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presents the noise results finding between two distinct simulation models and their
comparison with the experimental results. The two simulation models are Large-eddy
simulation (LES) and the Delayed Detached-Eddy simulation (DDES). The DES can
provide good noise results with the correct number of meshing grids with shorter time-
span if compared to the LES. This study proposes to use DDES results for further rod-
airfoil noise analysis.
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1. Introduction

The rod-airfoil configuration is a relevant benchmark case for the Airfoil-Turbulence Interaction
Noise (ATIN) investigations. Jeong and Hussain [1] and Jacob et al., [2] were among the pioneer to
introduce this rod-airfoil configuration. This is because at high Reynolds numbers, the rod sheds the
well-known von Karman vortex street which acts as an oncoming turbulence disturbance onto the
airfoil. Rod flows had been extensively studied since the early work of Strouhal [3] on Aeolian tones,
and a complete review of this topic has been published by Zdravkovich [4]. However, although the
von Karman street can be regarded as a gust, very few investigations concerning rod-airfoil
configuration are reported in the literature.

Stapountzis et al., [5] and Cambanis [6] focused on airfoil in the near wake of a very large rod (rod
diameter = airfoil chord length) in the context of wind turbine. Jacob et al., [2] highlighted three
strong dimensional effects responsible for spectral broadening around the rod vortex shedding
frequency in the subcritical regime, and identified that the airfoil leading edge was the main
contributor to the noise emission in a rod-airfoil configuration due to vortex-structure interaction.
Further comparison done by Lorenzoni et al., [7] revealed the ability of rod-airfoil configuration to
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predict reasonably well compared with the real case, especially the magnitude of the tonal peak of
emission and the narrow band spectrum around it. Microphone array measurements have also been
done to investigate the influences of the rod diameter and the streamwise gap between the rod and
the airfoil leading edge on the broadband noise generation frequencies higher than the flow vortex
shedding frequency [8], thus the rod-airfoil is fairly enough can be used as representation of airfoil -
turbulence interaction noise case.

Moreover, further understanding on the details of the rod-airfoil interactions have been gained
through numerical simulations too [9—-13]. Berland et al., [14] found good agreement between
calculation and experiment when they used direct noise calculation based on the compressible LES
of the rod-airfoil configuration. The LES is preferable in most of high Reynolds three-dimensional
numerical investigation as it is possible flow separation, partial reattachment, vortex shedding,
various length scale of turbulence [15]. However the LES itself may need a very high computer
capacitance with its requirement of too much grid resolutions. The Detached-Eddy Simulation (DES)
however, gives less intense to the requirement of computer performance. The DES, originally
proposed by Spalart et al. (1997), is a hybrid model that functions like RANS in the near-wall regions
and like LES in detached flow zones, and hence combines advantages of both methods [16].

The DES in an aeroacoustic perspective allows to limit the necessary detail to frequencies below
the largest frequency of interest. Rod-airfoil noise calculation studies using the DES model is farther
not as much as the LES studies of rod-airfoil. Jeong and Hussain [1] is among the early one to
implement DES for rod-airfoil flow. Their three-dimensional flow results depicted vortex-shedding
downstream the rod. However, their results showed retarded formation of regular von Karman
vortex street, but that was due to the spanwise effect and not the defect from DES model. Jacob et
al., [2] and Greschner et al., [12] are amongst the more recent works did using the DES for the
computation of rod airfoil noise at high Reynolds flow. Greschner et al., [12] needed 2.3 million cells
to do the DES of rod-airfoil, which the LES with such meshing would not result in good outcomes.
Their DES predicted the peak of shedding frequency almost accurately. The frequency is a little small
and the magnitude is under-predicted by 1 to 5 dB for different observer positions. The whole
broadband spectrum from the DES/FWH showed excellent agreement with the experiment. These
proved that the DES is a capable tool for the prediction of far-field noise in the case of highly turbulent
flow such as a rod-airfoil configuration [17].

In addition to the recent findings of rod-airfoil DES simulation, this study aims to provide a
comparison of noise calculation from DES/Curle and LES/Curle models.

2. Computational Domain

Figure 1 shows the current problem geometry. The inlet and topbottom is 10.5D away from the
rod of the diameter D. The gap between the rod and airfoil is 3.5D as agreed with the experiment
[18] and the study of Li et al., [19] whom proved that at G =3.3 D, the airfoil experience fully
developed vortex in the wake of the rod. The chord of airfoil is 9.5 D with the outlet is 20.5 D
downstream of the airfoil. The span of the domain is 3.5 D. The Reynolds number taken in current
simulation is Re=Uv/D=20,000 fixed both in DES and LES cases.
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Fig. 1. Rod-airfoil configuration and the domain setting of current study

Figure 2 shows the close-up of meshing implemented in this study. The domain consists of
approximately 3 x 10° grid cells. The vicinity mesh around rod and airfoil are treated with wall
function, with smallest cell size near the wall is approximately 0.025D. The y+ is crucial and the y+
value of current study for rod is y+rod ~ 49 and the airfoil is y”airfoil ~ 97 which meet the
requirement of y* ~ 30 to 300 with the use of wall function of the geometry wall [20].
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Fig. 2. Close-up of grid resolutions in the vicinity of rod-airfoil
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3. Governing Equations

The noise of rod-airfoil uses hybrid calculation of noise source and the noise emission. The noise
source is obtained from both the LES and DES, and noise emission uses the Curle’s Analogy to
calculate noise. Basically the flow is governed by Navier-Stokes and continuity equations taking the
form

SL4V- (UU) - V- [(vt +v)vu| = -vp (1)

V-U=0 (2)

where U is the velocity, t is the time, p is the pressure divided by a density and is the v turbulent
eddy viscosity. The effect of turbulence on the flow behaviour is involved into a turbulent eddy
viscosity calculated using the appropriate turbulent model.
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3.1. Large Eddy Simulation (LES)

For LES model, turbulent eddy viscosity v is defined as
v_= (Cs0)[S] @)

where the|S]| is the magnitude of deformation rate tensor is

s1=2{(G) - ) @

The Cg is Smagorinsky constant, taken as Cg= 0.06 in current study, while the A defines the filtering
scale.

3.2 Delayed Detached-eddy Simulation (DDES)

The DES model in current study is based on a modified eddy viscosity in the Spalart-Allmaras
model and is calculated using the transport equation in the following forms

DY _py eyt AV 512
= Pv—ev+ p [V((v + 9)V¥) + 5| V9|?] (5)
where Pv is production term and ev is destruction term for the reduction of the stresses in the vicinity
near the solid walls. The production term includes further a scalar quantity § which is expressed by

a magnitude of vorticity S plus a near wall correction and it can be modeled as in the Spalart Allmaras
model (Spalart (1994)) as following

Pv = ¢y, S¥ (6)
S=S+—2fn (7)
K d2

The desired turbulent eddy viscosity v, is calculated by the modified turbulent viscosity using the
relation taking the form of

Ve =7"fin (8)
The lengrh scale in DES is redefined from the LES and represented as

d = min(lgans, lpgs) = min(d, CppsA) (9)
where A = max(Ax, Ay, Az) is maximum grid spacing which is appropriate choice for homogenous
grids, especially (Nikitin (2000)). The recommended value for adjustable parameter Cpgs is 0.65. As
to suppress the negative effect of unphysical behavior in the attached boundary layers of general

DES, the formulation is further modified into DDES model. A new function f; was additionally
appended to the definition of the characteristic length scale d. Hence the dissipation length scale is

15



CFD Letters
Volume 11, Issue 2 (2019) 12-20

d =d — f; max{0;d — CpgsA} (10)
where

fa =1 —tanh[(87y)°] (11)
and

r, = v+, _ (12)

2 2
/axju dxjuik d? Kk d?

3.2. Acoustic Calculation

The sound calculation utilizes the Curle’s solution [21] from Lighthill Acoustic Analogy. The
Lighthill’s Acoustic Analogy [22] is

(55— 0?7) (0 = po) = st (1,0 (13)

Eq. 13 is an inhomogenous wave equation derived from the rearrangement of Navier-Stokes
equations. The Tj; is Lighthill’s stress tensor,

Tij = puju; — 755 + &j((P —po) —¢5(p — .00)) (14)

where the first term in the right hand side is the Reynolds stress tensor, the second term is viscous
stress and the §;; is Kronecker delta. Curle’s theory consider a compact body present in the flow (i.e.
the rod-airfoil). Compact sound source is considered when the body dimension is very small
compared to the wavelength of emitted sound. The final solution of a Curle’s equation to obtain
sound pressure p’ [Pa] in three-dimension is

p'Cet) =——2_[Tugy _ 1a[ﬂ] L0 T gy - L [on] (15)

4mcy Oxix;” T 4T Ox, 4mct at? 4nco r2 Lot

a
model or the LES model in this study and the. However, the sound from the first term (i.e. the

guadrupole sound derived from the stress tensor of the system) is neglectable due to its too small

. . JdF; . . . . P .
contribution. a_tl on the other hand is derived from the lift force acting on the rod and airfoil bodies.

The sound due to drag force is small and not dominant as similarly found in Ali et al., [23]. The sound
pressure will be used in the following equation to obtain the sound pressure level in decibels.

SPL = 20log (-2=) (d8] (16)

To consider the spanwise effect, a span correction is used in current study [13]. The overall sound
pressure level OASPL [dB] is calculated using the integral of sound spectra over a range of frequency,
by the following [24]
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0ASPL [dB] = [37H

S5t=0.1

SP (St)d St (17)
4. Findings and Discussion

LES is expected to describe major structures of the turbulent flow responsible of the broad
acoustic spectrum, but DES is far than enough to provide the sources and consequently provide good
noise source for acoustic analogy to be implemented. The finding of this study distinguishes the
advantages of taking DES model as the medium to calculate the noise source instead of the highly-
intense LES computation.

4.1. Acoustic Results

The sound generation from current cases are presented in the density spectrum as shown in
Figure 3. The calculation results are also compared with the rod-airfoil experimental results obtained
in the anechoic wind tunnel of the author’s previous finding [18]. The sound calculated from the DDES
model shows very good agreement with the experiment if compared with the LES model. Also, the
OASPL of experiment is 47.27 dB, but the OASPL from LES is 49 dB and DDES is 47.57 dB. Instead, the
LES results show over prediction from the experiment in both the PSD trend and the overall sound
pressure. This may be due to too few grid resolutions for an LES to capture the smaller eddies present
in the flow and this lead to the over prediction of turbulent structures of current LES. This can be
explained further in the aerodynamic results section.
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Fig. 3. Comparison of sound spectra of DDES, LES and the experiment

4.2. Aerodynamic Results

Acoustic emission from the rod-aifoil is the results of the aerodynamic behaviour around the
bodies. The physics of the flow behaviour can be observed from the vorticity contour. Figure 4 shows
the vorticity map from current simulation of DES and LES.

17



CFD Letters Penerbit

Volume 11, Issue 2 (2019) 12-20 Akademia Baru

In general, both the simulations provide us with the recognizable vortex core. Also, the eddies
are sufficiently distinct to be seen impinging at the leading edge, suitable enough for the study of
leading edge noise investigation. However, the LES model is believed can provide a better
performance with a more defined grid resolutions. This might be the reason of the over prediction of
OASPL from LES/Curle as portrayed previously in Figure 3.

Fig. 4. Vorticity magnitude obtained from DES (LHS) and LES (RHS)

Figure 5 shows the flow visualization of an experimental investigation of Jacob et al., [2] whom
did a rod-airfoil configuration in high-Reynolds number flow (Re=48,000), almost the same case of
current study. Comparing current results with the experimental PIV results of vorticity contour, the
agreement of flow visualisation by the DES (as represented in the Q map in Figure 6) is very good,
both in terms of levels and shape of vortices impinging onto the airfoil. The DES results showed the
cluster of eddies inside larger vertical structures and the severe deformations of vortices that impinge
onto the airfoil. This result also proves leading edge as the intense sound source of this flow.
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Fig. 5. Vorticity map from PIV measurement of rod-
airfoil experiment obtained from Jacob et al., 2008
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Fig. 6. Q-criterion obtained from DES

5. Conclusion

Current study argues on the acoustic calculation of high Reynolds flow around rod-airfoil
configuration between the DES/Curle and LES/Curle methods. The DES/Curle and LES/Curle are
compared with the available experimental data to access the reliability of the models for further
airfoil leading edge noise study.

In summary, the DES/Curle is a suitable method for simulating the rod-airfoil interaction noise as
it provides sufficient access to the resolved turbulent scales at minimal computational cost, if
compared to the LES/ Curle. The eddies cluster and the turbulent structures are fairly sufficient from
the DES/Curle, as need for a leading edge noise investigation. The acoustic results obtained from
DES/Curle had also showed good agreement with that of the same case from the experiment. The
results has provide excellent insights on the authentic performance of the DES/Curle hybrid method
to be utilized in further airfoil-turbulence interaction noise in the future.
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