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Abstract

In this paper, computational efforts in designing experiment for a series of wind tunnel tests of high-lift airframe
noise measurement and the importance are shown. This paper describes computational evaluations of the design
of wind tunnel testing model, the model sizing and mounting in wind tunnel, and influences of shear layer and
mounted plate on the sound propagation in open-cart test section. It is shown that preliminary CFD investigation
of the wind tunnel tests can decrease unknowns and improve the accuracy of the wind tunnel test.
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Introduction

With recent interest in the environmental problems, regulations for aircraft noise around airports have tightened.
Due to successive efforts for noise reduction from aircraft engines, airframe noise is getting prominent for the

overall noise level, especially during approach where engines are throttled down. Therefore, noise reduction
technologies for the airframe noise are getting important for developments of future commercial aircraft. The
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noise from high-lift devices deployed during landing and take-off such as leading-edge slat and trailing-edge
flap is known as one of major noise sources of the airframe noise besides the noise from landing gears [1-3].

Recent progresses of CFD technologies solving Reynolds-Averaged Navier-Stokes (RANS) equations and
computer resources have improved the accuracy to predict the steady-state aerodynamics phenomena and
performance to a useful level applicable in the design process, even for full-aircraft configurations deployed
high-lift devices [4-6]. In recent years, efforts to validate and improve CFD/CAA (Computational
AeroAcoustics) for airframe noise computations have been promoted internationally through several workshops
such as BANC (Workshop on Benchmark problems for Airframe Noise Computations) [7-8]. However, the
daily use of CFD/CAA to simulate the noise from high-lift devices especially for full aircraft configurations still
requires to solve several difficulties in the grid generation, prediction accuracy and computational resources.
The airframe noise research still relies largely on wind tunnel testing, collaborating with numerical simulations.
JAXA has conducted research work using a series of wind tunnel tests and numerical simulations on the noise
generation mechanism and reduction technologies around the high-lift devices and landing gears [9-15]. To
investigate the airframe noise from high-lift devices, several research models such as a simple rectangular single
wing model and a realistic wing-fuselage model deployed high-lift devices have been used for the wind tunnel
tests and numerical simulations [6, 16-17]. The research using the most complicated wing-fuselage model
deployed high-lift devices with an engine nacelle, which is the wind tunnel testing model basically for
aerodynamic test purpose, had tried to identify the noise sources and characteristics generated from the realistic
aircraft configurations such as slat side-edges. On the other hand, dimensions of slat and flap are small in the
half-span wind tunnel testing model of complete aircraft configuration with 2.3m half-span length. The
flowfields are complicated with interferences of engine-nacelle. They made it difficult to investigate the detail
flowfields around identified noise sources and basic noise characteristics from each component. The research
using a simplified three-dimensional high-lift wing model, “OTOMO”, shown in Fig. 1 had clarified the details
of noise characteristics and generation mechanisms from high-lift devices [9-15]. The studies using the models
had improved techniques of the wind tunnel tests such as noise source identification using phased-array
microphones and flow visualization using PV and numerical simulation methods such as LES and LES/RANS
hybrid method. In addition, the devices and concepts to reduce the noise have been also proposed and validated
using the models.

Q) Solid-wall cart (ii) Anechoic Kevlar-wall cart
x 2m JAXA-LWT2

(b) 3m x 2.5m Large-Scale Anechoic Wind Tunnel in Railway Technical Research Institute

Fig. 1 JAXA high-lift device noise research model, “OTOMO” mounted in the wind tunnel facilities [9-15]
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Fig. 2 Example of narrow-band spectra of far-field SPL of OTOMO model [11]

The research model shown in Fig. 1 employed a rectangular wing planform and omitted the sweep angle, taper,
and dihedral angle. Toward further improvements to predict and reduce the airframe noise from actual aircrafts,
the influences of the omitted parameters on the noise generation mechanisms and the effectiveness of devices
and concepts to reduce noise should be investigated well. For example, in several wind tunnel test results such
as two-dimensional wind tunnel test results and test results using JAXA'’s rectangular high-lift wing model [11],
Multiple Tonal Peaks (MTPs) generated from slat are observed as shown in Fig. 2. On the other hand, it has
been said that MTPs are not necessarily observed in flight test results. In addition, noise sources are often
identified around detail parts such as slat tracks and cavities in flight test results of actual aircrafts, which are
specific in the actual aircrafts and not modeled or simplified in the wind tunnel testing model. The influences of
such detail parts in actual aircrafts should be also clarified for further improvements to predict and reduce the
airframe noise from actual aircrafts.

To investigate the influences, a half-span three-element high-lift wing model with taper and sweep angle were
designed and fabricated for the purpose of high-lift device noise research. A series of wind tunnel tests have
been conducted since 2011. In this paper, the computational efforts in designing experiment for the wind tunnel
tests and its importance are shown. For successful wind tunnel tests of high-lift device noise research,
preliminary CFD investigation of the wind tunnel tests can decrease unknowns and improve the accuracy of the
wind tunnel test. The preliminary CFD results help to appropriately and efficiently locate steady/unsteady
pressure sensors to be measured. The model has to be appropriately designed to simulate expected flowfields
and conditions in the wind tunnels. The model sizing and mounting method should be carefully selected to avoid
strong wind tunnel interference at high-lift conditions. In the case of open-cart test to evaluate far-field noise,
careful consideration is required. If the model generates unexpected extra noise, it is difficult to distinguish the
influence from the measured spectra. In addition, in the case of open-cart test, generated shear-layers largely
deflect due to high-lift. The deflected flow has to be in the collector without generating extra noise at the
required conditions. For the purpose of high-lift device noise research, not only the wind tunnel data correction
for aerodynamic forces, but also the influence on the sound propagation through the deflected shear-layers and
sound reflection on the mounted plate should be evaluated.

Designed Wind Tunnel Testing Model for High-lift Device Noise Research,
OTOMO2

The model is designed to have a leading-edge slat and a trailing-edge single-slotted flap assuming an outer wing
with sweep angle of a 100-passenger-class civil jet aircraft. The designed model configuration, OTOMO?2, is
shown in Fig. 3.

Noise sources around slat are mainly derived from unsteadiness of the shear layers from the cusp and the slat

trailing edge. Three noise components have been observed up to now [11]. The first component is the low
frequency broadband component. The second component is the multiple tonal peaks (MTP) superimposed on
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the low frequency broadband component. The third component, high frequency tone noise, is governed by the
Karman vortex shedding from the trailing edge of the slat. Several other possibilities are the slat tracks, the
cavities around the slat track, and anti-icing vent. In addition, to seal gaps between slat and the leading-edge of
the main wing when the slats are stowed at the cruise conditions, blade seal and bulb seal are often attached as
shown in Fig. 4. They change the shear layers from the cusp and the flow pattern in the cove. Besides the basic
characteristics of noise from slat, the influences of such detail parts in actual aircrafts should be also clarified for
further improvements to predict and reduce the airframe noise from actual aircrafts. This model is designed to
allow the additional evaluation of the influences. Figure 5 shows the examples of additional parts of simulated
slat tracks and cavities.

As for noise from flap, flap side-edge is recognized to be a major noise source. The noise sources at the flap-
edge were clarified as three main sources; noise at low-frequency around the aft of flap trailing edge by vortex
instability, broadband noise at mid-frequency around the side-edge of flap by shear-layer instability, and
broadband noise at high-frequency around the gap between main wing and flap by shear-layer instability [18-19].
In this model, flap-tip region is designed to be exchangeable. As for the flap track, a flap track fairing can be
evaluated as shown in Fig. 6.

Two CFD codes had been used to design the model. One is a flow solver on multi-block structured grids,
UPACS, which is a standard CFD code for multi-block structured grids in JAXA [20-23]. The other one is a
flow solver on unstructured grids, TAS code [20, 24], which is one of major CFD codes for unstructured grids
used in APG/JAXA. The mixed element unstructured grids composed of tetrahedrons, prisms, and pyramids for
viscous flows with high Reynolds number were generated using unstructured surface/volume mesh generators,
TAS-Mesh and MEGG3D [25-29].

Hormal wing tip tairing Slat gap fillor a1

g tip fence Main wing

Dramnimy Sl tracks
Slat gap filler ad the root

Bondary layer spacer

Fig. 3 Designed JAXA high-lift device noise research model with taper and sweep angle, “OTOMO?2”
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Fig. 4 Schematic of blade seal and bulb seal

Fig. 5 Examples of additional parts of simulated slat tracks and cavities in the wind tunnel test model

F ié. 6 7Siinulated flap track fairing in the wind tunnel test model

Design of Wing Geometry

In this research, use of two different wind tunnel facilities is assumed. One is the JAXA-LWT2 Lowspeed Wind
Tunnel shown in Fig. 1(a). The facility is used for measurements of noise source identification by microphone
phased-array, aerodynamic force and moment, static/unsteady pressure, and flowfield by oil-flow and PIV. It is
an atmospheric pressure closed-circuit tunnel with a solid wall square test section or a Kevlar wall square test
section. The size of the test section is 2m in height, 2m in width, and 4m in length. The other one is the Large-
Scale Anechoic Wind Tunnel in Railway Technical Research Institute (RTRI) [30] shown in Fig. 1(b). The
tunnel has an open-jet nozzle with a rectangular cross-section. The size of the test section is 3m in width, 2.5m
in height, and 8m in length. The facility is used for measurements of far-field noise spectra including directivity
characteristics, aerodynamic force and moment, and static/unsteady pressure. In order to investigate details of
noise sources, the model size is designed to be maximized in the wind tunnels.

To be consistent with a series of JAXA'’s high-lift noise researches, the wing geometry is designed based on two
models, a realistic aircraft wing-fuselage model deployed high-lift devices, JSM (JAXA Standard Model) [6, 16-
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17], shown in Fig. 7 and a simplified high-lift model, OTOMO, shown in Fig. 1. The wing planform is based on
the outer wing of JSM. The half-span length should be less than 1.5m in the JAXA-LWT2 for high-lift
configuration. The half-span length of JSM is 2.3m. To be full-span slat and 70%span flap, the wing planform
of from 54% to 88% span is used for the baseline planform. The stowed section airfoil and the setting parameter
of slat and flap are identical with those of OTOMO. The slat and flap are deployed in three-dimensional
direction based on the wing planform to evaluate under realistic aircraft situations. The differences of flowfields
by the deployment methods are preliminary evaluated by CFD as shown in Fig. 8.

(b) Deployed in three-dimensional direction

Fig. 8 The difference of flowfields by the deployment methods of slat and flap preliminary evaluated by CFD
(left: surface pressure distribution, right: total pressure loss)

If the load distribution of the JSM is reproduced on the model, it is expected that the miodel can reproduce the
noise. Figure 9 shows the aerodynamic forces and moment of JSM measured in the wind tunnel test. Figure
XXX indicates two results with different flap settings; (A) inboard single/outboard double flaps with 35deg
deflection and (B) inboard/outboard single flaps with 30deg deflection. The lift coefficiient at landing Cyp) is
estimated using Cy max.
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Vslg = A 2W/,DSCLmax 1
Vip = 1.23Vsyy = \/2W/pSCy/py 2

CL(L/D) = CLmax/1-232 (3)

Crp) is estimated to be 1.89 and 1.84 and the corresponding angles of attack « are around 3°~4° and 5°~6°
degrees for each flap setting.

Figure 10 compares the load distribution of JSM with inboard single/outboard double flaps with 35deg
deflection at a=4° and the preliminary configuration of OTOMO?2 obtained using CFD. In the preliminary
configuration, the twist and dihedral angle are set to be zero. The load distribution of JSM from 54% to 88%
span is re-scaled to be from 0% to 100%. Compared with the load distribution of JSM, it is confirmed that the
load distribution of the preliminary configuration around 70% where the flap-edge is located shows good
agreement at o=12° although the load distribution from 0% to 50% span is relatively lower. The load
distribution will be adjustable to match better by considering twist distribution, while it complicates the model.
Therefore, the twist distribution is not considered in the model.
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Fig. 9 Aerodynamic forces and moment of JSM measured in the wind tunnel test
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Fig. 10 Load distributions of JSM with inboard single/outboard double flaps with 35 deg deflection at o =4
from 54% to 88% span which is re-scaled to be from 0% to 100% and the preliminary configuration of
OTOMO?2 obtained using CFD

Model Sizing and Mounting in Wind Tunnel

As for the model sizing, the chord and span lengths of OTOMO are used for the baseline dimensions. The chord
length and half wing span length are 0.6m and 1.35m. The stowed chord length at 70% span where the flap-tip
locates is set to 0.6m. The appropriate scale is investigated based on the estimated amount of blockage and
classical wind tunnel wall correction in JAXA-LWT2, the measurement frequency range, and the capacity to
mount measurement sensors and tubes in the model. CFD simulation including wind tunnel of JAXA-LWT2
shown in Fig. 11 was used to validate the wind tunnel wall correction and to check the change of flowfields such
as flow separation and vortices. To reduce the model scale to 80% from the baseline makes it difficult to mount
all measurement sensors and tubes in the model. To increase the scale over 90% will increase the wind tunnel
wall interferences compared with the results of OTOMO. Therefore, the model scale was decided to 85% scale
of the baseline sizing. The angle of attack to be corrected is around 2° for the scale.

(i) Baseline model (ii) 85% scale model
(b) Comparison of surface pressure distribution on the wind tunnel walls

Fig. 11 Computations of the model in JAXA-LWT?2 to investigate the wind tunnel wall interferences
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(b) Mach contours at 25% span section (c) Mach contours at the inlet of the collector

Fig. 12 Computation of the model in RTRI open-cart test section

In the case of open-cart test to measure the far-field noise, flow with shear-layer deflected due to high-lift has to
be in the collector without generating extra noise at the required conditions. It was also evaluated by CFD.
Figure 12 shows the computational results of the model in RTRI open-cart test section at o=16°. From the
computational results, the flow is appropriately in the collector. The results also indicate the allowance to
increase the angle of attack. These preliminary evaluations help to plan the wind tunnel test conditions and
understand the test results.

In the half-span model testing mounted vertically on the wind tunnel, a spacer to avoid interferences between
the model and the boundary layer of the bottom wind tunnel wall is often used. With less height of the boundary
layer spacer, the inboard wing is influenced by the boundary layer interaction. The excessive height of the
spacer increases lift and decrease drag. The careful selection of the height is important for half-span model tests.
The appropriate height was evaluated by CFD. At a representative test condition in JAXA-LWT2, 99% height &
and displacement thickness & of the floor boundary layer is 80mm and 7.5mm. Figures 13(a) and 13(b) shows
the distribution of total pressure loss and surface pressure coefficients Cp. Figure 13(c) shows the influence on
the spanwise load distribution. In Fig. 13(c), BL80 indicates the results with the floor boundary layer of
6=80mm. H20, H40 and H60 indicate that the height of the boundary layer spacer, H, are 20mm, 40mm and
60mm. In the computations, the floor boundary layer is modeled, but the wind tunnel itself is not simulated. As
shown in Fig. 13(a), the floor boundary layer passes over the fuselage-like fairing and affects the inboard wing.
In the case with H=20mm, the load reduces at a spanwise range from 5% to 30%. In the case with H=60mm, the
load shows good agreement at 10%span, while increases at a spanwise range from 10% to 60%. From these
observations, the height of the spacer was decided to be 40mm in JAXA-LWT2. Our previous computational
and experimental studies using a realistic high-lift model, JSM, for high-lift aerodynamics research [31-32] had
shown that a height of the spacer with the displacement thickness of the floor boundary layer &° or twice of &" is
appropriate. For the present model, use of much thinner fuselage-like fairing requires much higher boundary
layer spacer than the guideline.
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The aft-part of the fuselage-like fairing was also modified by CFD considering the boundary layer spacer.
Figure 14 shows the computational results with different aft-part of the fuselage-like fairing. The flow
separation around the aft-part is reduced in the modifications. Space with height of 10mm is opened between the
spacer and fuselage to exclude the measurement of the forces on the spacer. Then, a labyrinth seal is inserted in
the space between the spacer and fuselage. The flow rate and flow speed passing through the labyrinth seal by
the size of gaps were evaluated as shown in Fig. 15. Based on the observations, the labyrinth seal shown in Fig.
15(c) was selected.

(i) 5=0mm, H=0mm (ii) 5=80mm, H=20mm (iii) 5=80mm, H=40mm (iv) 8=80mm, H=60mm

(a) Total pressure loss

(i) 5=0mm, H=0mm (ii) 5=80mm, H=20mm  (iii) 5=80mm, H=40mm (iv) 8=80mm, H=60mm

(b) Surface pressure distribution
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Fig. 13 Evaluation of influence of the floor boundary layer with different height of the spacer at @ = 12°
(S :99% thickness of boundary layer, H: height of boundary layer spacer)
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(c) Final fuselage-like fairing

Fig. 14 Evaluation of aft-part of fuselage-like fairing with boundary layer spacer at a = 12°
(left: total pressure loss, center: surface pressure, right: surface restricted streamlines)

(i) e=1mm (i) e=3mm
(a) Velocity contours at AP=1000Pa
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Fig.15 Design of labyrinth seal
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Influences of Shear Layer and Mounted Plate on the Sound Propagation in
Open-cart Test Section

In the case of open-cart test section, generated shear-layers largely deflect due to high-lift. For the purpose of
high-lift device noise research, not only the wind tunnel data correction for aerodynamic forces, but also the
influence on the sound propagation through the deflected shear-layers and sound reflection on the mounted plate
should be evaluated. The influences were roughly evaluated using Linearized Euler Equations (LEE). Figure 16
shows a computational set-up to evaluate the sound reflection on the floor and structure to support the floor in
the open-cart test section. A monopole sound source is set to a location. The location is changed from root to tip.
Figures 17 and 18 show the influence of SPL by reflection on the floor and structure to support the floor for
500Hz and 1kHz sound sources, respectively. The results with the sound sources near the tip show more clear
stripe pattern at X=0 section. By the location and frequency, the interferences are quite different.

X[m]
-8 0 8
5 6
Monopole
sound source Z[m]
Floor TCh)k - 2
ckness=50mm 0 Y[m] Monopole sound source  Fgor
. 2
T =] S
Structure Thickness O?I_mg' E> 0 N\
to support 6 ) Flow
floor Y[m]
(@) View forward (b) view from top

Fig. 16 Computational set-up to evaluate the sound reflection on the floor and structure to support the floor

(i) X=0 (i) =0
(a) Sound source at Z=145mm (root)

(i) X=0 (ii) Z=0
(b) Sound source at Z=1275mm (tip)

Fig. 17 Influence of SPL by reflection on the floor and structure to support the floor (monopole, S00Hz)
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(i) X=0 (i) Z=0
(a) Sound source at Z=145mm (root)

(i) X=0 (i) Z=0
(b) Sound source at Z=1275mm (tip)

Fig. 18 Influence of SPL by reflection on the floor and structure to support the floor ( monopole, 1000Hz)

Figure 19 shows computational set-up to evaluate influence on the sound propagation through the deflected
shear-layers. CFD results shown in Fig. 12 are used as the background data for LEE. Figure 20 shows the
influence of SPL by the wind tunnel flow. Figure 21 shows comparison of directivity change of SPL by the
deflected shear-layers. Major influence is found in the downstream region. The influence is larger when the
sound source locates near the tip. The difference is around 4dB at maximum. These data were compared with
classical pressure correction methods. By the comparison, it turned that some parts of the influcences can be
corrected by the classical method, while the downstream region can not be corrected. It is important to
understand these characteristics for discussion of the real directivity of the noise removing wind tunnel
interferences. The result is expected to contribute to sophisticate the classical correction method.

. Region solving LEE 1 S
x | Region solving LEE
— | I 3 — =y .
N N
E— . . n 8 L
I = = M tm] = o] E] E 'l-.] 1
(a) Computational grid for LEE (b) Region solving LEE

Fig. 19 Computational set-up to evaluate influence on the sound propagation through the deflected shear-layers
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(i) Wind tunnel flow w/o model (i) Wind tunnel flow w/ model
(a) Cross-section at Z=145mm (sound source at Z=145mm (root))

(i) Wind tunnel flow w/o model (i) Wind tunnel flow w/ model
(b) Cross-section at Z=1275mm (sound source at Z=1275mm (tip))

Fig. 20 Influence on the sound propagation through the deflected shear- layers
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Fig. 21 Comparison of directivity change of SPL by the deflected shear -layers

Concluding Remarks

Computational efforts in designing experiment for a series of wind tunnel tests of high-lift airframe noise
measurement have been shown. The daily use of CFD/CAA towards airframe noise predictions especially for
full aircraft configurations is still difficult and the airframe noise research relies largely on wind tunnel testing.
For the airframe noise research, requirements of the accuracy of wind tunnel testing are severe. It has been
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shown that preliminary CFD investigation of the wind tunnel tests can decrease unknowns and risks and
improve the accuracy of the wind tunnel test. In the investigation, computations of a lot of configurations at
many flow conditions had conducted with a limited schedule to design and fabricate the model, while
improvement of the turnaround time of CFD would contribute to improve the wind tunnel test further. The
continuing improvement and combination of CFD and EFD will be important for high-lift device noise research.
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