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INTRODUCTION

In recent years the traditional interest in the study
of surface surface wave has increased due to the
search for conditions of anomalous amplitude wave
generation, which is highly dangerous to coastal
buildings and ships [1]. One fast-evolving method of
sea-surface wave parameters is remote sensing, which
makes it possible to determine the surface and under-
water parameters [2]. A sounding procedure normally
uses radio waves in the centimeter and millimeter
ranges, with their length being comparable with that
of gravity–capillary waves. The properties of short sur-
face waves, which depend on many factors, have been
actively investigated theoretically and experimentally
in the field and in laboratory conditions [2, 3].

The theoretical investigations are directed mainly
at describing steady-state surface surface wave [4, 5],
analyzing dissipation and nonlinearity effects [6, 7],
and refining dispersion relations [8]. In laboratory
investigations, the gravity–capillary waves are usually
generated by mechanical wave producers [9, 10] with
restricted functional capabilities. One alternative way
to create waves is using the radiative effect of under-
water sound on the surface, which makes it possible to
create a controllable surface relief with a given tempo-
ral variability of the rise form and amplitude [3]. The
varying relief area serves as a source of surface waves,
which, unlike mechanical wave producers, generates
no additional perturbations of either a wave or non-

wave character (vortices or boundary layers). This
paper investigates dispersion and the phase properties
of ring gravity–capillary surface waves created by a
disk underwater acoustic resonator.

EXPERIMENTAL TECHNIQUE

A schematic of the experimental installation is
shown in Fig. 1. The experiments were performed in a
tank (

 

1

 

) of dimensions 

 

145 

 

×

 

 50 

 

×

 

 60

 

 cm

 

3

 

 filled with
degassed tap water. The tank has a disk resonator (

 

2

 

)
of diameter 2.5 cm made of TsTS-19 piezoceramic
with a mechanical resonance frequency of 950 kHz.
This resonator is supplied by amplitude-modulated
signal with a controlled frequency and modulation rate
from a generator (

 

3

 

) through a power amplifier (

 

4

 

). The
form of the modulated signal is determined by the
conditions of a particular experiment. An emitted axi-
symmetric acoustic beam (

 

5

 

) is directed vertically
upward and generates a pulsed elevation of the free
surface, which is the source of propagating ring
waves. The typical width of the contact patch between
the beam and free surface (which determines the size
of the wave-generation area) is 3 cm.

The tank has an electromechanical wave producer
(

 

6

 

) with a driving generator (

 

7

 

), making it possible to
produce plane surface waves. The actuating body of
the wave producer is a thin vertical plate 35 cm in
length with a height of 1 cm and a thickness of 0.5 mm
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—This is an experimental study of the acoustic method of surface-wave excitation using an underwa-
ter source of high-frequency (950 kHz) sound. The surface waves are excited at the sound-beam modulation
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phase characteristics are satisfactorily consistent with one another and the time needed for the signal to arrive
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that varies vertically in amplitude (from 0.1 to 3 mm)
and in frequency (from 5 to 70 Hz).

The wave-induced slope variations and free-sur-
face positions were registered by remote (

 

8

 

–

 

13

 

) and
contact (

 

12

 

–

 

14

 

) instruments. The optical system for
wave-slope measurements, which is traditionally used
in laboratory experiments with surface waves [11],
consists of a semiconductor laser (

 

8

 

) with a wave-
length of 0.650 

 

µ

 

m, a collimator (

 

9

 

) for ray focusing
at a given surface point, a visualizing diaphragm (

 

10

 

),
and a photodetector (

 

11

 

) installed on an aligning table
and connected with a computer (

 

13

 

) through interface
(

 

12

 

). Visualizing diaphragm (

 

10

 

) cuts a outpution of

the light beam off and makes it possible to register the
elevation and cavity forms.

Interface (

 

12

 

), which was specially developed for
this experiment, has four independent outputs, each of
which has a programmable amplifier with a coefficient
from –40 to +40 dB, a 12-bit analog-to-digital con-
verter, and a memory unit. The control circuit com-
presses data for all channels and transmits to the com-
puter through a USB line. The user interface makes it
possible to select the measured channels and set the sam-
pling time, amplification coefficient, measurement delay,
and sample length for each individual channel.

The sensor of contact elevation measuring unit (

 

14

 

)
(the end surface of the capillary of diameter 0.8 mm,
where the central platinum-wire electrode is embed-
ded [12]) was located under water at a distance of
some 0.3 mm away from the free surface. The wave
oscillations led to noticeable variations in the field of
electrical conduction near the sensor and to a corre-
sponding change in the output signal. The calibration
parameter approximated by the Lorenz function 

 

z

 

 = 

 

a

 

0

 

 +

 

 is shown as a solid line in Fig. 2

(the empirical constants are 

 

‡

 

0

 

 = –0.012, 

 

‡

 

1

 

 = –0.98, 

 

‡

 

2

 

 =
0.011, and 

 

U

 

0

 

 = –1.02). It follows from the calibration
parameter that the sensitivity at the working interval is
6.6 V/mm. During wave measurements, the sensor
does not cross the free surface, thus essentially
increasing its performance.

Prior to the start of experiments, the optical system
(

 

8

 

–

 

11

 

) was adjusted and the contact meter was cali-
brated for undisturbed free surface, the acoustic and
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Fig. 1.

 

 Schematic of the laboratory setup: (

 

1

 

) the tank 

 

145 

 

×

 

 50 

 

×

 

 60

 

 cm

 

3

 

,

 

 (

 

2

 

) high-frequency acoustic resonator, (

 

3

 

) driving gen-
erator, (

 

4

 

) power amplifier, (

 

5

 

) sound beam, (

 

6

 

) wave producer of surface surface wave with a generator, (

 

7

 

, 

 

8

 

) laser with collimator,
(

 

9

 

, 

 

10

 

) diaphragm, (

 

11

 

) photo receiver, (

 

12

 

) interface, (

 

13

 

) computer, and (

 

14

 

) microcontact elevation sensor.
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Fig. 2.

 

 Calibration curve of the contact sensor (the light cir-
cles denote experimental values, the solid line denotes the
approximation by the Lorenz function). Point A denotes the
sensor level.
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mechanical wave producers were tuned, and a walk-
through for linear measurements was conducted.

The form of an acoustic beam is illustrated by its
shadow image (Fig. 3a). To obtain a pictorial pattern,
the resonator binders were supplied with increased
power. In the generation mode, the power was essen-
tially lower, the beam image was low-contrast, and the
beam geometry was determined by the cross distribu-
tion of illumination 

 

E

 

 normalized to the maximum
value 

 

E

 

0

 

 at the beam center (Fig. 3b). It can be seen
from Fig. 3b that the side lobes are weakly expressed
and their contribution to the surface deformation is
slight.

The wave field was registered after the termination
of transient processes and the acquisition of a station-
ary wave pattern. A series of experiments compares
the characteristics of short wave packets generated by
a short-time turning on of the acoustic beam or by a
fall of the water drop.

MAIN RESULTS

A typical pattern of ring gravity–capillary waves
generated by an acoustic beam is shown in Fig. 4. The
dark spot of radius 

 

R

 

 in the center of this figure marks
the area of surface deformation by the acoustic beam.
In most experiments the sound intensity was slight
and the wave amplitude satisfied the requirements of
linear theory [11, 12].

One objective of the experiments was to investi-
gate the possibility of separating the wave compo-
nents created by the acoustic beam in the background
of plane waves from the mechanical wave producer. In
these experiments the light spot of the optical system

was focused on a 2 mm point of diameter which was
located in the line connecting the centers of the plate
and light spot. The distances from the spot to the plate
and to the beam center were equal to 15 and 30 cm,
respectively. Due to the great distance, the front of the
wave traveling from the light source to the measure-
ment point became more plane.

The graphs of registered signals from the output of
photo receiver, which was normalized to a maximum
value, illustrate the change in the form of the total sur-
face wave when the frequencies of both wave types
are increased (Fig. 5a). The ratio of the frequency of
sound-beam modulation to the frequency of mechani-
cal wave producer was equal to 0.3 for all cases. The
relative contribution of each source to the total signal
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Fig. 3.

 

 Acoustic beam. (a) Shadow pattern for a three-fold nominal power, and (b) cross distribution of image illumination for a
nominal power.
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Fig. 4.

 

 Surface ring waves from the acoustic beam. The fre-
quency of beam modulation is 6 Hz.
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is illustrated by the distributions shown in Fig. 5b. In
the low-frequency range, the contribution of the sound
generator is dominant (Fig. 5b, 

 

1

 

) and, in the high-fre-
quency area, the contribution of the mechanical gen-
erator is dominant (Fig. 5b, 

 

4

 

).

The efficiency of the acoustic source of waves was
assessed by recording the signals at the photo-receiver
output for a fixed experimental geometry, constant
amplitude of the modulating signal, and different val-
ues of frequency modulation in the range from 3 to
51 Hz with a step of 3 Hz. Under the assumption that
the variation 

 

ϕ

 

 (the slope angle of the perturbed sur-
face to the horizontal line) is small, the shift in the
light ray on the photo receiver turns out to be proout-
putional to 

 

ϕ

 

 and related to the output voltage 

 

V

 

 of the
photo receiver as

 

(1)

 

Here, 

 

a

 

 is the radius of the light spot on the photo
receiver, 

 

L

 

 is the length of the ray from the reflection
point to the plane of the photo receiver, 

 

V

 

max

 

 is the max-
imum voltage, and 

 

ψ

 

 is the intermediate angle function.

The solution to implicit equation (1) makes it pos-
sible to recover the dependence that angle 

 

ϕ

 

 has on the
frequency based on the measured values of the voltage
array 

 

V

 

; the normalization to the maximum value

u V /Vmax ψ π– ψsin–( )/π,= =

ψ 2 π ϕL/a–( )arccos–( ).=

determines the amplitude–frequency characteristics
Φ(ω) of the process of surface-wave generation. The
values of Φ(f) (where f = ω/2π)—calculated for two
data arrays ϕ for ‡ = 0.15 and L = 12 cm—are shown
in Fig. 6 as solid and transparent circles.

The amplitude–frequency characteristics were the-
oretically estimated when analyzing the transforma-
tion of radiative pressure into the velocity of the
acoustic flux and then into the amplitude of surface
surface wave and slope of the wave surface at the point
of measurement.

Because the surface surface wave is generated by
the acoustic flux of the axisymmetric sound beam, the
cross distribution of velocity v(r, t) in a viscous liquid
is given by the equation [12]

(2)

where r is the distance to the beam axis, t is the time,
ρ is the density, ν is the kinematic viscosity of the liq-

uid, q(r, t) =  and ∇P is the gradient of radiative

pressure. The Laplace transform with respect to the
parameter s for Green’s function of Eq. (2) [13]

(3)
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Fig. 5. Normalized (a) amplitudes and (b) spectra of surface waves from underwater acoustic and surface electromechanical wave
producers. The frequencies of acoustic and surface wave producers are (in Hz): 1 – 4 and 15, 2 – 9 and 30, 3 – 45 and 13, and 4 – 23
and 75, respectively.
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determines the transfer function of the transformation
of radiative pressure into the velocity at point r [14]:

(4)

and into the integral (with respect to the beam section)
value of velocity va:

(5)

Here, r0 is the radius for which the pressure gradient
∇P in the beam can be approximately assumed to be
constant (see Fig. 3) and I0 and K0 are modified Bessel
functions. In subsequent estimates, it is supposed that
the elevation of the free surface by the acoustic beam
has the form of a convex spherical segment with a
height of ξ0 and a root radius of R at the unperturbed
surface.

The relation between the segment height ξ0 and the
acoustic flux velocity v follows from the balance of

the kinetic energy of a unit mass of liquid /2, grav-
ity work, and surface tension:

 or (6)

Here, g is the gravitational acceleration, σ is the coeffi-
cient of surface tension, and γ = σ/ρ.

The modulated acoustic beam generates ring
waves with a frequency of ω, the amplitude of which
is attenuated as going away from the point of intersec-
tion between the beam axis and surface. For deepwa-
ter conditions, the relation between the wave number
k and frequency ω or phase velocity c of gravity–cap-
illary wave is given by the dispersion relationship [14]

ω2 = gk + γk3 or c2 = g/k + γk. (7)

The spatial and temporal structure of the ring wave
in deepwater conditions (λ � H) is prooutputional to
J0(kr – ωt) [15]. In view of source properties (6) and
the geometric and viscous attenuation (prooutputional
to exp(–αt), where α = 2νk2 is the coefficient of viscous
attenuation [16]), the ratio of the amplitude ξm of the
surface ring wave entering the point rc to the square of

WG s r,( ) 1
2πν
---------- I0 r0 s/ν( )K0 r s/ν( )=

Wc s( ) WG2πr rd

0

R

∫=

=  
r
ν
--- I0 r0 s/ν( )K0 r s/ν( ) r.d

0

R

∫

v a
2

v a
2

2
------ g

ξ0

2
----- γ

2ξ0

R2
--------+=

ξ0

v a
2

------
R2

gR2 4γ+
---------------------.=

the velocity of acoustic flux in the source area is rep-
resented as

(8)

Because the signal from the output of the laser-meter
photo receiver is prooutputional to variations of the sur-
face slope angle ϕm, which is related to the amplitude and
wavelength by the approximate relation ξm ≈ ϕmλ/4 =
πϕm/2k, expression (8) can be presented as a transfer
function of the transformation of acoustic velocity
into angle ϕm:

(9)

Making the substitution s = iω in (5), creating the
quadratic form Ws = Wc ×  (for converting v into v2),
and multiplying by (9), we obtain the through ampli-
tude–frequency characteristic for the transformation

of the variable q(t) =  into the angle of the sur-

face-wave slope at the observation point rc:

W(ω) = Ws(ω) × Wϕ(ω). (10)

The calculated values of W(ω) are shown as a solid
line in Fig. 6 together with the points of the experi-
mental amplitude–frequency characteristic Φ. The
curve’s form reflects the main features of the behavior
of experimental points. The curves Φ and W are
approximated by the power function 10 × f–2 in the
range of gravity waves (f < 13 Hz) and by the function

Wξ
ξm
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gR2 4γ+
--------------------- αrc/c–( ) J0 krc( ) .exp= =

Wϕ
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Fig. 6. Amplitude–frequency characteristics of the process
of surface-wave generation by an acoustic beam: the solid
line denotes the values calculated by formula (10), 1 and 2
are approximating functions, and the light and dark circles
denote the experimental values.



500

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS      Vol. 45      No. 4      2009

PROKHOROV, CHASHECHKIN

550 × f–3.5 in the range of capillary waves (f > 13 Hz).
The increase in the slope of the approximating func-
tions with a growth in frequency is caused by the
decreased efficiency of the acoustic flux and attenu-
ated surface surface wave due to viscous attenuation.
The local minimum in the neighborhood of the mini-
mum of phase velocity of gravity–capillary waves (10–
12 Hz) is caused by the reduced Q-factor of the system
as a whole. In the high-frequency range (f > 20 Hz),
the curve is characterized by oscillations caused by
the multiplier |J0(krc)|. The experimental points in this
range of the spectrum are also characterized by con-
siderable scattering; however, they are located near
the curve.

The pattern of propagation of nonstationary sur-
face waves generated upon the short-term influence of
the acoustic beam was investigated in a series of
experiments. Normalized to their proper maximum,
the levels of signals from the specific electrical con-
ductance sensor installed at the boundary of the sound
spot (at a distance of 2 cm from its center) and from
the laser meter of wave slopes are shown in Fig. 7. In
these experiments, the duration of the acoustic pulse
was 50 ms. At the boundary of sound spot, the electri-
cal conductance sensor will register only an initial ele-
vation and a compensating cavity (Fig. 7, curves 1,
represented in different time scales). At a short dis-
tance rc, the signal has an expressed high-frequency
component; at the observation point, a packet is regis-
tered with a frequency decreasing in time (Fig. 7a).
This dispersion is typical for capillary waves, which
attenuate relatively quickly with distance. At a dis-
tance of more than 15 cm, the main contribution to the
signal is introduced by the gravity component; here,
the signal oscillation frequency decreases with time
(Fig. 7b).

To treat the wave packets with a quickly varying
basic frequency, a wavelet analysis [17] is used,
allowing us to obtain the arrival times of wave compo-

nents of a given frequency. In calculations, the ele-
mentary functions were represented by biorthogonal
wavelet pairs bior3.7 with a discretization interval
∆t = 0.001 s. The field of representation of the initial
signal (Fig. 8a) in the time–frequency coordinate sys-
tem is shown in Fig. 8b. The density of darkening is
prooutputional to the concentration of wavelets. The
area of a maximum darkening marks the frequency of
the wave arriving at a given time, which is calculated
as f = F0/(β∆t), where F0 is the central frequency of wave-
let (0.9336 for bior3.7) and β is a scaling coefficient.

The curves of group velocity cg =  =  – 

and phase velocity c = , calculated in line with the

theory of gravity–capillary waves in an ideal liquid,
are shown as solid and dashed lines, respectively, in
Fig. 9. The symbols denote the experimental wave
propagation values registered at distances rc = 10 and
15 cm away from the center of excitation area.

At a short distance (rc = 10 cm), the packet consists
mainly of capillary waves, the experimental points of
which are located on the right (from the minimum)
branch of the dispersion curve. When the distance
increases to 15 cm, the high-frequency capillary
waves attenuate almost completely and only the grav-
ity waves marked in the left-side branch remain. The
doubling of the sound intensity for the low distance
rc = 10 cm leads to an extension of the frequency
range up to 45 Hz. For comparison, the data obtained
for wave excitation by falling drops are also shown
here. The frequency range of these waves goes up to
55 Hz; i.e., the drop-induced initial perturbation is
shorter and of a wider range.

The velocities of waves excited by different meth-
ods are closely grouped near the theoretical curve of
group velocity. The experimental results indicate that
the phase characteristics of surface gravity–capillary
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Fig. 7. Normalized perturbation values (An) near the boundary of (1) sound spot and (2) wave packets registered at a distance of
(a) 10 cm and (b) 15 cm from the spot center.
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waves excited by different sources agree satisfactorily
with each other, and the time that the signal arrives at
the measurement point is determined by the group
velocity; i.e., tr = rc/cg. The spectral analysis of the
packets excited by acoustic pulses essentially depends
on the propagation distance rc.

CONCLUSIONS

The experimental results show that the acoustic
beam falling normally onto the free surface serves as
an efficient generator of surface waves in the gravity–

capillary range. The given method makes it possible to
relatively simply regulate the main wave parameters
(frequency and amplitude) in the packet and continu-
ous modes of generation.

Against the background of monotonic attenuation,
the amplitude–frequency characteristic of the surface-
wave generation process has a local dip near the min-
imum of phase velocity and growing oscillations in
the high-frequency range.
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