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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 momentunu of acoustic waves analogous to those under quantum conditions
hold, that is,e =n,fiw, u=nyhk, wherefi =h/2m (his Planck’s constamtnp is the phonon densityy is the
angular frequency, andis 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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[. INTRODUCTION In this paper, we present experimental data on redshift in
acoustic streaming. A quantum-mechanical representation of
In investigations of liquidHe [1,2] and solidg 3], acous- ~ acoustic waves and a mechanism for the redshift are pro-
tic waves are treated as phonons. We have been attemptingResed.
investigate the nonlinear phenomesabharmonic$4], cap-
illary waves[5] and cavitatior{6]) of acoustic waves in wa-
ter using the phonon scheme and quantum mechanics
[4-11]. We have treated acoustic waves from the viewpoint Figure 1 shows the experimental set(the water bath
of the energy and momentum of phondds-11]. dimensions are 190 mrp and 1100 mm depjh Ultrasonic
Acoustic waves in water have been analyzed on the basisaves from an ultrasonic vibrator are detected using a piezo-
of hydrodynamic$12—-15, which is an approximation of the ceramic hydrophon& mm ¢), and the frequency spectrum
kinetic theory[16]. In hydrodynamics, a Maxwell velocity is analyzed. The ultrasonic vibrators used are piezoceramic
distribution of the medium particles is assumed, using thalisks(50 mm ¢, 2—3.5 mm thick and are driven at frequen-
medium temperatur¢l6]. Moreover, an approximation to cies of w/27=500-1050 kHz.
the kinetic theory is obtained by using the velocity distribu-  Figure 2 shows the experimental setup for detecting the
tion function, instead of calculating all the particles’ orbits average velocity of acoustic streaming. The average velocity
[16]. Thus, the kinetic theory can be used to treat phenomenaf water(volume of 2.7 ] is measured based on the rotation
that are caused by the deformation of the velocity distribuspeed of a rotor. The fins of the rotor are driven by the
tion function, such as Landau dampifig], which cannot be  streaming. The rotation speed of the rotor did not depend
explained on the basis of hydrodynamics. However, the rederitically on the depth of the fins, which indicates that the
shift of the acoustic wave frequency cannot be explainedins were driven by the streaming of the water and not by
using hydrodynamics or kinetic theory. acoustic radiation pressure. In these experiments, acoustic
In quantum mechanics, energy is represented by frestreaming which occurred in the standing wave fields de-
guency; hence, a redshift indicates energy decline. In acougpended on the dimensions of the water tank and the water
tic waves, a frequency change known as the Doppler shiftiepth.
occurs, which is a change in the energy density as a result of When acoustic streaming occurs, the lower sideband of
the motion of the sound source, but it does not imply arnthe driving frequency is detected. Figur@Bshows the fre-
energy transfer to the kinetic energy of the medium. Thegquency spectrum in the absence of acoustic streaming, at a
redshift of acoustic waves is not similar to the Doppler shift.driving voltage of the ultrasonic vibratdfi,;=9 Vpeax to peak
The redshift indicates acoustic energy transfer to the kinetiand a driving frequency of 580 kHz. Figuréb3 shows the
energy of the medium, which causes acoustic streaminfrequency spectrum when there is acoustic streaming. Red-
[8,9]. This phenomenon is very similar to the Compton ef-shift of the frequency spectrum, with a bandwidth of more
fect. than 3 kHz, is shown in Fig.(B) atVi,=90 Vpeak 10 peak The
redshift peak frequency,e. is detected as shown in Fig.
3(c) at Viy=90 Vpeak o peak Figures 8b) and 3c) were de-
*Email address: msato@honda-el.co.jp tected under standing wave conditions. The difference in ex-
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FIG. 1. Experimental setup. The ultrasonic vibrator and the hy-
drophone are fixed to the water bath; thus the Doppler shift cannot Water
be detected. Water bath dimensions are 190 mm diameter and 1100 . . .
mm depth. The hydrophone was set approximately 900 mm from FIG_. 2. Expe.rlmental setup for detec_:tlng the average velocity of
the bottom. The acoustic wave field was a standing wave field, anaCOUStIC streaming. The average yelouty of wételume of 2.7 )
data were detected after the transient phenomena were complete'.s_ mea;ured based on th_e rotation speed of a rotor. Water bath

dimensions are 280 mm diameter and 50 mm depth. The rotor was
perimental conditions betwedh) and(c) is the position of driven by the streaming of the water; the driving force was received
the hydrophone(However, these two positions were very by the fins. The acoustic wave field was a standing wave field.
close, set approximately 900 mm from the bottom; see Sec.
Il E.) Figure 4 shows the frequency and power dependenctequency is characteristically detected at the standing wave
of the difference between the driving frequenfgyand red-  positions of nodes or antinodes, where the standing wave
shift peak frequency pear (Afpeae=fo— fpear= A @peal 27). pitch is 0.75 mm at 1 MHz. We cannot at this stage obtain
Here, A fcacincreases with the driving frequendy. Figure  data that show backscattering, i.e., the characteristic of the
5 shows the frequency and power dependence of the avefedshift peak to depend on the direction of the hydrophone
aged acoustic streaming velocity, i.e., the averaged volumwas not detected(We did not detect the direction of the
flow, which is measured from the rotation speed of the rotorredshifted waves.

The ultrasonic vibrator and the hydrophone are fixed to We carried out experiments in an elliptic water pool
the water bath; thus the Doppler shift cannot be detected10x 11 n?, 2.5 m depthto avoid the standing wave condi-
after the acoustic streaming stabilizes. These data were metien using continuous waves as shown in Fig. 6. The experi-
sured under standing wave conditions so that transient phenental setups were set to detect the backscattering of acous-
nomena were not detected. We did not detect a redshift itic waves. The hydrophone was set parallel to the ultrasonic
agar where no kinetic energy transfer to the medium occurszibrator at a depth of 200 mm, and the experiments were
we also did not detect a redshift in agar when acoustic enperformed changing the position of the ultrasonic vibrator.
ergy is transferred to the thermal energy of the medium. IrFigure 7 shows one of the typical resuitse frequency is
this experiment, the temperature of the agar rose rapidlyl090 kHz and the electric input power is 130;Whe redshift
Furthermore, we did not detect a redshift in agar when @eak is clearly shown. In these experiments, the redshift peak
piezoceramic vibrator was used to apply a load, where morwas always detected. We consider that the redshift peak in
than 10% of the acoustic energy was converted to electri€ig. 7 is caused by backscattering of acoustic waves.
power, nor did we detect a redshift when the water was We carried out experiments in distilled degassed water to
stirred at a low amplitude of the acoustic waves, where sidedetect the influence of the bubbles. A redshift was not de-
bands were detected at not only low but also high frequentected in distilled degassed water. We dissolved several types
cies. Therefore, we conclude that the redshift occurs throughf powder in the degassed distilled water; a redshift was not
acoustic energy transfer to kinetic energy of the medium. Weletected in these experiments. We detected a redshift when
consider that the higher sidebands shown in Figk) and  contrast agents were dissolved in degassed distilled water.
3(c) were caused by the streaming of the water. We tried to detect the Doppler shift of the moving medium

In these experiments, the characteristics of the frequencysing the present experimental setup. However, we could not
spectrum depend on the position of the hydrophone in théletect the Doppler shift; we consider that the amplification of
experimental setup shown in Figs. 1 and 2. The redshift peathe present experimental setup was not enough. We conclude
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Ill. DISCUSSION
A. Quantum-mechanical representation of acoustic waves
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FIG. 6. Experimental setups in the elliptical water pool. The  FIG. 8. Hamiltonian density. The Hamiltonian density is repre-
water pool is 1& 11 n? and 2.5 m deep. The hydrophone was setsented as the sum of the acoustic energy and the kinetic energy of
parallel to the ultrasonic vibrator at a depth of 200 mm, and thethe medium.
experiments were performed changing the position of the ultrasonic

vibrator. p2

H= 2—“‘ +e(x). (4)
In acoustic streaming, the medium containing the acoustic P

waves is driven by the acoustic radiation pressure of th@hen, Hamilton’s canonical equations are derived as

acoustic waves; thus the medium obtains kinetic energy from

the acoustic waves. . dH  pp
X=—=—, (5)
IPm P
B. Derivation of the driving force of acoustic streaming
The Hamiltonian densitH is represented as the sum of Pm=— ﬁ: — (7—8 (6)
the kinetic energy of unit volume@x?/2 and the acoustic X X
energy densitye, as shown in Fig. §9,11]. Here,p is the 54 therefore
mass density anl is the drift velocity of the medium, where
the overdot indicates the time differential. The Hamiltonian . de
densityH is represented as PX== o8 @)
H= }px2+s(x). 3) Here_, the energy density=n,fiw, so that Eq.(7) can be
2 rewritten as
Using the momentum of the drifting medium,,, which is . d(Npw) Ny Jw
not equal to the momentum of the acoustic waxeEq. (3) pX=—th ox (‘" ax npax) ' ®

can be rewritten as
Equation(8) indicates that not only the phonon density de-

crease ¢n,/dx<0) but also the frequency declin@d/dx

7 163414 Aug 29, 2082

1090 kHz BWHY“ <0), which depends on distance produces the driving
Renoiiienon force for acoustic streaming.
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laws which are represented by E€®). and(10), respectively
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Figure 9 shows the backscatterirgflection of an acoustic
wave by the medium and acoustic energy transfer to the ki-

FIG. 7. Frequency spectrum in the elliptical water pool. Driving netic energy of the medium, which causes the redshift. These
frequency is 1090 kHz and electric input power is 130 W. phenomena occur when Ed9) and(10) are satisfied; thus
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10 is a sufficient condition for wave conversi@re., only the
Py, k) parallelogramOD My PW,, can be drawn in Fig. JQtherefore
this condition determines the frequency of the backscattered
acoustic wavew,. Here,wy>w; (= wy— w,) indicates that
— Mp( wy, k) the reflected waves are redshifted.
Woa( 1. ko) According to the explanation using the k diagram, the
FIG. 9. Backscattering of an acoustic wave by the mediumdifference between the driving frgquency and the red;hift
(acoustic energy reflection by the mediunThe acoustic wave P€ak frequency depends on the driving frequency; the differ-
P(wo.ko) decays into a backscattered acoustic Wa¥g(w,,k;) ence in frequencies increases with the driving frequency.
and the kinetic motion of the mediuM p(w,,k,); w, andk, in-  Figure 4 shows the averaged difference in frequencies de-
dicate the kinetic energy and momentum of the medium, respeggending on the driving frequency. We detected that the dif-
tively. A redshift indicates that the reflected wave frequengyis  ference in frequencies increases with the driving frequency at
smaller than the longitudinal wave frequeney. 600—-1000 kHz; however, at 1000-1050 kHz, the difference
in frequencies decreases. The difference in frequency
the parametric decay conditions are added that are reprexf ., =1 kHz at the driving frequencf,=1 MHz; thus the
sented on the frequency vs wave number-K) diagram  redshift of Afe./fo=0.1% is equivalent to the Doppler
[4,8,16—-19 shown in Fig. 10. Here, the straight lin@aand  shift caused by a sound source that leaves the hydrophone at
Oa’ show the dispersion relations of longitudinal waves.a velocity of 0.75 m/s. We calculated the averaged drift ve-
The w axis represents the kinetic energy of the medieyn  |ocity to be 0.25 m/s; however, there is a possibility that the
= px’/2, and thek axis represents the momentum of the me-peak drift velocity is 0.75 m/s at the focal point of the acous-
dium wy=px. The quadratic curven-0-m’ shows the ki- ic wave. At this stage, we have not detected the peak drift
netic motion of the medium, which is r_ezpresented by theye|ocity. We also have not calculated the drift velocity that is
momentumuy = pX and the energyy = pX“/2. The paral-  yarived from the matching conditions. In Sec. Ill E, we dis-

lelogram OMpP Wiy is the sufficient condition that shows . ,sq the dissimilarity of the redshift peak from the Doppler
energy and momentum conservation between the acoustg ¢

waves and the medium.

The backscattering mechanism is as follows: the acoustic
wave represented &P(wg,ky) decays into a backscattered
acoustic waveOW,(w1,k;) and the kinetic motion of the
medium represented @Mp(w,,k,); w, andk, indicate In this section, a brief explanation of the mechanism of
the kinetic energy and momentum of the medium drift, re-backscattering and acoustic streaming is given. We have
spectively. The backscattering mechanism has a resonant frehown the matching condition in Fig. 10, which indicated
guency because the parallelogr&M,PW,, drawn in Fig.  that not only a redshift but also backscattering is required. In
Fig. 9, phonons are reflected elastically by the medium; thus
a transfer of acoustic energy to the kinetic energy of the
medium occurs. Here, “elastically” denotes complete acous-
tic energy transfer to the kinetic energy of the medium. In
these discussions, the energy transfer from the acoustic wave
to the thermal energy of the medium is not taken into ac-
count. These phenomena satisfy the energy and momentum
conservation laws represented by E@.and(10). Phonons
are reflected by the medium; then the medium is caused to
drift, which indicates that the reflection source is moving,
and therefore the reflected waves undergo a Doppler shift.
This explanation is valid only for the redshift peaks, because
the redshift frequency is determined by the condition repre-
sented by the parallelogra@MpPW,, in Fig. 10. The dif-
ference in frequency does not depend on the electric input

Wave number power, but the averaged drift velocity does; this indicates

FIG. 10. Frequency vs wave numbes-k) diagram of the red- tha_t the dif‘ferenc_e in frgquency does not _dep_end_ on the ve-
shift. The quadratic curven-0-m’ shows the kinetic motion of the 10City of the medium drift. Therefore, we find it difficult to
medium, which is represented by the momentugp=px and the  €Xplain redshift as a Doppler shift. We also detected a red-
energy ey = (1/2)px2. The parallelogramOMyPW,, shows the Shift broadband, which increases according to the electric
sufficient conditions for acoustic wave transfer to the motion of theinput power, as discussed in Sec. Ill D; however, we cannot
medium. The vectorOP(wg,k,) shows the acoustic wave, atthis stage completely explain the mechanism of broadband
OMp(w,,k,) shows the medium drift, an®W,(w,,k;) shows frequency decline. In this argument, it is assumed that the
the backscattered acoustic wave, which is redshiftepyf=w,  energy transfer satisfies the momentum conservation law be-
—w,) from wg. tween an acoustic wave and the medium.

D. Proposed mechanism for backscattering and redshift peak
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FIG. 12. Bubble oscillation. The pressure fields due to bubbles
oscillating symmetrically decay with radial distanceas r 2.
, > k(o ) Therefore, the oscillation can be detected when the hydrophone is
o} ko in direct contact with the bubbles or the near field of the bubbles.
Wave number allelogramOMpPW,, shows the matching condition where

the vector OW,, indicates spherical bubble oscillations
whose frequency is redshifted. The frequency of longitudinal
waves is redshifted fromw, to w; (<wg) of the bubble

4 oscillations. Furthermore, the pressure fields due to bubbles
2

FIG. 11. w-k diagram of acoustic wave absorption by bubbles.
The longitudinal waveD P(wq,kq) decays into bubble oscillations
OW,(w1,k;) and motion of the mediurfi.e., bubble drift motioh

OMp(w5,,k,), where the vecto©OW,, (w4 ,k,) indicates redshifte it _ i e -
spherical bubble oscillations. The frequency of the longitudinal0Scillating symmetrically decay with radial distancesr

waves is redshifted fronm, to w; (<wg) of the bubble oscilla- [20]. Therefore, as shown in Fig. 12 the oscillation can be
tions. detected when the hydrophone is in direct contact with the
. ] o ] bubbles or the near field of the bubbles. This is why the peak

We consider that the redshift peak in Fig. 7 is caused byrequency component is detected depending on the position

the backscattering of acoustic waves. Both a peak redshifif the hydrophone.

and a peak blueshift are shown in Fig. 7. The blueshift peak

is 30 dB down compared with the rgdshlft peak. We consider IV. CONCLUDING REMARKS

that we detected not only the redshift component but also the

Doppler shift of the vortex motion. However, at this stage we We investigated acoustic waves from the viewpoints of

cannot separate the Doppler shift of the vortex motion anagnergy and momentum. A redshift of the acoustic wave fre-

the redshift component. quency is observed in acoustic streaming. We showed that

there are two types of redshift mechanism. One is bubble

oscillation and the other is backscattering. We can show suf-

. " ] ficient conditions for redshift using the-k diagram; how-
The redshift peaks were position dependent; thus we P'%ver, we cannot illustrate the mechanism. At this stage we

pose an'other mechanism for them. If there are bqbbles, thc,eould not explain the phenomena using hydrodynamics or

Iong_ltudmal wave may de_cay into bubble OSC'"‘?‘“O”S andkinetic theory. Therefore, we attempted to apply quantum

motion of the .me‘?"“m- Figure 11 shows anl.< diagram mechanics for the explanation of redshift. However, we be-

where the longitudinal wav®@P(wo, k) decays into bubble 0\ e that classical theory will explain the phenomena.

oscillations OW,(w1,k;) and motion of the medium

OMp(w,,k5). In bubble oscillatio_ns, the mean value of the ACKNOWLEDGMENT
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