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The Impacts of Five Different Turbulence Models on the Accuracy
of Computational Aeroacoustic Results for an Airfoil and
Acoustic Localization Analysis for Well Suited Model

D. Saatchi®, M. Fathali?, A. R. Khojasteh®

Abstract — The research consists of two main sections, it initially focused on the accuracy of
turbulence models to simulate the acoustic far-field domain for a NACA 0012 airfoil at Mach
number of 0.209. Five different turbulence models were used such as realizable k-¢, SST K-w,
Transition-SST, Reynolds-Stress, and Spalart-Allmaras in unsteady flow at velocity of 71.3 m/s. It
used the Ffowes-William and Hawkings (FW-H) acoustic method to compare the one-third-octave-
band of semi-logarithmic sound pressure level (SPL) vs. frequency within the range of 200 Hz to
20000 Hz with experimental data. Reasonably good agreement is observed that both realizable k-
¢ and Transition-SST are more accurate than others in prediction of peak of sound pressure level
and the frequency of peak. In second section, in retrospect to considering accuracy of realizable k-
& model and its shorter runtime, the paper considered some analysis on the acoustic far-field
domain to find the critical points of fluctuated pressure due to the retard time. For this reason, a
need to find a way to input the location of receiver to compare its data with other located
receivers was felt. Indeed, it defined two different major distributions, semi-circle and far-field
linear distribution, that each one has nineteen receivers. These distributions have mathematical
correlations derived in their own subsection. It also introduces a parameter, Average-Dependable
SPL, in order to analyze the effect of location and retard time on the fluctuations. After
specification of six critical points in schematic contours, it is developed to a third distribution that
corresponds to the proportion of chord. Finally, it can be observed that majority of peaks occur
close to the turbulent boundary layer of trailing edge, but the quantity of peaks near the leading
edge is more substantial than trailing edge peaks. Copyright © 2014 Praise Worthy Prize S.r.l. -
All rights reserved.

Keywo rds: Acoustic, Turbulence, Airfoil, SPL, Frequency, Fluctuated Pressure

Nomenclature p’ Sound pressure at far-field
Y .
T Specific Reynolds stress tensor br (x,t) Thickness term
8~ Dissipation per unit mass P (;ct Loading term
T Favre-average temperature .
E Total ener PPE Predicted peak error
&y PFPE Predicted frequency of peak error
H Total enthalpy — Perf tant
e Favre-Average specific internal energy R er éct gas COI,IS gn .
P Specific enthal R Radius of semi-circle distribution
P ] by R’ Radius of far-field linear distribution
k Kinetic energy 7 Distance between receiver and source
H Molecular viscosity P Unit vector in the 7 direction
Hr Eddy viscosity k Kinetic energy of turbulent fluctuations
5(/) Dirac delta function £ Dissipation per unit mass
H(f o ) 0] Specific dissipation rate
(f) Heaviside function r Retard time
n; Unit normal vector embedded to exterior P Flow density
M, Time differentiation of M, Po Far-field density
o..

M, Local source Mach number vector i Kronecker delta
P . ) 0 Angle of semi-circle distribution

ij Compressive stress tensor , . o .

0 Angle of far-field linear distribution
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G Local sound speed

ar, Turbulent mean heat-flux vector

as, Laminar mean heat-flux vector

v Kinematic molecular viscosity

I, Average-dependable SPL

Ly Instantaneous velocity in tensor notation
t Time

LE Leading edge

L, L7

Ly L-M=1L;-M,

T; Lighthill stress tensor

TRE Total residual error

TBL Turbulent boundary layer

TE Trailing edge

Vi Surface velocity normal to surface

\Z Surface velocity in the x, direction

u, Fluid velocity normal to surface

u; Fluid velocity in the x; direction

G; Favre-Average velocity in tensor notation
u/ Favre fluctuation velocity in tensor notation
U; Mean velocity in tensor notation

Uy U-n

Uy U-n

SPL Sound pressure level

SPL, /4 One-third of octave band SPL

Sg/ Mean strain-rate tensor

I.

Noise production is important for many engineering
applications, such as helicopter-blade-noise, wind
turbine, automotive and aerospace industries [1]-[21].

Environmental pressures to decrease fuel burn,
emission and noise continue to drive the need for quieter,
more cfficient automobile, and aircraft propulsion
technology. These environmental challenges also offer an
opportunity for mechanical engineers and aircraft
designers to take advantage of synergistic interaction
between components of configuration design. Turbulent
boundary layer of trailing edge noise is considered to be
a major noise source in many aerodynamic applications,
which is problematic [1].

The development of revolutionary technology
improves the issue of how to optimize and integrate it.
Aeroacoustics engineers seek to reduce sound intensity
and sound pressure level to overcome noise production
as well as Air Pollution engineers who attend to the level
of substance and quality of air. Airfoil self-noise is due to
the interaction between an airfoil blade and the
turbulence produced in its own boundary layer and near
wake. It is the total noise produced when an airfoil
encounters smooth nonturbulent inflow.

Introduction

Copyright © 2014 Praise Worthy Prize S.r.l. - All rights reserved
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Previous research effort (Prior to 1983) for the
broadband noise mechanisms are reviewed in some detail
by Brooks and Schlinker [2].

In Fig. 1, the subsonic flow conditions for self-noise
mechanisms of concern here are illustrated. At high
Reynolds number based on chord length, turbulent
boundary layers (TBL) develop over most of the airfoil.
Noise is produced as this turbulent passes over the
trailing edge (TE).

For nonzero angle of attack, the flow can separate near
the TE on the suction side of the airfoil to produce TE
noise due to the shed turbulent vorticity Fig. 2. Another
noise source is vortex shedding occurring in the small
separated flow region aft of a blunt TE Fig. 3.

The remaining source considered here is due to the
formation of the tip vortex, containing highly turbulent
flow, occurring near the tips of lifting blades or wings
Fig. 4 [3].

Turbulent
boundary layer < Trailing edge Wake
&“ %
-

Fig. 1. Turbulent-boundary-layer-trailing-edge noise [3]

Boundary-layer

Fig. 2. Separation noise [3]

Vortex shedding

Fig. 3. Trailing-edge-bluntness-vortex-shedding noise [3]

Adrfoil blade tip

-
Tip vortex

Fig. 4. Tip vortex formation noise [3]

The research kernel is based on the accuracy of five
different turbulence models such as realizable k-g, SST i-
w, Transition-SST, Reynolds-Stress, and Sparat-
Allmaras to plot the far-field acoustic semi-logarithmic
Sound Pressure Level (SPL) vs. Frequency curve.

It concerns the acoustic criteria to compare each of
turbulence models with brooks’ experimental data [3].

Table I shows the subsonic flow specification for a
NACA 0012 Airfoil to compute the numerical simulation
of Reynolds-Average-Navier-Stokes (RANS) equations.

International Review of Mechanical Engineering, Vol. 8, N. 2
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In addition, Computational Aeroacoustics (CAA) for
far-field acoustic domain due to the un-tripped TBL
concerns Ffowcs-William Hawkings (FW-H) method.
Subsection II-1 illustrates the fluid equations and
subsection T1-2 illustrates the noise prediction method.

In section VI, this paper will considers an analysis of
acoustic localization for that turbulence model having
shorter runtime in comparison with other ones.

Finally, the computations produced the results to
select the appropriate turbulence models to do further
research in near future.

TABLE 1
FLOW SPECIFICATION
U (m/s) Mach  Reynolds ¢ (cm) AoA
71.3 0.209 1108761 22.86 Zero
II. Governing Equations

Governing equations are divided in Favre-equations
and FW-H equations that need to cite initially.

1I.1.  Compressible RANS Equations

The RANS equations are time-averaged equations of
motion for fluid flow. The idea behind the equations is
Reynolds decomposition, whereby an instantaneous
quantity is decomposed into its time-averaged and
fluctuation quantities.

These equations are primarily used to describe
turbulent flows and can be used with approximation
based on knowledge of the properties of flow turbulence
to give approximate time-averaged solutions to Navier-
Stokes equations.

Compressible RANS equations, Favre-Average mean
equations, are summarized below [4];

Continuity:
p 0 ,__
9,9 (540)=0 1
ot +axi (pUl) (1)
Momentum:
0 (sive? (5a )= 2P, 0 rs
5(/)“1') a(p’/lﬂz)__a_xi"‘gj[tﬂ+rﬁj| Q)
Energy:
0~y 0 =
—(PE)+——(pUH) =
(P )+axj(pul )
=5%j{_qL./_qTf+;”;'—PH;%M,-"U;}+ (3)

° [ (7+ )]
Turbulence kinetic energy:
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0, _ o, _
—(pk)+—I|pii k)=71,—~—pe+
o PF) axj(pf) ion, P
0 R N
+— tjl-ui—pujguiui—puj + “)
J
_u_"a_P+ p'ailﬂ
! ox; ox;
Perfect gas:
P=pRT (5)

The quantities £ and H are the total energy and total

enthalpy, and include the kinetic energy of the
fluctuating turbulent field, hence:
L1
E=e+§uiu[+k (6)
-1
H=h+§uii+k (N
1I.1.1. Realizable k-¢

Launder and Spalding [5] derived k-& model that is
unarguably the most widely used and validate model
employed for turbulent fluid dynamics to date. The
extensive use of the model has highlighted both the
capabilities and expresses of the model.

The formulation for Launder and Spalding’s
turbulence model consist of two transport equations, one
equations to describe the kinetic energy of turbulence
and a second related to the rate of turbulent dissipation
[4], [6], [7], [8]- Turbulence Kinetic Energy:

Ok
— |+
Ox ]} ®)

iH ﬂ+ij
ox; o,

+G, + G, + pe -Yy,

Specific Dissipation Rate:

olps) 2P0
ot

~pCySe — pCp ———+ )
+4/ve
+Clg %CSS Gb
where:
C = max{OAS,L} (10)
n+5
n=sk (11)
&
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s =255, (12)

In these equations, G, represents the function of
generation of turbulence kinetic due to the mean velocity
gradients. G, is the generation of turbulent kinetic
energy due to buoyancy. Y,, represents the contribution
of the fluctuation dilatation in compressible turbulence to
the overall dissipation rate. C,, C,, and Cj;, are
constant. o, and o, are the Prandtl numbers for £k and e,
respectively [7].

Ir1.2. SSTk-w

The shear-stress transport (SST) k-w model including
two equations was developed by Menter [4], [9], [10],
[11], to effectively blend the robust and accurate
formulation of the k-w model in the near wall region with
the free-stream independence of the k-¢ model in the far-
field [7]. Turbulence kinetic Energy:

ot
(13)

Specific Dissipation Rate:

L N A [PIALY
2P 5 (70,0) ox, K“%Jaxj} (14)

+Gw - Yw + D(u

In these equations, Gk represents the generation of

turbulence kinetic energy due to mean velocity gradient.

G, represents the generation of w. ¥, and Y, represent

the k£ and @ due to turbulence. D, represent the cross-
diffusion term.

1I.1.3. Transition-SST

The Transition-SST turbulence model is based on the
coupling of the SST k-w transport equations with two
other transport equations, one for the intermittency and
one for the transition onset criteria, in terms of
momentum-thickness Reynolds number [7].

The transport equation for the intermittency 7y is
defined as:

a(pr) 2(rU;7)
a e, nTEathenh

J
+i[(ﬂ+iJa_V]
ox; o, )ox;
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(15)

The transition sources are defined as follows:
Pyl = C(tlF;engrhpS[}/anser ]cys (16)
E,=Cybyy (17)

where S is the strain rate magnitude, Fj,,., is an
empirical correlation that controls the length of the
transition region, C,; and C,; hold the value of 2 and 1,

respectively.
The destruction/relaminarization sources are defined
as follows:

Pyz = Cao P2y Fyypp (18)
E;/Z = CBZP)/ZJ/ (19)

where, Q is the vorticity magnitude. The transition onset
is controlled by the following functions:

2
Re, = p}_S (20)
)i
R, =Pk 1)
HO
Re

Fypo = ———— 22
onsetl 2.193R€9L, ( )

. 4
an.x’elZ =min (max ( Emsp/l’ an.s‘ell ) ’ 20) (23)

R 3
F .=max|1-| =L | ,0 24
onset3 ( [25j J ( )
F;)nsez =max (FonsetZ -F onsetS’O) (25 )
(&Y
Fypp =€ s (26)

Rey, is the critical Reynolds number where the

intermittency first starts to increase in the boundary
layer. This occurs upstream of the transition Reynolds
number Ré,, and the difference between the two must be

obtained from an empirical correlation. Both the £,
and Rey, correlation are function of Ré, . Where C,,,
C,,, C,3 and Cy; are the constants for the intermittency

equations [7]. The modification for separation-induced
transition is:

. Re,
ys‘ép =min (CSI max {[WJ _11 Oi| F;"eallc/l ’ ZJ F@z (27)
. Oc
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F

reattch =

R Y
e_(7°] (28)
yeff = max(;/’ ysep ) (29)

The transition model interacts with SST turbulence
model by modification of Eq. (10), as follows:

O, 0 [_. 0 u, ) ok
~(pk)+— k)=— Ll il
az(p )+6xA('DH'/ ) GMKWFGJGXJ}JF (30)

J J
+GZ - Y;
where:
Gy = Ve Gk (1)
Y,: = min(max(y/qﬁ-,o. 1),140)Yk (32)

1I.1.4. Reynolds-Stress (Stress-Omega)

Launder initially derived the Reynolds-Stress model
containing six equations and one length scale equation,
after some modification on closure factor that developed
by Wilcox[4], the Stress-omega follow as;

Reynolds-Stress Tensor:

opry  (0P7y%)
T TP
ot 0%,

Specific Dissipation Rate:

o(p0) , 2(p%0) _apo g

T
ot Ox;, kY ox i

+i{(,u+qu[)a—w}+ (34)

axk axk
5 ok oo

d
@ Ox; Ox;
Production term is:
T (35)
The pressure—strain correlation is modeled via:

n, =ﬂ*clm(fﬁ+§k5ﬁJ—d(%_3P5ﬁJ+
: 1 (36)

Copyright © 2014 Praise Worthy Prize S.r.l. - All rights reserved

Pressure dilatation is:

D. =1, —* 47, —k 37
ij ik axj Jk axi ( )
Anisotropy tensor:
ui'u} - %k@/—
bij = o (38)

and other factors are closure factors referring to Wilcox

[4].

11.1.5. Spalart-Allmaras

The compressible Spalart-Allmaras consisting of one
equation was developed by Spalart and Allmaras [12].
Where, G, is the production of turbulent viscosity,

and Y

14
occurs in the near-wall region due to wall blocking and
viscous damping. o; and Cp, are the constant and v is

——1(u+p7)
ot Ox o5 | Ox

ov H
+
j v | O Ox,
+i[cb2p[a—V}]-x,+sv
oy ox;

II.2.  Noise Prediction Method

is the destruction of turbulent viscosity that

the molecular kinematic viscosity:

5(/?‘7)+6(p‘7“j) 1 [ g

(39)

In brief, the integration method of Ffowcs-Williams
and Hawking is based on Lighthill’s acoustic analogy.
However, by some mathematical modification under the
assumption of a limited source region, which is enclosed
by a control surface (FW-H surface), the volume integral
is avoided. Surface integrals over monopole and dipole
sources remain.

Different from the Kirchhoff method, these sources
ensue directly from the Navier-Stokes equations through
Lighthill’s analogy. Source outside the FW-H surface
can be accounted by an additional volume integral over
quadruple sources following form the Lighthill Tensor.
However, when considering the same assumption as
Kirchhoff’s linear theory, the FW-H method equals the
Kirchhoff method [13], [14].

I1.2.1. The Ffowcs-William and Hawkings Model

The Ffowcs-William and Hawkings (FW-H) equation
is essentially an inhomogeneous wave equation that can
be derived by manipulating the continuity equation and
the Navier-Stokes equations. The FW-H equations can be
written as [7], [14]:

International Review of Mechanical Engineering, Vol. 8, N. 2
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1 azp! 2 62
-V = T,H
oz F ax,‘axj{ )

_5{[81’1/ + py; (un W )]5(f)}+ (40)

+§{[p0"n +p (g = vy )]b(f)}

f =0 denotes a mathematical surface introduce to
“embed” the exterior flow problem (/>0) in an

unbounded space, which facilitates the use of generalized
function theory and the free-space Green function to
obtain the solution. The surface (f =0) corresponds to
the source (emission) surface, and can be made
coincident with a body (impermeable) surface or a
permeable surface off the body surface. n; is the unit

normal vector pointing toward the exterior region
(/>0), Gy is the local sound speed, and T} is the

Lighthill stress tensor, define as:

2
T; = puu; + P, —Cq (p—po)5; (41)

£

fluid, this is given by:

is the compressive stress tensor. For a Stokesian

q b

_ou;
P. = p5 —ﬂ|:aul +—]—gau/c

The wave equation Eq. (40) can be integrated
analytically under the assumptions of the free-space flow
and the absence of obstacles between the sound sources
and the receivers. The complete solution consists of
surface integrals and volume integrals. The surface
integrals represent the contributions from monopole and
dipole acoustic sources and partially from quadruple
sources, whereas the volume integrals represent
quadruple (volume) sources in the region outside the
source surface [7]. It actually states that the contribution
of the volume integrals becomes small when the flow is
low subsonic and the source surface encloses the source
region. The volume integrals are dropped. Thus, we
have:

p'(},t) =p (},z)+pi (},t) (43)

where:

Po (Un +Un) ds +
r(l—Mr)2

4r pr (%.1) = J [
/=0
(44)

poU, {rM +Co(M, -M? )} "

v

o r2(1-m,)’
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CO 7=0 r(l—M
L -L
+ j [27%] ds + (45)
fo| 7 (1-M,)
L, rM 2
1 ; {er +Co(M, -M )}
— 3 dS
CO £=0 r2 (1—1M,,)
where:
U, =v, +£(ui —vi) (46)
Po
L = Ejnj + pu; (un —vn) 47)
when the integration surface coincides with an

impenetrable wall, the two terms on the right in Eq. (40),
Pr ()?t) and p; (f,t), are often referred to as thickness
(Monopole) and loading (Dipole) terms [15],
respectively, in light of their physical meaning.

The square brackets in Eq. (44) and Eq. (45) denote
that the kernels of the integrals are computed at the
corresponding retarded time, v defined as follows, given
the receiver time, ¢, and the distance to the receiver, r:

’
T=t—— 48
G, (48)

The various subscripted quantities appearing in Eq.
(44) and Eq. (45) are the inner products of a vector and a
unit vector implied by the subscript. For instance,

L .=L-r=Lr, and U, =U-n=U,n,, where r and n
denote the unit vectors in the radiation and wall-normal
directions, respectively. The Mach number vector M; in

Eq. (41) and Eq. (42) relates to the motion of the
integration surface. The L, quantity is scalar product

LM;. The dot over a variable denotes source-time

differentiation of that variable. To analyze the data,
research considered Fast-Fourier Transform (FFT) to plot
the semi-logarithmic Sound Pressure Level (SPL) vs.
Frequency and calculates with Eq. (49):

12
SPL(f,)=10log (%J (49)
p/‘ef

where, p'(f,) is the power spectral density of the
pressure fluctuation and p,,, is the reference acoustic

pressure.

International Review of Mechanical Engineering, Vol. 8, N. 2
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Brooks specified equation to account the equal
contribution of the two sides of airfoil for the total
Spectrum [3]. Eq. (50) is For the pressure side and
suction side, i=p,s:

Tian et al. [16] introduced a near-field acoustic
emission (AE) beamforming method to estimate the AE
source location, but it allocates to the solid mechanic.
Aeroacoustics relates to fluid mechanics, therefore this
paper seeks to define new method to analyze the critical
sources and fluctuated points calling Acoustic
Localization Analysis (ALA).

For this reason, with the aid of numerical analysis, the
trapezoidal rule of integral is used to generate Average-
Dependable SPL for acoustical analysis of specifically
located receivers.

This parameter is defined including location, range of
frequency, and corresponding SPL of each receivers to
help finding critical location of fluctuations and
consequently noise production, which is more explained
in section VI.

( SPLs SPLp
SPLTuzuz =10[0g 10 10 410 10

(50)

III. CFD Verification and Validation

All CFD computations were performed under the
commercial CFD code. Using structural O-Type mesh,
the chord length based on the 22.86 (cm). The
computations use Finite Volume Method (FVM), second
order and second implicit solver for unsteady flow. The
turbulence intensity has a value of 1 percent.

The verification also is divided into the two sections.
In Aerodynamic section, it compares both drag
coefficient and pressure coefficient with experimental
data.

In Aero-acoustic section, it compares semi-
logarithmic Sound Pressure Level vs. Frequency with
Brooks’ data [3]. Fig. 5 and Fig. 6 show the qualities of
mesh and its schematic of CFD domain.

20¢

Fig. 5. Schematic of CFD domain (c is chord length)

Copyright © 2014 Praise Worthy Prize S.r.l. - All rights reserved

393

t
il

Fig. 6. Close-up view of the CFD meshes for the NACA 0012 airfoil

111, Grid Study

Table II and Table IIT show the flow specification and
grid study result, respectively.

The Drag coefficient is compared with McCrosley’s
data [17]. In Fig. 7, the pressure coefficient is compared
with Ladson’s data [18], [19] for grid independent study
of three meshes.

In addition, Fig. 8 pictured Mach number contour of
0.55.

TABLE 1T
FLOW SPECIFICATION
Mach 0.55
Reynolds 3000000
Chord (cm) 22.86
AoA Zero
Turbulence Modcl Transition-SST

Turbulence Intensity 1%

TABLE IIL
GRID STUDY
Mesh  # Cells Max of y+ c, Error %
1 16875 113 0.010011 5.4
2 35970 9.4 0.009625 13
3 71940 9.2 0.009656 1.6

0.4

0.6

Q  Mesh3
Mesh 2
Mesh 1

Ladson Reynoids 3 million

1 (m}
+

19 ! I I I
06 07 0& 0s 1

0.1 0.2 03 0.4

L
ns
wic

Fig. 7. Pressure coefficient for 3 meshes at zero angle of attack

International Review of Mechanical Engineering, Vol. 8, N. 2
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Fig. 8. Contour of Mach equals to 0.55 for Mesh #1

IV. Aerodynamic Results

After that CFD validation at the Mach number of 0.55,
research focused on a Mach number of 0.209 including
velocity of 71.3 to compute the acoustic data of defining
receivers. Fig. 9 shows the pressure coefficient, Fig. 10
and Fig. 11 show the contour of Mach number and
turbulence intensity at the speed of Mach 0.2009.

V. Acoustic Results

This section is allocated to the predicted noise spectra
of the NACA 0012 airfoil at a speed of 71.3 meter per
second for five turbulence model. The Reynolds number
corresponds to 1.108761x10°. Fig. 12 to Fig. 16 are for
realizable k-¢, SST k-, Transition-SST, Reynolds Stress,
and Spalart-Allmaras turbulence models, consecutively.

@ Mach=0.209

i] 0.1 02 03 04 05 0B 07 08 08 1
w

Fig. 9. Pressure coefticient for Reynolds =1.1x 10°

a0l

Copyright © 2014 Praise Worthy Prize S.r.1. - All rights reserved
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Fig. 10. Contour of Mach equals to 0.209

Fig. 11. Contour of Turbulence Intensity for Transition-SST model

0 IR T . ; Y2

SPL 143 (dB)

----- —&— k-gpsilon (Realizabla)
+  NASA-Brooks 1980 U=77.3 mis |

10’ 1ot
Frequency (Hz)

Fig. 12. Realizable k-¢

----- —&— k-omega (S5T) :
+  NASA-Brooks 1989 U=71.3 /s |

10° 1ot
Frequency (Hz)

Fig. 13. SST k-

—=— Transition-S5T -
*  NASA-Brooks 1989 U=71.3 m/s |:

10 1ot
Frequency (Hz)

Fig. 14. Transition-SST
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70

G0

50

40

30

SPL1/3 (dB)

20

—&— RSU :
+  NASA-Brooks 1089 U=F1.3 m/s |
H H T H A S A ED | i

10*
Frequency (Hz)

Fig. 15. Reynolds Stress

70

SPL 143 (dB)

| —%— Spalan-Allmaras
+  NASA-Brooks 1080 U=71.3 m's ||
: = i

10 10

Frequency (Hz)

Fig. 16. Spalart-Allmaras

V.1

Acoustic Errors

There are three criteria to analyze the accuracy of
acoustic curves that can be calculated as Eq. (51) to Eq.
(53), Where, PPE is Predicted Peak Error, PFPE is
Predicted Frequency of Peak Error, and TRE is Total
Residual Error:

Peak,,,, — Peakyg |
PPE = ‘ P x100 (51)
Peak,,,,
Fopr = Fis |
PFPE =127 x100 (52)
expr
SPL,,,, — ) SPL,s
TRE = \Z e~ 2, ‘><100 (53)
> SPL,,,
TABLE IV
ACOUSTIC ERRORS
PPE PFPE o
Turbulence Models (%) %) TRE (%)
1 k- (Realizable) 8.1 1.9 6.1
2 k-0 (SST) 15.9 1.9 11.2
3 Transition-SST 7.5 1.9 7.7
4 Reynolds Stress 131 22.9 10.1
5 Spalart-Allmaras 8.2 22.9 7.6

In order to do further discussion about the acoustic
errors, this paper used a set of criteria for the errors of
numerical simulation below the 10%.

Copyright © 2014 Praise Worthy Prize S.r.l. - All rights reserved

395

It can be observed that realizable k-g, Transition-SST,
and Spalart-Allmaras have a fair agreement with the
experimental data for the predictive amount of peak. For
the predicted frequency of peak, the realizable k-¢, SST
k-, and Transition-SST have reasonable errors under
2%. For the total residual error, the paper considered the
accuracy of each of numerical simulation with the
experimental data to determine which ranges of
frequency are more accurate to do further research in
near future.

Fig. 12 shows that realizable k-¢ model has good
prediction in low frequency in contrast to other
turbulence models. On the contrary, the accuracy of this
model deteriorates at a frequency above 15 KHz. Both
Fig. 15 and Fig. 16, Reynolds-Stress and Spalart-
Allmaras Turbulence models, represent the fair data but
their predicted frequency of peak have substantial
difference with the experimental data. Since realizable .-
¢ and Transition-SST have more accurate data than other
turbulence models and in retrospect to the shorter run
time of realizable k-¢ models, research focuses on this
model to do Acoustic Localization Analysis (ALA).

VI

The focus of this section issued some analysis of the
locations of 19 receivers due to the homogenous
distribution in semi-circle circumference around the
airfoil, Fig. 17, and a far-field linear distribution with
constant y components, Fig. 18, respectively.

Acoustic Localization Analysis

PR i

Fig. 17. Schematic of semi-circle circumference

!

o

)

Fig. 18. Schematic of far-field linear distribution

In Fig. 17, the center of rotation corresponds to
trailing edge and the equations of 19 located receivers in
structural grid follow as:

x=c+Rcos(0) (54)
y= Rsin(@) (55)
R = const (56)
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For Fig. 18, the center of rotation also corresponds to
the trailing edge and the equations of 19 located receivers
are:

x'=c+R'cos(0") (57)
y' = const (58)

' y'
R =—= 59
sin(0") %)

The correlation between far-field linear and semi-
circle distribution is:

'=x (60)

cos(@) 61

In addition, for Fig. 19, the equations of 10 receivers
follow as:

i=012,..10 (62)
¢

=il 63

X 110 (63)

y" = const (64)
¥ = comst

Fig. 19. Schematic of linear distribution

The retard time, Eq. (48), is important to analyze the
critical peak because of correlation between location of
noise sources and receivers in Unsteady flow.

In fact, there are several factors that have close
relation to the sound wave interaction, such as local
sound speed, frequency, location and the vorticity
magnitude of local pressure fluctuation close to the
receiver. Fig. 20 shows the slice of fluctuation for
quadruple sources of random distribution, which is
simulated to enlighten the retard time fact and sound
sources interaction.

To compare all receivers and their recorded
fluctuations of pressure, a parameter is defined to plot a
curve relating to the locations, frequencies and SPLs of
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each receiver that we call it Average-Dependable SPL. It
is basically the Numerical Integral of SPL vs. Frequency
curve and its unit follows as (ABSPL.Hz).

In Fig. 21, it can be also observed that there are some
explanation to discuss in each curve, which needs to
follow up. The turbulence flow passed over TE,
including wakes, within the range of zero to 70 degree
has similar behaviors in each radius; the Leading-Edge
(LE) and TBL-TE noise within the range of 70 to 110
degree are dominated because of the several sound wave
interactions (peaks) such as, Monopole, Dipole, and
Quadruple. From the angle of 110 to 180, with the
increase in distance, there is chaos behavior respect to
the retard time fact. Since these locations are
approximately closer to LE than TBL-TE, the LE noise is
more conspicuously dominated. Brooks et al explained
that for the larger airfoils, the TE contribution dominates
the noise field. As the chord length decreases, the LE
noise peaks increase to become readily identifiable in the
correlation and more than TE noise [3].

Acoustic Prscure Distsution {pase )

I, (4BSPLHz)

L L
100 120

.
80
@ (Degree)

Fig. 21. Average-Dependable SPL of semi-circle distribution

Fig. 22 shows that some of peaks are close to LE.
Increasing in distance from airfoil indicates that flow
passed over the TE including the locations of TBL,
wakes, and maximum of 7i of flow for realizable k-¢
model, Fig. 23, generates TE noise.
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