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Redshift of acoustic waves in acoustic streaming
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Redshift, namely, the frequency decline in the frequency spectrum of an acoustic wave in water, was
observed by measuring the frequency spectrum of acoustic streaming in a standing wave field. We desire that
relations of the energy« and momentumm of acoustic waves analogous to those under quantum conditions
hold, that is,«5np\v, m5np\k, where\5h/2p ~h is Planck’s constant!, np is the phonon density,v is the
angular frequency, andk is the wave number. In this case, a redshift indicates that acoustic waves suffer energy
loss or annihilation of phonons. We show that the driving force of streaming is derived from the momentum
transfer of phonons and the direct conversion of energy from acoustic energy to kinetic energy of the medium.
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I. INTRODUCTION

In investigations of liquid4He @1,2# and solids@3#, acous-
tic waves are treated as phonons. We have been attempti
investigate the nonlinear phenomena~subharmonics@4#, cap-
illary waves@5# and cavitation@6#! of acoustic waves in wa
ter using the phonon scheme and quantum mecha
@4–11#. We have treated acoustic waves from the viewpo
of the energy and momentum of phonons@4–11#.

Acoustic waves in water have been analyzed on the b
of hydrodynamics@12–15#, which is an approximation of the
kinetic theory@16#. In hydrodynamics, a Maxwell velocity
distribution of the medium particles is assumed, using
medium temperature@16#. Moreover, an approximation to
the kinetic theory is obtained by using the velocity distrib
tion function, instead of calculating all the particles’ orb
@16#. Thus, the kinetic theory can be used to treat phenom
that are caused by the deformation of the velocity distri
tion function, such as Landau damping@16#, which cannot be
explained on the basis of hydrodynamics. However, the r
shift of the acoustic wave frequency cannot be explain
using hydrodynamics or kinetic theory.

In quantum mechanics, energy is represented by
quency; hence, a redshift indicates energy decline. In ac
tic waves, a frequency change known as the Doppler s
occurs, which is a change in the energy density as a resu
the motion of the sound source, but it does not imply
energy transfer to the kinetic energy of the medium. T
redshift of acoustic waves is not similar to the Doppler sh
The redshift indicates acoustic energy transfer to the kin
energy of the medium, which causes acoustic stream
@8,9#. This phenomenon is very similar to the Compton
fect.

*Email address: msato@honda-el.co.jp
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In this paper, we present experimental data on redshif
acoustic streaming. A quantum-mechanical representatio
acoustic waves and a mechanism for the redshift are
posed.

II. EXPERIMENT

Figure 1 shows the experimental setup~the water bath
dimensions are 190 mmf and 1100 mm depth!. Ultrasonic
waves from an ultrasonic vibrator are detected using a pie
ceramic hydrophone~4 mm f!, and the frequency spectrum
is analyzed. The ultrasonic vibrators used are piezocera
disks~50 mmf, 2–3.5 mm thick! and are driven at frequen
cies ofv/2p5500– 1050 kHz.

Figure 2 shows the experimental setup for detecting
average velocity of acoustic streaming. The average velo
of water~volume of 2.7 l! is measured based on the rotatio
speed of a rotor. The fins of the rotor are driven by t
streaming. The rotation speed of the rotor did not depe
critically on the depth of the fins, which indicates that t
fins were driven by the streaming of the water and not
acoustic radiation pressure. In these experiments, aco
streaming which occurred in the standing wave fields
pended on the dimensions of the water tank and the w
depth.

When acoustic streaming occurs, the lower sideband
the driving frequency is detected. Figure 3~a! shows the fre-
quency spectrum in the absence of acoustic streaming,
driving voltage of the ultrasonic vibratorVin59 Vpeak to peak
and a driving frequency of 580 kHz. Figure 3~b! shows the
frequency spectrum when there is acoustic streaming. R
shift of the frequency spectrum, with a bandwidth of mo
than 3 kHz, is shown in Fig. 3~b! at Vin590 Vpeak to peak. The
redshift peak frequencyf peak is detected as shown in Fig
3~c! at Vin590 Vpeak to peak. Figures 3~b! and 3~c! were de-
tected under standing wave conditions. The difference in
©2003 The American Physical Society01-1
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perimental conditions between~b! and ~c! is the position of
the hydrophone.~However, these two positions were ve
close, set approximately 900 mm from the bottom; see S
III E.! Figure 4 shows the frequency and power depende
of the difference between the driving frequencyf 0 and red-
shift peak frequencyf peak (D f peak[ f 02 f peak5Dvpeak/2p).
Here,D f peak increases with the driving frequencyf 0 . Figure
5 shows the frequency and power dependence of the a
aged acoustic streaming velocity, i.e., the averaged volu
flow, which is measured from the rotation speed of the ro

The ultrasonic vibrator and the hydrophone are fixed
the water bath; thus the Doppler shift cannot be detec
after the acoustic streaming stabilizes. These data were m
sured under standing wave conditions so that transient
nomena were not detected. We did not detect a redshi
agar where no kinetic energy transfer to the medium occ
we also did not detect a redshift in agar when acoustic
ergy is transferred to the thermal energy of the medium
this experiment, the temperature of the agar rose rap
Furthermore, we did not detect a redshift in agar whe
piezoceramic vibrator was used to apply a load, where m
than 10% of the acoustic energy was converted to elec
power, nor did we detect a redshift when the water w
stirred at a low amplitude of the acoustic waves, where s
bands were detected at not only low but also high frequ
cies. Therefore, we conclude that the redshift occurs thro
acoustic energy transfer to kinetic energy of the medium.
consider that the higher sidebands shown in Figs. 3~b! and
3~c! were caused by the streaming of the water.

In these experiments, the characteristics of the freque
spectrum depend on the position of the hydrophone in
experimental setup shown in Figs. 1 and 2. The redshift p

FIG. 1. Experimental setup. The ultrasonic vibrator and the
drophone are fixed to the water bath; thus the Doppler shift can
be detected. Water bath dimensions are 190 mm diameter and
mm depth. The hydrophone was set approximately 900 mm f
the bottom. The acoustic wave field was a standing wave field,
data were detected after the transient phenomena were compl
01630
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frequency is characteristically detected at the standing w
positions of nodes or antinodes, where the standing w
pitch is 0.75 mm at 1 MHz. We cannot at this stage obt
data that show backscattering, i.e., the characteristic of
redshift peak to depend on the direction of the hydropho
was not detected.~We did not detect the direction of th
redshifted waves.!

We carried out experiments in an elliptic water po
(10311 m2, 2.5 m depth! to avoid the standing wave cond
tion using continuous waves as shown in Fig. 6. The exp
mental setups were set to detect the backscattering of ac
tic waves. The hydrophone was set parallel to the ultraso
vibrator at a depth of 200 mm, and the experiments w
performed changing the position of the ultrasonic vibrat
Figure 7 shows one of the typical results~the frequency is
1090 kHz and the electric input power is 130 W!; the redshift
peak is clearly shown. In these experiments, the redshift p
was always detected. We consider that the redshift pea
Fig. 7 is caused by backscattering of acoustic waves.

We carried out experiments in distilled degassed wate
detect the influence of the bubbles. A redshift was not
tected in distilled degassed water. We dissolved several ty
of powder in the degassed distilled water; a redshift was
detected in these experiments. We detected a redshift w
contrast agents were dissolved in degassed distilled w
We tried to detect the Doppler shift of the moving mediu
using the present experimental setup. However, we could
detect the Doppler shift; we consider that the amplification
the present experimental setup was not enough. We conc

-
ot
00

m
d

e.

FIG. 2. Experimental setup for detecting the average velocity
acoustic streaming. The average velocity of water~volume of 2.7 l!
is measured based on the rotation speed of a rotor. Water
dimensions are 280 mm diameter and 50 mm depth. The rotor
driven by the streaming of the water; the driving force was recei
by the fins. The acoustic wave field was a standing wave field.
1-2
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REDSHIFT OF ACOUSTIC WAVES IN ACOUSTIC STREAMING PHYSICAL REVIEW E68, 016301 ~2003!
FIG. 3. Frequency spectrum of acoustic streaming in water.~a!
Vin59 Vpeak to peak: absence of acoustic streaming.~b! Vin

590Vpeak to peak: redshift is detected.~c! Vin590Vpeak to peak: peak
of the redshift frequencyf peak is detected. The difference in exper
mental conditions between~b! and~c! is the position of the hydro-
phone.
01630
that the level of the Doppler shift of a moving medium co
taining small powder or air bubbles was230 to240 dB less
than the redshift.

III. DISCUSSION

A. Quantum-mechanical representation of acoustic waves

A quantum-mechanical representation of acoustic wa
has been proposed@4–11#. Using the phonon densitynp , the
energy density« and momentum densitym are represented a

«5np\v, ~1!

m5np\k. ~2!

Here,v52p f ~f is the frequency!, k52p/l ~l is the wave-
length! is the wave number, and\5h/2p, where h is
Planck’s constant.

FIG. 4. D f peak[ f 02 f peak5Dvpeak/2p vs f 0 andP0 , wheref 0 is
the driving frequency,f peakis the redshift peak frequency, andP0 is
the input power. The three-dimensional figure shows thatD f peak

increases depending on the driving frequencyf 0 and not on the
input powerP0 .

FIG. 5. Averaged velocity of acoustic streaming vs input pow
P0 .
1-3
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In acoustic streaming, the medium containing the acou
waves is driven by the acoustic radiation pressure of
acoustic waves; thus the medium obtains kinetic energy f
the acoustic waves.

B. Derivation of the driving force of acoustic streaming

The Hamiltonian densityH is represented as the sum
the kinetic energy of unit volumer ẋ2/2 and the acoustic
energy density«, as shown in Fig. 8@9,11#. Here,r is the
mass density andẋ is the drift velocity of the medium, where
the overdot indicates the time differential. The Hamiltoni
densityH is represented as

H5
1

2
r ẋ21«~x!. ~3!

Using the momentum of the drifting medium,pm , which is
not equal to the momentum of the acoustic wave,m, Eq. ~3!
can be rewritten as

FIG. 6. Experimental setups in the elliptical water pool. T
water pool is 10311 m2 and 2.5 m deep. The hydrophone was
parallel to the ultrasonic vibrator at a depth of 200 mm, and
experiments were performed changing the position of the ultras
vibrator.

FIG. 7. Frequency spectrum in the elliptical water pool. Drivi
frequency is 1090 kHz and electric input power is 130 W.
01630
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H5
pm

2

2r
1«~x!. ~4!

Then, Hamilton’s canonical equations are derived as

ẋ5
]H

]pm
5

pm

r
, ~5!

ṗm52
]H

]x
52

]«

]x
, ~6!

and therefore

r ẍ52
]«

]x
. ~7!

Here, the energy density«5np\v, so that Eq.~7! can be
rewritten as

r ẍ52\
]~npv!

]x
52\S v

]np

]x
1np

]v

]x D . ~8!

Equation~8! indicates that not only the phonon density d
crease (]np /]x,0) but also the frequency decline (]v/]x
,0), which depends on distancex, produces the driving
force for acoustic streaming.

C. Parametric down-conversion

In parametric decay, also known as the ‘‘three-wave int
action’’ or ‘‘down-conversion,’’ one wave decays into tw
waves, satisfying the energy and momentum conserva
laws which are represented by Eqs.~9! and~10!, respectively
@3–11#,

v05v11v2 , ~9!

k05k11k2 . ~10!

Figure 9 shows the backscattering~reflection! of an acoustic
wave by the medium and acoustic energy transfer to the
netic energy of the medium, which causes the redshift. Th
phenomena occur when Eqs.~9! and ~10! are satisfied; thus

t
e
ic

FIG. 8. Hamiltonian density. The Hamiltonian density is repr
sented as the sum of the acoustic energy and the kinetic energ
the medium.
1-4
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REDSHIFT OF ACOUSTIC WAVES IN ACOUSTIC STREAMING PHYSICAL REVIEW E68, 016301 ~2003!
the parametric decay conditions are added that are re
sented on the frequency vs wave number (v-k) diagram
@4,8,16–19# shown in Fig. 10. Here, the straight linesOa and
Oa8 show the dispersion relations of longitudinal wave
The v axis represents the kinetic energy of the medium«M
5r ẋ2/2, and thek axis represents the momentum of the m
dium mM5r ẋ. The quadratic curvem-0-m8 shows the ki-
netic motion of the medium, which is represented by
momentummM5r ẋ and the energy«M5r ẋ2/2. The paral-
lelogram OMDPWba is the sufficient condition that show
energy and momentum conservation between the aco
waves and the medium.

The backscattering mechanism is as follows: the acou
wave represented asOP(v0 ,k0) decays into a backscattere
acoustic waveOWba(v1 ,k1) and the kinetic motion of the
medium represented asOMD(v2 ,k2); v2 and k2 indicate
the kinetic energy and momentum of the medium drift,
spectively. The backscattering mechanism has a resonan
quency because the parallelogramOMDPWba drawn in Fig.

FIG. 9. Backscattering of an acoustic wave by the medi
~acoustic energy reflection by the medium!. The acoustic wave
P(v0 ,k0) decays into a backscattered acoustic waveWba(v1 ,k1)
and the kinetic motion of the mediumMD(v2 ,k2); v2 andk2 in-
dicate the kinetic energy and momentum of the medium, resp
tively. A redshift indicates that the reflected wave frequencyv1 is
smaller than the longitudinal wave frequencyv0 .

FIG. 10. Frequency vs wave number (v-k) diagram of the red-
shift. The quadratic curvem-0-m8 shows the kinetic motion of the
medium, which is represented by the momentummM5r ẋ and the
energy «M5(1/2)r ẋ2. The parallelogramOMDPWba shows the
sufficient conditions for acoustic wave transfer to the motion of
medium. The vectorOP(v0 ,k0) shows the acoustic wave
OMD(v2 ,k2) shows the medium drift, andOWba(v1 ,k1) shows
the backscattered acoustic wave, which is redshifted byv2 (5v0

2v1) from v0 .
01630
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10 is a sufficient condition for wave conversion~i.e., only the
parallelogramOMDPWba can be drawn in Fig. 10!; therefore
this condition determines the frequency of the backscatte
acoustic wavev1 . Here,v0.v1 (5v02v2) indicates that
the reflected waves are redshifted.

According to the explanation using thev-k diagram, the
difference between the driving frequency and the reds
peak frequency depends on the driving frequency; the dif
ence in frequencies increases with the driving frequen
Figure 4 shows the averaged difference in frequencies
pending on the driving frequency. We detected that the
ference in frequencies increases with the driving frequenc
600–1000 kHz; however, at 1000–1050 kHz, the differen
in frequencies decreases. The difference in freque
D f peak51 kHz at the driving frequencyf 051 MHz; thus the
redshift of D f peak/ f 050.1% is equivalent to the Dopple
shift caused by a sound source that leaves the hydropho
a velocity of 0.75 m/s. We calculated the averaged drift
locity to be 0.25 m/s; however, there is a possibility that t
peak drift velocity is 0.75 m/s at the focal point of the acou
tic wave. At this stage, we have not detected the peak d
velocity. We also have not calculated the drift velocity that
derived from the matching conditions. In Sec. III E, we d
cuss the dissimilarity of the redshift peak from the Dopp
shift.

D. Proposed mechanism for backscattering and redshift peak

In this section, a brief explanation of the mechanism
backscattering and acoustic streaming is given. We h
shown the matching condition in Fig. 10, which indicat
that not only a redshift but also backscattering is required
Fig. 9, phonons are reflected elastically by the medium; t
a transfer of acoustic energy to the kinetic energy of
medium occurs. Here, ‘‘elastically’’ denotes complete aco
tic energy transfer to the kinetic energy of the medium.
these discussions, the energy transfer from the acoustic w
to the thermal energy of the medium is not taken into
count. These phenomena satisfy the energy and momen
conservation laws represented by Eqs.~9! and~10!. Phonons
are reflected by the medium; then the medium is cause
drift, which indicates that the reflection source is movin
and therefore the reflected waves undergo a Doppler s
This explanation is valid only for the redshift peaks, becau
the redshift frequency is determined by the condition rep
sented by the parallelogramOMDPWba in Fig. 10. The dif-
ference in frequency does not depend on the electric in
power, but the averaged drift velocity does; this indica
that the difference in frequency does not depend on the
locity of the medium drift. Therefore, we find it difficult to
explain redshift as a Doppler shift. We also detected a r
shift broadband, which increases according to the elec
input power, as discussed in Sec. III D; however, we can
at this stage completely explain the mechanism of broadb
frequency decline. In this argument, it is assumed that
energy transfer satisfies the momentum conservation law
tween an acoustic wave and the medium.
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We consider that the redshift peak in Fig. 7 is caused
the backscattering of acoustic waves. Both a peak reds
and a peak blueshift are shown in Fig. 7. The blueshift p
is 30 dB down compared with the redshift peak. We consi
that we detected not only the redshift component but also
Doppler shift of the vortex motion. However, at this stage
cannot separate the Doppler shift of the vortex motion a
the redshift component.

E. Proposed mechanism for redshift peak

The redshift peaks were position dependent; thus we
pose another mechanism for them. If there are bubbles,
longitudinal wave may decay into bubble oscillations a
motion of the medium. Figure 11 shows anv-k diagram
where the longitudinal waveOP(v0 ,k0) decays into bubble
oscillations OWbu(v1 ,k1) and motion of the medium
OMD(v2 ,k2). In bubble oscillations, the mean value of th
wave number along the propagation direction of the long
dinal wave is 0; therefore the bubble oscillations are rep
sented as the pointWbu(v1 ,k150) on thev axis. The par-

FIG. 11. v-k diagram of acoustic wave absorption by bubble
The longitudinal waveOP(v0 ,k0) decays into bubble oscillation
OWbu(v1 ,k1) and motion of the medium~i.e., bubble drift motion!
OMD(v2 ,k2), where the vectorOWbu(v1 ,k1) indicates redshifted
spherical bubble oscillations. The frequency of the longitudi
waves is redshifted fromv0 to v1 (,v0) of the bubble oscilla-
tions.
s

d-
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allelogramOMDPWbu shows the matching condition wher
the vector OWbu indicates spherical bubble oscillation
whose frequency is redshifted. The frequency of longitudi
waves is redshifted fromv0 to v1 (,v0) of the bubble
oscillations. Furthermore, the pressure fields due to bub
oscillating symmetrically decay with radial distancer asr 22

@20#. Therefore, as shown in Fig. 12 the oscillation can
detected when the hydrophone is in direct contact with
bubbles or the near field of the bubbles. This is why the p
frequency component is detected depending on the pos
of the hydrophone.

IV. CONCLUDING REMARKS

We investigated acoustic waves from the viewpoints
energy and momentum. A redshift of the acoustic wave f
quency is observed in acoustic streaming. We showed
there are two types of redshift mechanism. One is bub
oscillation and the other is backscattering. We can show
ficient conditions for redshift using thev-k diagram; how-
ever, we cannot illustrate the mechanism. At this stage
could not explain the phenomena using hydrodynamics
kinetic theory. Therefore, we attempted to apply quant
mechanics for the explanation of redshift. However, we
lieve that classical theory will explain the phenomena.
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FIG. 12. Bubble oscillation. The pressure fields due to bubb
oscillating symmetrically decay with radial distancer as r 22.
Therefore, the oscillation can be detected when the hydrophon
in direct contact with the bubbles or the near field of the bubble
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