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ABSTRACT

In this study, we are developing a large eddy simu-
lation (LES) method suitable for the analysis of flow and
aerodynamic noise source. Applications include low Mach
number flows around a large-scale wind turbine blade, an
aircraft at takeoff and landing, or high-speed trains. We im
proved a one-equation subgrid scale (SGS) model to take
into account non-equilibrium and flow separation. It is
incorporated into the computational scheme that modifies
the pressure equation to deal with weakly compressible
flows. Particularly, a coherent structure model proposed
by Kobayashi (2005) was successfully incorporated into
the energy production rate of SGS kinetic energy. A flow
around the NACAO0012 airfoil was simulated by this new
method. The computational results such as the time aver-
aged pressure coefficient and pressure fluctuation are-in rea
sonable agreement with the experimental data by Miyazawa
et. al. (2003). In addition, a characteristic density fluctua-
tion, which might be related to the sound source, was cap-
tured in the separation near the leading edge.

INTRODUCTION

The clarification of sound sources around objects mov-
ing at high Reynolds number and low Mach number is
one of the major topics of computational fluid dynamics.
Since the pioneering paper of Lighthill (1952), computa-
tional techniques to deal with flow-induced noise have been
classified into two categories: direct method and indirect
method. In the direct method, sound sources are obtained as
a result of the direct numerical simulation of Navier-Stoke
equation of compressible fluid flows. Because it avoids any
modeling approximations, the direct method is possible to
reproduce the sound generation exactly. However, because
of the different order of magnitude in pressure fluctuations
concerning to flow and sound, the direct method is very dif-
ficult for the practical application in industry.

In the indirect method, unsteady flows are simulated
by the incompressible scheme, usually with Reynolds av-
eraged numerical simulation (RANS), LES/RANS hybrid
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model or LES. Then the acoustic field is predicted based
on the theoretically estimated sound source: Curle (1955),
Powell (1964) and so on. Although the indirect method is
unable to consider the effect of feedback from sound to flow,
it has been widely used in industrial applications.

The purpose of this study is to improve the method
of capturing a sound source. To this end, we propose a
computational technique which is able to treat flow-induced
sound. Our computational technique is involved in the in-
direct method. LES, which may be one of an appropriate
way for the prediction of unsteady turbulent flows, is used.
As a SGS model for LES, we use the theoretically derived
one-equation SGS model by Yoshizawa and Horiuti (1985),
Horiuti (1985), Okamoto and Shima (1999) as basis. We
improve the one-equation SGS model introducing the con-
cept of coherent structure model. In addition, we derive an
efficient computational scheme that modifies the pressure
equation to deal with the density fluctuation in low-Mach
number flows. It is incorporated into the LES to treat high
Reynolds number flows. An advantage of our method is
able to treat the density fluctuation even in low Mach num-
ber flows ranging from zero to approximately 0.3.

In this paper, our numerical results of turbulent flow
around NACAO0012 airfoil are compared with experimen-
tal results by Miyazawaet. al. (2003). The divergence
of velocity field, which can be obtained from computation
of flow field directly, is compared with theoretical sound
source models to discuss the possibility of new methodol-
ogy of aeroacoustics.

OUTLINE OF COMPUTATIONAL METHOD

Considering the analysis of sound source, it is essen-
tial to capture the weak fluctuation of the fluid density even
in low Mach number flows. We modify the usual incom-
pressible scheme, which is based on the elliptic equation fo
pressure, to improve the accuracy for turbulent flows which
are considering weak compressibility.
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Basic Equation of LES

We use compressible Navier-Stokes equations which
are assumed to be the isothermal flow field and weak com-
pressibility. All variables are non-dimensionalized by th
chord lengthC and the mainstream velocityy. The filtered
continuity, momentum conservation and ideal gas equations
are represented by
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where(), 6 are filtering and Favre meam, p andT de-
note the density, viscosity coefficient and absolute temper
ature. The stress tensor is represented by

1 _ — 1_ =
Gij = 2<R*e+PV395> (Sj - ééjS(k) ,

where 5_3,- is rate of strain tensor anBe = pgUoC/ L is
Reynolds number (wherg, is constant).
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Subgrid Scale Model

We use a one-equation SGS model because it can re-
move an assumption of local equilibrium. Referring the
approach of previous research by Kajishima and Nomachi
(2006), we focused on how to evaluate appropriately the
production term of SGS kinetic enerfiyys transport equa-
tion, corresponding to the energy transfer from grid saale t
SGS portion of turbulence kinetic energy. We introduce the
concept of coherent structure model by Kobayashi (2005),
which needs no wall function and filtering operation, into
the one-equation model &fgs equation.

The SGS eddy viscositygs of Eq.(2) is represented
asVgs=CyA/kggs by the dimensional analysis. SinGgis
positive constantysgs cannot have negative valudgs is
calculated by the transport equation
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In order to meet the correct asymptotic behavior to the wall,
the characteristic length, and additional terng,, are de-
fined by
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The production term ofkgs transport equation is con-
structed as follows:

~ - 1_ = 2_ —
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As a model of eddy viscosityc, we propose the following
SGS model which introduces the CS model function

tc = C1|Fes/2A /kegs, ©)

Fes=Q/E, (10)

1. —— —— — _
Q=5 [SiSij — SijSj +WjWj] . (11)
=5 [9_4 9_4j+VT/|jVT/|jL (12)

whereFcs, W, Q, E are the coherent structure function,
vorticity tensor, the second invariant and the magnitude of
a velocity gradient tensor. As shown above, our model does
not need any procedure to avoid numerical instability.

Numerical Method
The time marching of the Navier-Stokes equation of
motion is divided into 2 steps by the fractional step method:

= O-[—(pUd) + 1] (13)
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wherenis time step count; indicates the fraction step, par-
tially marched without the pressure gradieiit,is the time
increment and is the viscous stress. In our simulation, the
second-order Adams-Bashforth is applied for the rightehan
side of Eq.(13). For the spatial difference, the seconeord
central finite-difference is used, except for QUICK scheme
for the convection term.
Coupling the mass conservation equatigoi! —

o™ /At + 0 (ph)™?! = 0 with Eq.(4) derives the elliptic
equatlon forp™1. Assuming the small change Af and
Ap in one time step, we approximated the relation between
the time evolutions of pressure and density by using the
equation of state.

(15)

whereT is assumed to be constant. Thus, the pressure equa-
tion is represented by
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(16)
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The effect of compressibility is represented by the second
term of each side.
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Computational conditions

In order to validate our method, we used computa-
tional conditions corresponding to that in the experiment
by Miyazawaet. al. (2003): the angle of attack,”9the
Reynolds number based on the chord length and the main-
stream velocity, % 10P; the Mach number, 86 x 102,

The coordinate is selected asn the mainstream di-
rection, z in the spanwise direction angdin the direction
perpendicular tac andz. The boundary-fitted grid &-type
is generated in the-y plane. The size of domain is: the di-
ameter of a half circle oE-type grid is &; 8C in the wake
side; 05C in the spanwise direction. The numbers of grid
point are: 1600 in the circumferential direction, and 800 on
the airfoil surface; 160 to the outward from the surface; 60
in the spanwise direction.

The uniform stream without disturbance is given at the
inflow boundary, where the subgrid scale turbulekggis
also zero. Thus, the turbulence develops in the boundary
layer around the airfoil. The convective boundary condi-
tion is used at the exit. At the top and bottom boundaries,
the normal components of the gradients of variables are as-
sumed to be 0. The nonslip boundary condition is set up
on the airfoil surface. For pressure, non-reflective boonda
conditions by Okita and Kajishima (2002) are implemented
in the inflow, outflow, top and bottom boundaries to prevent
the reflection of pressure waves.

RESULTS AND DISCUSSIONS
Flow Field

Hereafter in this section, the ‘average’ denotes the tem-
porally as well as spatially (in the spanwise direction)rave
aged values.

Fig.1 shows the profile of the averaged wall friction
coefficient on the suction side of the airfoil near the legdin
edge. The reattachment point is estimatect/&=0.050,
and it is in good agreement with experimental data by
Miyazawaet. al. (2003) whose value is/C=0.054.

Fig.2(a) shows the time and the spanwise averaged
pressure coefficienC, on the airfoil surface. Fig.2(b)
shows the pressure fluctuation coeffici€at,ms on the suc-
tion side. The Smagorinsky model could not reproduce
the laminar separation near the leading edge probably be-
cause it gives SGS eddy viscosity by the grid scale velocity
gradient even in the non-turbulence region. On the other
hand, the present model could reproduce the flow separa-
tion, which was measured by the experiment. Moreover,
overall pressure profiles corresponded with experimental
data. These computational results demonstrate reliabilit
of our SGS model.

Acoustic Analogy

Fig.3(a) and Fig.3(b) show the instantaneous and cross-
sectional view of the sound source tefth (O-T) by
Lighthill (1955) andO - (w x u) by Powell (1964). Fig.3(c)
shows the profile of the velocity divergenéé- u for the
same instance and cross-section to Fig.3(a) and Fig.3(b).
Sincel - u is related toDp/Dt, it is interpreted as a phe-
nomenon related to the sound source. Pairs of negative and
positive - u are observed near the leading edge in the suc-
tion side in Fig.3(c), and the similar patterns are observed
for0-(0-T)andO- (wx u) in Fig.3(a) and Fig.3(b).

Fig.4 shows the time evolution of the velocity diver-
gencell - u near the leading edge. Quadruple patterns of
0-uare captured, and its moving period i§25x 104 [s].
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Figure 1. The friction coefficient on the suction side of the
airfoil.
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(b) pressure fluctuation on the suction side

Figure 2. Time averaged pressure coefficients on the air-
foil surface.

The distribution oflJ - u is similar to the sound sources by
Lighthill and Powell, and] - u changes periodically. From
these results, it is considered thatu has the possibility to
be used as a sound source model.

Fig.5 shows the sound pressure level (SPL) measured
at point 67C from the leading edge in the upper direc-
tion normal to the mainstream velocity. As the method of
acoustic analysis, the Curle’s equation (1955) assumiag th
acoustically compact sound source has been often used. In
this time, we evaluated the sound using the Curle’s equa-
tion. In the high-frequency regions, the value of SPL is in
agreement with experimental data, but it is overestimated i
comparison with experimental data overall. From the study
of Miyazawaet. al. (2004), it is considered that assumption
of the compact sound source is a cause of overestimation.
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Figure 4. Some snapshots(ofu profiles near the leading
edge (The time interval of each snapshot i31Bx 10~

[s].)-
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Figure 3. Instantaneous and cross-sectional profiles of F——
sound sources near the leading edge. 60 Exp.——

CONCLUSION

In this paper, the numerical method, which consists
of the one-equation SGS model and the weakly compress-
ible scheme, was proposed to predict the sound source.
This method was applied to the turbulent flow around

NACAO0012 airfoil at low Mach number. As for the flow T F 0
field, our results were in good agreement with experimen- Frequency[Hz]

tal results. The pressure profile and separation region were

reproduced successfully. These results represent that our Figure 5. Sound pressure level.

method is suitable for the prediction of turbulent flows

around a object. Captured velocity divergemceu in the
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