SOUND GENERATION MECHANISM IN TURBULENT MIXING LAYER
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ABSTRACT

Direct numerical simulation (DNS) has been performed
to clarify the mechanism of sound generation in three-
dimensional turbulent mixing layer. The amplitude of pres-
sure fluctuation increases dramatically in the period of vor-
tex pairing, and the sound wave is radiated from the mix-
ing layer. In contribution of acoustic source components
in Lightlill’s acoustic analogy, the magnitude of entropy
component becomes comparable to that of Reynolds stress,
while the Reynolds stress component is a major factor which
dominates total acoustic source in the two-dimensional cal-
culation. The roles of coherent fine scale structures on sound
generation are investigated. The structure of Reynolds stress
component is identical to that of coherent fine scale eddies
even in the core region where large number of coherent fine
scale structures appears. On the other hand, the entropy
component shows sheet-like structure around coherent fine
scale eddies, and is dominated by the energy dissipation rate.
In addition, the far-field sound was predicted using acoustic
analogies and compared with the DNS result. For the case of
source size of 44, where A is the most unstable wavelength,
Lighthill’s analogy can predict far-field sound excellently,
however, the amplitude of pressure fluctuation predicted by
Powell’s analogy shows significantly large values compared
with the DNS result. For the case of source size of 34,
while the pressure fluctuation predicted by Lighthill’s anal-
ogy shows agreement with the DNS result before the period
of vortex pairing, it shows slightly small value compared
with the DNS result after the mixing transition.

INTRODUCTION

The study of sound generation in turbulent flow has re-
ceived considerable interest in the last decades, because how
to reduce the noise generated in various flow fields, such as
gas turbine, jet engine and burner etc, becomes a serious
issue in the industry society. Most of the noise is radiated
from the high Reynolds number (Re) flow and it may cause
many mechanical vibration or flame instabilities in the com-

bustor.

The researches on sound generation usually can be di-
vided into three groups, that is, acoustic analogy, experimen-
tal approaches and numerical simulation. As for acoustic
analogy, many choices of acoustic source are possible, and
simple formulations have been proposed by Lighthill(1952),
Powell(1964) and Howe(1975), etc. ~The sources sug-
gested by Lighthill and Powell-Howe have been evaluated
by Crighton(1981) and the Powell-Howe’s source has been
transformed using nonlinear Helmholts vortex laws as well
as Green’s function (Mohring, 1978). In addition, a con-
vected wave equation was derived, which are mainly applied
to deal with the high Mach number flow (Phillips, 1960).

As for experimental approach clarifying the mechanism
of sound generation, it is very difficult to measure the sound
wave precisely in the far-field, because the pressure fluctua-
tion in an acoustic far field is significantly small compared
with that in the near field. Consequently, only a few ex-
periments have been conducted to investigate the sound
generation in turbulent flow. Laufer and Yen(1983) have
studied the noise generation in a low Mach number jet ex-
perimentally. They investigated the relation between the
sound source and the pairing of large-scale structures, and
showed that the intensity of sound radiation varies nonlin-
early with the source strength.

With the recent development of high-speed and large
storage computer, analysis of the sound generation by DNS
has been conducted. Sound radiation in the two-dimensional
compressible mixing layer has been investigated by Ho et
al.(1988) and the scattering of sound wave by a vortex was
also investigated numerically and analytically by Colonius
et al.(1994). As a step towards direct computation of sound
generation in free shear flows, computation of far-field sound
from compressible co-rotating vortices has been conducted
and the results were compared with the prediction obtained
by acoustic analogies (Mitchell et al., 1995). Sound genera-
tion in a two-dimensional spatially-developing mixing layer
was investigated by using the numerical methods validated
in model problem (Colonius et al., 1997). In addition to

—729-



DNS approach, large eddy simulation(LES) has been con-
ducted to predict jet noise (Bastin et al., 1997), in which
approach was based on Lighthill’s analogy, together with a
semi-deterministic modeling of turbulence (SDM).

The recent studies (Tanahashi et al., 1997a, 1997b) have
revealed the existence of coherent fine scale eddies in turbu-
lence. The coherent fine scale eddies show strong swirling
motion which is characterized by velocity difference of the
order of the turbulent intensity within the diameter of eight
times of the Kolmogorov microscale. In the free shear flows
such as mixing layers, the large scale structures are com-
posed of huge number of the coherent fine scale eddies after
the mixing transition and these fine scale eddies are ex-
pected to have important roles in the sound generation in
turbulence. Because most of the past researches by direct
numerical simulation (DNS) have been restricted to the two-
dimensional flow field, it was impossible to investigate the
effects of coherent fine scale eddies on the sound generation.

Therefore, DNS of temporally developing three-
dimensional turbulent mixing layer is performed to clarify
the mechanism of sound generation after mixing transition
and the relation between coherent fine scale eddies and sound
generation. In addition, the far-field sound is predicted us-
ing acoustic analogies, and the availability of Lighthill’s and
Powell’s acoustic analogy is evaluated by comparing with
the result of DNS.

DIRECT NUMERICAL SIMULATION OF COMPRESSIBLE
MIXING LAYER
The external forces and bulk viscosity are assumed to be
negligible in this work. The flow field is governed by the fol-
lowing mass, momentum and energy conservation equations
and the equation of the state.
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where, x; is the Cartesian coordinates(z,y,z), t is the time,
u; is the velocity components(u,v,w), p is the density, p is
the pressure, T is the temperature, v is the ratio of heat
capacity and 7;; is the viscous stress tensor defined by
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The non-dimensional parameters Re, Pr and M
in the above governing equations represent Reynolds
number(AUpdwo/(1/po)), Prandtl number(Cpp/)) and
Mach number(AUp/cp), respectively, where AUp is the ve-
locity difference, 8,0(AUo/(8U/8Y)ma=) is initial vorticity
thickness, u is the viscosity, A is the thermal conductiv-
ity, co is the sound speed and Cp is the heat capacity at
constant pressure. Here, the governing equations are non-
dimensionalized by the density and temperature of the free-
stream, the difference of free-stream velocities and the initial
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Figure 1: Development of momentum thickness
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Figure 2: One-dimensional energy spectrum in the stream-
wise direction

vorticity thickness. In this study, temporally developing
mixing layer is simulated by DNS. Periodic boundary condi-
tions are applied in the streamwise (z) and spanwise (z) di-
rections, and non-reflecting boundary conditions (NSCBC)
(Poinsot and Lele, 1992) are used in the transverse (y) direc-
tion. The governing equations are discretized by the spectral
method in the = and z direction, and by the fourth-order
central finite difference scheme in the y direction. Aliasing
errors from nonlinear terms are fully removed by 3/2 rule
in the z and z direction. A third-order low storage Runge-
Kutta scheme is used to advance the governing equations in
time. The computational domain in the z, y and z direc-
tion is selected to be 24, 64 and 4/3A respectively, where
A is the most unstable wavelength for the initial mean ve-
locity profile. The simulation is performed on the mesh of
1201921 x 80 for the case of Re=600, Mc=0.2, Pr=0.7 and
~v=1.4. Here, Mc represents the convective Mach number
(Papamoschou and Roshko, 1988). The uniform grid points
are used and the grid spacing are Az=A2=0.118, Ay=0.022.
The time step is At=0.003 and the CFL number at the ini-
tial stage is 0.41. The initial velocity field is composed of a
mean streamwise velocity and three-dimensional perturba-
tions. The initial velocity field is composed of a hyperbolic
tangent streamwise velocity and three-dimensional random
perturbations that include the banded white noise (Tana-
hashi et al., 2001).

STRUCTURE OF TURBULENT MIXING LAYER

In the mixing layer, the development of momentum
thickness corresponds to the development of large-scale
structure (Tanahashi and Miyauchi, 1993). Figure 1 shows
the development of momentum thickness, which is averaged
in the z-z plane. In the present study, the growth rate of
momentum thickness increases dramatically in the period of
pairing, while it is nearly constant in the process of vortex
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(2) t=40 (Q=0.03) (b) t=80 (Q=0.2)
Figure 3: Contour surfaces of the second invariant (Q) of
velocity gradient tensor
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Figure 4: Temporal evolution of pressure fluctuations in the
far field

roll-up (¢ <30). The momentum thickness reaches about 4
times of the initial value at the final stage of DNS in the
present computation.

Figure 2 shows the one-dimensional energy spectrum in
the streamwise direction. At a time of 40, the energy spec-
trum in the streamwise direction shows a peak at k,=2. This
indicates that two large-scale spanwise vortices are formed
due to Kelvin-Helmholtz instability. In the late period of
vortex pairing (£=80), the region where energy spectrum
shows -5/3 power law is observed, which indicates that the
mixing layer reaches fully developed state. These results
agree with the observations in the experiments of turbulent
mixing layer (Ho and Huerre, 1984, Huang and Ho, 1990).

It has been reported that the coherent fine scale structure
of turbulence is well represented by the positive second in-
varient region in turbulence(Tanahashi et al., 1997a, 1997b).
Figure 3 shows the contour surfaces of the second invarient
of velocity gradient tensor. In the process of vortex roll-
up(t=40), the streanwise eddies (rib structure) appear in
the braid region, while no fine scale eddy is observed in the
core region of large-scale structures. On the other hand,
in the period of pairing(¢==80), large number of fine scale
eddies are observed in the core region. The appearance of
these fine scale eddies indicates the occurrence of transition
to turbulence(Tanahashi et al., 1997a)

MECHANISM OF SOUND GENERATION IN COMPRESS-
IBLE TURBULENT MIXING LAYER

Figure 4 shows the temporal evolution of pressure fluctu-
ations in the far field. The measurement points are located
at 34 and 44 in the transverse direction from the center of
shear layer. In this figure, the time coordinate is shifted to
adjust the sound propagating from the center to the measur-

L\ ; |

(a) pr=2.6 x10~4 (b) Apr=2 x1075
Figure 5: Contour surfaces(a) and coutour lines(b) of pres-
sure fluctuation at t=80

X

ing point. The initial pressure fluctuation (¢ <15) is ascribed
to the three dimensional random perturbations of initial con-
dition. The pressure fluctuation grows up gradually in the
process of vortex roll-up (¢ <45), and it increases abruptly
in the period of paring {(50< t <65). In the process of the
turbulence transition (65< t <70), the amplitude of pres-
sure fluctuations keeps constant, then decreases significantly
after the turbulence transition (¢ >70). It demonstrates
that the amplitude of pressure fluctuation increases dramat-
ically in turbulence transition of the turbulent mixing layer.
Moreover, both the shape and amplitude of the pressure fluc-
tuations are nearly identical (but shifted in time by A/cg)
at different planes (y=3A4 and 44) in the acoustic far field.
This result shows that the sound waves travel with the sound
speed and the spurious numerical dispersion is insignificant.

To investigate the characteristics of pressure fluctuation
in detail, the contour surface and contour lines of pressure
fluctuation at t=80 are shown in Fig.5. The contour surface
near the center of mixing layer shows the pressure fluctu-
ation in the near-field, while the contour surface near the
boundary indicates the sound wave in the far-field. Af-
ter the occurrence of turbulence transition, it shows that
sound wave is radiated from the mixing layer. Moreover,
from the shape of pressure fluctuation in the acoustic field,
it can be seen that the sound wave can be approximated as
one-dimensional plane wave propagating in the transverse
direction. Furthermore, the contour plots of pressure fluc-
tuation in the far-field show that the plane wave travels in
the transverse direction without changing the shape. This
indicates that the computational size used in the y direction
is enough to capture the characteristics of the far-field sound
wave.

As an acoustic analogy, Lighthill(1952) has rearranged
the exact continuity and momentum equations into a wave
equation with a source term on the right-hand side as follow:

2(pr) 1 8%p) _ BTy
ot? M?2 9z;0zx; - amic’)zj
where T;; is the Lighthill’s turbulent stress tensor defined
by

(6)
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In the present study, the total acoustic source term (T) is
decomposed into three parts, as shown on the right hand side
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Figure 6: Contributions of each acoustic source term in
Lighthill’s acoustic analogy
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(a) t=40 (Tr=-0.06)
Figure 7: Contour surfaces of Reynolds stress component
(Tr) of acoustic source terms

(b) =80 (Tr=-0.4)

of Eq. 7,: Reynolds stress (Tg), entropy (T) and viscous
component (Ty'), respectively.

Figure 6 shows the contributions of each acoustic source
term in Lighthill’s acoustic analogy. Though the total acous-
tic source term shows very small in the process of vortex
roll-up, it increases significantly in the period of pairing.
The figure shows that the contribution is in the order of
Tr > Tg > Ty. The magnitude of Tr shows nearly the
same order as Tg, while it is quite smaller than the Tx in
the case of two-dimensional mixing layer without heat re-
lease(Li et al., 2000a). This will be discussed later.

Figure 7 shows the contour surfaces of Reynolds stress
component of acoustic source terms. In the process of vor-
tex roll-up(t=40), although some rib structures(streamwise
vortex) appear in the braid region, no fine scale structure is
observed in the core region. With the occurrence of mixing
transition, Reynolds stress component becomes very com-
plicated. After mixing transition (¢=80), large number of
of fine scale structures are observed in the core region even
though the rib structure still exist in the braid region. The
contour increment of Reynolds stress component is selected
to be twice of the second invariant according to the rela-
tion of Tr=-2Q in the limitation of incompressible flow. It
can be seen that the structure of Reynolds stress compo-
nent is identical to the distribution of the second invarient
even in the core region where large number of coherent fine
scale structure appear. To investigate the relation between
Reynolds stress component and the second invarient in de-
tail, the contour plots of Reynolds stress component and
the second invarient in the same z-y plane are shown in
Fig. 8. At t=80, although large number of fine scale eddies
appear resulting from mixing transition, the distribution of
Reynolds stress component shows good agreement with that
of the second invarient. This shows that the compressibil-

&

(a) ATR=-0.4 (b) Q=0.2
Figure 8: Contour plots of Reynolds stress component and
the second invarient in the same z-y plane(z=0), t=80

(b) t=80 (Tg=-0.6)
Figure 9: Contour surfaces of entropy component in the
Lighthill’s acoustic analogy

(a) t=40 (Tix=-0.08)

ity effect is weak, which is ascribed to low Mach number
(M.=0.2) in the present study. These results indicate that
the mechanism of sound generation and coherent fine scale
eddies can be related by means of the Reynolds stress com-
ponent in turbulent mixing layer.

Figure 9 shows the contour surfaces of entropy compo-
nent of acoustic source terms. In the process of vortex roll-up
(t=40), the entropy component shows sheet-like structure
around large scales spanwise vortices. This sheet-like struc-
ture can be observed after the turbulence transition (¢=80),
even in the core region where large number of fine scale ed-
dies exist.

To investigate the relation among the entropy compo-
nent, coherent fine scale eddies and energy dissipation rate
(¢), Fig. 10 shows contour plots of entropy component and
distributions of the second invariant and energy dissipation
rate at {=80. Because the coherent fine scale structures
are represented by positive second invariant, only the dis-
tributions of positive second invariant are shown in these
figures. Although the distributions of entropy component
and the second invariant are very complicated, it is evi-
dent that the entropy component shows sheet-like structure
around coherent fine scale eddies. It can be concluded that
the coherent fine scale eddies play quite important role in
the sound generation in turbulence. It has been reported
that energy dissipation rate is distributed around coher-
ent fine scale eddies in homogeneous isotropic turbulence
(Tanahashi et al., 2000a) and incompressible turbulent mix-
ing layers (Tanahashi et al., 1997a). The energy dissipation
rate plays an important role in the sound generation in tur-
bulence (Proudman, 1952, Lilley, 1994). From the figure of
entropy component and energy dissipation rate, it is evident
that the distribution of entropy component is quite similar
to that of energy dissipation rate. Nearly same order of en-
tropy component and Reynolds stress component shown in
Fig. 6 can be attributed to this effect.
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(a)TE & Q (b)TE & ¢
Figure 10: Contour plots of entropy component and distri-
butions of the second invariant and energy dissipation rate;
line: entropy component, gray: the second invariant (a) and
energy dissipation rate(e) (b), t=80, z = A

PREDICTION OF FAR-FIELD SOUND USING ACOUSTIC
ANALOGIES

Lighthill’s (1952) and Powell’s (1964) acoustic analogies
are also evaluated by comparing the far-field sound predicted
by acoustic analogies with the DNS results. In the pre-
diction, the wave equations are discretized by the spectral
method in the « and z direction and fourth-order central
finite difference scheme in the y direction. A second-order
Adams-Bashforth scheme is used to advance the wave equa-
tions in time. Periodic boundary condition is applied in the
z and z direction and non-reflecting boundary conditions
proposed by Engquist and Majda(1979) are used in the y di-
rection. The computational grids and time step are same as
those used in the DNS. When the wave equations are used to
predict the far-field sound, the size of acoustic source used in
the prediction is an important parameter (Li et al., 2000b).
In the near field, the wave equations with the acoustic source
term obtained by the DNS are solved. On the other hand,
the wave equations, which express the propagation of sound
wave, are solved without acoustic source in the far field.
The source size is defined as the length of near-field in the
y direction. Figure 11 shows the far-field pressure fluctua-
tions predicted by Lighthill’s and Powell’s acoustic analogy.
The DNS result is also plotted for comparison. Here, the
source size is selected to be 44. The far-field pressure fluc-
tuation predicted by Lighthill’s acoustic analogy shows good
agreement with the DNS result, although the predicted pres-
sure fluctuation contain some high frequency waves in the
whole period. Compared with this, the amplitude of far-field
pressure fluctuation predicted by Powell’s acoustic analogy
shows significantly larger value than the DNS result. This
result indicates that Powell’s acoustic analogy can not pre-
dict far-field sound correctly in turbulent mixing layer.

The contributions of Reynolds stress component and
entropy components to the far-field sound predicted by
Lighthill’s acoustic analogy were also investigated and shown
in Fig. 12. It can be seen that the pressure fluctuation
predicted by Reynolds stress component is dominant on
the whole, while the contribution by entropy component
can not be neglected, especially in the period after mixing
transition (¢ >65). Moreover, no high frequency wave was
observed in the far-field sound predicted by entropy compo-
nent, although high frequency wave corresponding to DNS is
observed in that by Reynolds stress component. It could be
seen that the high frequency wave predicted by Lighthill’s
acoustic analogy is ascribed to the Reynolds stress compo-
nent.

The effect of source size on the predicted far-field sound
will be explained. Figure 13 shows the far-field sound ob-
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(b) Powell’s acoustic analogy
Figure 11: Comparison of far-field sound obtained by DNS,
and predicted by Lighthill’s (a) and Powell’s (b) acoustic
analogy, source size: 44
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Figure 12: Contributions of Reynolds stress and entropy
component on the far-field sound predicted by Lighthill’s
acoustic analogy, source size: 44

tained by DNS and predicted by Lighthill’s acoustic anal-
ogy, of which source size is 34 to compare with the result
of Fig.11. The far-field pressure fluctuation predicted by
Lighthill’s acoustic analogy agrees with the DNS result un-
til the period of vortex pairing(t <60). However, after the
mixing transition, the amplitude of predicted pressure fluc-
tuation show slightly small value compared with the DNS
result. It implies that the source size of 34 is not enough to
represent the Lighthill’s acoustic source in this case.

SUMMARY

In this study, DNS has been conducted to clarify the
mechanism of sound generation in three-dimensional turbu-
lent mixing layer. The amplitude of pressure fluctuation in-
creases dramatically in the process of vortex pairing, while it
shows relatively low value in the vortex roll-up process. Af-
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Figure 13: Comparison of far-field sound obtained by DNS
and predicted by Lighthill’s acoustic analogy, source size:
34

ter the mixing transition, the pressure fluctuation decreases
abruptly. The contribution of acoustic source components in
Lightlill’s acoustic analogy is relatively small in the process
of vortex roll-up, and increases significantly in the period of
pairing. The magnitude of entropy shows nearly same order
as Reynolds stress component, and the entropy component
is dominated by the energy dissipation rate.

The roles of coherent fine scale structures on sound gen-
eration are made clear by the DNS results. There exists a
linear relation between the Reynolds stress component and
the second invariant of velocity gradient tensor in the limit
of incompressible flow. The structure of negative Reynolds
stress component is similar to the coherent fine scale eddies.

Moreover, the far-field sound is predicted using acous-
tic analogies. By comparing the predicted far-field sound
with the DNS result, Lighthill’s and Powell’s acoustic analo-
gies are evaluated. For 44 source size, Lighthill’s acoustic
analogy can predict far-field sound excellently, while the am-
plitude of pressure fluctuation predicted by Powell’s acoustic
analogy shows significantly large values compared with the
DNS result. For 34 source size, the pressure fluctuation pre-
dicted by Lighthill’s acoustic analogy shows agreement with
the DNS result until the period of vortex pairing, while it
shows slightly small value compared with the DNS result
after the mixing transition.
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