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Aeroacoustics performance is assessed for three conceptual low-noise and high-lift wings
using the surface integral methods of acoustic analogy, including the Kirchhoff method, the
Ffowcs Williams and Hawkings method and the Curle method. A new way is proposed to
define the integral surface that encloses the core flow region for the first two methods on
the basis of the vorticity magnitudes. Both of the first two methods are used to compute
the noise generated by the core region of the flow, which is responsible for most of the noise
generation. The results obtained by the FWH method support those given by the Kirchhoff
method. The Curle analogy approach is adopted to calculate the noise by the boundary
layer flow attached on the walls inside the core flow region. Through comparison of the
results of the three approaches, the levels of the contribution to the noise by the volume
flow and the boundary layers are studied for the configurations. Finally, the mechanism of
efficiency on the noise reduction is presented for the three configurations.

Nomenclature

Density of the flow

Emission time of source

Viscous stress tensor

Vector normal to the integral surface

Vector in the radiation direction, 7= Z — ¥/
Vector location of an observer in the far field
Vector location of the source flow

Speed of sound

Integral surface which encloses the source flow
Distance between observer and source as R = |7
Reception time of observer

Lighthill stress tensor
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Subscripts
C Curle method

F Ffowces Williams and Hawkings method
K Kirchhoff method
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ret Quantity evaluated at the retarded time
total  Total pressure of the noise

I. Introduction

Noise reduction is a key issue in conceptual designs of silent aircraft, for which numerical simulations
have been increasingly employed in aeroacoustic analysis with the rapid development of computing facilities.
Nonetheless, with the limits of computational costs in engineering applications, computational aeroacoustics
(CAA) is challenged for its accuracy in predicting the far-field noise, where the sound wave in long distance
transmission is often characterized as fluctuations with small magnitudes.

Instead of direct computation of the noise, hybrid methods for acoustic analogy have been widely used
for predictions of the far-field noise induced by the aerodynamic flow. A hybrid method typically includes
two steps. The near-field flow is computed first using computational fluid dynamics (CFD) techniques, from
which flow-generated noise sources are extracted. The flow properties are then formulated in relevant forms
as source terms in an acoustic analogy, by which the far-field noise level is estimated.

High-lift flows are almost always turbulent, which can be handled in a hierarchical way of different
simulation approaches in CFD, ranging from direct numerical simulation (DNS) and large eddy simulation
(LES) to Reynolds-averaged Navier-Stokes (RANS) methods. At very high Re numbers — the usual case in
industry — it is recognized that the cost of using DNS and LES is too high. On the other hand, conventional
RANS approaches provide only mean flow information but no instantaneous flow fluctuation that is required
in aeroacoustic analysis, although it is apparently beneficial to save computation costs. However, the recent
development of hybrid RANS-LES method, which uses turbulence-resolved modeling approaches, has made
it possible to capture turbulent sources of the noise at low cost. This is the approach adopted in the present
work.

The surface integral methods of acoustic analogy include the Kirchhoff method,' % * the Ffowcs Williams
and Hawkings (FWH) method’ and the boundary element method (BEM).” Theoretical and numerical
comparisons of the first two methods have been made in CAA analysis of rotor noise” " ®“ and jet noise.'% !
In addition to these methods, the vortex sound theory has also recently been applied in numerical predictions
of the noise generated by a 3D profile of the high-lift wing.'”'? Along with the analogy methods referred
to above, the noise induced by the turbulent boundary layer to a stationary wall can be studied using the
Curle method.'* %> 10

The major objective of this paper is to assess aeroacoustic performance for three conceptual configura-
tions with low noise and high-lift using the Kirchhoff method, the FWH method and the Curle method.
Comparative analyses are made of far-field noise levels in order to evaluate the efficiency in noise reduction.
The potential of noise reduction for the high-lift devices evaluated is highlighted. In a separate paper, a
detailed study of the three acoustic analogy methods will be further reported.'”

II. Surface Integral Methodologies

A. The Kirchhoff Method

The Kirchhoff method is based on the requirement that the integral surface is located in the flow region
where the wave propagation condition is fulfilled.As derived by Lyrintzis,” the form of the Kirchhoff equation

is written as: 1 9 1 [op' (4,7)
. cos . p\yT
pffotal,K (l‘,t) :E /f_o { R2 [p’ (yaT)]7'et - E |:T:| et

cos® [Op' (¥, 1)
+00R[ or ot a5

(1)

where R is the modulus of 7, ¥ = Z — ¢, @i is the vector normal to the integral surface, cos = (r;/R) n;,
¢o is the speed of sound and f(%) = 0 denotes the integral surface which encloses the noise source of the
flow. Moreover, the terms in brackets marked by the subscript 'ret’ are evaluated at the retarded time
T=t—R/c.
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B. The FWH Method for a Permeable Surface

The original form of the FWH equation'® indicates that it can be applied to a stationary permeable surface
instead of a rigid wall.”% It reads:

. 1 0 1
p;otal,F (%t) = in O, /f_O {E [p’&j —Tij + Puiuj]ret ”j} ds

10 1
+E&/f=0{ﬁ[pujnj]mt}d5

where 7;; is the viscous and modeled turbulent stress tensor, which is neglected in the present analysis. By
assuming that the permeable surface encloses the core flow region, the volume integral term for quadrupole
source in Eq. (2) has been neglected.

(2)

C. The Curle Method

If stationary rigid walls are present in a flow, the noise is predicted by the Curle equation'’ as:

/~__L(9/l/. La/l
ptotal,C (x7t) - An 8931 =0 R [p]'ret g dS+ A azzaxj R [ U]ret av (3)

The first integral term in Eq (3) depicts the noise induced by the boundary layer flow over rigid walls. Our
interest in the present analysis is the noise from boundary layers. Thus, the volume integral term of the
Lighthill stress tensor is neglected, in which T;; = (p’ — p/c2)d;; — 7ij + pusu;.

III. Numerical Simulation Settings

Three high-lift configurations,'’ termed Config. 1, Config. 2 and Config. 4, were assessed in this paper.
The baseline configuration is set as Config. 1. Figure 1 shows the components of the high-lift devices for
each configuration. The baseline configuration consists of a double slotted part-span flap. The second one
adopts a structure with a single slotted part-span flap. The last one uses the same flap as the second one,
except for the Krueger flap. A cut plane for each configuration is illustrated in Fig. 2.

Krueger
flap

/// ’"1 wing

wing 4
/ . wing
front outboard ‘
flap 4
back outboard
flap outboard ! outboard
flap ‘ flap
front inboard :
flap
back inboard
: flap |nboard inboard

flap flap

(a) Config. 1 (baseline) (b) Config. 2 (c) Config. 4

Figure 1. The components of the three configurations.

A. Flow Simulation

The flow fields of the three configurations are computed under the same flow conditions using a hybrid
RANS-LES model. The freestream Mach number is 0.2, and the Reynolds number is 1.7 x 107. The first
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(a) Config. 1 (baseline) (b) Config. 2 (c) Config. 4

Figure 2. Cut planes at mid-span of the three configurations.

two configurations operate at the stall angle while the last one keeps the same angle of attack as Config. 2.
The configurations are attached to a common fuselage body in the numerical simulations. The 3D geometry
of Config. 1 is shown in Fig. 3. The symmetrical boundary condition is applied at the symmetry plane of
the computational domain, which corresponds to the symmetry plane at the fuselage.

Figure 3. The sketch of Config. 1 that is used. Because of symmetry, the simulations are carried out for half
of the configuration.

B. Aeroacoustics Calculation

When using the surface integral methods of acoustic analogies, a integral surface needs to be defined for
integration. According to the preconditions for applying the Kirchhoff method and the permeable surface
form of the FWH method, the core region of the flow field must be enclosed within the integral surface
because it is responsible for most of noise generation .”>"Y A common integral surface is employed in the
present calculations using the Kirchhoff method and the FWH method, although the restriction on the
location of the surface is weaker for the latter method.

The core flow region can be evaluated through vorticity because it characterizes the feature of turbulent
flow structures. Therefore, in order to make the integral surface enclose the core region in the Kirchhoff
method and the FWH method, the location of the surface can be determined on the basis of vorticity
magnitudes, which marks the strength of the flow structures. A rough estimation of vorticity is made in a
precursor RANS computation. As an example, the integral surface defined for Config. 1 is shown in Fig. 4.
The integral surface is marked with six colors that indicate the partition strategy in the surface generation.
The end of the surface in the downstream direction is kept open so as to reduce the artificial noise that is
caused by vortices crossing the surface.

Figure 4. The integral surface that is defined for Config. 1 in the Kirchhoff method and the FWH method.

In addition to evaluating the noise from the core flow region by the above two methods, the contribution
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from the boundary layer is calculated by the Curle method. When using this method, the integral surface is
set onto the rigid walls.

Observers in the far field are placed in a circle in the symmetry plane of the computational domain with
respect to a reference position in the core flow region. The reference position is located at the root of the
main wing. The distance between an arbitrary observer and the reference position is 15L, where L is the
wing span length. To decide the directivity of the noise level, the polar axis for this placement strategy
points to the upstream direction.

IV. Numerical Results

A. Calculate Noise by the Kirchhoff Method

Noise contributed by the core flow region is calculated with the Kirchhoff method for the three configurations
in this section. Quantities relative to the fluctuating pressure, which are obtained from the hybrid method
of RANS and LES, are integrated over the integral surface to compute the noise using Eq. (1). The sound
pressure level (SPL) is used to analyze the noise as SPL = 20log(p/pres). Here prey depicts the reference
pressure. Figure 5 shows SPL of p},,,; x at an observer at 270° for the three configurations. The observer
is evaluated because its location is veftically below the airframe. The actual amplitudes of the figures in
this paper are removed for confidentiality. It is found that a highest SPL for Config. 1 is observed at lower
Strouhal numbers, which is defined as St = fL/U, where L is the characteristic length of the chord of the
wing and U is the mean flow velocity. However, discrepancies in the amplitude levels decrease in the range
of St higher than 2. The overall sound pressure level (OASPL) of the noise is shown in Fig. 6. The polar
axis for the OASPL points to the upstream of the mean flow. Subfigure (a) displays the OASPL for the
total noise which includes all resolved frequencies, and subfigure (b) displays the OASPL for the noise of
frequencies higher than 20 Hz. It is observed in subfigure (a) that the total noise level of Config. 4 is lower
than the other two from 6 to 10 dB. However, it is found in subfigure (b) that the noise of frequencies higher
than 20 Hz stays at the same level for the three configurations.

L | LN |

P, o 270°, Config 1
P otal 270°, Config 2
p'(otal, K? 27001 COnfig 4

T

SPL (dB)

<>
10dB

AR R EEEE EEEEE EEEEE EEEEE EEEEE EEREE RN W

IR | R |
10° 10
St

Figure 5. SPL of p;otal x at observer 270°. The Kirchhoff method.

B. Calculate Noise by the FWH Method

In addition to the Kirchhoff method, the FWH method is adopted to calculate the noise from the core flow
region according to Eq. (2). The SPL of p}, ., » for the configurations at observer 270° are compared in
Fig. 7. It is observed that the energy level of the noise for Config. 1 is in general highest. Subfigure (a) in
Fig. 7 shows the OASPL of the total noise involving energy over all resolved frequencies, and subfigure (b)
shows the OASPL for the noise of frequencies higher than 20 Hz. It is observed in subfigure (a) that the
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(a) All resolved frequencies.
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(b) Resolved frequencies higher than 20H z.

Figure 6. OASPL of p;otal,K' The Kirchhoff method.

noise level is significantly reduced for Config. 4 compared to the other two configurations. The noise level at
high frequencies (> 20H z) in subfigure (b) also shows the reduction effects based on Config. 1. Furthermore,
by comparing the two figures, it is found that the noise at low frequencies (< 20Hz) is not dominant in
Config. 4. A sudden energy bulk of OASPL is observed in the upstream direction for Config. 1. We assume
that it is caused by the unsuitable location of the integral surface, which is too close to rigid walls, as well

as the mesh density distribution inside the surface.
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Figure 7. SPL of p;otal p at observer 270°. The FWH method.

C. Calculate Noise from the Boundary Layer by the Curle Method

Noise contributed by the volume flow and the boundary layer flow is computed together when using the
Kirchhoff method and the FWH method. However, the contribution by the boundary layer flow can be

studied specifically by the Curle method if the volume integral term is neglected in Eq. (3).

The SPL of

pgomhc at 270° is presented in Fig. 9. The results indicate that the noise induced by the turbulent boundary
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(a) All resolved frequencies. (b) Resolved frequencies higher than 20H z.

Figure 8. OASPL of p:&otal,F' The FWH method.

layer of Config. 2 is the lowest one. The OASPL in Fig. 10 (a) and (b) are lowest in the downward directions.
A comparison of the two subfigures indicates that the percentage of the noise of the boundary layer flow in
frequencies lower than 20H z is not high.
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Figure 9. SPL of p}_, , » at observer 270°. The Curle method

D. Overall Aeroacoustic Assessment on Three Configurations

To assess the configurations quantitatively, Table 1 lists the comparative magnitudes of the SPL, in which
the results of Config. 1 are set to zero as the references. It is seen that the noise reduction of the last two
configurations decreases with increasing St number. The low frequency noise, St = 1, is reduced significantly
in Config. 4. The effect appears not only for the total noise computed by the Kirchhoff method and the
FWH method, but also for the noise from the boundary layer that is computed by the Curle method. The
magnitudes of the OASPL for the noise over the resolved frequency band in the downward directions are
shown in the same manner in Table 2. It is found that the total noise from the core flow region is brought
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Figure 10. OASPL of p;otal,C' The Curle method.

down considerably for Config. 4. However, the reduction efficiency of Config. 4 on the boundary layer noise
decreases slightly as compared with Config. 2 in those directions. This implies that the volume flow is the
dominant noise source for the high-lift devices which operate at stall angle. That is, the noise reduction
efficiency for the last two configurations depends on their capabilities to control the unsteady volume flow.

Table 3 lists magnitudes of the OASPL in three downward directions for the noise omitting energy in
frequencies lower than 20 Hz. The results given by the Kirchhoff method are similar for all configurations.
However, those given by the FWH method show apparent changes, and Config. 4 reduces the noise. Here
we prefer to trust the FWH method because it takes into account the non-linear effect in flow. It is seen
that a sharp depression appears at the observer 300° for Config. 2 and Config. 4 using the FWH method.
However, as discussed in Fig. 8, there is an energy bulk in the upstream directions which is probably caused
by too coarse a mesh. Comparing with the OASPL magnitudes in Table 2, the extent of the reduction in
the last two configurations in Table 3 generally becomes much lower if low frequency noise is omitted. This
therefore suggests that the noise in the low frequency range is important.

Table 1. Difference in SPL (dB) relative to Config. 1 at Observer 270°.

Kirchhoff method FWH method Curle method
St=1]St=5|St=10| St=1|St=5|St=10| St=1|St=5| St=10
Config. 1| 0 0 0 0 0 0 0 0 0
Config. 2 | -6.26 | 2.41 | -1.67 | -15.28 | -4.81 -8.60 -9.04 1.39 -4.49
Config. 4 | -18.29 | 2.63 | -1.42 | -19.74 | -6.97 -8.89 | -12.70 | -1.43 -0.06

* The values of Config. 1 are set to 0 and are taken as references for those of the other two configurations.

It is also interesting to study the acoustic performance of the common components of the high-lift wing. As
indicated by Eq. (3), the noise from the boundary layer flow on the rigid wall can be calculated individually.
This advantage is utilized here to study the noise related to a certain rigid wall. Because the wing is common
to the three configurations, it is reasonable to compare its noise contribution within the configurations using
the Curle method. The main wing is split into the wing part and the cove part. Furthermore, the noise
contribution from the flaps can be evaluated as two groups, that is, the outboard flap group and the inboard
flap group, because Config. 1 is attached by two flaps both at the inboard and outboard parts of the main
wing.

The noise from the wing part is shown in Fig. 11. As displayed in subfigure (a) of Fig. 11, the SPL of
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Table 2. OASPL (dB) magnitudes at three observers.

Kirchhoff method FWH method Curle method
240° | 270° | 300° | 240° | 270° | 300° | 240° | 270° | 300°
Config. 1f| 0 0 0 0 0 0 0 0 0

Config. 2 | -1.34 | -0.30 | -0.33 | -4.41 | -4.17 | -9.50 | -4.82 | -5.58 | -4.90
Config. 4 | -9.46 | -7.75 | -6.99 | -11.94 | -10.50 | -13.56 | -4.78 | -4.35 | -3.48

T The values of Config. 1 are set to 0 and are taken as references for those of the other two
configurations.

Table 3. OASPL (dB) magnitudes at three observers, disregarding the noise in low
frequencies (f < 20Hz).

Kirchhoff method FWH method Curle method
240° | 270° | 300° | 240° | 270° 300° | 240° | 270° | 300°
Config. 1¥| 0 0 0 0 0 0 0 0 0

Config. 2 | 1.67 | 2.59 | -0.93 | 0.84 | -0.29 | -7.68 | 0.11 | -2.40 | -2.85
Config. 4 | 0.74 | 0.84 | -1.77 | -6.44 | -6.54 | -11.75 | 0.22 | -0.77 | -1.31

T The values of Config. 1 are set to 0 and are taken as references for those of the other two
configurations.

Config. 1 is highest at frequencies lower than St = 1.3. Subfigure (b) shows that the OASPL of Config. 1
is the highest one. The other two configurations have equal noise levels. Noise from the cove part is shown
in Fig. 12. As shown in subfigure (a), the SPL of Config. 1 is lowest at frequencies ranging from St = 3
to 25. Subfigure (b) shows that the OASPL of Config. 1 is the lowest one. However, the cove parts of
the other two configurations have equal noise levels. This phenomenon is also observed for the wing part.
Figure 13 displays the noise from the outboard flap group, where (b) indicates that the OASPL of Config. 4
is the highest one, although Config. 1 has two flaps. It is shown in Fig. 14 that the noise is induced by the
inboard flap group. Subfigure (b) indicates that the OASPL of the three configurations stay in the same
level. Figure 15 shows the noise from the Krueger flap of Config. 4. Taking the total noise over all walls as
reference, its noise contribution is not significant.

V. Conclusion

Aeroacoustic performance is assessed for three configurations that are 3D low-noise high-lift wings. Three
surface integral methods of acoustic analogies are adopted in the assessment, including the Kirchhoff method,
the FWH method and the Curle method. The first two methods are used to study the total noise generated
by the core region of the flow. The integral surface to enclose the region is defined on the basis of preliminary
RANS results of vorticity. The noise generated by the turbulent boundary layers is then studied with the
Curle method.

The reduction efficiency of Config. 4 to the total noise is better than Config. 2, if Config. 1 is taken as
baseline. Considering the core region that involves the volume flow and the boundary layers, the first type of
flow represents the dominant noise source for the high-lift devices at stall angle when comparing the OASPL
between the Curle method and the other two methods. This means that the noise reduction efficiency of the
high-lift wing depends on its capability to depress the unsteady volume flow. When the noise lower than 20
Hz is omitted, the reduction level in the OASPL does not decrease as quickly as that of the noise over all
resolved frequencies. Thus, the noise in the low frequency range is depressed to a great extent by the last
two configurations.

The noise induced by the boundary layers of the common configuration components is studied using the
Curle method. The noise related to the wing surface of the last two configurations is reduced with almost
equal levels compared with the first one. However, the cove regions of the last two configurations induce
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Figure 11. Comparison of the three configurations with SPL and OASPL of the noise, which is induced by
the boundary layer on the wing part of the main wing.
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Figure 12. Comparison of the three configurations with SPL and OASPL of the noise, which is induced by
the boundary layer on the cove part of the main wing.
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Figure 13. Comparison of the three configurations with SPL and OASPL of the noise, which is induced by
the boundary layers on the outboard flap group.
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Figure 14. Comparison of the three configurations with SPL and OASPL of the noise, which is induced by
the boundary layers on the inboard flap group.
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Figure 15. SPL and OASPL for the noise induced by the boundary layer of the Krueger flap surface are
compared with those for the total noise p;oml ¢ by all surfaces.

more noise instead of a reduction. For the outboard flap group, the noise from Config. 4 is highest. However,
the inboard flap group is present as a common dominant noise source among all components. Moveover,
it is observed that the Krueger flap of Config. 4 is an insignificant noise source in contrast to the other
components.
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