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experiencing the pressure variation caused by the negative peak of yrr, the
speed of sound of the non-linear yyr is decreased. This is observable in the
figure, as the nonlinear wave is behind in time of the linear wave at the end of
the plane wave channel.
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Figure 5.2: Plane wave time difference between linear and non-linear HF pulse

The time delay will increase over time, and lead to growing difference between
the linear and non-linear wave. In this simple plane wave model with fixed
maximum pressure amplitude, the effect is easy to verify, since the time dif-

ference between the linear and non-linear ygp is explicitly given by equation
(12.22)).

The plane wave channel length is 7 cm, and the time difference is calculated
from the simulations using the cross-correlation technique described in figure
is compared to the theoretical calculated values in figure , with a
modulation pressure of 330 kPa. There is a very good match between the
simulated and theoretical values, showing the linear relationship between travel
distance and accumulated time difference, deviations are very small and in
the range of nanosecond. In COMSOL there is an essential difference by the
time-step taken by the solver and the time-step given by solver output. Even
though the time step within the solver itself may give an accurate solution with
proper sampling, the output may not, and leads to small differences between
the simulated and the theoretically calculated value.

5.2 Non-linear Plane Wave Multiple Materials

The COMSOL implementation of a multiple material SURF scheme is de-
scribed in section [£.4] The case is very much similar to the case described in
the one-material implementation, but with one main difference, as the speed
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Figure 5.3: Non-linear delay over distance in the plane wave channel

of sound varies of each material of a multimaterial model. When some of the
materials have non-linear properties and others not, the modulation of the
non-linear yyp is varying. By introducing a linear fluid steel middle layer with
B = 0 and an artificial fluid bottom non-linear layer with 5 = 20 the resulting
simulated time delay is calculated over travel distance. The simulated pressure
distribution over the geometry of the model at the times 0.04 ms, 0.06 ms and
0.08 ms is plotted in figure [5.4]
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Figure 5.4: Pressure distribution of yr over the model geometry defined by
figure [4.4] in simulations at time ¢,

In the figure, the initial pressure of y.r is 330 kPa at t = 0.04 ms. At ¢t = 0.06
ms, yrr has been transmitted through the first water-steel interface, and the
pressure is building up within the steel layer to approximately 800 kPa. The
pressure of 40 kPa at t = 0.08 ms is the transmitted pressure to the bottom
layer, which implies a transmission coefficient of 7" ~ 0.12 at the interface
resulting in very little modulation, even though the non-linear parameter is 20.
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To calculate the theoretical time difference, it is not enough to know each of
the non-linear parameters, but also necessary to know the modulation pressure
in each medium, since the modulation pressure is not equal to the excitation
pressure after transmission through the steel layer, as shown in figure 5.4 The
modulation pressure can be extracted directly from the COMSOL simulations
or by calculating the reflection and transmission coefficient analytically by
equation , but this can be difficult with resonances. In this simulation the
pressure is extracted from the COMSOL simulation, and is used to calculate
the theoretical delay. In figure [5.5] the simulated and theoretically calculated
time differences are plotted as functions of travel distance. The theoretical and
simulated values are matching very well, and as observed in the figure there
is no manipulation in the steel layer as desired. The result shows that the
multiple material model is validated as correct, because the simulated delays
are as predicted by SURF. The small deviation between the simulated and
theoretical values may be the result of the same factors as discussed in the
previous section.
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Figure 5.5: Nonlinear delay in materials with different degree of non-linearity
B, = 3.5, 0 and 20.

One important result of this simulation is that it demonstrates the fact that
the transmitted pressure to the bottom non-linear layer (NLL) is very low.
This is expected due to the large impedance difference between water and
steel, which results in a high value of the reflection coefficient. This is crucial
to take into consideration if the bottom NLL is to be examined, especially in a
SURF study where it is favorable to have as much time difference as possible
between the linear and non-linear wave.

5.2.1 Half Wavelength Resonance

As described in the model description in section 4.4]and demonstrated in figure
5.4] it is difficult to observe any considerable transmission through the steel
layer. Based on theory presented in section [2.1.3] it should be possible to have
high transmission by matching the frequency or the thickness of the steel layer
to the wavelength. This is necessary in order to have modulation pressure for
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imaging pulse ygzr in the bottom NLL. Using a pulse length for y,z of several
wavelengths, the pressure will build up within the steel layer because of the
positive interference, and result in high modulation pressure in the bottom
layer. In the simulation, the thickness of middle layer set to L; = A/2 and
Ly = A\/4, and pressure at the inlet and end is calculated. The time series
at the inlet are plotted in figure for both Ly = A\/2 and L; = A\/4. The
plot shows a significant difference between the two layer thicknesses. For a
quarter-wavelength thickness, the amplitude reflection coefficient is R = 0.94,
which is almost total reflection for the whole 8-cycle pulse length. With a half
wavelength layer thickness, the initial reflection coefficient is also R ~ 0.94,
but as the pressure builds up in the middle layer, the transmission is increasing
over the total pulse length.
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Figure 5.6: Pressure at inlet of yr for middle layer length of L; = A/2 and
/4

At the transition between the directly reflected wave and the reverberations,
there is a phase shift of 180 degrees of yrr. Imagine a pulse-echo scheme
where the imaging pulse yyp is being transmitted on a positive pressure peak
of y.r propagating in the positive x-direction. When y ¢ is reflected and phase
shifted, yyr will propagate in the negative x-direction on a negative pressure
peak. The result is the positive and negative pressure will counteract each
other and the total modulation of yyF is zero at the receiver. This is not a
problem in through transmission, but can be very unfavorable in a pulse-echo
SURF evaluation. The complementing time series at the end shows the pres-
sure in the bottom NLL, which is plotted in figure [5.7) for both L; = A\/2 and
L1 = \/4. Tt seems clear that the transmission increases over the pulse length,
as indicated in figure [5.6]

By comparing the plot from the inlet and the end, it seems clear that the half-
wave resonance provides an increasing pressure in the bottom layer over the
pulse length. When the whole 8 cycle pulse has been transmitted the pressure
in the bottom layer is 300 kPa, which is a transmission coefficient 7" ~ 0.6.
The pressure distribution over the geometry at ¢ = 0.1348 ms and ¢ = 0.0833
ms is plotted in figure The figure shows that pressure is building up within
the steel shown as the peak at = 0.11 m, which is in the middle of the steel
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Figure 5.7: Pressure at right most endpoint of the plane wave multiple material
model

layer. In the right part of the figure, the transmitted pressure have built up
over the pulse period of y,r to a much higher value than the initial pressure
caused at t = 0.12348 ms.
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Figure 5.8: Half-wave resonance pressure distribution

5.2.2 Standing Waves

Section .4.2] describes simulations on several bottom NLL thicknesses. The
simulations have proved achieving a stable SW pattern in the bottom for the
lengths Lo = 2\ p, 1.75A\F and 1.8\ r to be difficult. The pressure distri-
bution with a bottom layer thickness of L, = 1.9\ is plotted in figure [5.9]
The plot shows a SW pattern with nodal point spaced A\pr/2 apart. It is also
noticeable that the maximum pressure amplitude is 550 kPa, which is higher
than the transmitted pressure amplitude of 500 kPa, even though this is after
the transmission through the steel layer. This clearly demonstrates that it is
possible to build up substantial LF pressure in the bottom layer, even after
transmission through steel.
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Figure 5.9: SW pressure distribution of y;r at time in the bottom NLL

A problem with the case of SW in the bottom layer is how the SW pattern
interacts with the imaging pulse. It is possible that ygpr will end up in a
negative phase of the SW pattern even though yypr was transmitted on a
positive peak at the source. This effect will counteract the positive modulation
in the top layer, and there may be little or no total modulation from the bottom
layer. Figure [5.10] shows the pressure distribution over the bottom layer with
length Ly = 1.9\ at time t = 0.1465,0.152 and 0.157 ms. The same SW
pattern as in figure is observable. The more interesting observation is
that the yyr is propagating under the influence of positive pressure in both
directions, resulting in maximum modulation.
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Figure 5.10: SW where yyr is propagating under the influence of y

In the SURF processing scheme, all mediums are linear except for the bottom
layer. At the receiver there will be a high number of reflections, both of inter-
est and no interest. In this study, the reflections from the bottom NLL are of
interest to evaluate if there is time difference at the receiver. In figure [5.11]
the pressure distribution over the geometry is plotted for three time values
specified in the figure. In the top plot, yyr has propagated from source on
the left hand side with y,r for time ¢ = 0.08 ms The pressure within the steel
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layer has started to build up, and there is little transmission of yrr at this
time. In the middle plot at time ¢ = 0.14 ms, three waves originating from
ygr are observable: the direct reflection, the wave within the middle layer
and the transmitted wave in the bottom layer. The LF pressure in the bot-
tom layer has now built up to 450 kPa In the bottom plot, the reverberations
from the steel layer are observable at the negative pressure peaks, spaced one
wavelength apart. At distance x = 0.061 m and 0.078 m the reflections from
the bottom layer are observable, ahead in time of the reverberations from the
steel layer. By these plots it is hard to spot the time difference generated by
the non-linearity in the bottom layer.
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Figure 5.11: Pressure distribution at time ¢; = 0.08 ms (top),ts = 0.14 ms
(middle) and ¢35 = 0.2 ms (bottom)

Figure [5.12] is a magnification of figure [5.11] at ¢ = 0.2 ms. This shows yur
reflected from the steel layer and ygp reflected from the bottom layer. Com-
paring the linear and non-linear plot, there is a time difference in yypr from
the bottom layer, originating from the non-linear speed of sound in the bottom
layer. This result shows that it is possible to detect delays from the non-linear
layer behind steel. In a real measuring situation, advanced signal processing
will be used to extract the reflections from the non-linear layer from reverber-
ations. By this processing, it is possible to estimate the degree of non-linearity
in the non-linear material and reduce noise.
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Figure 5.12: Delay from bottom NLL

5.3 Non-linear pulse-echo Simulation

Theses simulations are an attempt to take into consideration more factors by
using the Acoustic-solid interaction interface, with the aim to have more realis-
tic simulations of ultrasound transmission through steel than in the previously
described models, as described in section[4.1.2] The studies of these models are
done in both the time domain and frequency domain, due to the complexity
of the computations and for easier analysis.

5.3.1 Normal Incident - Frequency Domain

The normal incident model is described in figure [£.6] In the simulation of
transmission of reflection coefficient in the frequency domain, it is possible to
examine the influence of structural waves in the model, and compare the coef-
ficients against theoretical values. There are explicit analytical expressions for
the transmission and reflection coefficient for a three layer structure ended by
two semi infinite mediums, as given by equation and in section
2.1.3] In figure, the simulated and theoretical calculated transmission
and reflection coefficient are plotted as functions of frequency with a layer
thickness of half a wavelength of dL = 2.985 cm (frequency 0.1 MHz), with a
bottom layer ended with an absorptive boundary. The deviations between the
simulated and analytical solution are very small and is not to be considered of
significance. The result also reflect the half wave resonance as demonstrated
in section [£.4.1] The good match between the theoretical and simulated is a
not expected, since equation and are only valid for plane pres-
sure waves in all medium, while the simulation uses a structural model for the
steel layer. However, the simulations are plane waves at normal incident and
the simulations indicate that other structural wave modalities does not have a
great contribution. By changing thickness to Ly = 1.25 cm the thickness of the
structure is more than halved. The theoretical reflection and transmission co-
efficient, still match the simulated values, and demonstrate the half wavelength
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Figure 5.13: Transmission and reflection coefficient steel dL = 2.985 cm.

resonance at 0.24 MHz as described in figure The structural behavior of
the steel layer does not seem to have much effect for the transmission of sound
waves at normal incident, and for thick layers in reference to wavelength, based
on the simulations with non-reflective surfaces on the top and bottom of the

model.
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Figure 5.14: Transmission and reflection coefficient steel dL = 1.25 cm.

5.3.2 Arbitrary Incident Angle - Frequency Domain

The described model setup for pitch-catch in section [4.5.2] is a much more
complicated setup to analyze, due to the complexity of arbitrary incident an-
gle and the excitation of various waved modes in the structural steel layer.
In addition, the model dimensions and thereby the computation time of the
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FEM solution have increased. Because of the increased complexity the fre-
quency domain study is chosen for some of the simulation. Additionally the
reflection and transmission coefficient may be influenced by several resonances
in the structural steel. In a SURF scheme to investigate the layer behind the
steel plate, it is essential to identify the angles of greatest transmission.

In figure [5.15] the reflected and transmitted pressure of yrr through a steel
layer of dL = 1.25 cm (half-inch) are plotted. There are two incident angle of
high transmission, one dominating angle where the transmission is the greatest
at @ = 37 degrees, and a smaller transmission peak at § = 15 degrees. An
additional observation is that the transmission is very sensitive to the incident
angle, i.e. the area of high transmission is very thin.
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Figure 5.15: Reflected and transmitted pressure for ypr for oblique incident
angle

Figure [5.16|shows the total pressure distribution over the domain, and the de-
formation amplitude is plotted for the resonance incident angles 6 = 15 degrees
and 37 degrees. At 6§ = 15 degrees it is not possible to identify any resonance
wave modes, in the plate and there is low transmission to the bottom layer.
When 6 = 37 degrees there is almost full transmission to the bottom layer,
there are deformations in the steel layer both in the direction of the wave prop-
agation and perpendicular to the plane of the plate. These are familiar types
of deformation to anti symmetric Lamb waves of the lowest order in plates
and layer with free boundaries, as is the case in this simulation. Lamb waves
are flexural waves, which can be exited several in different modes, where the
symmetric and the anti-symmetric modes are the most common [23|. These
wave modes are especially known to be exited in steel plates. They have been
introduced to non-destructive ultrasonic testing [24] as they are very sensitive
to abnormalities such as cracks. The criterions for the excitation of these are
given by the frequency and the plate thickness for different modes. There are
analytical expressions for these relations, but they are complicated especially
for oblique incident waves and are not evaluated in this thesis.

With the angle of the greatest transmission for y,r identified, it is also use-
ful to know how the incident angle affects the transmission and reflection of
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ygr. The idea is that ygr and ypr have to be transmitted at the same an-
gle, but there is a possibility that there is an incident angle where both the
pulses have great transmission. Using the same model as for y;p, the trans-
mitted and reflected pressure have been simulated for ygr. The results are
presented in figure In this figure seven resonance angles with different
degrees of transmission can be seen. This indicates that wavelengths small
compared to the plate thickness excites several more wave modes in the plate.
The result may be as seen in the figure with a great number of resonance peaks.
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Figure 5.17: Reflected and transmitted pressure through 1.25 ¢m thick steel
plate for yyr

Following this discussion, the pressure distribution and the plate deformation
in the y-direction for the incident angles 6 = 13 degrees and 19 degrees are
plotted in figure The incident pressure field is creating a symmetric SW
pattern within steel layer, which is similar for both of the incident angles, but
the deformation in the y-direction is anti-symmetric for the left plot and sym-
metric for right plot. This is possibly due to the excitation of different Lamb
modes, based on the deformation. It is important to consider the colorbar
which indicates the deformation in meters, which demonstrates that there is
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very little absolute deformation.
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Figure 5.18: Pressure and deformation amplitude in y-direction, with incident
angle 6 = 13 degrees (left) and 14 degrees (right)

The transmission loss (TL) through the steel plate is presented in figure
for the HF and the LF wave. In the case of the HF wave there is generally high
attenuation, ant the attenuation rises steeply up to 280 dB above an incident
angle of 35 degree, which is no transmission. For the LF wave the transmission
loss is not nearly as high as for the HF, with almost full transmission at the
second resonance angle (0 = 37) degrees. This indicates that in a setting
when it is desired to have transmission to the bottom layer, an angle above 37
degrees is not recommended for both cases.
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Figure 5.19: Transmission loss as a function of incident angle for HF (left) and
LF (right)

5.3.3 Time Domain Study LF

The LF time domain studies with the Acoustic solid interface are performed
to investigate how structural wave modes in a steel interface affect the prop-
agation of the acoustic waves in a SURF scheme, and to identify the degree
of transmission compared to the frequency domain studies. The studied mod-
els are the Acoustic-Solid Interaction and pitch-catch models as described in
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section [£.5] These models have large dimensions compared to the wavelength,
specified in the chapter and steel pipe is simplified to a steel interface. This
is to be able to study how a simple transducer model, structural waves and
reflection affect the measurements.

The time domain study of the pulse-echo model is plotted in figure [5.20] with
the pressure distribution over the entire at time ¢ = 0.025 ms, 0.07 ms, 0.15
ms and 0.25 ms. Within the solid steel domain, the pressure caused by the
structural stress is plotted. In the left most plot in the figure it is observed that
the exited pulse can be decomposed into two waves: one high pressure plane
wave perpendicular to the transducer surface, and one lower pressure spherical
edge wave caused by edge diffraction at the transducer with a pressure ratio of
Dspher/ Dpiane = 0.2. This is a well established principle, both theoretically pre-
dicted and observed in practice [25]. While some simplified analysis methods
fails to predict the edge wave, FEM shows its strength and accuracy by accu-
rately modeling this phenomenon. As seen at time 0.07 ms the plane waves are
dominating, and the main portion of the spherical waves are absorbed at the
edges of the model by the plane wave absorbing condition. This is important,
since modeling absorbing surfaces in the time domain is difficult, but the plane
wave radiation works adequate with the possibility of modeling semi-infinite
domains. The deformation of the steel layer causes wave pattern to the edges
of the domain at time 0.15 ms. At the last time step (£ = 0.25 ms.) standing
waves have been generated in the bottom layer as earlier discovered in section
[4.4.2] while multiple reflections and plate deformation have created an untidy
wave pattern in the top layer.
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Figure 5.20: Pressure (Pa) distribution from left to right at ¢t = 0.025, 0.07,0.15
and 0.25 ms for normal incident pulse-echo

Figure [5.21] illustrates the time response at the transducer and at the bottom,
calculated by integration of parametrized curves at the boundaries. The simu-
lated model is described by figure for yr,r, where the bottom layer is ended
with a reflective surface and the layer thickness is Ly = 2.985. The initial pres-
sure at the transducer is the transmitted wave. Due to the long pulse length
there is some interference between the initial wave and the reflection observed
from 0.06 ms The half-wave resonance is not as well defined as in section [£.4.1]
but the build-up of pressure is observable from 0.05 ms and from 0.2 ms the
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pressure in the bottom is greater than the reflected pressure. In a SURF study
this is favorable, since there will be enough pressure to get substantial time

delay to the imaging pulse from the bottom layer.
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Figure 5.21: Normal incident time series

In figure [5.22] the pressure distribution and plate deformations for the pitch-
catch model are plotted for the initial time steps ¢ = 0.02 ms and 0.04 ms.
The receiver is not plotted, since it is only a part of the computations in the
post-processing. At the time 0.02 ms the same two-wave composition at the
transducer at is figure and how the diffracted waves are absorbed at the
wall of the domain. In the second time step, a flexural wave in the struc-
tural layer has been exited, and interference between the direct and reflected
wave is observable. After the initial excitation and reflection, both the wave
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Figure 5.22: Pressure distribution (Pa), internal structural pressure (Pa) and
structural deformation at time ¢ = 0.02 and 0.04 ms.

in the fluid and in the structural layer continue to propagate in the negative
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x-direction, as seen in figure [5.23| at the time steps ¢ = 0.08 and 0.13 ms. It
is observable how the flexural waves generate pressure waves in the fluid do-
main as it is evolving in the negative x-direction because the normal particle
velocity at the interface between the fluid and structure is conserved. Another
consequence of the generation of flexural waves, especially in a dual-frequency
SURF analysis, is that flexural waves are dispersive meaning that the speed
of sound is frequency dependent and may lead to distortion.
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Figure 5.23: Pressure distribution (Pa), internal structural pressure (Pa) and
structural deformation at time ¢t = 0.08 and 0.13 ms.

The time series at the receiver is plotted in figure[5.24] with source and receiver
positioned with a length d apart from each other, and the receiver tilted at the
reversed angle of the source. The highest degree of reflection is from the direct
reflection from the interface, when the receiver is positioned d = 2 cm apart
from source making an isosceles triangle with. When the distance is d = 5
cm the direct arrival is not visible, a there is interaction between propagating
along the surface and reflection for the top boundary. In addition, it is possible
to see the low amplitude pressure generated by waves in the solid reaches the
receiver ahead in time of the LF pulse at t = 0.05 ms. At d = 0.08 cm, the main
signal is visible from 0.013 ms, and is better defined than for d = 5 cm, also the
amplitude is greater. Another observation, following the discussion related to
figure and is that it seems clear that structural wave modes have a
considerable contribution to the total pressure field. The optimal positioning
of the receiver transducer is really dependent on what to study. To study the
direct arriving wave the receiver should be placed as the mirror image of the
source transducer to make an isosceles triangle. To study reflections from the
non-linear layer and flexural waves, the transducer should be placed further
away from the transducer where the pressure field is less affected by the direct
reflections, from about 0.1 cm in figure [5.23|
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Figure 5.24: Time response at receiver transducer of pitch-catch with source
and receiver spaced d = 0.2 cm , 0.5 cm and 0.8 cm apart

In figure [5.25] the time response below the steel layer with the receiver posi-
tioned directly in the path of the direct transmitted wave from the source is
plotted. The time response show high attenuation in the solid layer and much
reverberation. The frequency domain studies indicated that optimal incident
angle was 37 degrees resulting in full transmission, compared to the time do-
main study there is little transmission at this angle, with a source amplitude
of 1 MPa and a transmitted amplitude of 130 kPa it is approximately 10 %.
In the situation with the receiver placed in the same layer as the source in
a pitch-catch study, the low degree of transmission of y;r, may complicate a
SURF study. With little modulation pressure in the bottom layer, any effect
of SURF will have little influence on the imaging pulse. Another consideration
is that any reflections of imaging pulse from the bottom NLL to the receiver
will be severely dampened after two transmissions through the steel interface.
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Figure 5.25: Time response below steel interface

The LF time domain simulations with the Acoustic-Solid Interaction interface
shows the importance of structural wave modes, especially for the pitch-catch
setup, there is a high degree of interaction between the fluid domain and
structural domain.
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5.3.4 Time Domain Study HF

Chapter described how the degree of convergence of a time dependent FEM
study is bounded by the CFL number (time) and the elements per wavelength
(geometry). To further complicate the solution, there are two interfaces which
are fully coupled, as described in the implementation of the SURF effect in
chapter {.1] In figure the total number of degrees of freedom to solve in
the pulse-echo and pitch-catch model as functions of elements per wavelength.
The number of degrees of freedom (DOF) are dependent on the shape of the
meshing element. In this study a triangular shape is used, and the mesh is
constructed by an automatic algorithm with a maximum element size scaled to
the HF wavelength. It is observed that the number of DOFSs increase rapidly
above six elements per wavelength.
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Figure 5.26: Degrees of freedom for the pulse-echo and pitch-catch models
In a time dependent study the DOF has to be solved for every time step,
which generates a long solution time if the time scale of the simulations are

long. An example of this is the pulse-echo model, which was simulated with
the parameters in to investigate convergence and solution time.

Table 5.1: Parameters and comp. time for the pitch-catch model

Model EPW DOF CFL Time steps Comp. time
Pitch-catch 2 260000 0.2 2600 23 hours

When the meshing of the model is scaled to HF pulse and the time scale ad-
justed to the CLF-condition in , the solution time is almost one day,
and this solution is not converged since there is only two elements per wave-
length. By assuming that there is a linear relationship between the degrees of
freedom and computational time, it is possible to estimate the computational
time for other mesh densities based on this simulation and the computational
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time per DOF. Figure shows the estimated total computational based on
the computational time per DOF. When the minimum six elements condition
is satisfied the solution time is almost 200 hours. In addition, it is not unlikely
that a higher number is needed due to the complexity of the multiphysical in-
teraction in the acoustic-solid interaction interface, and accordingly a solution
time of several weeks is not unlikely. This is a major drawback with the pro-
posed method, and severely complicates the use of the models in a simulation
setting with large scales.
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Figure 5.27: Estimated computation time based on DOF for the pitch-catch
model

Ways to avoid the long computational times is possible. The first way may be
to consider other solvers than the direct types, and the applied multifrontal
massively sparse direct solver (MUMPS). COMSOL provides numerous differ-
ent solvers, which all have their strengths, weakness and control parameters,
but this is a vast topic within numerical analysis, which further studies are
required to find a feasible solution. However, one possibility is to use an iter-
ative solver combined with a multigrid procedure, which is known to be both
memory efficient, fast and highly applicable for problems with a high number
of DOF [26]. Another solution may be to slightly modify the solution process
by initially solving the LF part, store this solution, and afterward solve the
HF part segregated by only reading the LF solution and possibly save compu-
tational time. There is no obvious way to do this in COMSOL, so this would
require more thorough understanding of the possibilities in COMSOL. The
simulations will have considerable computational time, regardless of the solver
and implementation, because of the limitation in high frequency studies in the
FEM method related to the elements per wavelength condition. Based on this
discussion on the computational time of the models, the coupled HF and LF
SURF implementation is not studied directly and bounded to LF studies in a
SURF setting.






6 Conclusion

The main goal of this thesis was to evaluate the possibility of establishing a
simulation tool for the SURF method in the finite element method program
COMSOL Multiphysics. The main challenge in the implementation of the
SURF method in COMSOL was to introduce a speed of sound dependent of
both time and space, as well as the coupling between a low frequency and
high frequency solution. The basis of the implementation was the predefined
Pressure Acoustics interface in COMSOL valid for fluid domains. In chapter
[ the weak-form expression defining the physics in the Pressure Acoustics in-
terface was modified to incorporate the time dependent speed of sound in the
time derivative by introducing a new variable for the density. By defining two
physical interfaces, one linear interface for the low frequency solution and one
for the non-linear high frequency solution, the SURF method was implemented
by using a fully coupled and simultaneous solution of the two interfaces.

The implementation of the SURF method has been verified to work successfully
for several different cases. The SURF implementation was firstly demonstrated
on a 2D plane wave channel with a single medium and small dimensions com-
pared to the wavelength. In these simulations, the simulated and theoretical
delay caused by the non-linear speed of sound matched with only minor devi-
ations. The model was further implemented with water and steel, both linear
and non-linear, and with small geometric dimensions. The results were veri-
fied by the identical method as for the plane wave channel, and agreed with
the theoretically calculated values. To highlight some of the topics in a SURF
scheme and validate the physics, the half and quarter wavelength resonance
and standing waves were analyzed considering the modulation pressure caused
by the low frequency pulse, time delay and simple SURF processing. It was
observed that half wavelength impedance matching and standing waves is an
efficient way to ensure transmission through interfaces with large impedance
difference, and that it is possible to observe modulation from a non-linear layer
behind steel.

The implementation of SURF in the Acoustic-solid Interaction interface in
COMSOL used the same methodology as for Pressure Acoustics interface. This
added the possibility to examine the influence of structural wave modes in
solids in a SURF study. This SURF implementation was added to a model
for normal incident pulse-echo and a model pitch-catch study of transmission,
through a steel pipe simplified to a steel interface. An initial linear frequency



58 Chapter 6. Conclusion

domain study was used to estimate reflection and transmission coefficients as
a function of frequency and incident angle. The simulations showed that to
ensure transmission, it is incredibly important to consider the incident angle
and that wave modes in the structural layer can cause challenges in a real
measuring setup, especially for high frequencies. The LF time domain study of
the models demonstrated the importance of structural wave modes, and how
important the positioning of the receiver transducer in pitch-catch studies.
Due to the nature of structural waves, the models had to be scaled up to
fit a realistic measuring setup, this caused the computational time increase
drastically for the HF SURF studies. Convergence study proved that it is not
possible to decrease the numerical constraints to the elements per wavelength
and time stepping without under sampling the solution. Estimations indicate
that a converged solution will have a computation time of several weeks with
a direct solver. A further in-depth investigation of the available solvers in
COMSOL and the possibility of reducing computational times is necessary to
simulate large models. However, the SURF simulation tool is demonstrated to
work well for small geometries and is proved to be a versatile way to examine
the SURF phenomena.
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A Modified Weak Form Expres-

sion

The original weak for expression in the Acoustic-Solid Interaction interface
defining the pressure:

(-d(astd.p_t,x)*test(px)-d(astd.p_t,y)*test(py)...
-(d(d(astd.p_t,TIME)-d(astd.p_t,x)*d(x,TIME). ..
-d(astd.p_t,y)*d(y,TIME) ,TIME)-d(d(astd.p_t,TIME)...
-d(astd.p_t,x)*d(x,TIME)-d(astd.p_t,y)*d(y,TIME) ,x)*d(x,TIME) . ..
-d(d(astd.p_t,TIME)-d(astd.p_t,x)*d(x,TIME). ..
~d(astd.p_t,y)*d(y,TIME) ,y)*d(y,TIME)) . ..
*xtest(p)/astd.c”2)/astd.rho

The modified SURF weak form expression in the Acoustic-Solid Interaction
interface. The term rho,ser is incorporated into the time derivative, as for
Pressure Acoucstics interface. This procedure is described in section [4.1]

(-d(astd2.p_t,x)*test(p2x)-d(astd2.p_t,y)*test(p2y) ...
-(d(d(rho_user,TIME)-d(rho_user,x)*d(x,TIME)...
—d(rho_user,y) *d(y,TIME) ,TIME)-d(d(rho_user,TIME)...
-d(rho_user,x)*d(x,TIME)-d(rho_user,y)*d(y,TIME) ,x)*d (x,TIME)
-d(d(rho_user,TIME)-d(rho_user,x)*d(x,TIME)-d(rho_user,y) ...
*d (y, TIME) ,y)*d(y,TIME)) . ..

*xtest (p2))/astd2.rho
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