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      Abstract – A numerical investigation was carried out in order 
to predict the effects of symmetric heating on irregular acoustic 
streaming in air-filled shallow enclosures. The fluid motion is 
driven by periodic vibration of the enclosure left wall. The 
vertical walls of the enclosure are adiabatic while the 
horizontal walls are heated symmetrically. A control-volume 
method based, explicit time-marching Flux-Corrected 
Transport Algorithm is used to simulate the transport 
phenomena in the enclosure. A symmetric temperature 
gradient strongly alters the irregular acoustic streaming 
structures and velocities.  
 
      Index Terms – Acoustic streaming, pressure wave, enclosure 
 
 
 

I. INTRODUCTION 
 

A pressure wave field in a fluid can generate a 
secondary, steady circulatory flow termed as acoustic 
streaming. Acoustic streaming can enhance heat transfer and 
mixing. The acoustic streaming phenomenon has been 
extensively studied by using theoretical and experimental 
methods. However, the investigations on irregular acoustic 
streaming structures and effect of various parameters on 
irregular streaming are relatively scarce. Merkli and 
Thomann [1] observed irregular circulations in a Stokes 
layer resulting from the transition to turbulence and obtained 
a critical Reynolds number (with present nomenclature, 
2umax/(νω)1/2 ≅ 400). Kawahashi and Arakawa [2] 
numerically studied acoustic streaming in a closed duct. 
They predicted shock wave propagation due to finite 
amplitude oscillations and distortion of the streaming 
structures. Yano [3] performed computational study of 
acoustic streaming formed by resonant oscillations with 
shock waves in a gas filled tube. For high streaming 
Reynolds numbers, irregular streaming patterns having 
vortices of various scales were predicted. Menguy and 
Gilbert [4] presented a comparison of slow and nonlinear 
acoustic streaming. The study focused on the distortion of 
the streaming field due to fluid inertia. A perturbation 
calculation using asymptotic expansions was performed and 
the unsymmetrical pattern of fast streaming was 
demonstrated. Alexeev and Gutfinger [5] investigated the 
periodic gas oscillations in closed tubes experimentally and 
numerically. They reported shock waves propagating along 
the tube.  
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Aktas and Farouk [6] carried out a computational study to 
determine the influence of the wave form on streaming 
patterns in a two dimensional enclosure. For sharp pressure 
gradients, irregular streaming patterns were predicted. 

The influence of temperature gradients on acoustic 
streaming flows has been studied by several researchers. 
Thompson and Atchley [7] conducted acoustic and 
streaming velocity measurements in an air-filled cylindrical 
resonator by employing laser Doppler anemometry 
technique. Using this experimental method, Thompson et al. 
[8] investigated the effects of a thermoacoustically induced 
axial temperature gradient and fluid inertia on the acoustic 
streaming generated in the resonator. A strong dependence 
between the temperature gradient and the streaming 
structures was reported. The streaming velocities decrease 
with increasing temperature gradient and the distortion of 
the streaming patterns is observed. Nabavi et al. [9, 10] used 
particle image velocimetry technique to measure acoustic 
and streaming velocities in a rectangular channel carrying a 
standing wave. Using particle image velocimetry method, 
Lee and Loh [11] visualized the acoustic streaming 
generated by longitudinal vibrations and measured the 
cooling of a heat source. The effects of a transverse 
temperature gradient on acoustic streaming velocity fields in 
a rectangular enclosure were investigated by Nabavi et al. 
[12, 13] experimentally. It is found that the streaming 
velocities increase as the temperature difference between the 
top and the bottom walls increases. The temperature 
gradient also deforms the symmetric structure of the 
streaming vortices. A threshold Reynolds number for 
classical streaming formation was suggested. The finite-
amplitude nonlinear standing waves were also considered. 
Hamilton et al. [14] developed an analytical solution for the 
average mass transport velocity in a standing wave field 
between parallel plates. Hamilton et al. [15] extended their 
study to determine the influence of heat conduction and 
temperature dependence of fluid viscosity. Thermoacoustic 
streaming in a tube with isothermal outer wall was analyzed 
by Lu and Cheng [16]. Dridi et al. [17] studied the linear 
stability of acoustic streaming flows in laterally heated or 
isothermal fluids confined between two parallel horizontal 
infinite walls. A range of acoustic parameter values 
(depending on the beam width and the Grashof number) 
stabilizing the flow field was determined. 

The present paper focuses on the irregular acoustic 
streaming in symmetrically heated (for horizontal walls) 
rectangular enclosures. A parametric study was performed in 
order to evaluate the effect of wall displacement amplitude, 
enclosure height and wall temperature on transport 
phenomena in the enclosure. The effects of symmetric 
heating on irregular streaming patterns are predicted. 
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II. PROBLEM DEFINITION 
 

A typical air-filled two dimensional rectangular 
enclosure is schematically shown in Fig. 1. The left wall of 
the enclosure is vibrating with a frequency that induces 
standing waves at along the enclosure. The displacement of 
left wall is given by X(t) = Xmaxsinωt. Here, Xmax is the 
maximum displacement of left wall. The vibration 
frequency of the left wall is chosen as f = 1 kHz. The length 
of the enclosure is half wavelength L=λ/2=173.6 mm, and 
for the height of the enclosure two different value is 
considered, H1=2.8 mm and H2=5.6 mm. These values 
correspond to 40δν and 80δν, respectively. Here, δν is the 
thickness of acoustic boundary layer, given by δν=(2ν/ω)1/2. 
The acoustic boundary layer thickness is approximately 
δν=70 µm for the present numerical simulations. The fully 
compressible form of the Navier-Stokes and energy 
equations in 2-D Cartesian coordinate system are employed 
to model the transport phenomena in the enclosure 
considered.  

 

 
Figure 1.  Problem schematic 

 
 

Table 1 lists the cases studied in order to determine the 
influence of acoustic streaming on convective heat transfer 
in symmetrically heated enclosures. The dimensionless 
channel width H/δν, the maximum displacement amplitude 
of the left wall and the horizontal wall temperatures are 
presented in the table. 

 
Table 1: Summary of the cases simulated 

 
Case H/δν Xmax (µm) TB = TT (K) 

1  
 

40 

60 300 
2  

250 

300 
2a 310 
2b 320 
2c 350 
3  

80 

 

100 

300 
3a 310 
3b 320 
3c 350 

 
 
 
 
 

III. MATHEMATICAL MODEL 
 
A. Transport Equations 
 

The fully compressible form of the Navier-Stokes and 
energy equations in 2-D Cartesian coordinate system are 
employed to model the transport phenomena in the 
enclosure considered: 
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The effect of gravity is not considered in the present 
numerical simulations. Here 
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The components of the stress tensor τ are: 
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where µ is the shear viscosity. The components of the heat-
flux vector are written as: 
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where k is thermal conductivity and T is temperature. The 
ideal gas law is; 
 

RTp ρ=      (8) 
 
Where R (= 287 J/kgK) is the gas constant of air. 
 
 
B. Numerical Model 
 

An explicit finite volume approach is used to solve the 
discretized form of the governing equations. The convective 
terms are discretized using a Flux-Corrected Transport 
(FCT) algorithm while the diffusion terms are discretized by 
a central-difference scheme. The FCT approach [18] for 
solving the convective transport terms allows higher order 
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accuracy and the ability to control numerical diffusion 
within the finite-difference grid. Time-step splitting 
approach is used to include the convection, diffusion and 
compressibility effects. 
 
 
C. Initial and Boundary Conditions 
 

The boundary conditions of the problem under 
investigation are: 
 
u(0,y,t) = ωXmaxcosωt            v(0,y,t) = 0 
 
u(L,y,t) = v(L,y,t) = 0   
 
u(x,0,t) = v(x,0,t) = 0 
 
u(x,H,t) = v(x,H,t) = 0     
 

0)t,y,L(
x
T)t,y,0(

x
T

=
∂
∂

=
∂
∂  

 
T(x,0,t) = TB                               T(x,H,t) = TT  
 
The initial conditions are: 
 
p(x,y,0) = 101325 Pa; T(x,y,0) = 300 K; 
ρ(x,y,0) = 1.1768 kg/m3 
 

The boundary conditions for the higher order FCT-based 
solutions of the Navier-Stokes equations require a rigorous 
formulation.  No-slip boundary conditions are used for 
velocity on all walls. The wall boundary conditions for 
density are updated using the formulation developed by 
Poinsot and Lele [19] based on characteristic wave relations. 
The use of this method avoids over-specification of 
variables and incorrect extrapolations from interior point 
values.  
 
 

IV. RESULTS 
 
Case 1 is an isothermal base case simulation and its 

results are compared with the existing literature for code 
validation. The horizontal wall temperatures are kept at 300 
K in Case 1. The maximum wall displacement amplitude is 
60 µm for these cases. Fig. 2 depicts the cycle - averaged 
flow field in the enclosure for Case 1.  
 

 
 

Figure 2. Streaming flow field at t = 0.04 s for  Case 1. 
 

These secondary, steady flow structures (acoustic 
streaming) are computed based on the average mass 
transport velocities defined as;  

ρ

ρ
=

u
ust  

ρ

ρ
=

v
vst    (9) 

Here ust is x- and vst is y- component of the acoustic 
streaming velocity. The symbol  denotes time averaging. 
The instantaneous density, u and v values are time averaged 
during the 40th cycle and the streaming velocities at t = 0.04 
s is obtained. By this time, the mass transport velocities 
reach quasi steady values and do not change with increasing 
number of periods. In Case 1, four circulatory flow 
structures (namely inner streaming) are observed at the 
vicinity of the horizontal walls. These structures form 
around the acoustic boundary layer. The vertical size of the 
streaming patterns observed in the middle section of the 
enclosure, namely outer streaming (two clockwise and two 
counter clockwise) is determined by the enclosure height. 
The length of the boundary layer and outer streaming rolls is 
a quarter wavelength. This flow pattern is name as classical 
or regular acoustic streaming. 

The variation of the x- component of the streaming 
velocity along the enclosure semi-height at x=3L/4 for Case 
1 is depicted in Fig. 3. In order to demonstrate the grid 
independency of the numerical estimations, the streaming 
velocity values from the simulations performed using a 
coarser (81 x 91) and a denser (121 x 111) numerical mesh 
are added in the figure.  

 
 

Figure 3. x- component of the streaming velocity along the 
enclosure semi – height (at x=3L/4)  for Case 1. 

 
 

Here the comparison based on the streaming (secondary 
flow) velocity is selected as a critical test since any error in 
the primary oscillatory field would be much more 
pronounced in the secondary flow field. The results show 
that 101 x 101 computational mesh structure is sufficient to 
resolve the flow pattern and the computations are grid 
independent. 

Fig. 4 shows the variation of x- component of the 
streaming velocity along the enclosure height (0 ≤ y ≤ H) at 
x = 3L/4. The x- component of the streaming velocity (ust) is 
non-dimensionalized by a reference streaming velocity [15] 
given by uRa=3umax

2/16c0 where umax is the maximum 
velocity in the oscillatory flow field and c0 is the reference 
speed of sound. The numerical predictions are in good 
agreement with Hamilton et al. [14]’s results. 
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Figure 4. Variation of x- component of the streaming 
velocity along the enclosure height at x=3L/. 
 
 
In second group of simulations (Case 2, 2a, 2b, 2c), the 
maximum wall displacement is increased to 250 µm. The 
cycle - averaged streaming fields are shown in Fig. 5 for 
Case 2, 2b and 2c having horizontal wall temperature values 
of 300 K, 320 K and 350 K, respectively. For these cases, 
the time required to achieve time independent quasi steady 
flow velocities is 0.04 s. The irregular streaming flow in the 
form of multiple vortical patterns is observed in the 
enclosure in Fig. 5(a). The acoustic streaming field is quite 
symmetric with respect to the horizontal and the vertical 
mid-planes. This type of flow pattern is associated with 
strongly distorted, sharp pressure wave form. 
        

 
a) 

 
b) 

 
c) 
 
Figure 5. Cycle averaged flow field at t = 0.04 s for a) Case 
2, b) Case 2b and c) Case 2c. 
 
 
Fig. 6 depicts the pressure waves estimated for Cases 2, 2a, 
2b and 2c. The increase of the horizontal wall temperatures 
in Case 2b (Fig. 5(b)), reduces the number of streaming 

vortices compared to the flow pattern found in Fig. 5(a) for 
the case of unheated walls. Three clockwise and three 
counter clockwise circulation core characterize the 
streaming field in the bottom or top half of the enclosure. A 
further increase of the wall temperatures (TB=TT = 350 K) in 
Case 2c reproduces the classical acoustic streaming structure 
in the enclosure. Both inner and outer streaming patterns are 
present in Case 2, 2b and 2c. 
 

 
 
Figure 6. Temporal variation of the left wall pressure near 
the end of 40th cycle for Case 2, 2a, 2b and 2c. 
 
 
The effect of horizontal wall temperatures on x- component 
of the streaming velocity profiles for Case 2, 2a, 2b and 2c 
having horizontal wall temperatures of 300 K, 310 K, 320 K 
and 350 K, respectively are presented in Fig. 7.  
 

 
 
Figure 7. Variation of the x- component of the streaming 
velocity along the enclosure height at x=3L/4 for Case 2, 2a, 
2b and 2c.  
 
 
The profiles are plotted along the vertical planes at x=L/4 
for Case 2a and 2b, at x=50 mm for Case 2 and at x=30 mm 
for Case 2c. Each plane cross the core of the strongest 
circulation in the left half of the enclosure. The maximum 
absolute velocity magnitudes are computed for Case 2 with 
unheated horizontal walls. In Case 2a, 2b and 2c, the 
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maximum streaming velocities are significantly reduced 
with increasing wall temperatures. 
       In order to investigate the effect of enclosure height on 
acoustic streaming patterns four  additional cases for the 5.6 
mm high enclosure are numerically simulated. The 
maximum wall displacement is chosen as 100 µm for Cases 
3, 3a, 3b, and 3c.  
 
Fig. 8(a), 8(b) and 8(c) show the streaming field for Case 3, 
3b and 3c, respectively.  
 

 
a) 
 

 
b) 
 

 
c) 
 
Figure 8. Cycle averaged flow field at t = 0.05 s for a) Case 
3, b) Case 3b and c) Case 3c. 
 
 

For these cases, the time independent behavior is achieved 
at 50th acoustic cycle and the time averaged flow fields are 
plotted at t=0.05 s. The nature of the predicted flow patterns 
for Case 3 and 3c are quite similar to the flow structures 
obtained in Case 2 and 2c. In Case 3c, the increase of the top 
and the bottom wall temperature to 350 K significantly 
reduces the number of streaming vortices as in Case 2c.  
 
 

V. CONCLUSIONS 
 

The influences of temperature gradients on irregular 
acoustic streaming in enclosures heated from the top and the 
bottom walls are computationally investigated. The heating 
of the enclosure horizontal walls strongly change the 
acoustic streaming pattern and velocity. The streaming form 
is determined by the pressure and the density distributions in 
the enclosure. 
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