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In fluid mechanics there has been growing interest lately in the transition from laminar 
to turbulent flows [1-6]. In experimental studies of the nucleation of turbulence and in the 
solution of practical problems of "controlling the laminar-turbulent transition" an important 
factor is the analysis of the mechanisms underlying the excitation of instability waves by 
various kinds of disturbances introduced into the flow. Growing as they move downstream, the 
induced waves can significantly alter the evolution of the spectrum of fluctuations, retard- 
ing or accelerating the development of turbulence. The excitation of Tollmien--Schlichting 
waves by a sound field in a boundary layer on a plate and their influence on the transition 
to turbulence have been investigated [1-4, 6]. The large disparity between the phase veloci- 
ties of acoustic and hydrodynamic disturbances in subsonic flow causes the sound field to in- 
duce waves in the boundary layer only in the vicinity of the forward edge of the plate (lo- 
calized excitation). The possibility of the generation of instability'waves by two ultra- 
sonic beams at resonance between the induced wave and the combination disturbance acting on 
the medium has been discussed [7]. In this case the wave excitation is distributed in the 
zone of intersection of the beams, and its frequency, which is equal to the difference be- 
tween the frequencies of the ultrasonic waves, can be much lower than either. 

Recent experiments with capillary jets [8, 9] can well be regarded as the first observa- 
tions of the acoustic influencing of hydrodynamic flows. In these experiments an exceedingly 
high sensitivity of capillary jets to acoustic oscillations was observed, and it was noted 
that the action of the sound field on the jet is determined mainly by the vibrations of the 
nozzle [9]. The point atwhichthejetbreaksupinto droplets is easily ascertained visually from 
the characteristic thickening of the jet and loss of transparency of the flow. The excita- 
tion of instability waves under the combination influence of a sound field on the initial 
section of a jet is equivalent to increasing the level of the initial disturbances and will 
necessarily accelerate the droplet formation process. 

I. Let us consider the combination mechanism described in [7] for the excitation of in- 
stability waves, in application to a capillary jet. Two sound waves with frequencies m, and 
m2 are incident on a cylindrical liquid jet, in which they induce a difference-frequency wave 

= m2 -- ~z. We consider the excitation of an azimuthally symmetrical mode, which is respon- 
sible for instability of the jet. The excitation efficiency is determined by the deviation 
from resonance of the wave numbers of the nonlinearity coupled waves, which has the form 

" / colv o co~v o ) 
Ak = h~z -- klz-- ko = ko l--~-% sin O x q -~% sin O~ -- I _' (I.i) 

where kxz and k2z are the projections of the incident wave vectors kl and k2 onto the z axis; 
ko = ~/vo, real part of the wave number of the azimuthally symmetrical mode; vo, flow veloci- 
ty; Ca, sound velocity in air; 01,2, angles between the x axis and k:,2 (the vectors k~,2 are 
situated in the plane of the x and z axes of a rectangular coordinate system). It follows 
from (i.i) that resonance of the interacting waves is possible only for ~ < (~1 + ~2)vo/ca. 
Inasmuch as v0 << Ca, the frequencies m,,2 must be much greater than ~, which is in the flow 
instability band. 

To determine the amplitude of the induced wave it is necessary to solve the system of 
equations of motion of the medium with proper boundary conditions at the disturbed interface. 
The problem is greatly simplified by the smallness of the density ratio of air to water Oa/ 
Pw << k. An analysis shows that in the determination of the acoustic disturbance a not too 
thin (in comparison with the acoustic wavelength) jet can be treated as a perfectly rigid 
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cylinder. In this case waves are excited in the jet Only by the combination pressure exerted 
on its surface by the surrounding air. 

To describe the sound field in tha atmosphere we use the system of equations of the adi- 
abatic approximation [i0] 

*t + + (VO)~ -I- ~p--~p) = O; 
(l.2a) 

Pt -{- div (pv~) = O, 

in which ~ is the potential of the velocity field and 0 is the density of the medium. The 
boundary conditions are reducible to a zero net radial velocity component on the surface of 
the cylinder and the extinction condition at infinity. In the linear approximation the po- 
tential created by the scattering of each wave m,,2 in the range of angles 
can be written in the form 

- -  2epiP ~ e--t)m I m ( ~ r  ) H t ~ n m ( ~ r ) m  ~ ) de " ~ conjugate, -- X~ �9 [ complex 

where p is the complex pressure amplitude in the plane wave; r and ~ are cylindrical coordi- 
nates (z= r cos ~, y = rsin ~); I m and Hm(2) are Bessel and Hankel functions, respectively; 
is the radius of the j~t; and n ffi k cos 8 is the x component of the wave vector (we drop the 
indices 1 and 2 from p, ~, ~, and k). The first part of the sum (1.3) represents the plane- 
wave potential expanded in cylinder functions, and the second part describes the sound field 
scattered by the cylinder~ 

Making use of the fact that the pressure fluctuations are small, we make the usual ex- 

pansion of the function 9(p) in powers of P=P--P(Pa):p=pa-~-~IP -l-''" We seek the combi- 
t~ 

nation pressure, representing the solution of (1.2) by a perturbation series in the amplitude 
of the sound waves: 

= ~(0) + ~(*) + .... ~ = p(0) + p(,) -~ .... (1.4) 

where #(o) is the sum of the potentials of the two incident waves, each with the form (1o3), 
p(O) =__Oa#e(o) is the pressure corresponding to the potential ~(o). Determining the Fourier 
component p~*) and #(*) with frequency ~, --~<< ~,,s and with wave number k2z -- k,z - ko, 
in the first-approximation equations we can neglect the term #t (~) , which yields a contribu- 
tion of the order* vo/Ca<<l. Here the combination pressure inducing the wave in the jet is 
expressed in the form 

- - T P  ) / / ] J  (1.5) 

Here the index ~ refers to the amplitude of the Fourier harmonics: p~=<pexp(--i~t)>, 
etc. (the angle brackets < > signify time averaging). Substituting (1.3) into (1.5), we ob- 
tain the following expression for the azlmuthally symmetrical component p~(*) at r = a: 

~(~) K P*lP2 exp [-- i (k~.z -- kl~) z], 
2 2 C~ap a (1.6) 

where the coefficient K is given by the relation 

l - - - -  -{-sinOlsin 0 2 

K 
,. . . . .  xI,  (rid) 

We now inquire how expression (1.6) is changed by the incidence of two sound beams on 
the jet. We assume that the beam axes are oriented the same as the vectors k,,2 in the prob- 
lem discussed above and that they intersect the jet axis at one point z = Zo (we place the 

*The estimate has been obtained for t:za, l~j_a ~, t. 
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Fig. 2 

Neglecting the variation of the pressure along the beams 
at distances ~L, sin O from the point zo (L, is a characteristic length of the wave excita- 
tion zone), we represent the pressure amplitude in each of them in the form pi,2 = p~,=o%(r• 
exp [i~(r~)] , where rx is the distance to the beam axis, Pt,2o is the amplitude on the axis, 
X is the normalized amplitude profile, and ~(r~). When ~(r• x(rl) vary only slightly in in- 
tervals Ar• ..~2a sin 0 , the pressure created by the beam near the surface of the jet can be 
replaced by its value on the z axis (in the absence of the liquid). The spatial structure 
of the incident waves is essentially characterized in this case by replacing P,,2 in (1.6) 
with p l , 2 ( r •  r~ = Iz-%i• c o s  0,,2 

We confine the ensuing analysis to the combination excitation of long-wave jet distur- 
bances, which canbe described within the context of the one-dimensional model [ii]. The cap- 
illary pressure acting on the surface of the jet in our case must be added to the combina- 
tion pressure determined above. The resulting system of equations is valid when the induced 
waves are large-scale (koa < i) and the same is true of the disturbances acting on the jet 
(ik2z -- k,zla < I). The problem is reducible to the solution of a single equation for the 
amplitude of the azimuthally symmetrical component of the radial displacement ~ of the sur- 
face of the cylinder: 

( o ) 
' ~ ( 1 . 7 )  ifl + v o ~ ,  ~n v-  y ~p~ dz~ ~ + a- ~-~: ~Q - -  ~ dz ~ 

where o is the coefficient of surface tension of water. We consider beams with a smooth pro- 
file (%~<< k0% , %~z<< k~%) and limit the discussion to the case of small wave-number deviations 
(IAkI<<k0). Then, putting ~ = (I/2)A(z) exp (--ikoz) in (1.7), we obtain the following equa- 
tion for the slowly varying complex wave amplitude A: 

a2A 
~ --~2A = Q(z)e -~ah  L (1.8) 

2 (k2z--  klz) Kplp2 I [ (1 = z.ltl~ w h e r e  Q = - -  n .  cZp 2 ~a ; ~ = -  k~ 
v~voa Oa" ~lx~12 vo 2-~oa - -  k~ )J 

is the spatial growth rate of the instability of the azimuthally symmetrical mode of the jet. 

Equation (1.8) must be solved simultaneously with the boundary conditions at the start 
of the jet, which have the form A(0) = A' (0) = 0. The solution goes over asymptotically to 
a normal mode, which grows at the rate y: A § Ao exp (yz), where Ao is the initial amplitude 
of the induced wave. For small angles of incidence (cos 81,= ~ I), such that the dependence 
of Q on the phase nonuniformity of the beams can be neglected, Ao takes the form 

Ao ---- Am f 7%~ ( E z - -  zo ]) e-vz-i~kzdz. ( 1 . 9 )  
0 

l a Pa ( c a k o l ~ ' (  Ak ~ 2 
H e r e  [ A m [ = ~ - u 2  --~-\--b~-o~ / i -} -  ko ] 

2 M1M s I K [ c a 
(01(02 COS 01 cosO 2 

coincides with the amplitude of the induced 

wave when Ak = 0 and the beams are uniform; M,,2 : p,,=o/ca2pa denotes the acoustic Math num- 
bers at the point of intersection of the radiator axes with the jet axis. 
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As an example we find Ao in the case where the beams are created by circular piston ra- 
diators embedded in rigid baffles and the point Zo is located in the Fresnel zone at the same 
distance Ro from the radiators. In accordance with the above-described experiments we set 
the Fresnel parameter s = XRo/r~ equal to 0.74 (~ is the sound wavelength, and ro is the ra- 
dius of the radiator). The pressure profile constructed for a given s in [12] can be approxi- 
mated in the interval 0<r• by the function X = exp[--l.5r• which is useful for 
the computation of the integral in (1.9). Assuming that X " i/r • the region rm>~ 
we can estimate the error of the given approximation in an infinite z interval:SA0/Am~0.04• 
?aEtna) (E2 is the power exponent of a second-order function). Finally, to ascertain the 
details of the combination action of the sound field on the jet we make the following substi- 
tution in (1.9)| 

~ x ( l z  - -  z o l ) N ~  - -  zo) ,  ( 1 . i 0 )  

where N(x) is the "baffle" factor (N = I for 0 < x < L, and N = 0 for x > L, x > 0). Then 
for Zo = 0 we obtain the following relation from (1.9) for the amplitude of the excited wave: 

i Aol i :o-o = 
(i.li) 

It follows from (i.i0) that the amplitude of the excited wave scarcely increases when the 
length of the zone of action on the jet L>L.~2/~V. The dependence on &k on the right-hand 
side of (I.i0) can be regarded as the resonance characteristic of the excitation, provided 
that the width of such resonance is sufficiently small~ It is seen that in the transition to 
uniform beams (ro § =) the length of the excitation zone increases, remaining finite (L, § 
2/~), while the width of the resonance decreases: 2V~?_+2~/~?. 

2. In the natural state the jet breaks up into droplets due to random disturbances, 
which are transformed into an instability wave [9, Ii]. The artificial excitation of a strong 
instability wave will necessarily accelerate the breakup of the jet. We now estimate the 
shift of the breakup point when acoustic irradiation is applied, proceeding from the follow- 
ing assumptions: i) Random disturbances cause a random quasimonochromatic wave to be gen- 
erated in the jet, with an amplitude that grows at the maximum rate* Ym; 2) the interaction 
of the induced and random waves can be neglected; 3) both waves grow in accordance with the 
linear theory up to the formation of bottlenecks. The shift &l of the breakup point toward 
the start of the jet is determined from the condition that the mean-square displacement of 
the surface of the jet is equal to its radius a: 

] A o 12 e ~(lo-A~) + a  ~ e -2~mAt = a: .  ( 2 . 1 )  

Here lo is the distance from the breakup point to the nozzle for Ao = 0. When the condition 
2(?m--?)Al<<l is satisfied, Eq. (2.1) is solved for A~ in explicit form: 

A~ / 

where A N = a exp [--Y(~)/o] can be interpreted as the effective initial noise level. 

3. For the experimental investigation of the combination influence of ultrasound on a 
jet we used the arrangement shown schematically in Fig. I: S~, S2) pedestals with radiators 

~The growth rate attains a maximum at the frequency ~m~(0.?/a)v~ 
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(sound sources); i) plates for mounting the bases of the pedestals; B) plate attachment screw; 
2) nozzle; 3) jet; 4) measurement scale; 5) inserted baffle. The sources of ultrasound were 
circular lead barium titanate (PZT) ceramic wafers with a radius ro = 1.5 cm; they were mount- 
ed in pedestals, which were free to be rotated about a screw B situated at a distance Ro = 9 
cm from the sources. The working frequencies were chosen close to the principal resonance 
of the plates ~z.~= ~z,J2~i60 kHz). The radiators could be displaced along the jet, thus 
varying the position of the point of intersection of their axes with the jet axis (distance 
Zo). The peak acoustic pressure on the axis of each radiator in air above the point B was 
measured with a microphone and attained 113 dB (Mz,= N~I0-4). The width of the amplitude- 
frequency response of the sound field of the radiators at the 0.7 level was 2 kHz. A jet of 
tap water issued at a velocity vo = 140 cm/sec from a nozzle of radius a = 0.075 cm. The nat- 
ural breakup of the jet into droplets took place at a distance lo = 15.3 cm from the nozzle. 
The position of the breakup point was determined with a scale set up near the jet. The be- 
havior of the jet was monitored visually in ordinary and strobe-light illumination. The lat- 
ter was created by the application of a difference-frequency voltage obtained by mixing the 
voltages on the radiators. 

For the above-indicated parameters of the system the instability growth rate has a maxi- 
mum value ~m = 1.03 cm -I at a frequency F m = ~m/2~ ~.210 kHz. Owing to the low effective 
noise level, the shift of the breakup point according to expressions (1.9) and (2.2) is appre- 
ciable even for a comparatively low acoustic pressure~ Taking the angle 8z ~12 ~ for the pur- 
pose of estimation, we obtain the resonance value of the angle 82 = 5.5 ~ For small angles 
0,,2 the calculations give K~ 8.2. As a result, putting Mz,2~I0 -4, we obtain Al = 2.4 cm. 

The sound field was observed to have a significant influence on the breakup of the jet 
when the radiators were oriented toward the initial section of the jet and operated at close 
frequencies (f2 -- f, " 200 Hz). When two strong waves (Mz,2 - 10 -4 ) were incident on the jet, 
the breakup point shifted toward the nozzle, and stabilization of the flow on the whole was 
observed (the spraying of droplets diminished). In strobed illumination we obtained a sta- 
tionary pattern of droplets in the jet breakup zone, evincing their "combination origin." 
The breakup point shifted only when the higher-frequency (f2) radiator was aimed downstream 
(e2 > 0). In other words, to obtain an effective action on the jet the phase velocity of the 
combination field must have a component in the same direction as the liquid flow. The shift ~ 
of the jet breakup point was measured for the following values of the fixed parameters: 
MI,2 = I0--4, 01,2 = i2~ /2--/1 = 220 HZ, Zo = 0. The dependence of the shift Al of the breakup 
point on the amplitude of one of the waves is shown in Fig. 2. No changes in the jet were 
observed when one of the sound waves was absent. Figure 3 shows the shift AZ as a function 
of the frequency difference between the incident waves. It is seen that the action is maxi- 
mally effective when waves close to the maximum of the frequency dependence of the growth rate 
of the azimuthally symmetrical mode are excited in the jet. The action of the sound field was 
evident over a wide range of angles 8,,2 (Fig. 4) and persisted with a change in position of 
the point of intersection of the radiator axes with the jet axis (Fig, 5). 

To exclude any possible influence of the combination pressure on the nozzle a thin baf- 
fle with a vertical slot was inserted as shown in Fig. i. The opening of the slot from the 
point B in the flow direction was regulated between the limits 0 to 20 mm. In the presence 
of the baffle the interaction of the sound field with the jet was localized within the dimen- 
sions of the slot. The dependence of AZ on the width of the slot is shown in Fig. 6a. It is 
seen that the zone of wave excitation in the jet has a length of 6-7 mm (for values of L larg- 
er than these the shift essentially does not increase and is equal to the value without the 
baffle). Figure 6b shows the shift AZ as a function of Zo for a slot width of I0 mm. The 
shift of the breakup point for large (in comparison with the sound wavelength ~ = 2.1 mm) 
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distances of the point B from the nozzle eliminates oscillations of the tip of the pipet un- 
der the action of the sound field as a possible source of instability waves. 

Simultaneously with the measurement results, Figs. 2-6 also show theoretical curves cal- 
culated according to expressions (1.9), (i.Ii), and (2.2). The theoretical dependence on the 
angle 82 in Fig. 4, which is plotted within the limits of validity of theory (IAkl<<~, l~z -- 
klz~a< i) , encompasses only a small interval of angles and can be compared with the 
experimental points only for 82 ~ 12 ~ (the overall dimensions of the pedestals are such that 
the source S= cannot be oriented at angles @2 < 12~ The dashed curve in Fig. 4 represents 
the angular dependence obtained on the assumption of a narrow resonance peak with respect to 
Ak [it is assumed that the angular dependence of Ao in (1.9) is governed by the factor exp- 
(--iAkz), whereas A m is constant and equal to the value at resonance]~ The calculations show 
that the resonance with respect to the angle in (1.9) is not narrow, because with a decrease 
of Ao by one half it is impossible to neglect the variation of Am~ Because of the logarith- 
mic behavior of the dependence of AZ on Ao, it is necessary to take into consideration the 
large deviations Ak even for a narrow resonance. To obtain the theoretical dependence on the 
angle for arbitrary 82 we must dispense with the simplifications used in calculating Ao. The 
characteristic width of the curve in Fig. 3 is determined mainly by the frequency dependence 
of the growth rate y entering into the expression for ANo We have carried out a theoretical 
calculation for the experiments with a slotted baffle, including the baffle factor in ex- 
pression (1.9). The systematic shift of the experimental points to the right in Fig. 6a for 
a small slot width can be attributed to the presence of a finite gap between the baffle and 
the jet as well as to the finite width of the jet itself, which tends to shorten the zone of 
acoustic action on the jet with the radiators oriented at an angle with the normal. 

Thus, in the above-described experiments with a capillary jet we have implemented a com- 
bination mechanism for controlling the development of instability by means of two ultrasonic 
beams. Regularization of the process of droplet formation and shifting of the breakup point 
toward the start of the jet were induced by the action of the sound field of two waves on the 
initial section of the jet, with localization of the action in the vicinity of the point of 
intersection of the radiator axes with the jet axis, where it resulted in the excitation of 
instability waves in the flow. 

In conclusion we note some considerations of importance from the point of view of appli- 
cations of the combination action of ultrasonic waves to the control of other hydrodynamic 
flows. Ultrasonic beams can be used to localize wave excitation in a predetermined flow zone, 
in which case the amplitude of the induced wave can be calculated with comparative simplicity 
in each specific situation. With the use of ultrasound it is possible to eliminate the dis- 
turbances created by the vibrations of flow-immersed plates and the working sections of pipes. 
Such a vibration background is unavoidable when the flow is irradiated with sound waves hav- 
ing a frequency equal to the hydrodynamic vibration frequency. 

The authors are grateful to M. I. Rabinovich for continuing interest. 
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BARO- AND THERMODIFFUSION OF A GAS MIXTURE IN A CAPILLARY 

V. M. Zhdanov UDC 532.529 + 532.72 + 533.6.001 

In the presence of a solid surfaces confining the flow, the hydrodynamic and diffusional 
transfer of a gas mixture has a number of peculiarities which distinguish it clearly from the 
behavior of a mixture in free space. For example, in the analysis of slow flows of a mix- 
ture in a capillary, even in the region close to the viscous mode of flow (low Knudsen num- 
bers), it proves important to allow for diffusional slippage at the channel wall, the contri- 
bution of the Knudsen boundary layers to the velocity components averaged over a cross sec- 
tion, etc. [1-4]. For this reason, in particular, expressions for the diffusional veloci- 
ties of the components obtained within the framework of the ordinary kinetic analysis, and 
valid far from the walls [5, 6], prove to be not fully correct in a description of diffusion- 
al transfer inside a capillary. 

Below we discuss the derivation of a general expression for the diffusional flux of a 
gas mixture in a capillary in the presence of longitudinal gradients of concentration, pres- 
sure, and temperature. This analysis is confined to the region of low Knudsen numbers (Kn = 
%/d < i, where % is the effective mean free path of the molecules and d is characteristic 
transverse size of the channel)~ Under these conditions the averaged diffusional flux does 
not depend on the channel geometry in a first approximation with respect to the Knudsen num- 
ber [4]. 

Let us consider the flow Of a gas mixture in a channel bounded by two infinite parallel 
planes at x = • Let gradients of partial pressure and temperature exist in the z direc- 
tion. For small k s = pa-ldpa/dz and T = T-*dT/dz the linearized kinetic equation for the 
mixture takes the form [7] 

v=[k~ + ( ~  --  5/2) ~] + v~xO~/Ox = E Z ~ r  (1) 

where  Ca i s  a n o n e q u i l i b r i u m  c o r r e c t i o n  to  t h e  d i s t r i b u t i o n  f u n c t i o n  of  p a r t i c l e s  o f  t y p e  a ,  
d e f i n e d  by t h e  e q u a t i o n  

f~ (va, x, z) =/a(~ + k~z + (~av e -- 5/2) ~z + Ca (v~,x)],/~). = n~  (~alg) 8/2 exp (-- ~;-), ~a "2kr;ma 

(the index 0 corresponds to the parameters of an absolute Maxwellian distribution). 
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