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ABSTRACT

The objective of our research is to improve the prediction
of aerodynamic performance and particularly noise gener-
ation. To this end, we offer an efficient method to deal
with compressible turbulent flow around a body at low Mach
number. This paper deals with the low-Mach number flow
around NACAQ012 airfoil. Particular attention is focused
on the effect of compressibility on the unsteady phenomena
in the vicinity of the solid boundary. The pressure equation,
which is the partial differential equation of elliptic type, is
modified to account for weak compressibility. In LES, we
applied a one-equation dynamic model for subgrid scale tur-
bulence. In our result for Reynolds number 2 x 10° and
Mach number 0.06, the velocity divergence is visible in the
region near the leading edge, where Powell’s model indicates
the sound source. Our results suggested that the weakly
compressible method in conjunction with LES can directly
capture the sound source in the flow at low-Mach numbers.

INTRODUCTION

The analysis of aerodynamic noise around objects mov-
ing at high Reynolds number and low Mach number is a
hopeful subject of CFD development. Examples include
flows around a high-speed train, an airplane at takeoff and
a large scale wind turbines.

Existing approaches are categorized into the direct
method and the separated method. In the direct method,
the sound source is provided as a result of DNS (Direct
Numerical Simulation) of Navier-Stokes equation of com-
pressible fluid flow. The direct method must deal with wide
range of scale in space and time. In addition, the strength
of sound pressure is much smaller than the pressure fluctu-
ation of flow. The direct method is therefore difficult for a
practical tool.

In the separated method, the unsteady flow is solved by
the incompressible scheme and the acoustic field is calculated
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by using the approximated sound source given by the flow
simulation. LES (Large Eddy Simulation) may be one of an
appropriate way for generating the sound source model in
high-Reynolds number flows. As for the sound source, theo-
retical methods have been proposed by Curle (1955), Powell
(1964) or Howe (2003) on the basis of acoustic analogy of
Lighthill (1952).

Our strategy is included in the separated method, but we
intend to improve the sound source model. Namely, LES in
couple with a weakly compressible scheme is used to obtain
the density fluctuation around the solid object in the low
Mach number flow.

We developed an efficient scheme for low Mach number
flow and integrated into the LES to deal with high Reynolds
number flow. The one-equation dynamic model by Ka-
jishima and Nomachi (2006) is used for the SGS (Subgrid
scale) model. The present method can provide the informa-
tion of density fluctuation with small amount of additional
computation in comparison with the incompressible scheme.
Since the pressure is solved by an elliptic partial-differential
equation, a distinct merit of our method is suitability for
flow of Mach number ranging from zero to approximately
0.3. Typical example is the rotating blade of the MW class
wind turbine.

In this paper, first, our numerical result of LES around
NACAO0012 airfoil is compared with available experimental
data by Miyazawa et al. (2003, 2004). Then the diver-
gence of velocity field is compared with a theoretical model
of sound source to discuss the possibility of new concept for
the analysis of aerodynamic noise.

OUTLINE OF COMPUTATION

Flow field of low Mach number is usually simulated by
the incompressible flow scheme due to the severe limitation
of time-increment in the compressible flow scheme. In this
work, we propose a modification in the usual incompress-
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ible scheme, based on the elliptic equation for pressure, to
improve the accuracy for turbulent flows considering weak
compressibility.

Basic Equations for LES
The filtered equations of mass and momentum conserva-
tion of compressible fluid is represented by
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where () denotes filtering and () is the Favre mean. The
eddy viscosity assumption is applied for residual stress,
which is usually interpreted as an SGS stress. p, p and u;
are density, pressure and velocity. In the equation of perfect
gas

P = pRT, (3)

we assume the isothermal field. The molecular viscosity p is
also assumed constant. In Eq. (2),
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is the stress tensor, where Dij is deformation rate tensor.

SGS model

At this stage, the compressibility is not taken into ac-
count for the SGS stress for simplicity. We introduced
a dynamic procedure into the one-equation SGS model
(Okamoto and Shima, 1999). In our model (Kajishima and
Nomachi, 2006), the energy production term in the transport
equation of SGS kinetic energy kg is dynamically deter-
mined. The SGS eddy viscosity pg is represented as

HS = CuAuﬁ ks (5)

by using ks = 7;;/(2p), where Tij = ﬁ(m — ﬂzﬂj) kg is
calculated by the transport equation.

Our one-equation dynamic SGS model applies the dy-
namic procedure for the energy transfer. Namely, in the
production term in the kg transport equation
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T is determined by the dynamic Smagorinsky model, where
the superscript a denotes the anisotropic part. As for the
characteristic length A, ,
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is used to represent the behavior in the vicinity of the solid
wall. The dissipation term is modified by addition of
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The merit of using kg is that the boundary condition of
= 0 is automatically satisfied by the boundary condition
ks = 0. Moreover, in our method, any artificial correction
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such as the van Driest dumping or spatial averaging is not
necessary.

Time Marching Method
The time marching of the Navier-Stokes equation of mo-
tion is divided into 2 steps by the fractional step method:
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where t, = nAt and At is the time increment. T is the

viscous stress. Any appropriate explicit scheme can be used
for the right-hand side of Eq.(9). In our simulation, the
second-order Adams-Bashforth is applied. For the spatial
difference, the second-order central finite-difference is used,
except for QUICK scheme for the convection term.

In between Eqs.(9) and (10), one should solve p™+!. Cou-
pling the mass conservation equation
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(11)
with Eq.(10) derives the elliptic equation for p"*!. To elim-
inate p"*1, considering the small change of Ap and Ap in
one time step, we use the approximated equation of state

pitt—p" = (p" ' — p™)RT (12)
where T is assumed to be constant. Thus the pressure equa-
tion is represented by
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The effect of compressibility is represented by the second
term of each side. In our simulation, Eq.(13) is solved by
SOR method.

Bondary Conditions

To remove the unphysical reflection of pressure wave
at the inflow and outflow boundaries, we used the method
developed by Okita and Kajishima (2002). We use the trans-
port equation for pressure
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where z is the direction of main flow and U,, is the convec-
tive speed at the boundary. The superscript I means the
incompressible component and C' is the compressible com-
ponent.

The I portion in Eq.(14) is related to the convective
condition considering the consistency to the Navier-Stokes
equation (2)
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On the other hand, the C portion is given by
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The compressibility affects the accuracy of flow predic-
tion even in a low Mach number. Moreover, the capturing of
small density fluctuation is important in the study of aerody-
namic noise. In this study, we conducted 3-dimensional LES
(Large-Eddy Simulation) of flow around a 2-dimensional
NACAOQ012 airfoil. As the Mach number is low, the flow field
is usually treated as incompressible. In this section, the re-
sult by weak-compressibility method is compared with that
by the incompressible method. Moreover, the one-equation
dynamic model is compared with the standard Smagorinsky
model. Then the property of leading-edge separation and
related density fluctuation are analyzed.

Computational Conditions

The setup is corresponding to the experiment by
Miyazawa and Kato (2003): the angle of attack, 9°; the
velocity of uniform stream, Uy = 20.0m/s; the chord length,
C = 0.15m. The Reynolds number is 2 x 10°. Mach number
is estimated as 5.76 x 107 2.

The coordinate is selected as x in the mainstream di-
rection, z in the span-wise direction and y in the direction
perpendicular to x and z. In z-y plane, the body-fitted
computational grid of ‘C’ type is used. In z direction, the
uniform space grid is used with the periodic boundary con-
dition. The size of domain is: the diameter of a half circle
of ‘C’ grid is 8C; 8C in the wake side; 2C in the span-
wise direction. The numbers of grid point are: 1600 in the
circumferential, and 800 on the blade surface; 160 to the
outward from the surface; 128 in the span-wise direction.
The minimum of the grid width is: 5.35 x 1074C in the
circumferential, 2.31 x 10~4C normal to the surface.

The initial condition is a uniform flow. After the march-
ing of non-dimensional time 16, the statistics of the flow field
is obtained. The averaged flow field shown hereafter is the
average in 3 non-dimensional time as well as in the span-wise
direction.

Flow Field

The positions of separation and re-attachment along the
chord are estimated at 0.018C and 0.058C', respectively. In
the experiment by Miyazawa, et al. (2003), they observed
the laminar separation bubble in the similar region. As
shown in an instantaneous flow field of Fig.??, unsteady vor-
tices are captured by our simulation and they are thought
to be a sound source (Miyazawa, et al., 2003, 2004).

Since the Mach number is very low, the density fluctua-
tion is lower than 1% in Case CD. Low density regions are
observed in the cores of vortices in separated region. The ex-
perimental result suggested the existence of extensive sound
source in this region.

In the experiment, there seems high intensity in broad
range, with two peaks at around 1800Hz and 3600Hz, in
the spectrum of pressure fluctuation on the wall near the
leading edge. In our result, the frequency of the vortices
in this region is estimated to be in 3300~4000Hz. Thus it
can be concluded that our method, which consists of (1)
weakly compressible scheme, (2) one-equation dynamic SGS
model and (3) usage of velocity divergence for sound source,
is promising as a new methodology of aero-acoustics.

Fig.1(a) shows the time-averaged pressure coefficient
Cpav on the airfoil surface. Fig.1(b) shows the pressure
fluctuation Cp rms, without contribution of SGS compo-
nent, on the suction side. Cases CD, CS, ID and IS de-
note the weak compressibility with one-equation dynamic
model, the weak compressibility with Smagorinsky model,
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Figure 1: Pressure coefficient on the surface

the incompressibility with one-equation dynamic model, and
the incompressibility with Smagorinsky model, respectively.
Smagorinsky model could not reproduce the flow separation
near the leading edge and pressure fluctuation due to the
separation, which were measured by the experiment. The
model overestimated pressure fluctuation in the chord center
on the suction surface. On the other hand, the one-equation
model could reproduce the flow separation. But the pressure
fluctuation was overestimated especially in the incompress-
ible method. Note that the intensity of filtered fluctuation
should be lower than that of raw data. The result by case
CD, namely the one-equation dynamic model taking into
account the weak compressibility, showed reasonable result.
In the experiment (Miyazawa, et al., 2003, 2004) the lam-
inar separation in the region near the leading edge of the
suction side and the laminar flow on the pressure side were
observed. Smagorinsky model gives SGS eddy viscosity even
in the region where GS component is not turbulent. This is
thought to be the reason that the separation bubble was not
reproduced as shown in Fig.1(a). On the other hand, our
one-equation dynamic model gave reasonable result.

Sound Source

Figure 2 shows an instantaneous distribution of sound
source given by the Powell’s model (19xx) in the x-y cross
section. This is given by V - (w x u) and approximates
vortex sound source. Asshown in Fig. 2, there are elongated
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patterns near the leading edge in the suction side. They
indicate alternate positive-negative regions. Fig. 3, on the
other hand, shows the profile of V - u for the same instance
and cross-section to Fig. 2. This value is related to Dp/Dt
and it therefore is interpreted as a phenomenon related to
the sound source. Actually, similar patterns are observed in
the region close to the leading edge in Figs. 2 and 3.
the turbulent boundary layer after the re-attachment, there
seems some disturbance in Fig. 2 but they do not have
significant fluctuation of the density as shown in Fig. 3.

Figure 4 shows an instantaneous profile of the span-wise
component of vorticity w. in z-y plane near the leading edge.
Fig. 5 shows a close-up view of V-u (shown in Fig. 3) at the
section corresponding to Fig. 4. In the region of unsteady
vortices, quadruple patterns of V - u are observed near the
core of unsteady w..
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Figure 2: Instantaneous distribution of Powell’s sound
source around the airfoil
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Figure 3: Instantaneous distribution of V . u around the
airfoil

CONCLUSION

An efficient numerical method suited for weakly com-
pressible flow was proposed. Then it was applied to LES of
flow around a NACAQ012 airfoil at low Mach number. The
pressure profile due to the separation bubble was successfully
reproduced by LES in comparison with experiment. Based
on the LES database, we estimated the source of aerody-
namic noise. The velocity divergence V - u was confirmed
to be corresponding to the Powell’s model for sound source.
It suggested that our combination method of weakly com-
pressible scheme and one-equation dynamic SGS model is
promising for representing the sound source from the flow
at low Mach number.
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