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Abstract

Overview of the computational fluid
dynamics (CFD) research activities, associated
with a simplified high-lift-device wind tunnel
model (OTOMO) is described. Three different
CFD codes are used to investigate the flow
around the OTOMO focusing on different
aspects. First, two different codes, UPACS
(structured grid) and TAS (unstructured grid),
codes are used to estimate the aerodynamic
performance.  Secondly,  unsteady  flow
simulation is performed to understand the noise
generation — mechanism  around OTOMO,
specially, slat noise. For this purpose, UPACS-
LES code is wused. Validation of the
computational results is performed through
comparison with the experimental results. And
finally, noise reduction devices are designed
and evaluated with the support of CFD. All of
the computations are performed parallel to the
wind tunnel experiments, which led the overall
program successful.

1 Introduction

Airframe elements are a dominant noise
source during a landing phase of a civil aircraft
due to the decrease in jet engine noise. Nearly
50% of the overall noise during the landing
phase is generated by the airframe structures
such as slats, flap edges of high-lift-devices
(HLD), and landing gears [1-2]. To further
lower the overall noise level, reduction of the
airframe noise is necessary.

From the previous studies, slat and flap-tip
are recognized as a dominant airframe noise

sources. The first attempt in JAXA was noise
source  measurement using phased-array
microphone, during the aerodynamic testing of a
realistic high-lift configuration aircraft model
(JSM: JAXA High-Lift configuration Standard
Model) [3-5] in a low speed wind tunnel (See
Fig. 1). The necessity of further research on this
topic as well as importance of HLD noise was
recognized from the results.

ol

Figure 1. JAXA High-lift configuration standard model in
6.5 x 5.5 m wind tunnel (JAXA-LWTI).

In order to investigate details of HLD noise,
a simplified high-lift wing model, called
OTOMO [6,7], was designed based on the
airfoil section of the JSM. The model was
decided to be a half-span type as shown in Fig.
2 to maximize Reynolds number. The chord
length is 0.6m, the half wing span is 1.35m, and
the aspect ratio is 4.5. For the simplification,
sweep angle, taper and dihedral angle were
omitted. The model consists of full-span slat at
the leading-edge and 70% span single-slotted
flap at the T.E. In addition, it is equipped with a
simplified body-pod of 1.65m in length, 0.4m in
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width, and 0.05m in height formed by elliptic
cross sections. It is possible to use this model in
four kinds of HLD configurations by deploying
or stowing the slat and/or the flap. The model
was designed for the purpose of measuring
noise from a HLD, mainly from slat, slat
supports and flap edge. Another important point
was to test variable noise reduction concepts
from both aerodynamic and acoustic points of
view. To concentrate on these items, the wing is
designed as simple as possible. The previous
works are summarized by Yokokawa et al. [6]
and Ura et al. [7].

Figure 2. Simplified HLD model in 2.0 x 2.0m wind
tunnel (JAXA-LWT2).

This paper summarizes the computational
fluid dynamics (CFD) research activities,
associated with this wind tunnel experiment.
Three different CFD codes are used depending
on the complexity of the computational model
and flow physics to focus on. Validation of the
computational results is performed through the
comparison with the experimental results.
Subsequently, computational results are used to
understand the detail flow physics around the
HLD, which is difficult to gain information in
the wind tunnel experiment.

This paper is organized as follows. In
Section 2, the flow solvers that are used in this
study are briefly described. In Section 3, the
baseline characteristics of OTOMO are
investigated. In Section 4, several noise
reduction concepts for slat will be presented.
Finally, Section 5 concludes this paper.

2 Flow Solvers, Meshes, and Flow Conditions

Three different kind of flow solvers are
used to investigate the flow field around the
simplified high-lift configuration model.

The first code is the UPACS-1.4
(Unified Platform for Aerospace Computational
Simulation version 1.4) code [8-10], which is a
standard CFD code in JAXA. This code solves
Reynolds-averaged  Navier-Stokes (RANS)
equation based on a cell-centered finite-volume
method on multi-block structured grids.

The second code is the TAS (Tohoku
University Aerodynamic Simulation) code [11-
13]. In TAS Flow, RANS equations are solved
on the unstructured mesh by a cell-vertex finite
volume method. MEGG3D is an unstructured
mesh generator with graphical user interface
(GUI) tools [14-17]. It can generate triangular
surface mesh with the advancing front method
and tetrahedral volume mesh using Delaunay
tetrahedral meshing, as well as hybrid volume
mesh composed of tetrahedrons, prisms, and
pyramids for viscous flows with high Reynolds
number.

The third code is the UPACS-LES code
[18-20]. The governing equations are favre-
filtered compressible Navier-Stokes equations
for large-eddy-simulations (LES). The basic
frame of this program is almost consistent with
the UPACS-1.4 code described above. To
calculate the generation and advection of
vortices and propagation of acoustic waves with
relatively small number of grid points, higher-
order scheme is used in the simulations (6th-
order compact scheme developed by Kobayashi

[21D).

Table 1. Details of CFD codes

UPACS-1.4 TAS UPACS-LES
Mesh Structured Unstructured Structured
Flow Steady Steady Unsteady
Governing Eq. RANS™ RANS™ LES™
Turbulence | Spalart-Allmaras | Spalart-Allmaras Standard
Model one Eq. one Eg. Smagorinsky
(Cs=0.1)
Time Int. MFGS™ LU-SGS™ MFGS™
(5 sub. Itr)
Convection Roe scheme HLLEW™ 61 order
(37 order) method compact scheme
Viscous 2rd order 2 order 2 order

"1 Reynolds Averaged Navier-Stokes "3 Matrix Free Gauss-Seidel implicit method
"2 Large Eddy Simulation

" Lower/Upper Symmetric Gauss-Seidel

"5 Harten-Lax-vanLeer-Einfeldt-Wada
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The details of each flow solvers are
summarized in Table 1. All of the flow
conditions presented in this paper correspond to
the mean flow velocity of 60m/s for a wind
tunnel scale (the reference length is the chord
length of OTOMO, which is 0.6m).

3 Baseline Characteristics

3.1 Steady-state Flow

First of all, three dimensional steady-
state flow fields are calculated to investigate the
basic aerodynamic characteristics, such as lift
and drag of the baseline -configuration.
Additionally, steady-state flow patterns, such as
spanwise effect due to the downwash from the
wing tip vortex, and flow patterns which is
relevant to noise generation, are focused. For
the purpose described above, 3D computations
using UPACS-1.4 and TAS are performed.

The model configuration is approach
condition (slat and flap deployed). The brackets
to support the high-lift devices were removed in
the computations. Figures 3 & 4 show the
meshes used in the calculations. The structured
mesh for UPACS-1.4 consists of about 20

million cells and that of TAS is around 6 million.

The minimum spacing for both meshes in the
normal direction to the wing surface are 0.01/V
Re.

Figure 5 shows the C;-a curves from the
computations and are compared with the
experimental results. Although the flow solvers
and the mesh size used in the computations are
different, qualitative agreement is observed up
to 16 degrees. However, if we compare the
results in detail, the difference in C; at AoA of 8
degrees is about 0.05, which corresponds to
approximately 3% of the C; at that AoA. Based
on the discussions by Murayama et al. [22], 1 to
2% difference could be observed when
comparing the results with and without laminar
separation at the leading edge. Also, slat and
flap supports, which were not included in the
computation, will decrease the lift by few
percentages. These points  should be

investigated for further comparison between the
experiment and computations.

(c) 80% span
Figure 3. Structured mesh for UPACS-1.4 code
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 (c) 80% span

(a) Overall
Figure 4. Unstructured mesh for TAS code
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Figure 5. C;-a curve for OTOMO configuration

Next, surface pressure coefficient (C,)
distributions are shown in Fig. 6, 7 and 8. The
locations of the cross sections where pressure

3



TARO IMAMURA, HIROKI URA, YUZURU YOKOKAWA

taps are located are shown in Fig. 6. At 25% and
80% spanwise locations, the wing elements are
three and two, respectively. The results are
compared with the wind tunnel data. Both
UPACS-14 and TAS show qualitative
agreement with the experimental results at both
cross sections. However, the height of the
negative suction peaks on each wing elements
does not show similar tendency. For example,
CFD results becomes higher compared with the
experiment at the peaks on the slat, but this is
opposite on the main element. One possibility is
the wind tunnel wall effect on the model. The
computation assumes free flight condition, but
the experimental model is inside the hard wall
wind tunnel. Although, lift coefficients could be
corrected based on the analytical method and
effective AoA could be given, it is difficult to
correct the local effective AoA through out the
whole span. One solution to this problem is use
a wind tunnel which has a larger cross section.

At 69% spanwise location, the C,
distribution is quite different between UPACS-
1.4 and TAS as shown in Fig. 8. High negative
suction peak around x/c=2.18 in the
experimental result indicates an existence of
strong longitudinal vortex at the upper side of
the flap-tip region. This vortex is realized as a
cause of the flap-tip noise. This peak was
captured by the UPACS-1.4, but it became
lower in TAS result. Since the mesh sizes used
in the computations are different between the
two computations, it is not fair to say that
UPACS-1.4 is better flow solver. But, in general,
capturing  vortical =~ phenomenon  using
unstructured mesh is much more difficult due to
the numerical dissipations [23].

In order to compare the results in more
direct manner, the TAS results are interpolated
to the structured grid used for UPACS-1.4
computation and is subtracted from the UPACS-
1.4 results. Figure 9 shows the difference in C,
(UPACS result minus TAS results). The
isosurface in red indicates the region which
UPACS-1.4 results are higher by 0.1 in C,, and
the blue region is the opposite. It is clearly
observed that the difference appears around the
wing-tip, flap-tip and wing-body interface.
These indicate that more dense mesh is
necessary in these regions, especially for TAS

simulation. Further investigations on mesh
dependency are also necessary for UPACS-1.4.
It is important to clarify the effect of the spatial
mesh  resolutions to the aerodynamic
performance.

Figure 6. Surface Cp distribution at a=16deg (UPACS)
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Figure 7. Comparison of surface Cp distribution
(UPACS-1.4 & TAS : 16 degrees, Experiment :
Geometric AoA of 12 degrees) .
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Figure 8. Comparison of surface Cp distribution at
17=69% span location (UPACS-1.4 & TAS : 16 degrees,
Experiment : Geometric AoA of 12 degrees) .

Figure 9. Difference in spatial C, distribution between
UPACS and TAS. (AoA=16 degrees)

It should be added that mesh generation
effort is significantly different between these
two flow solvers. The mesh generation for the
structured mesh is approximately 1 month by an
expert, while that of the unstructured mesh was
about 1 day. Therefore, suitable flow solvers
have to be chosen depending on the problem. If
detail information of the vortical flow structures
is necessary for only one (or two) geometries
and changing flow conditions as a parameter,
UPACS-1.4 is better. On the other hand, if
multiple geometries have to be investigated,
TAS will be better choice under the limitation
of accuracy. Additional example will be shown
in Section 4.

3.2 Unsteady-state Flow.

Unsteady flow computation is essential
for understanding the noise generation

mechanism, but full 3D computation around
HLD is still difficult study to be done.

In this study, three-dimensional unsteady
computation for the slat is performed using
UPACS-LES code. The size of the LES
computational domain is reduced by applying
following methods. The computational domain
in spanwise domain is limited to 33.3% of the
slat chord and periodic boundary condition is
applied as shown in Fig. 10 based on the
previous study [18]. Additionally, zonal
LES/RANS hybrid method is used to limit LES
computation only around the slat regions (The
rest of the region is solved by RANS). The
overall mesh points are approximately 8 million
points.

Figure 10. Computational grid for UPACS-LES
simulation

The turbulence structures are exhibited by
showing a positive iso-surface of the second
invariant of the velocity gradient tensor Q.

0= l(QijQij _SijSi'): _l%% >0 (1)

207 77 2 0x; ox

From this result, locations of the vortex tubes
regions are visualized. Figure 11 shows the
isosurface of O =500 at AOA of 4 and 8 degrees.
The vortical flow structures can be classified
into 5 regions. The first region is in the mixing
layer near the cusp, where vortical structures in
spanwise direction are observed. The second
region is along the shear layer from the cusp.
The spanwise vortices break into smaller
fragments and impinge on the lower surface of
the slat. The third region is the recirculation
region inside the slat cove. The distribution of
relatively weak vortices is observed inside this
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region. The forth is the downstream region of
the reattachment point of the shear layer. Here,
longitudinal vortices are observed [18]. These
vortices streams to the T.E. of the slat. Finally,
the fifth is observed in the wake of the T.E. The
vortex shedding caused by the thickness of the
T.E. is observed. These features are the same for
both AoA, but the strength of each region
differs. For example, the shear layer from the
cusp tends to become weaker as AoA increases.
Also, the reattachment point on the lower
surface moves to the upstream direction. These
features are consistent with the PIV
measurement data [6].

(a) AoA=4deg

(a) AoA=8deg

Figure 11. Instantaneous iso-surface of the second
invariant of the velocity gradient tensor.

Figure 12 shows the power spectral density
(PSD) of C, around the slat cove region. The
calculated points correspond to the points where
the unsteady pressure taps are located in the
experimental model. The LES/RANS simulation
of 8 degrees is compared with the experimental
results at 8, 14, and 20 degrees. At these three
locations (point A, B and C), good agreement
with the experimental data is observed,
excluding relatively high peak which is only
observed in the computation. It is estimated at
this point that larger PSD level of this peak
compared with the experiment is due to
numerical error caused around the block
boundary and further improvements will be
performed in the near future.

4 Evaluations of Noise Reduction Devices

As described in the previous section, the
shear layer generated from the slat cusp is
estimated to be responsible for the noise
generation of low frequency broadband noise
around a slat. Therefore, one of idea to reduce
slat noise is to eliminate the shear layer from the
cusp. Moreover, it is important to maintain the
aerodynamic performance of the wing, since it
is the main purpose of HLD.

Two different types of devices are
introduces here as shown in Fig. 13. The first
device is a slat cove filler (SCF). SCF is a
device which fills up the cove region of the
baseline slat to eliminate the separation from the
slat cusp. There are several ways to design this
device. This paper will focus on SCF2D, which
is designed based on the dynamic pressure field
of the baseline configuration (AoA is 2 degrees).
Another device is called a thin slat (TS). The
cusp region is shaved off from its baseline
configuration, but its leading edge radius is
maintained and smoothly connected to the
trailing edge of the slat. The device shown in
Fig. 13 is called TSF, because the lower surface
of the thin slat is formed by a straight line from
the leading edge circle to the trailing edge. In
some ways, this slat could be understood as an
independent small wing at the leading edge. The
details are described in Imamura et al. [24].
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SCF2D
(Dynamic pres.)

Baseline

Thin Slat Flat
(TSF)

Figure 13. Low noise slat geometries (SCF2D and TSF)

Firstly, 2D computations were performed
using UPACS-1.4 code. The flow conditions are
freestream velocity of 60 m/s and AoA of 2
degrees, which is a design AoA for the SCFs.
Figure 14 shows the Mach number distributions
around slat regions for all cases. At this flow
condition, flow around the lower surface of the
slat region is mostly attached without separated
flow for both airfoils. Figure 15 shows the C-«
curve in 2D. Although the geometry changes
significantly, the lift performance is almost
consistent with the baseline configuration.

(a) Baseline

L4

(b) SCF2D (c) TSF

Figure 14. Mach number distribution around baseline,
SCF2D, and TSF (2D simulation using UPACS-1.4)
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Figure 15. Cj-a curves of the baseline, SCF2D, and TSF
(2D simulation using UPACS-1.4)

Based on the 2D airfoil section design,
experiment was performed [24]. The results
were successful for the SCF2D case, which
meant that the aerodynamic performance is
maintained and noise is reduced, simultaneously.
On the other hand, noise reduction property of
TSF was not as good as predicted from 2D CFD,
although its aerodynamic performance was
maintained. From the experiment, local flow
separation in spanwise direction was presumed.
As shown in Fig. 7, spanwise distribution in C,
is observed on this model. For example, the
suction peak on the main element at 20% cross
section is higher than that of 80%, which means
that outboard location has lower effective AoA.
To evaluate the 3D effect, steady state
computations are performed using TAS code.
Since mesh generation is necessary for each
different low noise device, rapid meshing is
crucial for obtaining results promptly. In this
aspect, unstructured grid solver is advantageous
compared with structured grid solver. Figure 16
shows the surface mesh around the slat tip
region.

Figure 17 shows Mach number
distributions at two different cross sectional
planes (77=20, and 80%). The flow conditions
are freestream velocity of 60m/s and AoA of 8
degrees. The flow inside the slat cove for
SCF2D is attached throughout the whole span,
but flow separation is observed at the outboard
side for TSF. The leading edge curvature of the

TSF 1is relatively small compared with the
baseline or SCF2D, which means that when
Ao0A decreases, sudden separation will occur at
the lower surface. This indicates the noise
generation around this portion of the wing. Thus,
follow-up experiment for TSF will be planed in
the near future.

Figure 16. 3D surface grid for each low noise slat

(d) TSF, 7=80%

(c) TSF, 77=20%

Figure 17. Mach number distribution around baseline,
SCF2D, and TSF at 77=20 and 80% spanwise location
(3D simulation using TAS)

5 Conclusions.

Overview of the computational fluid
dynamics (CFD) research activities, associated
with a simplified high-lift-device wind tunnel
model (OTOMO) was described. Three
different CFD codes were used to investigate
the flow around the OTOMO focusing on
different aspects. First, two different codes,
UPACS (structured grid) and TAS (unstructured
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grid), were used to estimate the aerodynamic
performance.  Secondly, unsteady flow
simulation was performed to understand the
noise generation mechanism around OTOMO,
specially, slat noise. For this purpose, UPACS-
LES code was used. Validation of the
computational results was performed through
comparison with the experimental results. The
noise reduction devices were designed based on
the CFD and were tested in the wind tunnel. The
SCF design was successful but TS needs further
improvement for further noise reduction. The
causes of unexpected results were investigated
by CFD results. Thus, follow-up experiment
will be planed in the near future. All of the
computations were performed parallel to the
wind tunnel experiments, which made the
overall program successful.
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