Modelling of anomalies due to hydrophones in

continuous-wave ultrasound fields

Tomi Huttunen, Jari P. Kaipio and Kullervo Hynynen

Abstract

Needle and spot-poled membrane hydrophones employing polyvinylidene fluoride (PVDF) sensors are widely
used for characterization of biomedical ultrasound fields. It is known that in measurements of continuous-wave
(CW) fields, standing waves may be generated between the transducer and the hydrophone, distorting the field
and possibly alternating the signal of the hydrophone. This study utilizes a three dimensional full-wave method to
computationally simulate the distortion in the CW field caused by needle and membrane hydrophones. The physical
model used in simulations is based on the linear time-harmonic wave equation which therefore neglects the effects
of nonlinear wave propagation.

The significance of the distortion is examined by comparing fields emitted by 0.5-5.0 MHz planar circular
transducers in the absence and presence of the hydrophones. In addition, the effect of the field distortions on the
signal of the hydrophones is studied with simulated measurements.

The simulations showed an observable standing wave pattern between the source and the needle hydrophone
if the diameter of the needle was larger than a half of the wavelength. However, the standing waves had not
clear effect on the signal of the hydrophone. The presence of membrane hydrophone in the CW field generated
notable standing waves. Furthermore, the standing waves caused a periodic distortion to the signal of the membrane

hydrophone.

I. INTRODUCTION

Hydrophones that utilize the piezo-electricity of polyvinylidene fluoride (PVDF) films are widely used
for measuring ultrasound fields. Since the discovery of piezo-electricity of PVDF in the late 1960°s,
polymer hydrophones have become standards in the characterization of medical ultrasound fields [1].
PVDF has several attractive features over many piezo-materials including, for example, high sensitivity,
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close acoustic impedance match with water and a relatively flat frequency response. In addition, availability
of PVDF in thin (a few um thick) sheets makes it an ideal material for hydrophones for detecting
sound waves in megahertz frequencies. Various hydrophone models have been developed [1] of which,
two commonly used types of hydrophones in biomedical applications are needle(probe) and spot-poled
membrane hydrophones [2].

A needle hydrophone consists of a hollow metallic needle and a thin, usually 9-25 ym, PVDF film
mounted onto the tip of the needle. The film contains electrodes and is backed with a material suitable
for preventing reflection of waves from the inner end of the film. To obtain good spatial resolution, the
diameter of the needle and the active area of the film are small, typically between 0.3-1.5 mm and 0.04-1.0
mm, respectively. Advantages and basic constructions of needle hydrophones are discussed further in [3].

A spot-poled membrane hydrophone consists of a PVDF film supported only at the edges by a mounting
ring. The typical thickness of the film is 9-100 xm and diameter can be as large as 100 mm. The film
may consist of single, or more recently, two sheets of the PVDF and very thin (e.g 25 nm) layers of a
nonpiezo-electic material (e.g. gold and chromium). Since the membrane is nearly acoustically transparent,
waves are allowed to propagate through the film, and a small, typically 0.2 - 1.0 mm diameter, active area
at the middle of the membrane converts the acoustic displacements into the measurable electric signal.
Development and structures of membrane hydrophones are discussed in detail in [4].

Other hydrophone designs include, for example, the ellipsoidal hydrophones [5] and hydrophone arrays
[6]. In the ellipsoidal hydrophones, the PVDF membrane is bonded to and backed by the end of an epoxy
ellipsoid. The front end of the device is shielded electrically by a thin layer of gold. A typical size of
the active element in the ellipsoidal hydrophones is 85-400 um. A hydrophone array consists of a PVDF
film of which small diameter circular regions (a typical diameter is 0.2 mm) have electrical connections.
These active regions can generate individually measurable signals. The size, shape, number and spacing
of the active elements can vary between different array configurations.

An assumption in acoustic measurements is that the hydrophone does not alter the acoustic field. In
practice, however, it is known that in the case of continuous wave (CW) sources, standing waves can
be formed between the hydrophone and surrounding structures and may disturb the measurements (see
[7] and [2]). Although this phenomenon has been know for a long time, little effort has been made to
study it either experimentally or theoretically. The effect of the PVDF membrane hydrophone positioned
at different distances from the transducer source operating in CW mode, to the field behind the membrane

was examined experimentally in [8]. The transducer was driven at 2.0 - 2.25 MHz which resulted in



0-10% error to the field behind membrane, depending on the hydrophone-transducer separation. The most
notable error was observed when the separation was less than 1.5 times the near-field distance. In [9]
reflection of a wave pulse from a PVDF membrane was studied in two spatial dimensions using a nonlinear
pseudospectral method and simulation results were compared with experimental measurements.

The aim of this study was twofold. Firstly, to computationally determine the effect of the hydrophone on
the acoustics field. Five different needle sizes and one membrane hydrophone were used in the simulations.
The frequency of the wave field used in this study, varied from 0.5 MHz to 5.0 MHz. In addition, the
effect of the backing material with two different needle hydrophone configurations was also compared.
Secondly, simulated measurements were used to examine how the reflected waves alter the signal of the

hydrophones. This part of the study was carried out for one needle and one membrane hydrophone.

II. COMPUTATIONAL MODEL

To model acoustic interaction of the CW acoustic field and a hydrophone, several assumptions have
been made. Firstly, the intensity of the acoustic field was assumed to be so low that nonlinear effects on
the wave field could be ignored. Secondly, although PVDF is a solid material and hence capable of bearing
shear forces, it was assumed that waves other than dilatational ones could be ignored. This assumption
is justified since, due to the geometry of our simulation arrangement, the waves hit the PVDF film in
an almost normal direction leading to relatively weak mode shear coupling. Additional approximations

associated with the sound source and hydrophones are discussed in Section 11-B.

A. The Helmholtz equation and its numerical approximation

Propagation and scattering of linear acoustic waves in a heterogeneous fluid is characterized by the

wave equation

1 1 0?P

where P is acoustic pressure, p is density and c is the speed of sound. In the case of continuous-waves
the field behaves time-harmonically, i.e. P(r,t) = p(r)e ™, where r = r(z, vy, z) is the spatial variable.
The space-dependent part of the pressure p(r) field can be obtained as the solution of the inhomogeneous
Helmholtz equation
1 K2
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with wave number x = 27 f /c+ia and where f is the frequency of the wave field and « is the absorption

coefficient.



Numerical approximation of the Helmholtz problem in heterogeneous media and in general three
dimensional geometry is difficult since the computational complexity increases rapidly with the wave
number. In the standard methods, such as the finite difference (FD) and finite element (FE) methods,
approximately ten discretization points per wave length are needed to obtain a tolerable accuracy [10].
On the other hand, the use of a time domain method, such as the finite difference time domain (FDTD)
method, for CW problems requires a large number of time steps which also leads to heavy computational
burden [11]. Various improved methods have been proposed, these include, for example, pseudospectral
[12] and k-space methods [13].

Methods that incorporate a priori information about the solution to the approximation space (e.g. the
partition of unity finite element (PUFEM) [14] and the ultra weak variational formulation (UWVF) [15])
are other promising candidates for reducing the computational burden (see e.g. [16] and [17]).

The computational model used in this study is based on the numerical solution of the Helmholtz problem
(2) by the ultra weak variational formulation. For the UWVF the original inhomogeneous Helmholtz
problem is decomposed into a finite number of homogeneous subproblems which are coupled with coupled
transmission conditions. For each subproblem the field is approximated as a weighted sum of plane
waves. In practice, to partition the problem, the method utilizes standard finite element meshes and hence
conserves the ability of finite elements to approximate complex three dimensional geometries. The mesh
size in the UWVF, however, can be significantly larger than in the FE method, which reduces the time
required for mesh generation. The number of plane waves used to approximate the field in a single element
depends on the element size and the wave number within the element. The method is discussed in greater

detail in the Appendix.

B. Model for the source and the hydrophone

The computation domain used in the simulations was a cylinder whose size varied with the frequency
used in the simulations. In the needle hydrophone simulations, the acoustic field was investigated using
frequencies from 0.5 MHz to 5.0 MHz. This frequency span is typical for ultrasound therapy [18].

The corresponding radius and length of the cylinder, R and L, respectively, and the radius of the source
Rg of the computation domain for different frequencies f are listed in Table 1. The radius of the source
for each frequency corresponds to 5 wavelengths of the wave field in water. The source of this size is
assumed to be sufficient to significantly back-scatter waves hitting to face of the source. The size of the

computation domain is limited by reasonable computation time.



[Table 1 about here.]

The source was modeled as a circular domain at the end of the cylinder. In all simulations the source

was modelled as an uniformly oscillating surface on which the normal derivative of pressure is

op .
5y = [wpln (3)

where w = 27 f is the angular frequency and wv,, is the normal velocity of the surface. Depending on the
type of hydrophone, a needle or a membrane was embedded in the domain, (Fig. 1). The material properties
used in this study for the PVDF are ¢ = 2200 m/s, p = 1780 kg/m?® and o = 157 Np/m/MHz. These
are in agreement with the values obtained in experimental measurements and used in other theoretical
hydrophone studies (see e.g [19] and [20]). The material surrounding the hydrophone was water with

c = 1500 m/s, p = 1000 kg/m? and o = 0 Np/m/MHz.
[Figure 1 about here.]

The needle hydrophone was modelled as a thin cylinder with diameter Dy. On the tip of the needle
hydrophone a 9 um thick cylindrical domain with diameter D modeled the PVDF film. Detailed geometry
of the tip of the needle is shown in Fig. 2.

Five different needle hydrophones were studied. The needle and the PVDF film diameters for the
hydrophones are shown in Table II. The dimensions of needle and film of hydrophones 1-4 are typical
for currently commercially available hydrophones. The dimensions of hydrophone 5, not including the
thickness of the PVDF film, are 5 times of those for hydrophone 1. These two hydrophones were used

to study the scalability of field anomalies with ratio of the wavelength and needle diameter.
[Table 2 about here.]
[Figure 2 about here.]

The needle, not including the PVDF film, was assumed to be perfectly rigid. Hence, on the surface of
the needle the normal derivative of the pressure is zero, i.e.

Op
= =0. 4
ov “)
The assumption about the perfectly rigid needle is valid since the surface of the needle is usually made
of steel or brass, which have at least 20 times higher acoustic impedances than water.

The backing material behind the PVDF film was in most cases assumed to be absorbing. An absorbing



boundary condition for the inner surface of the film can be written as

% —iRe(k)p = 0. (5)

The absorbing backing material can be considered an ideal case. In practice, part of the wave is reflected
from the interface between the film and the backing. However, the backing materials vary between different
hydrophone configurations.

To evaluate the effect of backing material on the field reflected by the hydrophone, the boundary
condition (4) behind the film was also considered. This corresponds to the case in which the film is
mounted on the surface of a material with significantly higher acoustic impedance (e.g. steel or copper).
Compared to absorbing backing, this configuration provides another end of the scale for backing materials
since the wave is completely reflected from the inner end of the film. Hence, most backing materials used
in hydrophones lie somewhere between the absorbing and the perfectly rigid assumptions, allowing us to
characterize the scale of reflections from the film among many possible backing configurations.

Although in this study the impenetrable needle surface (4) was assumed and the field inside the
backing material was ignored, it is possible, in practice, that elastic waves can be generated in the needle
hydrophone. For example, it was shown in [21] that surface elastic waves can be induced on a brass
backing behind a PVDF film. However, the piece of brass used in that study was significantly larger
(Dx = 50 mm) than the needles in the present study. On the other hand, the results in [21] suggested
that the leaky waves, originating from the surface waves, had only a minor effect compared to reflected
and diffracted waves.

The membrane hydrophone was modelled as a single homogeneous 25 pm thick layer of PVDF. To
simplify the simulations (and to enable the generation of the tetrahedral mesh), the nonpiezo-material
layers were not included in the model. The simulations for the membrane hydrophone were computed
for the frequencies of 1.0 MHz and 2.0 MHz. The geometric parameters for the mesh at 1.0 MHz were
R =125 mm, L = 30.0 mm and Rg = 7.5 mm. In the case of 2.0 MHz source, they were R = 6.25
mm, L = 20.0 mm and Rs = 3.75 mm. Frequencies around 1.0 MHz are of particular interest in the
ultrasound therapy of brain [22]. Therefore it is vital to understand possible measurement errors for this
frequency. On the other hand, in [8], experimental measurements using 2.0 MHz sources were done to
study errors associated to membrane hydrophone measurements of CW fields. To enable comparison with
those, the simulations with 2.0 MHz are also computed. As in the case of the needle hydrophones, the
size of the computation domain is limited by reasonable computation time.

To evaluate the signal produced by the hydrophone, an active region with a diameter of 0.50 mm was
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defined on the surface of the membrane. The signal was obtained by integrating the pressure field over
this active area. The electric signal generated by a hydrophone is proportional to the pressure on the front
face of the membrane [20].

The simulated hydrophone measurement for both needle and membrane hydrophone was carried out
in three steps. First, a computation mesh with the hydrophone at the desired location was generated.
Second, the UWVF approximation of the field was computed. And third, the signal for the hydrophone
was obtained by integrating the UWVF approximation over the front face of the PVDF film.

To decrease spurious numerical reflections from the exterior boundary, the absorbing boundary condition
(5) was used on those parts of the exterior boundary which were not modelled as the source or rigid surface.

Computation meshes for the problem were generated with the mesh generator of the FEMLAB2.2
(COMSOL, Inc. Burlington, MA) finite element package. Typical meshes used in the simulations are
shown in Fig. 3. Depending on the simulation, the number of elements in the mesh was between 35 000
and 80 000. Due to the requirement of detailed geometry of the hydrophones, the element size within a
mesh varied considerably. Consequently, the number of basis functions for a single element in the UWVF

scheme varied between 1 and 130.

[Figure 3 about here.]

I1l. RESULTS
A. Needle hydrophones

1) Distortion in the field: The effect of the needle hydrophone on the field under measurement was
studied by comparing simulated pressure fields in the absence and presence of the hydrophone. The overall
fields (i.e the fields with and without a hydrophone) are normalized to the maximum value of the field
without a hydrophone in the region shown. In the results section, the fields with and without hydrophone
are referred to as p and p,,, respectively. To study the distortion caused by the hydrophone, the difference
field p,, —p is also presented. To show what portion of the incident field reflects from the tip, the difference
field p, — p was normalized to the amplitude of the incident field at the location of the tip.

The field scattered by a needle hydrophone was studied as a function of distance from the tip of the
needle to the source d. Pressure amplitude distributions are shown for hydrophone 4 with Dy = 1.47
mm and the frequency f = 0.5 MHz in Fig. 4. The distance d varied from 10 to 30 mm. Corresponding

difference fields along the acoustic axis of the source are presented in Fig. 5.
[Figure 4 about here.]
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A notable pattern of standing waves can be seen in all three cases, although the amplitude of the waves
diminishes with the increasing distance between the hydrophone’s effective element and the surface of

the radiating source.
[Figure 5 about here.]

The effect of needle diameter on the field distortion for fixed frequency f = 1.0 MHz and needle
distance d = 10 mm were studied as a function of the hydrophone size. The pressure amplitude fields
in Fig. 6 show that only the thickest hydrophone causes significant distortion. It is noteworthy that the
diameter of the hydrophone 4 (Dy = 1.47 mm) was almost equal to the wavelength (A = 1.5 mm) of
the field. The plot along the acoustic axis in Fig. 7 confirms that the two thinnest needles have only a

negligible effect on the field between the needle and the source.
[Figure 6 about here.]
[Figure 7 about here.]

The pressure amplitude fields for hydrophone 3 with Dy = 0.46 mm at a distance of d = 10 mm for
different frequencies are shown in Fig. 8. Note the increase in the amplitude of the difference field with
frequency between the source and the needle. The difference fields on the acoustic axis are presented in
Fig. 9.

[Figure 8 about here.]
[Figure 9 about here.]

2) Effect of the backing material: Two hydrophone configurations with absorbing and rigid backing
materials were compared in Fig. 10. The pressure fields are computed for the frequency f = 1.0 MHz

and hydrophone 4. The distance between the tip of the needle and the source was d = 20 mm.
[Figure 10 about here.]
[Figure 11 about here.]

3) Simulated hydrophone measurement: The measurement for hydrophone 4 (Dy = 1.47 mm) and
the frequency f = 0.5 MHz was simulated. The hydrophone was scanned along the acoustic axis of the
source.

A comparison between a simulated measurements with an ideal hydrophone and with a real hydrophone

are shown in Fig. 12. The ideal hydrophone measurement shows the pointwise value of the pressure field



without a hydrophone. The fields are normed the mean pressure amplitude in the shown axis.
[Figure 12 about here.]

4) Scalability of the simulated anomalies for higher frequencies: The difference fields p,, — p for the
frequencies 1.0 MHz and 5.0 MHz are shown in Fig. 13. In the case of f = 1.0 MHz field, hydrophone 5
(Dy = 1.5 mm, Dr = 0.2 mm) located at the distance d = 25 mm. The second simulation was computed
at the frequency f = 5.0 MHz with hydrophone 1 (Dy = 0.3 mm, Dy = 0.04) mm) at the distance d = 5
mm. In both simulations all dimensions, not including the thickness of the PVDF film (9um), were equal
with respect to the wavelength of the field. The wavelengths were A = 1.5 mm and A = 0.3 mm for 1.0

MHz and 5.0 MHz, respectively. The relative difference of these two fields was 2.0 %.

[Figure 13 about here.]

B. Membrane hydrophone

1) Distortion in the field: The membrane hydrophone simulations in this study were limited to fre-
quencies f = 1.0 MHz and f = 2.0 MHz. Similarly to the needle hydrophone studies, all results shown
are normalized, however, now with the maximum amplitude in water in the absence of the membrane.
The effect of the membrane at a distance d = 20 mm from the 1.0 MHz source is shown in Fig. 14. An
observable standing wave field is generated between the source and the membrane. This can been seen

more clearly from the plot along the acoustic axis of the source (Fig. 15).
[Figure 14 about here.]
[Figure 15 about here.]

A similar periodic anomaly is shown in the 2.0 MHz field (Figs. 16 and 17). The membrane was located

at the distance of d = 10 mm.
[Figure 16 about here.]
[Figure 17 about here.]

2) Simulated hydrophone measurement: To evaluate how reflections from the membrane distort the
signal of the hydrophone, the measurement of the membrane hydrophone was simulated for the frequencies
f =1.0MHz and f = 2.0 MHz. The 1.0 MHz field was measured on the acoustic axis of the source
from distances of 10 - 20 mm with 0.25 mm spacing. The simulation procedure was similar to that used

for the needle hydrophone and the results are shown in Fig. 18.
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The averaged simulated measurement is compared with the the field without the membrane in Fig. 19.

The field at each point was averaged with two adjacent points.
[Figure 18 about here.]
[Figure 19 about here.]

Finally, the simulated membrane hydrophone scan along the acoustic axis of the 2.0 MHz source from
10.0 to 15.0 mm with 0.1 mm spacing is shown in Fig. 20. Furthermore, Fig. 21 shows the relative error
in the pressure amplitude at the point 18 mm from the transducer as a function of the location of the
scanning membrane hydrophone. The distance from the transducer to the hydrophone is divided by the
near-field distance 18.56 mm. The relative error in the pressure amplitude is shown compared to the value
of the field at the same point without the hydrophone. The error is shown also in comparison to the mean
value of the field at different transducer-hydrophone separations. The measured error presented in the

same figure is extracted from Figure 12 of [8].
[Figure 20 about here.]

[Figure 21 about here.]

IV. DisCuUssION

In this study the three-dimensional ultra weak variational formulation (UWVF) was used for analyzing
distortions in continuous-wave fields caused by needle- and membrane hydrophones. Furthermore, simu-
lated measurements for the hydrophones were computed. The frequency span of the simulations was 0.5
- 5.0 MHz which is typical for the ultrasound therapy. In many therapeutic applications of ultrasound
continuous-waves are used and therefore it is essential to understand possible anomalies related to the
pressure field measurements.

In addition to the modelling approximations, the numerical procedure used in this study has two main
sources of error. First, by limiting the study to the relatively small computation domain and by using the
approximate absorbing boundary condition (5) on the exterior boundary of the domain, minor spurious
numerical reflections of the waves are generated from the boundary into the cylinder. The reflections
originate mainly from the incident field of the source. Therefore, they are eliminated from the difference
field p, — p, Second, as all numerical methods for the Helmholtz equation, the UWVF has a limited
numerical accuracy which for problems studied here, means an error of the order 0.1-1.0 %. This estimate

of the accuracy was obtained by comparing two solutions for the same geometry and frequency, computed
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in different meshes. In both cases, the method for choosing the number of basis functions was the same
as described in the Appendix. Computation time for the a single wave field in this study varied from 1500
to 3000 seconds.

For needle hydrophones, the major distortion in continuous-wave measurements is most likely due to
the back-scattered waves from the tip of the hydrophone. Some of these waves interfere with the incident
field. Standing wave patterns are formed between the needle and the source element (or a structure between
the needle and the source). Obviously, the amplitude of the field reflected from the tip of the hydrophone
is proportional to the amplitude of the incident field at the measurement point (i.e. at the location of the
tip).

The distortion as a function of the frequency was investigated (Fig. 8). For the highest frequency
(f = 2.0 MHz), the tip of the needle was located near a local near-field minimum. In comparison to the
maximum amplitude of the field, this resulted in a relatively weak reflected wave. Since the difference
fields were normed with the value of the incident field at the tip, due to limited accuracy of the UWVF
approximation, the weak difference field is shown as somewhat noisy.

The results for the needle hydrophones suggested that scattering from the tip of the needle became
observable when the diameter of the needle was over half of the wavelength. Although a notable standing
wave field was observed for the frequency f = 0.5 MHz and hydrophone 4 at the distance d = 10 mm
in Fig. 4, the simulated measurement with the same hydrophone in Fig. 12 closely follows the profile of
the field at the acoustic axis. Therefore, for the needle hydrophones it is not evident that the difference
in the field and the measurement was only due to standing waves between the needle and the source, in
particular, since the discrepancy did not have the same clear periodic structure as was observed in the
simulated measurement for the membrane hydrophone. Other possible sources of error in measurements
include, for example, the diffraction effects that are studied in detail in [23]. The diffraction effects emerge
since the hydrophone with the finite size active film is used to measure the “point” value of the acoustic
field.

To study the effect of the backing material behind the PVDF film on the field anomalies, a comparison
between rigid and absorbing backing materials was simulated (Fig.11). It was observed that the amplitude
of the standing wave pattern with the rigid backing was about 50 percent higher than that of the absorbing
material.

Although the main part of the needle hydrophone simulations was computed for the frequencies 0.5 - 2.0

MHz, scalability of the results for higher frequencies was also investigated. Simulations with frequencies
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1.0 MHz and 5.0 MHz showed that anomalies in the field are scalable with respect to the ratio of the
wavelength and the needle (and PVDF film) diameter. In very high frequencies, however, the scalability
can be expected to fail due to the thickness resonant frequencies of the film.

In the case membrane hydrophones, both the field between the transducer and the membrane; and
the simulated signal of the hydrophone revealed a half wavelength periodic distortion in comparison to
the field without the membrane. The relative amplitude of the disturbance was about 20%. For the 2.0
MHz transducer, the field at a fixed distance from the source behind the membrane hydrophone was
simulated. This case imitates the experimental measurements performed in [8]. The relative error of the
field in simulations was 0-30 % when compared with the pressure amplitude at the same spot without
the hydrophone. The error in comparison to the mean value of the field at the same point at different
transducer-hydrophone separations was 0-20 %. In [8], under 10% errors were observed by using a second
membrane hydrophone at a fixed distance from the transducer. Hence, the model seems to predict the
magnitude of the error reasonably well although the simulated errors were slightly over estimated in
comparison to the experimental measurements.

The difference between the simulations and experimental measurements has several possible reason.
For example, the model used in this study did not include the changes in the output of the source due to
the standing waves [24]. And the second membrane used to measure errors in [8], interacts also with the
wave field and therefore may cause additional anomalies.

As discussed in [7], a slight rotation of the hydrophone can eliminate the standing waves, causing
nonoverlapping reflected and main beams. Alternatively, in this study, an averaging technique was used
to reduce the amplitude of the distortion. To do this, the field at a given measurement point was averaged
with two adjacent points. As shown in Figs. 18 and 19 the benefit of the averaging is evident, but one
must bear in mind that the procedure may also lose other fine structures from the field.

The simulations were computed only for a planar circular source. Since the amplitude of the scattering
from the hydrophone is proportional to the amplitude of the field at location of hydrophone, it is obvious
that strong distortion may result in, when focused CW fields are measured near the focal spot. In addition,
this study was limited only region near the hydrophone (i.e only part of the needle or membrane was
considered) which naturally eliminates possible standing waves from surrounding structures (e.g. from the
walls of the measurement tank and holder of the hydrophone).

The study was limited only a relatively small number of hydrophones and a simplified hydrophone

model was used. An improved model could include the elastic properties of the hydrophones, multi-

12



layered structures and electric characteristic of the PDVF film. These have been used in one dimensional
modelling of the membrane hydrophones [20]. Alternatively, an aim of this study was to include more
detailed characterization of the incident fields and hydrophone geometries. To limit the extend of the
study, the simulations were computed only for the needle and membrane hydrophones. However, a similar

simulations should be possible also for the ellipsoidal or array hydrophones.
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APPENDIX

The ultra weak variational formulation (UWVF)

For the UWVF the computational domain € is partitioned into a finite number of subdomains €2,
1 < j < K (standard tetrahedral finite element meshes are used in this study, see Fig. 3). Let us denote
by v, the outward unit normal for the j’th element. The boundary between elements €2, and €2, is denoted
by 3. Furthermore, if the element €, is on the boundary of domain €2, the coinciding boundary is
denoted by 0€2; N 02 =T.

Assuming that the material parameters p and ¢ are approximated with piecewise constant functions, the

Helmholtz problem (2) can be decomposed for all 1 < j < K as

where p; = plq,. The subproblems (6) are connected across the element interfaces ¥;, with the coupled

boundary condition
. i4 .
— o —10p; = ———— — 0] (7

Physically it can be considered as a coupled form of the transmission conditions which characterize
the continuity of the pressure and the normal particle velocity across the interface [25]. The coupling

parameter o is obtained as the mean value of Re(x)/c over the interface

1/ Re(k; R
o= _( () + e(’%)) on X,. (8)
2\ pj pe
On the exterior boundaries I'; the boundary condition is given in the form
10p; . ) < 10p; . )
— == —dop; | =7 ——==—iop; | +¢ 9)
(Pj I ! pj Ov; !
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where 7 € C, |7| < 1, and the coupling parameter o > 0, o € R. The source term is denoted by g.

The type of boundary condition on the exterior boundary for the problem can be adjusted with the
parameters 7, o and g. The implementations of the exterior boundary conditions (3), (4) and (5) in the
UWVF scheme are summarized in Table I1l. A requested boundary condition is obtained by choosing the

listed parameters for Equation (9).
[Table 3 about here.]
Now define the function f, f|aq, = f; on the element boundaries as follows
, 1<j<K (10)

(-4
i= - 5, j
p; OV 89,

In [15] Cessenat and Despres show that f; satisfies the ultra weak variational formulation

K 1 10
SL 3 -

1 1 0 .
Z/ —g<—a— —w>qj (12)
— Jr; 0 \P;j oV
for all test functions ¢; which are the solutions of the adjoint Helmholtz equation
Ag; + ff?qj =0 inQ;, (13)

where the overbar denotes complex conjugation.

A discrete form of the UWVF (10) is obtained by approximating the function f; on a plane wave basis

as follows
1 0
fin ( z'o)w-,n (14)
Z i\ = o, j
where
exp(ik;d;, -7r) in Q;
Oim = P( 33, ) j (15)
0 elsewhere.

The directions d; ,, are chosen according to optimized spherical covering for a unit sphere [26]. In addition,

set ¢; = @jn, n=1,...,N;. This leads to the matrix equation [15]
(I - D7'C)X = D7 'b. (16)
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from which the unknowns X = (f11,..., fiz,---, fE.Ng)? can be computed. As proposed in [16], the
matrix equation (16) is solved with the iterative stabilized bi-conjugate gradient solver [27].

The matrices D and C' are sparse block matrices. In particular, the matrix D is a Hermitian block
diagonal matrix consisting of the K blocks D; € C"i*¥i_ |t is shown [16] that the condition number of
the blocks D; can be used to predict a stable number of basis functions N; for each element. Using the
dynamical procedure for choosing N;, the maximum allowed condition number in this study was set to
5-10°. However, if this did not result in convergent bi-conjugate gradient iteration, the condition number
was lowered to 1 - 105.

From Equations (10) and (14) it can be seen that the pressure on the element boundaries can be

approximated as
N;j

pa = Z fj,ngoj,n on 89] (17)
n=1

If x; € R the equations (6) and (13) are equal and the approximation (17) is also valid within the element
€2;. Inside the elements in which x; ¢ R this approximation is usable, at least if the size of the element is
relatively small. In the problem at hand, elements with complex wave numbers were located in the PVDF
film causing them to be extremely small.

The parallel UWVF solver was coded with Fortran90 using MPI (Message Passing Interface) for
parallelization. The results were computed in a Beowulf PC cluster consisting of 12 1.8 MHz Pentium 4

processors with 1 GB RAM for each processor.
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frequency f = 0.5 MHz.
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TABLE |
GEOMETRIC PARAMETERS OF THE COMPUTATION DOMAIN FOR NEEDLE HY DROPHONE SIMULATIONS.

f(MHz) R (mm) L (mm) Rs (mm)

0.50 25.00 65.00 15.00
1.00 12.50 40.00 7.50
1.50 8.33 30.00 5.00
2.00 6.25 24.00 3.75
5.00 2.50 8.00 1.50
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TABLE Il
NEEDLE HYDROPHONES USED IN SIMULATIONS.

Hydrophone Dy (mm) Dpg (mm)

1 0.30 0.040
2 0.30 0.075
3 0.46 0.20
4 1.47 1.00
5 1.50 0.20
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TABLE 111
BOUNDARY PARAMETERS IN THE UWVF SCHEME

Boundary condition, Eq. T o g
Source, (3) 1 Re(k/p) —2iwvy,
Rigid, (4) 1 Re(x/p) 0
Absorbing, (5) 0 Re(x/p) 0
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