Two-dimensional water acoustic waveguide based on pressure compensation
method
Mingye Zheng, Yi Chen, Xiaoning Liu, and Gengkai Hu

Citation: Review of Scientific Instruments 89, 024902 (2018);
View online: https://doi.org/10.1063/1.5008823
View Table of Contents: http://aip.scitation.org/toc/rsi/89/2
Published by the American Institute of Physics

REVIEW OF SCIENTIFIC INSTRUMENTS 89, 024902 (2018)

Two-dimensional water acoustic waveguide based on pressure
compensation method
Mingye Zheng,a) Yi Chen,a) Xiaoning Liu, and Gengkai Hub)
School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China

(Received 10 October 2017; accepted 10 January 2018; published online 1 February 2018)
A two-dimensional (2D) waveguide is a basic facility for experiment measurement due to a much
more simplified wave field pattern than that in free space. A waveguide for airborne sound is easily achieved with almost any solid plates. However, the design of a 2D water acoustic waveguide
is still challenging because of unavailable solids with a sufficient large impedance difference from
water. In this work, a new method of constructing a 2D water acoustic waveguide is proposed based
on pressure compensation and has been verified by numerical simulation. A prototype of the water
acoustic waveguide is fabricated and complemented by an acoustic pressure scanning system; the measured scattered pressure fields by air and aluminum cylinders both agree quite well with numerical
simulations. Most acoustic pressure fields within a frequency range 7 kHz–15 kHz can be measured in this waveguide when the required scanning region is smaller than the aluminum plate area
(1800 mm × 800 mm). Published by AIP Publishing. https://doi.org/10.1063/1.5008823

I. INTRODUCTION

A two-dimensional (2D) parallel plate waveguide provides experimentally a 2D wave environment, in which most
of the theoretical analyses are conducted. According to waveguide theory,1 when confined between two rigid plates, an
acoustic wave with a frequency below the zeroth order cutoff frequency only propagates along the directions in parallel
with the plates while showing a standing pattern with constant
pressure in the direction perpendicular to the plates. Therefore,
complicated three-dimensional spreading waves degenerate to
2D waves when confined in a waveguide and provide a simplified condition for experiment measurements. The construction
of acoustic rigid boundary is the key factor for designing a parallel plate waveguide. Considering the tiny impedance of air,
almost any solids can be regarded as acoustic rigid. Therefore,
the 2D waveguide for airborne sound can be designed with
a polymethyl methacrylate plate or metallic plate [Fig. 1(a)]
with a small thickness2,3 and is widely used to demonstrate
wave controlling functionality of designed devices.4–8 However, for water sound, no existing solids can be treated as rigid
owing to the large impedance of water, more specifically the
large density of water. This fundamental impedance issue eliminates the possibility of a lightweight 2D waveguide for water
sound;9 otherwise, a cumbersome waveguide with a huge plate
thickness is unavoidable.
For reported 2D water acoustic measurements, samples
are usually made long enough in the out of plane direction,10–13
and approximative 2D pressure fields are generated by using a
transducer array. Synchronous control of the transducer array
and a large testing pool are required. The pressure fields in
the mid-plane can be used as approximate 2D results; however, accurately locating the mid-plane is not a trivial problem
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during an underwater test. Obviously, the high cost and
complex control limit the application of this 2D test method.
In this paper, we introduce the idea of “acoustic pressure
compensation” to build an acoustic rigid boundary and propose
a new design for the 2D water acoustic waveguide. Numerical
simulations are performed to verify the 2D pressure pattern
inside the waveguide and analyze the impact of geometric
parameters. Following the numerical design, a water acoustic
waveguide composed of two aluminum plates with a feasible
thickness is built together with an acoustic pressure scanning
system. Scattering fields of a soft air cylinder and a hard aluminum cylinder are measured in the waveguide and compared
with numerical simulations. It is noted that this waveguide has
been successfully used by Chen et al.14 to verify the cloaking
performance of a pentamode acoustic cloak.
II. NUMERICAL DESIGN OF 2D WATER
ACOUSTIC WAVEGUIDE

As shown in Fig. 1(a), a 2D waveguide can be formed by
two oppositely placed aluminum plates (1800 mm × 800 mm
× 10 mm thickness), and experiment objects can be placed in
the center of the waveguide chamber. One can easily verify
through numerical simulations that this parallel plate model
forms a perfect 2D waveguide for airborne sound and the
scattering pattern for any objects inside the waveguide is ideally two dimensional. Due to the large impedance difference
between air and water, it is impossible to simply replace the
air with water on the base of the 2D airborne waveguide to
obtain a 2D waveguide for water sound. When the airborne
sound waveguide is used for water acoustics, the pressure scattered by the sample induces a pressure difference at the inside
and outside surface of the plates [Fig. 1(b)]. In the simulation and following numerical study, the density used for air
and water is 1.29 kg/m3 and 1000 kg/m3 , respectively, while
the bulk modulus is 0.142 MPa and 2.25 GPa, respectively.
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FIG. 1. (a) 2D waveguide for airborne sound with two aluminum plates (1800 mm × 800 mm × 10 mm thickness); (b) out of plane displacement of the upper
plate when the airborne waveguide (a) is used for water acoustics; (c) single plate served as a symmetrical plane with pressure compensation; (d) 2D waveguide
for water sound based on double plates with compensation, plate thickness t, waveguide depth 2h, compensation height r × h.

The material parameters for the aluminum are set as density 2700 kg/m3 , Young’s modulus 69 GPa, and Poisson’s
ratio 0.33. This pressure difference will stimulate out of
plane vibration in the plates, which in turn disturbs the two
dimensional acoustic pressure fields between the two plates.
The flexure vibration can be decreased by significantly increasing the thickness of the plates; however, it should be noted that
the two plates alone already have a weight nearly 80 kg. Therefore, any metallic plate with easily handleable weight is unable
to serve as an acoustic rigid boundary for water sound, preventing an easy way for the 2D water waveguide being constructed
compared with airborne sound.
A. Introduction to acoustic pressure compensation

Based on the above analysis, suppressing the flexural
vibration of plate is the key to construct a 2D water acoustic
waveguide. To this end, the idea of “acoustic pressure compensation” is introduced here. If another object the same as
the measured sample is placed symmetrically on the other
side of the plate, the plate now serves as a symmetric plane
and its flexural vibration is suppressed. Following this idea,
a nearly rigid acoustic plate [Fig. 1(c)] is obtained by symmetrically placing a sample and compensation object beneath
and above the plate. As a 2D waveguide requires two acoustic
rigid plates, a double plate model is naturally proposed to construct the water acoustic waveguide [Fig. 1(d)]. It is clearly
seen that the coupling between the two single plate models
destroys the symmetry condition of each single plate model,
and many geometric parameters may affect the 2D wave pattern between two plates with compensations. Therefore, it is
necessary to study the influence of geometric parameters on the
two dimensional wave features and to figure out the optimized
ones.
Inside an ideal 2D acoustic waveguide, the pressure is
invariant along the z-direction, so the pressure difference
along the z-direction is a reasonable index to measure the 2D
wave characteristics in the waveguide. An average standard

deviation σ is defined as follows:
v
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N t
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in which pi represents the acoustic pressure of the jth
location on the ith line and p̄i represents the average acoustic
pressure value on the ith line. N and n represents the total
numbers of vertical lines and locations on each line in the
examined region, respectively. In this study, we choose N = 2;
i = 1, 2 represent the vertical lines in the forward and backward
regions, respectively; and n = 3, j = 1, 2, 3 represent three
locations on each vertical line. j = 2 locates exactly in the
middle and j = 1, 3 locate separately 0.01 m away from the
center, which are shown in Fig. 1(d). The smaller the value
of σ, the better the 2D wave characteristics in the waveguide
will be.
B. Parameter study of 2D water acoustic waveguide

In the double plate model, we hope that pressure variation
in the z-direction is as small as possible in order to have a 2D
wave condition. A cylindrical Piezoelectric transducer (PZT)
transducer with axial length l = 18 cm and diameter 8 cm is used
to generate cylindrical waves as in the following experiment.
As one can expect, when the waveguide is free of samples
and compensations, the pressure variation along the z-direction
will be smaller for a greater ratio l/λ and longer propagation
distance d. Numerical simulation shows that after a propagation distance d = 0.5 m an acoustic wave with wavelength
λ = 11.5 cm becomes nearly invariant along the z-direction.
These two working conditions of the PZT can be regarded as
the premise of building the 2D water acoustic waveguide, and
all of the following simulations and experiments satisfy this
premise.
The flexural vibration in the plate depends closely on the
plate thickness, so the influence of plate thickness on 2D water
acoustic waveguide should be addressed first. An air cylinder
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sample with diameter 200 mm and height 2h = 55 mm is placed
in the center of the two aluminum plates (1800 mm × 800 mm
× t mm); two compensation pieces exactly the same as the
sample (r = 2) are placed in the same position outside the
two plates. The average standard deviation σ is calculated
from three points on the marked forward and backward lines
[Fig. 1(d)] and is plotted as a function of the plate thickness t in
Fig. 2(a). From Fig. 2(a), we see that the acoustic field between
the plates is closer to the 2D wave situation when the thickness
of the plate is between 5 mm and 15 mm. If the thickness of the
plate increases further, the 2D wave characteristics of acoustic
field will get worse; the complex acoustic-solid coupling and
eigenstate of the plate related to the thickness t may be the
reason. It is worth noting that the geometric parameter settings
in Fig. 2(a) are only for one example; the same conclusion can
be obtained for other parameter settings.
Influence of the compensation height (r × h) and the plate
distance 2h on the two-dimensional acoustic field is shown
in Fig. 2(b), where the plate thickness is set as t = 10 mm.
In Fig. 2(b), the blue and red lines are significantly lower than
the green one, indicating that the introduction of the compensation mechanism is crucial to construct 2D wave field in the
waveguide. The even lower blue one than the red one indicates
that the compensation effect for the waveguide is better for a
higher compensation object. In addition, it is found that the
compensation effect is much better when the distance between
the two plates is within range 0.05 m–0.15 m [gray area in
Fig. 2(b)]; it will not be obvious if the distance between the
two plates increases further. The z displacement fields of the
aluminum plate corresponding to the two points “a” and “b”
are shown in Figs. 2(c) and 2(d), respectively. It can be clearly
seen from Fig. 2(d) that the flexural vibration of the aluminum
plate is significantly suppressed after introducing the pressure
compensation mechanism.
In summary, by considering the influence of the geometric parameters t, r and h, an optimized 2D water acoustic
waveguide can be constructed based on the acoustic pressure
compensation method.
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III. EXPERIMENTAL VERIFICATION OF 2D WATER
ACOUSTIC WAVEGUIDE
A. System composition and experiment setup

Figures 3(a) and 3(b) show the acoustic pressure scanning
system and 2D water waveguide setup for experiment, and
the inset figure in Fig. 3(b) shows the fabricated waveguide.
In the following experiment, we set r = 2, t = 10 mm, and
2h = 55 mm, which are appropriate to construct a 2D water
acoustic waveguide as shown in the previous numerical design.
In order to measure transient pressure fields inside the
waveguide with a single hydrophone, an acoustic pressure
scanning system is built. The system [Fig. 3(a)] is composed
of a personal computer (PC), an arbitrary wave generator
(Tektronix, AWG 5002C), a step motor and its controlling box
(HWHR ASC-3, motor card), a data acquisition card installed
on the PC (DA card, Acoustic Physics, PCI-2), a customized
PZT powered by an amplifier (C-MARK, GA500), and a
hydrophone (Brüel & Kjær, Hydrophone 8103) connected to
a pre-amplifier (Teledyne Reson, EC6081). Developed computer software controls the signal generating and acquisition
devices (AWG, DA card) and the step motor through indicated communication interfaces. Acoustic pressure in a defined
region is measured as follows. First, the hydrophone is moved
to a measurement location by the step motor, and the DA card
is set ready for signal triggering. Second, signals are generated
by AWG and transmitted simultaneously from both channels
to the downstream devices. Third, once the DA card is triggered by signal from channel 2, signals in both channels will
be collected by the card and then stored in files. Fourth, the
hydrophone will be moved to a next location until the entire
region has been measured. During the experiment, pressure
fields in the forward and backward regions [Fig. 3(b)] are
measured by the hydrophone with 10 mm step along two
orthogonal axes.
The waveguide consists of two oppositely placed aluminum plates, and the experiment sample is placed in the
center of the waveguide. Two additional compensations are

FIG. 2. Parametric analysis on waveguide performance; (a) pressure gradient
measure σ with the plate thickness t,
2h = 55 mm, r = 2; (b) pressure gradient measure σ with waveguide depth
2h and compensation relative height r,
t = 10 mm; [(c) and (d)] z-displacement
of the upper plate corresponding to two
points “a” and “b” marked in (b).
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FIG. 3. Two dimensional water acoustic waveguide; (a) acoustic pressure
scanning system; (b) waveguide setup
for experiment; forward/backward
region measures with 550 mm
× 600 mm.

placed in the same position on the exterior surfaces of the two
plates [side view in Fig. 3(b)]. A PZT with diameter 80 mm and
height 180 mm is connected to the bottom of the waveguide,
and the whole assembly [Fig. 3(b)] is immersed in an anechoic
water pool (7500 mm × 7000 mm × 5000 mm depth) through
a T shaped structure supported by ground.
B. Scattering of an air cylinder
and aluminum cylinder

In order to verify the designed waveguide, a soft air cylinder and a hard aluminum cylinder both of diameter 200 mm
and height 50 mm are examined. The transducer is excited by
a Gaussian burst of the form exp( 0.222( f c t)2 ) × cos(2πf c t),
which covers a frequency range 10–16 kHz with a central
frequency f c = 13 kHz. Figure 4(a) shows a snapshot of the
simulated pressure scattering of an air cylinder in an ideal 2D
waveguide. Due to a large impedance contrast between air

and water, the incident cylindrical wave is strongly blocked.
Very obvious backward reflection and forward low pressure
shadow [Fig. 4(a)] around the air cylinder are observed. The
measured forward and backward results corresponding to the
indicated regions are shown in Figs. 4(b) and 4(c), respectively;
excellent agreement between the experiment and numerical
simulations is clearly seen.
The robustness of the designed waveguide is examined
through the scattering of an aluminum cylinder. In this case, we
replace all the air cylinders including compensations by aluminum cylinders and all other conditions remain the same. The
corresponding simulation and experimental result are shown
in Figs. 4(d)–4(f). Different from the air cylinder, the measured result in the forward region for the aluminum scatter
does not show pressure shadow owing to a smaller impedance
difference from water. Instead, a sufficient amount of incident
energy scatters through the aluminum cylinder to the forward
region [Fig. 4(d)], and low pressures along marked lines are

FIG. 4. Experimental verification of
the designed waveguide; (a) simulated
scattering of an air cylinder in an ideal
2D waveguide; measured pressure fields
for the (b) forward region and (c) backward region corresponding to indicated
regions in (a); [(d)–(f)] the same as
(a)–(c) but for an aluminum cylinder.
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caused by interferences between the directly transmitted wave
and diffracted wave from two lateral sides. This measured forward scattering field [Fig. 4(e)] matches well with simulation,
and the two lines indicating the low pressure direction have
the same oblique angle as in the simulated case.
IV. CONCLUSIONS

We propose a new method to construct the 2D water acoustic waveguide. The method is based on the idea of the pressure
compensation method, which creates a sound hard boundary
by letting a plate serve as a symmetric plane through artificially
placing an object on other side of the plate. A 2D water acoustic waveguide can then be designed by a double plate model
with acoustic pressure compensation for each plate. The influence of geometric parameters of the model is also examined in
order to derive the optimized ones. A prototype of the waveguide is fabricated; the scattering fields of an air cylinder and
an aluminum cylinder are measured and also computed; they
agree quite well with each other. The proposed waveguide has
the following advantages: (1) Compared to existing methods,
the acoustic field is more accurate and closer to the ideal 2D
acoustic field; (2) the waveguide is light and easy to manipulate; (3) the proposed waveguide provides great flexibility to
test almost any 2D water acoustic field. This proposed method
and design may provide a stable 2D water acoustic testing
environment for water acoustic research, material design, and
many other related fields.

Rev. Sci. Instrum. 89, 024902 (2018)

ACKNOWLEDGMENTS

The authors would like to thank Y. Bi and Z. Sun for
the experimental setup. Funding support from the Natural Science Foundation of China (Grant Nos. 11472044, 11221202,
11632003, and 11521062) and from 111 Project (No. B16003)
is acknowledged.
1 L.

E. Kinsler, A. R. Frey, A. B. Coppens, and J. V. Sanders, Fundamentals
of Acoustics (Wiley-VCH, 1999).
2 B. Popa, L. Zigoneanu, and S. A. Cummer, Phys. Rev. Lett. 106, 253901
(2011).
3 W. Kan, B. Liang, X. Zhu, R. Li, X. Zou, H. Wu, J. Yang, and J. Cheng,
Sci. Rep. 3, 1427 (2013).
4 Y. Xie, B. Popa, L. Zigoneanu, and S. A. Cummer, Phys. Rev. Lett. 110,
175501 (2013).
5 H. Su, X. Zhou, X. Xu, and G. Hu, J. Acoust. Soc. Am. 135, 1686 (2014).
6 H. Zhang, X. Zhou, and G. Hu, Appl. Phys. Lett. 109, 224103 (2016).
7 A. Climente, D. Torrent, and J. Sánchez-Dehesa, Appl. Phys. Lett. 100,
144103 (2012).
8 V. M. Garcı́a-Chocano, L. Sanchis, A. Diaz-Rubio, J. Martı́nez-Pastor,
F. Cervera, R. Llopis-Pontiveros, and J. Sánchez-Dehesa, Appl. Phys. Lett.
99, 074102 (2011).
9 C. I. Ham-Rodriguez, J. Manzanares-Martinez, D. Moctezuma-Enriquez,
and B. Manzanares-Martinez, Appl. Phys. Lett. 109, 061904 (2016).
10 A. C. Hladky-Hennion, J. O. Vasseur, G. Haw, C. Croenne, L. Haumesser,
and A. N. Norris, Appl. Phys. Lett. 102, 144103 (2013).
11 B. I. Popa, W. Wang, A. Konneker, S. A. Cummer, and C. A. Rohde,
J. Acoust. Soc. Am. 139, 3325 (2016).
12 X. Su, A. N. Norris, C. W. Cushing, M. R. Haberman, and P. S. Wilson,
J. Acoust. Soc. Am. 141, 4408 (2017).
13 Y. Bi, H. Jia, W. Lu, P. Ji, and J. Yang, Sci. Rep. 7, 705 (2017).
14 Y. Chen, M. Zheng, X. Liu, Y. Bi, Z. Sun, P. Xiang, J. Yang, and G. Hu,
Phys. Rev. B 95, 180104 (2017).

