 half
cycles sine burst with a center frequency of 1MHz. In the SEM simulations, yHF
was, if not otherwise stated, a 3 half cycles sine burst with a center frequency of
10MHz. Further c0 = 1500m/s, L = 3λLF and R01 ≈ 1. For the linear model,
2τ is obtained directly from the experienced pressure as given in Eq. (D.10),
while for the SEM, 2τ is estimated by correlation between yHF,+(ϕmax, p0+)
and yHF,−(ϕmax, p0+). ϕmax is referred to the centre of gravity of yHF . When
R01>0 andR02>0, as is the case in these simulations, ϕmax = 0 for broadband
LF pulses.
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D.3.2.3 The SW situation

The SW situation is an important special case which can arise if L/c0 is much
less than the LF pulse length. The linear method is then particularly bene�cial
because SW is computationally expensive to simulate in the nonlinear time
domain. When SW occurs, it is not necessarily optimal to transmit yHF on
the maximum and minimum of yLF as it will interact with the superposition
of all the re�ected LF waves propagating forwards and backwards in the layer.
Hence, τmax is simulated together with ϕmax as a function of L/λLF . The
simulations are performed with the parameters fLF = 500kHz, c0 = 1500m/s,
R01 ≈ 1 and p0+=1MPa.

In order to verify the SW situation with the SEM tool, a pulse complex with
a long LF pulse was transmitted approximating CW. yHF was not transmitted
before the system reached equilibrium. In order to estimate τmax and ϕmax
from the nonlinear simulations, an algorithm taking locally variable delays [27]
into account was employed in stead of correlation. The linear model was veri�ed
around the 2nd resonance peak at L/λLF = 0.75 for R02 = −0.5.

D.4 Results and discussion

D.4.1 Measurements vs. linear 1D model

The experimental setup does not eliminate the nonlinear e�ects developed inter-
nally in the probe. Hence the measurements include the accumulated nonlinear
e�ects both from the propagation in the probe and the water layer. The in-
ternal probe e�ects are estimated and subtracted from the measured delays by
extrapolating a linear regression curve to L = 0. The numerical value of the
material parameters used in the simulations is given in Table D.1.

In Figure D.5 the simulated vs. the measured delays for 5V and 10V trans-
mit voltages are presented. The measurements validate that τ is indeed de-
pendent on R02. The slope of τ(L) is higher for the steel re�ector than for
the plexiglass re�ector and larger delays are obtained from the former due to
the higher backwards manipulation pressure. Also note that a doubling of the
transmit voltage roughly causes a doubling of the delay for a given re�ector as
expected.

However, there are some simpli�cations and error sources which are impor-
tant to be aware of in addition to those mentioned in Section E.2. Firstly,
di�raction e�ects and phase sliding between yHF and yLF will occur in the
experimental setup to some degree. The measured LF axis scan used for cal-
ibrating the model is given in Figure D.6 together with the average pressure.
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Figure D.5: Measured and simulated delay after subtracting the internal delay
in the probe. The delays are obtained given 10V (∼115kPa) and 5V (∼57.5kPa)
transmit voltages in the upper and lower plot respectively. The error bars
represent one standard deviation in each direction.

It is clear that the plane wave assumption is violated due to di�raction e�ects.
In the simulations, the average pressure is used as input to the model. For a
more thorough discussion of di�raction e�ects and beamforming strategies for
SURF applications, see [28]. Secondly, R01 is complex for any transducer, while
in the simulation it is assumed to be real and constant for all frequencies. In
order to choose a realistic value of R01 herein, the re�ection coe�cient mag-
nitude in the centre of the LF passband is employed. This was obtained from
simulations of the transducer stack using an in house simulation tool based on
the Mason model [29]. Thirdly, the slightest movement of the probe relative
to the re�ector between measuring yHF,+ and yHF,− causes large errors. This
can occur due to vibrations or positioning errors of the robot. As an example,
a 1µm variation of L will give an error of 1.3ns delay in water. Still, the simu-
lated delays correspond well with the experimental results indicating that the
relatively simple linear model catches the main features of a complex nonlinear
problem in terms of τ .

Even though the main task of this paper is to present and verify the 1D
model, it can also be a useful tool for estimation of the nonlinearity parameter.
In Figure D.7, βn in water is estimated as a function of L using the 10V
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Figure D.6: Measured axis scan of LF pulses and the average pressure used in
simulations. The axis scan is based on the maximal pressure amplitude.

measurements results from Figure D.5. The estimation is based on a slight
rearrangement of Eq. (D.10): β̂n = τ̂ /

(
κ ·
∫
p0(t)dt

)
. Here τ̂ is the estimated

delay from the measurements. Figure D.7 shows that the uncertainty of β̂n
decreases with L and R02. This is equivalent to say that the uncertainty of β̂n
decreases with τ . To see this, consider the uncertainty translated into β̂n from
τ̂ , uβ̂n (τ̂) [30]:

uβ̂n (τ̂) = στ̂ · ∂β̂n/∂τ̂ = στ̂ · βn/τ (D.15)

Here στ̂ is the standard deviation of τ̂ . In the HF near�eld it is sound to assume
that στ̂ is nearly constant with L, and this is also supported by the measure-
ments. Hence, Eq. (D.15) indicates that uβ̂n (τ̂) is inversely proportional to τ̂ .
For a better estimate of βn it should therefore be strived for maximizing τ̂ by
increasing R02, L and the transmit voltage. The reason for only using 10V in
the current measurements, is that the receive electronics went into saturation
for higher transmit voltages due to the strong re�ected LF wave (recall that
the electronics is designed for medical use where the backscattered LF wave
is negligible.) The estimation procedure will be improved by either including
di�raction e�ects in the model, or by designing an experimental setup enforcing
plane waves in a better manner. This is considered as future work.

D.4.2 1D Model vs. SEM - Broadband LF pulses

In Figure D.8 results from the SEM model and the linear model for 5 half cycle
LF bursts are compared. In the upper plot the amplitude of p0+ is varied,
and it can be seen that an excellent agreement between the two models is
achieved, with a slightly higher calculated delay for the linear model. The
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Figure D.7: Estimated nonlinearity parameter based on �tting measurements
and simulations. The error bars represent one standard deviation in each di-
rection.

reason for this is twofold: Firstly, the SEM transfers energy to higher harmonics
and the sub-harmonic during nonlinear propagation causing the LF amplitude
to drop slightly over time compared to for the linear model. Secondly, the
SEM simulations employ a HF-pulse that is spread over yLF , while the linear
model assumes an in�nitesimal HF pulse-length. Hence the average pressure
experienced, pavg, by yHF is slightly lower than the maximum manipulation
pressure. It is performed a similar series of simulations where R02 = 0.5 which
yields comparable results. Those results are not reproduced here.

The lower plot in Figure D.8 shows how attenuation a�ects the two models.
They correspond quite well but with a slightly increased deviation as a function
of attenuation. The reason for this is that the assumption of non-dispersive
media is violated as the attenuation introduces a frequency dependent sound
speed for the SEM tool. This causes yHF to slide away from the maximum of
yLF leading to a decreased pavg.

D.4.3 Nonlinear distortion of yHF

A series of SEM simulations was performed in a non-attenuating medium in
order to analyze the e�ect nonlinear distortion of the HF pulse has on τ . The
distortion of yHF can be given relative to the shock length, zsh [19]:

zsh = c3
0ρ/ (ωpHFβn) (D.16)
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Figure D.8: In the upper plot the models are compared with respect to the
amplitude of p0+ in a non-attenuating medium where R02 = 1. In the lower
plot, the models are compared with respect to attenuation with the amplitude
of p0+ equal to 1MPa and R02 = 1.

Here the HF pressure-amplitude pHF is assumed and the shock length is given
relative to the centre frequency of yHF . The HF amplitude was varied so that
yHF propagated between 0.1zsh and zsh. The estimated value of τ varied less
than 0.4% showing that the HF distortion does not a�ect the estimate of τ
signi�cantly. A probable reason for this is given in the following: yHF,+(0, p0+)
and yHF,−(0, p0+) can be thought of as two pulses propagating in two di�erent
media with slightly di�erent sound speeds. Raising the HF amplitude will not
change the experienced sound speed and the mutual translation. It will only
change the self distortion of yHF . But by elevating the HF amplitude, the non-
linear self distortion of both yHF,+(0, p0+) and yHF,−(0, p0+) increases jointly
in the same manner. Hence the mutual di�erence between the pulse forms does
not increase considerably and correlating between them yields approximately
the same answer regardless of the HF amplitude.

D.4.4 In�uence of HF pulse length

In the proposed model, it is assumed that the extension of yHF can be neglected
in the analysis as it is much less then λLF . In order to investigate the e�ect the
HF pulse length has on τ when τ is estimated with correlation, a series of SEM
simulations were performed. The extension of yHF,+(0, p0+) and yHF,−(0, p0+)
then ranged from 10-70% of λLF . This corresponds to 1-7 cycle sine bursts with
a frequency ratio of 1:10 between fHF and fLF . The main results were that by
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increasing the extension of yHF relative to λLF from 10% to 15% and 25% the
estimated τ decreases with less than 0.7% and 2.5%. It has, however, decreased
with nearly 5% and 35% at 25% and 70% extension. Hence it is of importance
to control the HF pulse length in order to obtain a good estimate. In some
cases it is obviously necessary to correct for this e�ect. One approach for HF
pulse length correction using the proposed method is to estimate several delays
based on di�erent values of ϕ where each value corresponds to a point on yHF .
Then a weighted approach can be used for correcting for the extension of yHF .
Another approach is to use the algorithm tracking locally variable delays [27]
in stead of correlation.

D.4.5 SW simulations

In cases where it is challenging to transmit enough pressure into the layer of
interest, e.g. when examining a material through steel, it may be necessary to
transmit a long LF pulse in order to build up SW. If constructive interference is
achieved, a higher manipulation pressure is generated which in turn produces a
larger delay from the layer. The results in Figure D.9a) and Figure D.9b) show
that τmax has peaks when L equals nλLF /2 and (2n+1)λLF /4 for R02 > 0 and
R02 < 0 respectively, where n = 1, 2.... Further, τmax is very phase sensitive
as a function of L/λLF . E.g. with no attenuation, a periodic pattern occurs
with the optimal phase of 0 and 90 degrees at the resonance peaks for R02 = 1
and R02 = −1 respectively. For the cases with attenuation the optimal phase
converges in the limit to 0 degrees as L/λLF → ∞. Further, τmax increases
on average as a function of L/λLF for all cases except when R02 = −1 with
0dB/cm/MHz. Also note that it is more feasible to obtain larger τmax when
R02 > 0. The reason for this is that when R02 < 0, the nonlinear manipulation
for the backward propagation has opposite polarity compared to the forward
propagation causing the accumulated delay to decrease on the way back from
the re�ector.

In Figure D.10 the SW situation is compared between the SEM tool and
the linear model with respect to τmax and ϕmax in an attenuating medium. A
good correspondence between the two models is obtained and the deviation is
less than 6.4% for the estimated delays. The deviation in ϕmax is less than
6.4 degrees corresponding to 1.8% of one LF period. A similar comparison
is also performed in the non-attenuating case for which the correspondence
between the two models is even better. This is probably due to the di�erences
in the sound speed models when loss is introduced as discussed earlier in the
paper. Hence, the deviation between the two models will most likely increase
as a function of attenuation. For the case without attenuation, which is not
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(a) R02 > 0

(b) R02 < 0

Figure D.9: τmax and the corresponding phase for di�erent situations.
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graphically reproduced herein, the deviation in τmax is less than 3.7% while
the deviation in ϕmax is less than 5.1 degrees corresponding to 1.4% of one LF
period. In general it seems that the linear model slightly overestimates τmax
relative to the SEM tool.

Figure D.10: Comparison of the SEM tool and the linear model with respect
to τmax and ϕmax for the SW situation. The attenuation is 2dB/cm/MHz.

Figure D.11 shows as an example p0(t) for an in�nitesimal wavelet propagat-
ing with the phase ϕmax relative to yLF . As yHF propagates on a SW pattern,
the experienced pressure is oscillating with fLF in a somewhat complex manner.
In this case the forward propagation is characterized by a positive experienced
manipulation pressure, while the backward propagation is distinguished by an
on average negative experienced manipulation pressure due to that R02 < 0.
However, the total average pressure for the two-way propagation is positive.
The current model can hence be use to study p0(t) for various scenarios, in-
creasing the understanding of such problems. An excellent correspondence with
the SEM tool is obtained in this particular case.

D.5 Conclusions

A model calculating the two-way nonlinear delay for plane wave, dual frequency
band ultrasound is formulated and veri�ed. The results demonstrate that the
model corresponds well with both experimental data and the SEM tool. It
is shown that the deviation between the linear simulations and the nonlinear
simulations increases slightly with attenuation due to the dispersion e�ects that
are introduced by the SEM tool. It is also shown through simulations that the
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Figure D.11: An example of the experienced pressure p0(t) which yields τmax
when the attenuation is zero, L/λLF = 0.76 and R02 = −0.5.

HF amplitude is negligible when estimating τ , and that the extension of yHF
relative to λLF should be corrected for in order to obtain an optimal estimate.
The model increases the understanding of how the nonlinear delays accumulate
in various pulse-echo setups and it can be a valuable tool for nonlinear material
characterization. Another advantage is that the current model signi�cantly
reduces the computational requirements relative to nonlinear simulation tools.
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Abstract

In this work, a dual frequency band transducer that can be utilized for ex-
tracting nonlinear propagation e�ects from low impedance materials through
steel is designed and tested through theory, simulations and experiments. The
method is based on transmitting a dual frequency pulse complex where the high
frequency (HF) pulse is propagating under the in�uence of the low frequency
(LF) pulse. Based on this interaction, a nonlinear delay, τ , is obtained from the
nonlinear medium beneath steel. The delay opens for a new pulse-echo imaging
modality which can isolate the weak echo of interest in situ without using any
reference signals. This modality aims at suppressing the internal reverberations
in the transducer and steel, assuming they are linear, relative to the desired
echo which has experienced the nonlinear propagation. The transducer design
is based on a bi-layer solution where two piezoelectric layers are stacked on top
of each other, resulting in a coaxial solution with common aperture for the two
frequency bands. To transmit su�cient LF energy through steel, it is aimed at
transmitting a narrowband LF pulse that generates a half wave resonance in
the transducer and steel. Results from �nite element method simulations and
water tank measurements show that approximately plane LF waves are gener-
ated in a narrow frequency band which corresponds well to electrical impedance
measurements. τ is obtained experimentally through steel in the water tank
and in pulse-echo mode from a water layer, and it is shown through simulations
and measurements how τ vary as a function of the water layer thickness. The
suggested imaging modality works well, and the unwanted reverberations are
considerably suppressed relative to the preferred signal.
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