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Abstract

“Thermo-acoustic streaming” is a newly-found thermal convection. When heat is released locally in standing
sound waves, it is generated toward a node. The driving force of this streaming is considered to be a kind of
acoustic radiation force. To clarify the characteristics of this convection, the authors made visualization
experiments and numerical simulations. Experiments were done in microgravity to remove the effects of
buoyancy. In the simulations, FDTD (Finite Difference Time Domain method) and time-averaged model (ARF
model) were used. The heat-source was placed at a node, an anti-node and the middle of the node and the
anti-node. The node case, the simulations’ results agree with experimental results well. The anti-node and the
middle case, however, the ARF results do not agree with the others. Two-dimensional effect, i.e. a flow whose
direction is perpendicular to the thermo-acoustic streaming is found. The Rayleigh streaming, the radiation force
of 2-D standing sound waves and that of 2-D flow oscillating caused by local heating in the 1-D standing wave
were examined as the causes of two-dimensional effect. Analyzing the FDTD, it is concluded that the cause of
the flow is the result of the 2-D oscillating flow that occurs near the heat-source.

1. Introduction experiments were done®. The employed visualiza-
Combustion oscillation may occur, when sprayed tion method was schlieren method.

fuel burn in high-pressure combustors like gas

turbines, ramjets and rocket motors. It sometimes 2. Theoretical

yields mechanical or thermal damages to combustors. The driving force of the streaming is considered

For example, burning acceleration of droplet to be kind of acoustic radiation force. The acoustic

combustion was confirmed in standing sound waves radiation force is given by the following equation on

of the low frequency of less than 300 Hz ®. In high the assumption of 1-D acoustic field®.

frequency combustion oscillation (greater than 1000

Hz), it is considered that the oscillation caused by ( ) 1 ou”

combustion response of acoustic oscillation. It was F = Ps — Pe +1-yV.p _ou €))

reported that combustion oscillation may be caused 2p,+p, o o

by interference of fuel droplet vaporization and —

acoustic oscillation in combustors like ramjets and , where au”/éx is the gradient of mean-squared

rockets®. Of particular interest among them is the velocity fluctuation. The gradient has the dimension

interference of local heat release and sound. of acceleration as gravity does. s and ¥, are density
To clarify the interference, droplet combustion and volume of heated gas. 2, is surrounding medium

experiments in standing sound waves in density. ¥ is the ratio of compressibility. From

microgravity had been made®. From the equation (1), the radiation force is distributed with a

experiments, a new thermal convection that is half of the wavelength of velocity fluctuation

named “thermo-acoustic streaming” was found. As distribution as is shown in Fig. 2.

is shown in Fig. 1, in the middle of the anti-node and —

the node , streaming is generated in one direction. At ou'? u'

the node and the anti-node, streaming is not ox

generated.

\

(a)Node (b)Middle (c)Anti-nod Fig.2 Distribution of velocity fluctuation and gradient of
Fig.1 Flame shape at each location mean-squared velocity fluctuation in 1-D standing sound
'waves
For modeling the streaming, numerical . L .
simulations were done®®. Since calculation As is seen in Fig. 2, the gradient reaches the
including burning reaction is complex and requires maximum value at the middle of the anti-node and
high computation costs, combustion as a heat source the n9de. Thus, the force reaches maximum there
is replaced by a heated wire as a simple model. To and filsappears at the noc.le ar}d at the ant1-'node.‘ )
clarify whether the simulations give flow field Figure 3 shows the direction of acoustic radiation
consistent with the experiments, visualization force in standing sound waves. When the gas density
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is lower than that of the medium, the gas tries to
expand at the anti-node. At the node, it tries to gather,
and it is blown toward the node at the middle of the
anti-node and the node. The gas whose density is
higher than the medium gives just the opposite
trends.

mmm) : Higher density
C——> : Lower density

Fig. 3 Direction of the acoustic radiation force

3. Approaches
3.1 Microgravity experiments

Experiments are done in microgravity to remove
the effects of buoyancy. Microgravity was realized
using the drop shaft of MGLAB (Micro-Gravity
Laboratory of Japan). Figure 4 shows the schematic
of the experimental devices.

A/D Converter /PC Flat Loud Speaker
|

Control Circuit

.

High-speed Camera¢
Function generator
7 Power Amplifier G" ~ 7| Schlieren Optics

Fig. 4 Schematic of the experimental devices

The hot-wire’s temperature is kept constant
being controlled by a feed-back circuit. Standing
sound waves are generated by two flat loud speakers.
The loud speakers are driven in the same phase
using a function generator / power amplifier system.
Schlieren images are taken using a high-speed
camera at a frame rate of 250 1/s. The chamber inner
diameter and length are 113 mm and 340 mm.
Resonant frequency is 1 kHz to match the condition
of high frequency combustion oscillation. SPL
(Sound Pressure Level) is 140 dB. The hot-wire is
made of pure nickel, whose diameter and length are
0.2 mm and 40 mm, respectively. Temperature is
1000 K. The ambient is air at atmospheric pressure.
Ambient temperature is about 290 K.

3.2 Numerical simulation

Among commercial CFD codes, no one models
fluid particle oscillation of the wave. Thus, FDTD
(Finite Difference Time Domain method) is required.
The FDTD is a useful way to analyze the actual

phenomenon, but is too inefficient to simulate the
oscillating flow, because the time step must be short
as sound frequency is high. Therefore, the authors
proposed a time-averaged model named as
“Acoustic Radiation Force (ARF) model” to
improve the computational costs. This model
includes the acoustic radiation force as an external
force in Navier-Stokes equation. This force is given
by the following equation that is obtained from
equation (1) on assumption of 1-D standing wave.

”2 ”2
a=aaL=am‘;“”‘sin(4—”x) 2)
ox A A
, Where ¢ is correction coefficient that is 0.5 in the
present case®, 4 is a wavelength of sound, u’_ is
the maximum amplitude of velocity fluctuation. The
FDTD and the ARF domains are 2-D for simplicity.
The computational domain has the same dimension
as the chamber. In the FDTD, boundary wall is
vibrated horizontally as loud speakers do. Time step
of the FDTD and the ARF are 10° s and 107 s,
respectively. The other conditions are identical with
the experiments.

4. Results and Analysis
4.1. Result of experiments and simulations

Figure 5, 6 and 7 show density boundary layer
development visualized by the schlieren and those
obtained by the FDTD and the ARF. Schlieren
images are processed for easy watch. The size of
each 25 mm in width and 20 mm in height picture
correspond to in actual space.

As is seen in the all three figures, in the case of
node, heated air stays at the node. The FDTD results
and the ARF results are able to reproduce the reality.
But, in the case of middle and anti-node, the ARF
fails to reproduce the FDTD results and the
experimental results. In the middle case of the
FDTD and the experiment, heated air expands
vertically soon after heating starts. Shortly after that,
it is blown toward the node. In the anti-node case,
heated air expands horizontally by the ARF
modeling. On the contrary, the FDTD and the
experiment show heated air expansion vertically.
The vertical flow becomes strong as it approaches to
the anti-node from the node. From equation (1) and
Fig. 3, it is expected that heated air expands
horizontally in the anti-node case and blow only
toward the node. The thermo-acoustic streaming
seems to accompany an unknown two-dimensional
flow.

4.2. Two-dimensional effects

It is considered that the principal cause of the
2-D flow is either “the Rayleigh streaming” or
“effect of a radiation force that is generated in 2-D
standing sound waves” or “effect of vertical flow
oscillation that occurs when the heat source exists in
1-D standing waves”. The importances of these three
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Fig. 5 Density gradient of the schlieren
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Fig. 6 Density contour line of the FDTD
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Fig.7 Density contour line of the ARF
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are evaluated in the followings.
4.2.1. Effect of the Rayleigh streaming

As is seen in Fig. 8, there are parts of standing
sound waves (outer area) and oscillating boundary
layers (inner area). The Rayleigh streaming that
exists in the outer area is stationary circulating flow.
At the outer edge of the inner area, there exists
steady velocity. It induces the circulating flow in
the outer area . The characteristics of 2-D flow
described above are explained qualitatively. From
analyzing the FDTD results, existence of outer and
inner area were confirmed, however, circulating
flow was not confirmed clearly. At the anti-node and
at the middle of the anti-node and the node, there
exists vertical velocity whose magnitude is order of
10 m/s, that is well below the observed velocity.
Thus, the Rayleigh streaming is negligible small.

Node Anti-node Node

Z TIEE, Z I, Frs rrrrrsl

: Parts of standing sound waves (outer area)
ezzzz7 © Oscillating boundary layers (inner area)
Fig. 8 The Rayleigh streaming

4.2.2, Effect of the 2-D standing sound waves

2-D radiation force that can be generated in 2-D
standing sound waves is given by the following
equation®.

F=VIVK, +V(1-y)VE, pAe—r) g
2p,+p.

, where Ky is kinetic energy density, Px is potential
energy density, ¥ is heated gas volume that is
assumed to be 10 m® in this case, P and Pware
0.35 and 1.2 kg/m® respectively that correspond to
air temperature of 1000 and 300 K. Figure 9 shows
distribution of 2-D radiation force that is obtained
from equation (3). The same order of amplitude
must be applied for vertical and horizontal velocity
fluctuations to give the flow circulation shown in the
figure. Figure 10 shows velocity magnitude of the
FDTD (1/2 cycle). From analyzing the FDTD,
horizontal velocity amplitude is about 0.7 m/s and
vertical velocity amplitude is order of 10 m/s. Thus,
acoustic field is almost one dimension at the present
system. From Fig. 9, the characteristics of 2-D flow
described above are explained qualitatively, while,
from Fig. 10, the effect is disregarded quantitatively,
because vertical standing waves are not observed.
4.2.3. Effect of the oscillating flow

From analyzing the FDTD, vertical velocity

fluctuation, v°, near the heat source is found when it
is heated. Figure 11 shows the distribution of the
maximum velocity fluctuation at the middle, the
anti-node and the node. Figure 12 shows the
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Fig. 10 Velocity magnitude of the FDTD (1/2 cycle)

distribution of the gradient of mean-squared velocity

fluctuation at the three case. The ordinate of Fig.

11 expresses the maximum vertical velocity
fluctuation vy, In Fig. 12, the ordinate
expresses ov'’/oy . The abscissa of each figures
expresses distance from the center of the heat source.
Frequency of the v" is twice of the »’. The velocity
fluctuation exists not only for solid heat sources but
also the case of local fluid heating. Thus, it is
considered that the existence of local sharp density
difference with rapid expansion generates the
vertical velocity fluctuation in standing sound
waves.

From Fig. 11, v'y,, increases with coming close
to the anti-node. The amplitude of v" seems to
increase with increasing the amplitude of »". Hence,
it is considered that #" causes v'. From Fig.12,
ov*/3y increases with coming close to the anti-node.
It is expected that the vertical streaming gets
stronger as u” increases.

In Fig. 11, v'y,, decreases with increasing
distance from the heat source. In Fig. 12, magnitude
of aF/ay increases near the heat source. From the
previous section, existence of the vertical radiation
force due to 2-D standing sound waves was not
confirmed clearly. Therefore, it is expected that the
2-D flow is induced by vertical energy dissipation
due to the acoustic field disturbed by the heat
addition.

5.Conclusions

From analyzing the FDTD, the thermo-acoustic
streaming has two-dimensional effect due to 2-D
oscillating flow near the heat source.
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0.05

| 4 Middle
N 0045 1o o Anti-node
004 o X Node
0035 o

003 |
AO

E 0025 4 0
A

Maximum velocity fluctuation ¥ “max

002 |
0015 | ras, o
001 a,
A o]
0.005 | a
0 Lowomempe€, X x ; 2 & & x5
0 1 2 3 4 5

Distance from the center of the heat source mm
Fig.11 Distribution of the maximum velocity
fluctuation v a4

1

o
‘
cy
N
(/]
N~

|
-

I
(2]
T

| A Middle
° O Anti-node
X Node

A

Gradient of mean—squared velocity
fluctuation m/s"2
S

|
(3]

Distance from the centor of the heat source mm

Fig. 12 Distribution of the ov” / oy

fluctuation exists near the heat source. Itis
expected that the vertical flow is generated by
energy dissipation in vertical direction due to a#/3.
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