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Instantaneous radiation force of acoustic streaming ireentbviscous fluid is the subject
of investigation. Dynamic equation governing the velocifyacoustic streaming is a result of
splitting of the conservative differential equations intjzd derivatives basing on the features
of all possible types of a fluid motion. The procedure of degwloes not need averaging over
sound period. It is shown that the radiation force consisthi@e parts, one corresponding
to the classic result (while averaged over sound perio@) sétond being a small negative
term caused by diffraction, and the third one. This last tegquals exactly zero for periodic
sound (after averaging) and differs from zero for other $ypé sound. Sound itself must
satisfy the well-known Khokhlov—Zabolotskaya—Kuznetsmuation describing the weakly
diffracting nonlinear acoustic beam propagating overaisdhermconducting fluid. The parts
of radiation acoustic force, relating to the sound nongaécity and diffraction, are discussed
and illustrated.
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1. Origins of acoustic streaming and general remarks aboutiteory

Acoustic streaming is the bulk vortex movement of fluid faling the acoustic
wave. The reason of acoustic streaming is loss in acoustinentum. It is well under-
stood that the origins of acoustic streaming are jointlylimearity and thermoviscosity
of the flow [1, 2]. In the last decades, many new applicatiohaamustic streaming
in technique, medicine and biology appeared [3, 4]. Thatlede develop theory of
acoustic streaming relatively to pulsed and non-periodimsg. Traditional theory deals
with strictly periodic sound in a role of origin of acoustiteaming. That permits to
derive governing equation for vortex flow by simple averggif momentum and con-
tinuity equations over sound period. The important incstesicy of classical treatment
are, among other, supposing that the fluid is incompresaitidediscarding equation of
energy balance [1, 2]. The present study continues inwsiigs of acoustic streaming
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and heating basing on consistent division of conservatip@tons into specific parts
[5, 6]. The radiation acoustic force caused by both peri@id non-periodic sound
is derived in the form easy for finding out effects connectéith won-periodicity and
diffraction of sound. The examples of radiation force in aalg diffracting acoustic
beam with slowly varying envelope in water for frequency afreer f = 5 MHz and
transducer radiuR = 1 cm are presented.

2. The instantaneous dynamic equation of acoustic streamin

The basic idea which was worked out by the author is to comtii@eenomentum,
mass and energy equations in the differential form basintherspecific features of
all possible types of motion, both quick acoustic, and sl@itex and entropy ones.
On the other hand, the determination of these types of matisn follows from the
linearized Navier—Stockes equations, and therefore dispem flow geometry, external
forces and presence of boundaries. For every type of mdtiene are independent on
time links of two thermodynamic variables (for example, ess density and pressure)
and components of particles velocity [5, 6]. That permitause only one reference
variable for every mode. The linear combining of equatiangroceeded in order to
derive dynamic equations in reference variable for evergenoy means of excluding
all other in the linear part. The nonlinear terms are resipbm$or different interactions
of modes.

In the simplest case of flow over uniform initially backgralidinks of velocity
components),. 4, vyq, vz, and excess pressupg and densityp,, in the progressive in
the positive direction of axig acoustic beam are as follows:
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where /i1 = (kR)~! is a small parameter expressing the ratio of longitudina an
transversal scales of perturbatioris & denote sound longitudinal wavenumber and
the radius of transducer)y is unperturbed background density, ands the velocity
of infinitely small amplitude sound) ; is a Laplacian operating in the plare, z).

. 1 1
Thermal and total attenuations are marked as follows:x o) b=4n/3+
P

np+9, wherey, n, ng mark thermal conduction and shear and bulk viscosifigs,C'p
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are heat capacities under constant volume and pressysectiegly. The both branches
of vortex flow are solenoidalW vyortex = 0):

Vg, vort _8/ Jy 0
Uy, vort V10 /0x V10/0z
Pyortex = Uz, vort = 0 p1+ _a/ay 2 (2)
Pvort 0 0
Pvort 0 0

Linear combining of conservation equations valid withimaacy of orderM 2, pM,

bM /(pocoX), bu/(pocoN), wherel is the Mach number, with account for specific fea-
tures of modes leads, among other, to equation analogols weil-known Khokhlov—
Zabolotskaya—Kuznetsov on8 (A is the parameter of nonlinearity):
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and to the following equation governing the vortex flow ifhiggards sound beam is
dominative (written on for longitudinal component of pelei velocity):
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b 0*pa
F class = ,
y, class PSC(S) Pa 8t2

- b apa
Fop = e 8t2/ / ( pa@ Qp“JFT < 87’) )
b 2
—&-m (260—w/dy/dy)
' §82p / / 3co Q/d pa\?
1092 a2 v p“a 2p“ 2 o) “Y\ay) )
_ bu Opa
%w—@%GA”“ (w))

For simplicity, the cylindrical symmetry is supposes; = (1/7)3/0r + 82/0r?,
r = va? + z2. Radiation force in the right-hand side of Eq. (4) consilisrefore,
of three parts. The firsk), 1.5 after averaging over sound period corresponds to the
famous classic term, the second dryg, would result in exactly zero for strictly periodic
sound while averaged over sound period (that is not valigfigrnon-periodic sound),
and the last, , is a small term proportional to diffraction.
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3. Examples of radiation force produced by quasi-periodic sund

The advantage in theory is that the radiation force is inat@ous, because it is a
result of linear combining of conservation equations, Wwhimes not need averaging
over sound period. Its form (4) provides easy examining fdéince in radiation force
produced by quasi-periodic sound comparatively to thettrperiodic one.

In view of complexity of joint solution of equations (3) and))( any simple wave-
form in the role of acoustic source is studied. As an exantpke,sound with slowly
varying envelope is taken in the form:

2

i Exp <—T’— + iw(t—y/00)>
B (1 — 2iy/L)R?
Pa = EF(Q(t—Z//COD - 1—2iy/L +cc, (5)

where F'(2(t — y/co)) is an envelopel. = wR?/2cy = R/(2u1) denotes the diffrac-
tion length. Carrying sound frequency is much larger that i envelopew > (2.

The waveform (5) satisfies Eq. (3) in the linear non-viscomstl(b = 0) with ac-
curacy of ordemMax(f2/w, u?). In the spatial domain closer to the transducer than
the diffraction lengthy < L, and for the envelope in the fortR(2(t — y/co)) =
Exp(—(£2(t — y/co))?), the acoustic pressure may be approximated by the following
formula:

Pa = PoExp (—(2(t — y/co))?) Exp(—r®/R?) sin(w(t — y/co)). (6)

Results of calculations are presented below for valueslyidged in experiments
for water [7, 8]: f = w/27 = 5 MHz, R = 1 cm. Averaged over period of carrier
dimensionless parts of radiation force are shown in Fig2. 1,

ﬁf 0.
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Fig. 1. The averaged over period of carrier sound dimensgsnparts of radiation acoustic force corre-
spondent td¥, c1ass andFy,,, versus dimensionless retarded time.
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Fig. 2. The averaged over period of carrier sound dimensgsrpart of radiation acoustic force correspon-
dent toFy,, versus dimensionless retarded time for differepif2: 10, 50, 1000.

4. Discussion and conclusions

The greatest term is that one following from the classic theB, .5 (over lining
denotes average over carrier peribd= 27 /w). The additional term caused by diffrac-
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tion, F, ,, is proportional to the diffraction parameter and in typical conditions of
experiments in water achievé% of Fy, .1.s. That may explain lower experimental val-
ues comparatively to the theory predictions [7, 9]. The fzst originating from the
non-periodicity, 7}, ,,, strongly depends on ratio of carrier and envelope fregaenc
w/{2. The relatively smaller quantities ¢? would result to the greater quantities of
F, p: forw/ = 10, the ratio of magnitudes df,, , and F, 1.ss achieve20%.

In this study, only the radiation force for sound of everydypot certainly periodic,
is paid attention to. The solution of governing equationigdj general very complex
problem, not only in view of requirement of accurate solutmf the KZK equation
(3) providing the correct radiation force. It is well-undyod that, among of viscosity,
nonlinear convective term should be necessarily takenastmunt. It is a reason to
streaming not to grow infinitively.
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