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Measurement of the Damping of Liquid Surface Wave by Diffraction Method
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A simple method for measuring the damping of the liquid surface wave (LSW) based on the diffraction
method was proposed in this paper. In the experiment, the phenomenon was observed that the intensity dis-
tribution of the diffraction patterns from the LSW varies with the position of the incident spot. By theoretical
analysis of the relationship between the intensity distribution and the LSW amplitude, the damping constant was
obtained. In addition, the viscosity of the liquid can be calculated with this method, too.
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I. INTRODUCTION

In recent years, the study of liquid surfaces has attracted
great interest both in labs and in industries [1-4]. Many tech-
niques have been applied to investigate the characteristics
of the liquid surface wave (LSW), which provide us a large
amount of information about the liquid. Among these tech-
niques, most are used to study the surface tension, the rela-
tion of dispersion, the phase velocity of LSW and so on [5-
8]. Besides, there are also a few researches focusing on the
liquid surface wave damping [9,10]. For instance the laser-
scanning slope technique is applied to study the LSW at a
low frequency (a few hertz), because the LSW wavelength is
much greater than the scanning laser diameter in the case [11-
14]. The imaging analyzer is used to study LSW at a few
tens hertz, and the image is formed by the light transmitted
through the dyed liquid medium [15,16]. The Capacitive An-
tenna method [17,18] is used to measure surface wave ampli-
tude simultaneously at two radii from the wave drive point, but
the needed equipments are complicated. Besides, the surface
light scattering method is very effective to study the LSW [19-
24]. However, the usefulness of light scattering is limited be-
cause it is most suitable for studying LSW with wavelength in
the sub micrometer range. In addition, the corresponding data
from light scattering is greatly affected by the reduction of
surface tension at the short wavelengths associated with ther-
mally excited waves. Apart from the limitation of the tech-
nique, the equipment for the surface light scattering method is
also complex and expensive [25-28].

However, there are few experiments performed to study the
transparent liquid surface wave damping at a few hundreds
hertz [29,30]. In our former investigation [31], the diffrac-
tion method was used to study the low-frequency liquid sur-
face waves, and the disappearance of the zero-order diffrac-
tion fringe was experimentally observed, which corresponds
to 100% diffraction efficiency.

In this letter, not only the stationary diffraction patterns
were obtained, but also the phenomenon that the intensity
distribution of the diffraction patterns varies with the shift
of the incident spot was observed experimentally. By theo-
retical analyzing the influence of the amplitude of LSW on
the intensity distribution of the diffraction patterns, the rela-
tionship between the amplitude of LSW and the distance be-
tween the exciter and the spot could be obtained. So based on
the analysis of the intensity distribution resulting from LSW
at different positions, a simple technique for measuring the
damping constant of liquid surface wave at several hundreds
hertz was proposed. Compared with the techniques aforemen-
tioned, the diffraction method presented in this letter can be
applied whether the liquid is transparent or not, because the
transmission light can only carry the information of LSW in
the dyed liquid, whereas the diffraction light does not has this
limitation. In addition, the latter technique can be easily im-
plemented and the experimental results can be well repeated.

II. EXPERIMENT SETUP AND DESCRIPTION

The depiction of the experimental setup is shown schemat-
ically in Fig. 1. A low frequency signal generator produces an
output at a few hundreds Hertz, and then drives the LSW ex-
citer. The wave exciter is a triangle delicate metal frame and
its plane is perpendicular to the liquid surface. A laser beam
is divided into two sub-beams by a beam splitter. One is used
to monitor the laser output stability, and the other is directly
incident upon the liquid surface where the LSW is traveling.
For reference, the diameter of the laser beam cross-section is
about 1.1 mm. For the oblique incidence of the laser beam,
the shape of the illuminating area on the liquid surface is an
ellipse whose major axis and minor axis are about 5.8 and
1.1 mm, respectively. The major axis is parallel to the LSW
traveling direction. In our experiment, the incident angle is
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1.38 rad and the laser wavelength is 473.0 nm, respectively.
The liquid sample cell is put on a special plate, whose position
can be adjusted. The exciter is installed on a movable holder
so that the relative distance between the acoustic source and
the light incident point can be changed. A CCD imager is
used to detect the reflected light from the liquid surface with a
traveling acoustic wave. The distance between the light inci-
dent point and the observation plane is about 8.56 m. Because
this distance is far enough, the Fourier-transform lens is not
used in our experiment setup. The diffraction pattern is subse-
quently displayed, stored, and processed by a computer. The
experiment was conducted at the room temperature 25°C and
the liquid sample was distilled water.

power
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FIG. 1: Schematic diagram of experimental setup E: exciter, M: mir-
ror, P: polarizer, F: filter.

(b) (@

FIG. 2: Diffraction patterns from the LSW at 230HZ on a water-air
surface with different distance between the exciter and the light spot
(a) 5.0cm, (b) 5.5cm, (c) 6.0cm, (d) 6.5cm, (e) 7.0cm, (f) 7.5cm.

(a) (©) (e) ()

In our experiment, at some fixed frequency, we change the
distance between the incident spot and the exciter by mov-
ing the exciter, and then obtain the diffraction patterns. And
Fig. 2 is obtained at a frequency of 230 Hz. When the dis-
tance is about 5.0 cm, we get the diffraction pattern shown
in Fig. 2(a). Then, with the shift of the exciter, we get the
diffraction patterns at different positions, which are shown in
Fig. 2 (b), (¢), (d), (e), (f), and the distance is about 5.5cm,
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6.0 cm, 6.5cm, 7.0cm, and 7.5cm. By observing the intensity
distribution of the diffraction pattern, one may easily find that
the intensity distribution varies with the position of the illumi-
nated spot. Due to the viscosity [32], the amplitude of LSW
decreases along the wave propagation. That is, the intensity
distribution of diffraction patterns on the reflected direction
varies with the amplitude of LSW. So it is possible to study
the relationship of the LSW amplitude and the traveling dis-
tance by analyzing the intensity distribution of the diffraction
patterns.

III. THEORETICAL ANALYSIS

Though the surface particle motion is actually somewhat
more complex in nature, LSW propagation can be adequately
approximated as a traveling sinusoidal disturbance [33], as
shown in Fig. 3.

Incident beam

| |
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/J\ /J\ 7]1 ””” screen

liquid

FIG. 3: The LSW geometry.

With careful inspection of Fig. 3, one may readily deter-
mine that the phase modulation impressed upon a laser beam
upon reflection from the liquid surface can be written as [34]

o(x) = %[(those) sin(Qf — kx)] (1)

where / is the LSW amplitude, 0 is the angle of incidence,
A is the free-space wavelength of the illumination beam, Q is
the LSW frequency, x is a one-dimensioned position variable
along the surface, k is the one-dimensioned acoustic-wave
vector, and k = ZK” where A is the LSW wavelength. Note
that the factor of 2 in the square bracketed term of Eq. 1 arises
because the phase modulation is doubled upon reflection. In
our experiment, 0 = 1.38rad, A = 473.0nm

In the experiment, the illuminated region is so small that the
amplitude & can be approximately assumed as a constant over
the region of interest. The light field strength in the region of
Fraunhofer diffraction is simply the Fourier transform of the
object function, that is, in the case of oblique incidence, given
by

exp {jz}?[thosesin(Qt—Ie-?/cose)]}, (2)

The corresponding intensity pattern becomes [35]
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FIG. 4: The LSW amplitude 4 VS the distance x at 230Hz.
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where J,, is Bessel’s function of the first kind, ordern, o rep-
resents the delta function, x’ is the position variable on the
observation plane, and z is the observation distance from the
liquid surface to the observation plane.

It can be seen from Eq.(3) that the introduction of LSW
has deflected energy out of the zero-order component into a
multitude of higher orders. The displacement of the n th or-
der from the center of the diffraction pattern is A’g;i g While
the peak intensity of the nth order is simply determined by
JE(W), which is a function of LSW amplitude 4. It is
known from Eq.(3) that the peak intensity will change with
the LSW amplitude 4 for the same order diffraction pattern.
Thus, we can determine the LSW amplitude by studying the
intensity of the diffraction patterns. With the comparison of
the ratio of the intensity for any two or three orders in the-
ory and in experiment, we can determine the LSW amplitude
at a fixed position. Then the distance is changed by moving
the exciter, and the amplitudes of LSW at different position
are obtained with the same method. Therefore, based on the
analysis of the intensity distribution of diffraction patterns, the
damping of LSW can be studied.

IV. RESULTS AND DISCUSSION

With the diffraction method, the amplitudes of LSW at
230Hz in Fig. 2 are calculated. Fig. 4 shows the relationship
of the amplitude 4 and the distance x. In Fig. 4, the discrete
dots are the experimental data. The solid curve represents the
best fit obtained using the least fits method to the experimen-
tal data. One may get the conclusion from Fig. 4 as follows,
the amplitude / changes with the distance x, and when x is

1131

08 T T T T T
: : +  the experimental data of In(h)
fitting line(230hz)

1Y Se— S S

0.4

I I - SRR OO S S

In(h) (urm)

-0.2
) S SR

0.6

ns i i | i i
3

distance x (cm)

FIG. 5: The logarithm of the amplitude VS the distance at 230HZ.

smaller, i.e., the light spot is closer to the exciter, the ampli-
tude is larger. With the increase of the distance, the amplitude
of LSW decreases in the approximately exponential manner
along the direction of the wave propagation. The relationship
between the amplitude % and the traveling distance x can be
written as

h = hoexp(—ow), “4)

Where hy is the amplitude of the acoustic source, and o is
the damping constant. For the simplicity of calculation, the
Eq.(4) can be rewritten as

Inh =Inhy — o, 4)

the relationship between the In/ and the distance x is shown
in Fig. 5. The fitted line is a straight line. The slope yields the
spatial damping coefficient o0 = 23.0m~!.

It should be noted that the surface wave attenuation depends
upon the wave frequency. The spatial damping constant of the
surface wave o is approximately given by the hydrodynamics
theory as [36]

8mvp f
=3 (6)
where © is the surface tension, p is the density of the sample
liquid, and v the kinetic viscosity, f is the LSW frequency.
Here, the amplitude is assumed to be much smaller than the
wavelength. For pure water at 25°C, v = 0.897 x 10~%m? /s,
p =997.1kg/m3, 6 = 7.26 x 1072N/m, and f = 230Hz, it
is calculated that o = 23.7m~!. Comparing the experimental
results with the theoretical data, they are in good agreement.

In our experiment, we applied the diffraction method to the
LSW damping problem at a few hundreds hertz. It shows that
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FIG. 6: The discrete dots B are experimental data obtained by dif-
fraction method and the solid black line shows the theoretical predic-
tion of Eq. 6.

the damping constant is increasing with the frequency. Then,
we give a comparison between the diffraction method and two
other methods, i.e., the imaging analyzer method and the ca-
pacitive antenna method. In Fig. 6, it can be seen that at the
low frequency, all of them could obtain nearly the same re-
sults as the theoretical prediction. However, at the higher fre-
quency, the results of the imaging analyzer method become
inaccurate, whereas, the diffraction method and the capacitive
antenna method can still get the accurate results. Besides, it
should be noticed that the apparatus of the capacitive antenna
method is more complicated and expensive.
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From the comparison above, we can get the conclusion as
follows. The experimental results of the diffraction method
are well fitted by the theoretical prediction, and the experi-
ment could be easily performed.

V. SUMMARY

The diffraction method has been applied to investigate the
proprieties of liquid surface. In our experiment, the station-
ary diffraction patterns resulting from the LSW (a few hun-
dreds Hertz) were obtained, and the phenomenon was exper-
imentally observed that the intensity distribution of diffrac-
tion patterns varies with the position away from the exciter.
By analyzing the influence of the amplitude over the intensity
distribution, the relationship between the amplitude of LSW
and the distance was studied. So a simple method for measur-
ing the damping constant of liquid surface wave is developed,
which is based on the analysis of the intensity distribution of
diffraction patterns. Besides, according to the Eq. (6), the vis-
cosity of the liquid can also be obtained with this method. It
should be noted that the output intensity of the laser beam
should be kept steady strictly; otherwise, the inaccurate ex-
perimental results may be produced in the experiment. So in
our experiment, the laser beam is divided into two sub-beams
with a beam splitter. One is used to monitor the laser output
stability, and the other is directly incident upon the LSW.
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