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Quasisteady streaming with rarefaction effect induced by asymmetric sawtooth-like plane waves 
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The nonlinear plane acoustic wave emitted from a harmonically oscillating plate into an ideal gas of semi-infinite extent develops into a sawtooth-like wave, as long as the energy dissipation is negligibly small everywhere except for discontinuous shock fronts. The present authors have recently studied the strongly nonlinear propagation process and, in particular, numerically shown that, contrary to the result of the conventional weakly nonlinear theory, streaming (mean mass flow) due to shocks occurs in the direction of wave propagation, and thereby the gas near the plate is rarefied as time proceeds [J. Acoust. Soc. Am. 94, 1632 (1993)]. In this paper, the analysis of strongly nonlinear problem is advanced by extending the numerical computation up to about 190 periods of oscillation of plate, which is about three times longer than the previous one. It is demonstrated that, in the course of time, a quasisteady state is established, where a low-density and high-entropy region formed near the plate continues to grow at almost constant rate and the quasisteady streaming endures outside the region. Furthermore, the weakly nonlinear problem is analytically examined by a perturbation method up to O(M3
) [M( <if 1) is the acoustic Mach number]' The result shows that a sawtooth-like profile loses its symmetry in the second-order, and this causes weak streaming of O(M2

). The decrease in density of the gas can be related to the accumulation of the third-order effects of production of entropy and generation of reflected wave at each shock front. © 1996 American Institute of Physics. [S1070-6631(96)02309-4] 

I. INTRODUCTION 

The nonlinear plane acoustic wave emitted from a har­
monically oscillating plate into an ideal gas of semi-infinite 
extent propagates with its profile being distorted by the non­
linear effect (see Fig. 1). The nonlinear distortion leads to the 
formation of shock, and thereafter the wave profile progres­
sively approaches a sawtooth-like one (see Fig. 2), as long as 
the energy dissipation due to viscosity and thermal conduc­
tivity is sufficiently small everywhere except for discontinu­
ous shock fronts. According to the conventional first-order 
weakly nonlinear theory, the wave develops into the saw­
tooth wave of symmetric profile with no streaming (mean 
mass flow) [Fig. 2(a)], while a recent workl for the strongly 
nonlinear case has shown that streaming is induced by an 
asymmetrical sawtooth-like wave [Fig. 2(b)] and streaming 
rarefies the gas near the oscillating plate. We shall investi­
gate the streaming motion and the rarefaction phenomenon 
in the nonlinear propagation process of plane waves. 

In a previous paper,l the authors have studied a strongly 
nonlinear problem, which is characterized by the conditions 

and 
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where M is the acoustic Mach number and Re is the acoustic 
Reynolds number (co is the speed of sound in an initial 
undisturbed gas, a and w are an amplitude and angular fre­
quency of harmonic oscillation of the plate, uo=aw is the 
maximum speed of the oscillation, y is the ratio of specific 

heats for the ideal gas, and 0 is the diffusivity of sound).2 
The former condition, M = 0 (1 ), means that the wave is a 
strongly ,nonlinear one, i.e., its profile is rapidly distorted and 
this leads to the shock formation near the plate. The latter, 
Re p 1, means that we can regard the shock as a discontinu­
ity, and may ignore the dissipation effect everywhere except 
for the discontinuity? In Ref. 1, by using analytical and nu­
merical methods,4,5 several strongly nonlinear phenomena 
have been found-the confluence of shocks, the generation 
of streaming, etc. They present striking contrasts to the es­
tablished results of conventional weakly nonlinear theory 
based on the first-order solution in the case of 

M <if 1 and Rep 1. (2) 

Among the strongly nonlinear phenomena, the generation of 
streaming and resulting rarefaction of the gas near the plate 
may be deserving special attention, because whether the 
wave motion can reach a steady state or not may strongly be 
affected by them. In this paper, focusing on streaming with 
rarefaction effect, we shall advance the analysis of the 
strongly nonlinear problem of M = 0 ( 1) and Rep 1 and in­
vestigate the higher-order weakly nonlinear problem of 
M <if 1 and Rep 1. 

The first-order problem in the weakly nonlinear case6
,7 

has been thoroughly examined for its fundamental impor­
tance, and the result is a matter of common know ledge in 
nonlinear acoustics now.8,9 The wave profile is hardly dis­
torted in the near field (i.e., in the region whose distances 
from the plate are comparable with a wavelength 
2 7TCo / w), and the nonlinear effect manifests itself mainly in 
the far field (i.e., in the propagation process over large ranges 
compared with the wavelength) . The wave profile at large 
distances approaches the so-called sawtooth wave, which has 
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