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Abstract

In Civil Transport Team of Japan Aerospace
Exploration Agency, researches to develop
design technologies for advanced high-lift
devices in the aerodynamics and aeroacoustics
have been conducted combining CFD and wind
tunnel testing. A series of wind tunnel testing
using a realistic civil aircraft high-lift model
have been conducted from 2005 to 2008. In this
paper, several computational studies related to
the wind tunnel tests for high-lift aerodynamics
are presented. Influence of the boundary layer
transition with a transition prediction method
based on " method and semi-empirical
approaches is evaluated. The influence of
brackets to support the high-lift devices is also
discussed and interference of disturbed wakes
by the supports to the flows is shown. CFD
investigation of wind tunnel wall interferences
using half-span testing model shows the
influence of the boundary layer spacer to the
flow and the best height of the spacer.
Investigations of the interferences between the
nacelle-pylon and high-lift devices with nacelle-
chine effect and setting effect of high-lift devices
and their CFD predictions are also shown. The
capability and research areas required for
further efforts are discussed.

1 Introduction

Improvement of the aerodynamic performance
for take-off and landing can produce large
benefits on payload and fuel consumption [1-2].
Efficient high-lift devices with simplified
structure largely contribute to reduce the weight,
production cost, and maintenance cost. Due to
the recent demand in the environmental

problems around airports, successful design to
reduce the aeroacoustic noise from the high-lift
devices while keeping the aerodynamic
performance has been also required for the
reduction of the airframe noise.

With the recent development of CFD
technologies, optimization algorithms, and
computational environments, CFD is expected
to play an important role to improve the
performance and develop the advanced high-lift
devices. However, multi-element high-lift wing
system that utilizes leading-edge slats and
trailing-edge flaps complicates the flow features
due to the laminar-turbulent transition of the
boundary layer, flow separation, interaction of
wakes of each element, and so on. For a realistic
high-lift configuration with engine-nacelle-
pylon mounted under the wing, the stall
phenomena are often largely affected by the
complex flow interaction between the nacelle-
pylon and the high-lift devices. Precise
prediction of the aerodynamic forces such as
maximum lift (Cp...), lift to drag ratio (L/D),
and Reynolds number (Re) effects for the three-
dimensional high-lift configurations is still a
challenging task. Physical understanding of the
dominant aerodynamic phenomena and efforts
to improve CFD for such complicated flows
around realistic high-lift configurations are
required in conjunction with experiments to
improve the performance. In European
EUROLIFT project [3-5], developments of
aerodynamic analysis for high-lift system have
been intensively conducted in conjunction with
experiments.

In  Civil Transport Team of Japan
Aerospace Exploration Agency (JAXA),
researches to develop design technologies for
advanced high-lift devices have been conducted.
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Both researches in the aerodynamics [6-22] and
aeroacoustics [23-27] for the high-lift devices
have been conducted in conjunction with
experiments. In this paper, the CFD researches
for high-lift aerodynamics are presented.

At the early researches, basic CFD
validation studies have been conducted for two-
dimensional airfoils and simplified three-
dimensional wing-fuselage configurations [6-9].
Grid applicability and turbulence model
dependency have been mainly evaluated using
multi-block structured and hybrid unstructured
mesh systems using several CFD codes.

As the following researches, the wind
tunnel tests and CFD using a research model of
more realistic aircraft high-lift configuration
have been conducted in JAXA [10-23]. The
model, denoted JSM, has the leading-edge slat,
trailing-edge flaps, fuselage, nacelle-pylon, and
Flap Track Fairing (FTF). A series of wind
tunnel tests were conducted at 6.5m x 5.5m
JAXA Lowspeed Wind Tunnel in October 2005
- February 2006, March - April 2007, and
November - December 2007. The fourth wind
tunnel test will be conducted in August 2008.

The objectives of the wind tunnel tests are
(1) to provide the detailed and systematic
experimental data which can be disclosed for
CFD validation, (2) to improve the
measurement technologies, (3) to validate and
improve design technologies, and (4) to increase
physical understanding of the dominant
aerodynamic phenomena of high-lift flows over
a realistic aircraft configuration. In the wind
tunnel tests, various kinds of data have been
obtained as for the laminar-turbulent transition
of the boundary layer and the roughness effects,
the interferences between the nacelle-pylon and
high-lift devices, the setting effects of high-lift
devices using aerodynamic optimization method,
the additional aerodynamic devices to improve
the performance, and so on. The first CFD
workshop to validate and improve CFD
technologies was also conducted using the data
in the domestic communities including several
companies and universities in October 2006.
Some of the related papers are Refs. 15, 28, and
29.

In this paper, several computational studies
related to the wind tunnel tests are presented;

(1) evaluation of influence of boundary layer
transition and a transition prediction method, (2)
influence of brackets to support the high-lift
devices, (3) investigation of wind tunnel wall
interferences, (4) investigation of the
interferences between the nacelle-pylon and
high-lift devices with nacelle-chine effect, and
(5) investigation of setting effect of high-lift
devices and its CFD prediction.

2 Model Geometry

Figure 1 shows the wind tunnel testing model in
JAXA, JSM, tested at JAXA 6.5m x 5.5m Low-
speed Wind Tunnel (JAXA-LWT1). JAXA-
LWT1 is an atmospheric pressure closed-circuit
wind tunnel with an octagonal cross section.
The scale of the wind tunnel testing model is
roughly 1/6 of the assumed 100-passenger-class
aircraft. The lengths of the wing half-span and
fuselage are 2.3m and 4.9m, respectively. MAC
of this model is 0.529m. The model has leading-
edge slats supported by eight slat brackets, a
double-slotted flap at inboard and a single-
slotted flap at outboard with a circular fuselage,
a flow-through nacelle-pylon mounted under the
wing, and three FTFs. Two kinds of nacelles, a
long-nacelle and a short-nacelle with core, can
be attached on the model. In the wind tunnel
tests, three-dimensional aerodynamic
interferences between the wing and nacelle-
pylon were investigated by comparison of
several different configurations such as
configurations with/without the nacelle-pylon,
configurations with a short-type or long-type
nacelle, configurations with/without the inboard
slat cut-off between the fuselage and inboard
slat, and so on as shown in Fig. 2.

The half-span model was employed to
achieve higher Re in this wind tunnel testing.
The model was mounted vertically on the
turntable to change the angle of attack. To avoid
interference between the model and the
boundary layer of the bottom wind tunnel wall,
a spacer with height of 150mm was inserted
between the bottom wind tunnel wall and
fuselage. Space with height of 10mm was
opened between the spacer and fuselage and the
space was filled with a labyrinth-like seal. The
total height from the bottom wind tunnel wall to
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the fuselage is 160mm. The spacer has the same
shape with the fuselage symmetry plane. The
symmetry plane of the fuselage is simply
extended to the tunnel wall.

In the testing, wvarious Kkinds of
measurements were conducted to verify CFD
analysis in detail [10-14, 21-23]. Five-
component  aerodynamic  forces, surface
pressure with pressure taps and Pressure
Sensitive Paint (PSP) were obtained. Static
surface pressures using 456 static pressure taps
were measured at seven cross sections on the
wing, four cross sections on the fuselage, and
several points on the pylon. Figure 3 shows the
locations of the cross sections for the static
pressure measurement on the wing and fuselage.
Surface flow visualizations were carried out
with tuft, oil flow, and china clay to reveal the
flow phenomena such as separation and
transition. In the testing, moreover, unsteady
pressure, velocity distribution around the model
using Particle Image Velocimetry (PIV),
Aeroacoustic noise sources using phased array
microphones were also measured.

Fig. 1 Wind tunnel testing model, JSM, at a landing
setting in JAXA-LWT1

(a) Long-nacelle (b) Short-nacelle

(c) Nacelle-Off

(d) Continuous slat without
inboard slat cut-off
Fig. 2 Configurations for wind tunnel tests
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Fig. 3 Cross sections for static pressure measurement

3 Computational method and conditions

Most of the computations in this study are
conducted using an unstructured mesh CFD
code. As the unstructured mesh generator and
flow solver, MEGG3D [30-33] and TAS code
[34-35] is used in this study. MEGG3D can
generate nearly-isotropic triangular surface
mesh with a direct advancing front method and
tetrahedral volume mesh using Delaunay or
advancing front tetrahedral meshing, hybrid
volume mesh composed of tetrahedrons, prisms,
pyramids, and hexahedra for viscous flows.

Compressible Reynolds-averaged Navier-
Stokes equations are solved on the unstructured
mesh by a cell-vertex finite volume method.
HLLEW method [36] is used for the numerical
flux computations. The second-order spatial
accuracy is realized by Unstructured MUSCL-
scheme [37]. LU-SGS implicit method [38] is
used for time integration. In this study, Spalart-
Allmaras 1-eq turbulence model is used with a
modification in the production term to decrease
dissipation in the vortex core [39-40]. If some
laminar regions are prescribed to simulate
boundary layer transition, the term, S, in the
production term is simply set to zero in the
regions. In the specification, generation of
turbulent eddy viscosity is limited in the
prescribed regions, while the advection from
upstream is allowed.

In this paper, computational results of the
landing configurations are shown. In the
computations, M., is 0.175 and Re is 2.1x10°
based on MAC. The computations were carried
out on Numerical Simulator 11 in JAXA
(Fujitsu PRIMEPOWER HPC2500) [41].
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4 Results

4.1 Evaluation of influence of boundary layer
transition and a transition prediction method

Aerodynamic forces at the flight Re condition
are often extrapolated from the results at sub-
scale wind tunnel Re conditions. Cru. IS
expected to increase with increasing Re.
However, the adverse Re effects can occur in
some cases. The change of boundary layer
transition by Re can be one of the reasons to
cause the adverse Re effects. The effect of the
transition to the aerodynamic performance
should be well estimated with the transition
prediction methods.

First, the computational results assuming
fully turbulent flows and flows with prescribed
laminar regions are compared to investigate the
sensitivity. The computational results at the
configuration with the long-nacelle are

compared. FTF and brackets to support the slats
and aft-flap are excluded in the computations.
The prescribed laminar regions are based on the
experimental observations by the china-clay
visualization with several simplifications as
shown in Figs. 4-5.

ig. 4 China-clay visualization of boundary layer
transition at « = 10° (Black: Laminar, White: Turbulent)

2

(a) Upper surface (b) Lower surface
Fig. 5 Boundary layer transition assumed in computations
at o = 10° (Blue: Laminar, Gray: Turbulent)

Figure 6 shows Ci;-a and C;-Cp for
computed results and experimental results after
the correction of the wind tunnel wall. As for
C;-a, the computational results considering the

boundary layer transition show higher Ci,
especially at higher angles of attack, and the
slope of the C;-« shows better agreement with
experimental results. While, the stall angle of
attack and Cy,,... were slightly overestimated and
the consideration of the boundary layer
transition does not improve the stall prediction
for the present long nacelle model. The nacelle-
interference to the flows was relatively large
and the boundary layer transition on the wing
was not a main factor for the stall phenomena at
this configuration.

As for C;-Cp, both computational results
overestimate Cp. The differences in Cp at
constant C; are about 200 cts. (1 cts. = 1x10™)
at lower angles of attack and about 400 cts. at
higher angles of attack and the curve of C;-Cp is
more opened in the experimental results. The
computational results with specified boundary
layer transition show the decrease of Cp by 40
drag counts. However, the difference with
experimental results is still large.
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Fig. 6 Comparison of aerodynamic forces with/without
boundary layer transition
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Figure 7 shows the comparisons of C, at «

= 10°. The results considering the specified
transition flow show higher suction peaks by the
acceleration of flow near the leading-edges and
better agreement with experimental results
especially at higher angles of attack. At Section
B-B near the fuselage, however, the suction
peaks of each element are lower than
experimental results even in the computation
considering the specified transition flow.
In this section, the sensitivity of the boundary
layer transition on the aerodynamic forces has
been shown. The differences between the
experimental and computational results in Cp
and C, for the suction peaks near the fuselage
are discussed later section with CFD
considering the wind tunnel wall effect.

+ Exp.

/\ Comp.(Fully Turb.)

— Comp.(w Trans.)

CP
o L %
m;o——o——o—o-?o:,

4.5
X/C

(a) Section B-B

* Exp
Comp.(Fully Turb.)
— Comp.(w Trans.)

K&

(b) Section E-E
Fig. 7 Comparison of C, with/without boundary layer
transition at o = 10°

Next, capability of a transition prediction
method was evaluated to the complex high-lift
flows. For high-lift configurations, transitions
due to Tollmien-Schlichting (TS) instability,
Cross-flow instability (CF) instability, and

laminar separation bubbles should be considered.

In addition, attachment line contamination and
re-laminarisation often occur due to large
pressure gradients near the leading-edges of slat,
main wing, and flap. Bypass transition due to

the wake flow from fore wing element can be an
important factor in the flows over multi-element
high-lift configurations.

As the prediction code for boundary layer
transitions due to TS and CF instability and
laminar separation bubbles, LSTAB code [42-
44] developed and validated through NEXST-1
(National EXperimental Supersonic Transport)
Project in JAXA [45-46] is utilized. LSTAB
code utilizes an " method based on a linear
stability theory of laminar boundary layer.
LSTAB code employs a parallel flow
approximation to the laminar boundary layer
and small disturbance of a plane wave type is
assumed. N factor is obtained by an envelope
method using integration of amplification rates
of each small disturbance. The transition onset
is predicted using a threshold of N factor based
on a database. In this study, N=4.0 is used for
the threshold based on the past experimental
results.

For the stability analysis, laminar boundary
layer is re-calculated based on the computed C,
using the Kaups & Cebeci method with the
conical flow approximation [47]. In the
boundary  layer  computations,  laminar
separation is detected based on the shape factor,
H. In the present method, it is assumed that the
transition starts just before the detected location
of the laminar separation if the transition due to
TS and CF instability does not occur.

For the prediction of attachment line
contamination and re-laminarisation, semi-
empirical approaches are employed. Attachment
line contamination is predicted using the
attachment line Reynolds number, R”, based on
Poll’s criterion [48] with an infinite swept
cylindrical approximation. Contamination will
occur if the value of R™ exceeds 245+20.

1)

Re-laminarisation is predicted using a
parameter, K , which indicates the acceleration
strength of flows [49]. Re-laminarisation will
occur if the value of X exceeds 5x10°®.
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K=Y do. (2)
0, ds,

Figure 8 shows the comparisons of
transition lines on the upper surface between
experimental and predicted results at & = 10°. In
the figure, the predicted results using measured
C, in the experiment instead of computed C, in
the CFD computations as the input data for the
prediction code are also plotted. The transition
lines for inner slat are not plotted because the
flow kept almost laminar state until the trailing-
edge both experimental and predicted results.
The transition lines of experimental results for
inner main wing are not also plotted because the
flow is identified to be turbulent just after the
leading-edge.

The transitions on the slats, outer main
wing, main flap, are well predicted by the
present method although the predicted results on
the inner main flap show slightly earlier
transitions. For the aft-flap, however, the
predicted results using computed C, show much
earlier transitions than the experimental results,
while predicted results using measured C, show
good agreement with experimental results. As
shown in Fig. 7(a), C, on the inner flaps shows
large difference with the experimental result. In
addition, CFD C, near the leading-edge has a
little irregularity related to mesh resolution. It is
shown that more consistent C, obtained in
RANS CFD leads to more accurate prediction

For the transition prediction on the inner
main wing at « = 10°, there is a difference. In
the experimental result, the laminar regions are
not observed in visible regions, while laminar
regions can be observed in the predicted result
by CFD C,. Difference of C, with experimental
results at & = 10° on the section BB shown in
Fig. 7(a) may cause the different predictions. In
addition, appearance of attachment-line
contamination should be also considered
especially on the inner main wing.

Figure 9 shows the computational results
of R" and K . For the slat, the computed R~ are
under the criterion at all span sections. The
contamination will not occur on the slat. K are
over the criterion for re-laminarisation.
However, the re-laminarisation will not occur
physically because of the absence of attachment
line contamination. For the main wing, R™ are

over the criterion at all spanwise sections, which
means that contamination can occur at all
spanwise sections. Simultaneously, K are over
the criterion and re-laminarisation can occur at
the all spanwise sections. These results mean
that the laminar regions can exist on the inner
main wing if the re-laminarisation can occur.
On the contrary, the laminar regions are not
observed on the inner main wing in the
experimental result.

K  for re-laminarisation  parameters
computed on the inner main wing are relatively
lower than those on the outer main wing and
close to the criterion. The acceleration to cause
re-laminarisation is not relatively stronger on
the inner main wing although the values exceed
the criterion. In the present prediction, bypass
transition due to the wake flow from fore wing
elements is not considered. The three-
dimensional vortex in the cove can affect the
transition on the leading-edge of the main wing.
The possibility due to the bypass transition
should be evaluated. Further assessments are
now conducted with more detail measurements
using hot-films for the transition.

Except for the inner main wing, present
approach with several approximations showed
reasonable prediction capability.

-=- Exp. by ChinaClay V.
Analysis by CFD Cp

— Analysis by Exp. Cp | "

(b) Inner flap

(c) Outer wing and flap (d) Inner wing
Fig. 8 Comparison of transition locations at « = 10°.
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Fig. 9 Computed R~ and K for analysis of attachment
line contamination and re-laminarisation at & = 10°

4.2 Influence of brackets to support the high-
lift devices

The model has eight slat supports, one aft-flap
support, and three FTFs. To estimate the
influence of brackets to support the high-lift
devices, computational results on three
configurations; without FTFs and slat and aft-
flap supports (Config.1), with FTFs and slat and
aft-flap supports (Config2), and without FTFs
and with slat and aft-flap supports (Config.3)
are compared for the configuration with the
long-nacelle. Fully turbulent flow is assumed in
the computations.

Figure 10 shows the experimental surface
flow patterns at « = 10°. Figure 11 shows the
computed surface flow patterns and total
pressure distributions at « = 10° on each
configuration. The surface flow on the outboard
flap for Config.1 shows the flow separation near
the flap trailing-edge. In the result of Config.2
with both FTFs and slat supports, the local flow
separations also appear on the outboard flap due
to the presence of FTFs. Flow separation near
the wing tip on the main wing appears in the
computation as seen in the experimental results.
The oil flow patterns by computations with
brackets to support high-lift devices show
qualitatively good agreement with experimental
results including the local flow separation. The

result of Config.3 only with slat supports shows
the influences of the wake from slat supports on
the main wing. The disturbed wakes by the slat
supports cause the local flow separations on the
outboard flap.

Figure 12 shows C;-a and Cy-a. The
results of Config.1 and 3 do not show large
changes at moderate angles of attack, while the
results of Config.2 which has both FTFs and slat
supports show larger changes for both C; and
Cy. Lift and nose-down pitching moment are
reduced on the Config. 2. The results of oil flow
shown in Fig. 11(b) show larger separation on
the outboard flap due to the disturbed flow by
FTFs. The reduction of the lift on the outboard
flap results in the decrease of lift and nose-down
pitching moment. The additional supports have
possibility to largely affect the flow, especially
for the flow separation on the flap and stall
performance. For the validation study, the
influences of the additional brackets to support
high-lift devices also should be well considered.

I

@ Config.lE w/o FTF w/o Slat S'u\pport

— -_—I &

&/
17 ——a == ‘

(c) Config.3: w/o FTF w Slat Support
Fig. 11 Computed surface flow pattern and total pressure
distributions at a=10°
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Fig. 12 Variations of aerodynamic forces due to FTFs and
slat supports

4.3 Investigation of wind tunnel wall
interferences

In the comparison studies between the
experimental and numerical results, the wind
tunnel wall interferences and the installation
effects to the flows and aerodynamic forces
have to be well understood. Since the high-lift
configurations are tested at large angles of
attack and generate large lift, the wind tunnel
wall interferences often become large. In
addition, the half-span model testing may also
include other wall interferences. Here, the wind
tunnel wall interferences due to the high-lift
half-span model testing are investigated in detail
to understand the differences between the flows
in the wind tunnel and free-air conditions.
Computations in the free-air conditions and
in the wind-tunnel conditions are compared. For
the computations of the model in the wind
tunnel, the settling chamber, contraction nozzle,

and test section as shown in Fig. 13 are included.

At the end of the test section, the pressure is

recovered with the slot. The exit boundary
conditions are enforced at the section.

Figure 14 shows C,;-Cp for the computed
results and experimental data. The uncorrected
and corrected experimental data after the wind
tunnel wall correction are shown. The difference
in angle of attack between before and after the
correction is about 0.55 degrees at Cy -

Drag reductions at constant C; for the wind
tunnel wall interferences are well predicted in
the wind-tunnel computations. The deviations
from the uncorrected experimental data may
come from insufficient grid resolution against
the complicated model geometry with high-lift
devices in the computations by numerical errors
as discussed in Ref. 35. The gradient of C;-Cp
curve is different between the corrected wind
tunnel test data and free-air computations. On
the other hand, the gradient of C;-Cp curve of
the uncorrected data is well predicted in the
wind-tunnel computations.

Fig. 13 Computational mesh with the ” tunnel wall
3.0

2.8

2.6

2.4

2.2

CL

20 F
|
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18 | : —e— Corrected exp. (AlanPope method)
C 2y~ = 1-<- Corrected exp. (Panel method)
1.6 [¢——] s comp. (in free-air)

- 4—-—-—-1 ® Comp. (in wind-tunnel)

CD
Fig. 14 Comparison of C;-Cp in free-air and wind-tunnel
conditions

Figure 15 shows the comparisons of C, at
the same geometrical « = 10°. Although there
are several differences due to the differences of
the lift, it is remarkable that the suction peaks
on the slat and main wing near the fuselage,
which were underpredicted in the free-air
computation, show better agreement with
experimental results in the wind-tunnel
computation. The wind-tunnel computation
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shows stronger flow acceleration on the slat and
main wing near the fuselage.

Figure 16 shows Mach number contours in
the span-wise direction at a span section on the
edge of the boundary layer spacer. The
boundary layer spacer is expected to work to
avoid the boundary layer on the floor of the
wind tunnel and minimize the flow in the span-
wise direction at the span section to assume the
symmetric condition. However, large velocity
changes are generated. The positive velocity
regions appear near the nose and lower surface
of the fore-fuselage. The negative velocity
regions appear near the upper surface of the
fore-fuselage and lower surface of aft-fuselage.
The positive velocity near the lower surface of
the fuselage locally increases the velocity and
effective angle of attack for the slat and main
wings. The local increase of the velocity leads
to higher suction peaks of C, on the slat and
main wings in the wind tunnel results.
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4 ~— Comp. (in free-air) AOA=10.0
o — Comp. (in wind tunnel) AOA=10.0
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4.5 4.7 4.9 51 5.3 55 5.7
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Fig. 15 Comparison of C, in free-air and wind-tunnel
conditions at « = 10°

Fig. 16 Oil flow pattern and Mach number contours in the
span-wise direction at a span section on the edge of the
boundary layer spacer in the wind-tunnel computations

Next, to investigate the influence of the
spacer, computations are conducted with the
spacer in the free-air conditions excluding the
wind-tunnel wall using the computational
meshes in Fig.17. In the computations, two
kinds of boundary conditions are compared on
the bottom floor plane: (1) Slip wall to
investigate the influence of the spacer by itself,
(2) Non-slip wall to investigate the additional
influence of the boundary layer developed on
the wind-tunnel floor.

The comparison study is conducted at the
heights of the spacer, 30mm, 80mm, and 160mm.
Each height is roughly related to the
displacement thickness of the boundary layer (+
margin), the stagnation point on the nose of the
fuselage (+ margin), and 99% thickness of the
boundary layer (+ margin), respectively.

Figure 18 compares C;-Cp. The forces on
the spacer are excluded. With increasing height
of the spacer, Cp tends to reduce and C;, tends to
increase. The amount of Cp reduction increases
with increasing angle of attack and C;-Cp curve
tends to open with the increase of the height.
Compared with the results without the floor
boundary layer, the computational results with
the floor boundary layer show less reduction of
Cp and less increment of C;. The results at the
height of 30mm agree well with the
computations in free-air conditions.

Figure 19 shows the comparisons of C, on
the wing at «o = 10° respectively. With
increasing height of the spacer, the results show
higher suction peaks for the slat and main
elements at inboard section. The computational
results with the floor boundary layer show less
increment of the suction peaks. Again, the
results at the height of 30mm agree well with the
computations in free-air conditions.

Figure 20 shows the comparison of Cp on
each component of the airframe at « = 10°. Cp
on the slat, flap, and fuselage decreases with
increasing height of the spacer.

Figure 21 shows Mach number contours in
the span-wise direction on the edge of the
boundary layer spacer. In the computation
without the floor boundary layer, the positive
velocity component is larger near the nose and
lower surface of the fore-fuselage. The negative
velocity regions are generated near the lower
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surface of aft-fuselage with the floor boundary
layer. The result with the floor boundary layer
with 160mm height spacer shows similar flow
pattern with the wind-tunnel computation.
These results confirm that the spacer and floor
boundary layer generate large positive and
negative velocity changes and change the
effective angle of attack locally near the
fuselage. The positive velocity component
generated near the lower surface of the fore-
fuselage increases the suction peaks on the slat
and mother elements and results in the lift
increment and drag reduction on the elements.
Increasing velocity change with increasing
height of the spacer results in larger change of
the forces.

The understanding of the influence by the
height and careful selection of the height are
important for half-span model tests. A height of
the spacer related to the displacement thickness
of the floor boundary layer (+margin) showed
less difference with the results in the free-air
conditions. More detailed discussions on the
results are given by Murayama et al [16].

Fig. 17 Computational meshes to conduct parametric
study of the height of the spacer
28 - . )

27 P

26
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Fig. 18 Comparison of C;-Cp by the height of boundary
layer spacer
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Fig. 19 Comparison of C, by the height of boundary layer
spacer at o = 10°: Close-up view near the slat and main
wing at Section A-A
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Fig. 20 Comparison of C; on each component of airframe
by the height of boundary layer spacer at « = 10°
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Fig. 21 Mach number contours in the span-wise direction
at a span section on the edge of the boundary layer spacer

4.4 Investigation of the interferences between
the nacelle-pylon and high-lift devices with
nacelle-chine effect

In this section, the results for the improvement
of stall performance when deploying high-lift
devices by a kind of vortex generator on the
nacelle, “nacelle-chine”, are shown. In the wind
tunnel tests, the development of efficient design
exploration technologies for aerodynamic
device installation and investigation of the
aerodynamics were conducted in addition to get
data for CFD validation. An efficient design
process using Kriging response surface method
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was used to decide the nacelle-chine installation
point. Several reference installation points are
evaluated in the wind tunnel and the accuracy of
the response surface is efficiently improved by
additional evaluation points selected using El
(Expected Improvement) values which consider
both possible errors of the response surface and
optimality of the objective functions [17-20].
More information of the methodology and
consideration of the results in detail are given
by Kanazaki et al [20].

The test was conducted on a configuration
with the short nacelle. Figures 22 and 23 show
the design parameters as for the longitudinal and
azimuth direction and the obtained response
surface for Cp,..c at U.=60m/s. Figure 24 shows
Ci-a at six selected locations. The nacelle-
chines installed at pointA, pointB, or pointF
remarkably improved Cy,.. The efficient and
reliable response surface method is effective not
only to decide an optimum location but also to
consider the robustness of the installation.

The vortex behaviors for three installation
locations at pointA, pointB, and pointF were
investigated by PIV in detail. Figure 25 shows
the contours of velocity magnitude at U, =
60m/s and « = 16°. In Fig. 25(a) without the
chine, the separated and disturbed flow from the
pylon regions are clearly observed on the upper
surface of the main wing, which cause the lift
reduction. In the case with the chine at pointF
shown in Fig. 25(b), the other vortex with the
same rotating direction generated by the chine
appears crossing on the original vortex. This
vortex reduces the separated and disturbed flow
from the nacelle-pylon. In the cases at pointB
and PointA, similar improvement of Cy,,, can
be obtained but the interaction of the vortices
are different as shown in Fig.25(c) and (d).
More discussions on the results are given by
Kato et al [21] and Yokokawa et al [22].

%

N
W[ point_B (better)

point_A (reference)

Fig. 22 Design space for Fig. 23 Resulting response
the chine installation surface of Cpax

—e—Baseline
pointA(reference)

—o- pointB(better)
pointC

—+—pointD

—+— pointE

—=— pointF(best)

A0A [deq]
Fig. 24 Effects of the nacelle-chine installation

cEET L
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)

ine

(c) nacelle-chine at pointB '(d) nacelle-chine at pointA '
Fig. 25 Comparison of velocity magnitude measured by
PIV

For CFD simulations with changed
position of small devices such as nacelle-chine,
it takes time to create each high-quality volume
mesh using stretched or anisotropic elements for
viscous flow simulations. University of
Alabama at Birmingham (UAB) has developed
an efficient and automatic local remeshing
method for hybrid mesh [33] with JAXA.
Figures 26 and 27 show the local remeshing
process and resulting mesh for a nacelle-chine.
The intersections are trimmed and the surface
and volume mesh is remeshed in the detected
remeshing regions. Figure 28 shows the
computational results with changed position of a
nacelle-chine. Besides the time saving on the
mesh generation, converged solutions can be
obtained mush faster due to the restart from the
computational result on the baseline mesh. The
flow simulation is conducted with a solution-
adaptive mesh refinement technique if needed.
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In Fig. 29, the computational results are
compared with PIV results. Although it is still
difficult to simulate the flow fields
quantitatively as for this kind of separated flows
and vortex interactions on the complete high-lift
aircraft configurations, the vortex behaviors are
well simulated and the results are helpful to
know efficient control mechanism of the
separated flow. Additional mesh generation
method to resolve the wake vortices efficiently
is our future work to improve the accuracy of
the prediction.

/ N/ \

(@) (b)
Fig. 26 Local remeshing process: (a) a baseline hybrid
mesh and a new geometry added; (b) remeshing on the
trimmed boundary surface and in the remeshing region

Fig. 27 Local remeshing region and resulting mesh for
installation of a nacelle-chine

¢ @ ®

(a) w/o chine (b) Position F (c) Position B
Fig. 28 Computational results with change of a nacelle-
chine location using local remeshing method

(b) Position F
Fig. 29 Comparison of vorticity magnitude by PIV and
CFD (left: PIV, right: CFD)

4.5 Investigation of setting effect of high-lift
devices and its CFD prediction

In the wind tunnel tests, several setting effects
of high-lift devices were evaluated for
validation of CFD and aerodynamic design
optimization methods [17-19]. In addition,
comparisons of several different configurations
were conducted such as configurations with a
short-type or long-type nacelle, configurations
with/without the nacelle-pylon, configurations
with/without the inboard slat cut-off between
the fuselage and inboard slat, and so on as
shown in Fig. 2. For practical use, it is
important to predict the aerodynamic change
due to the setting difference and geometrical
difference within a reasonable accuracy.

Figure 30 shows the comparison of C;-« at
moderate and high flap deflection angles (or) of
30° and 35° on a configuration with a short-type
nacelle. Figures 31 and 32 show the comparison
of the surface oil-flow at « = 10°. The
experimental result at o = 35° shows C;
increment by 0.1 at moderate angles of attack.
On the other hand, the flow separation near the
trailing-edge on the flap appears more largely at
or = 35° as shown in Fig. 31.

The computational results were obtained
on a coarse (6~7M mesh points) mesh without
FTF and slat supports. The computational result
shows the C; increment at 6 = 35°. However,
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the expected amount of C; increment is not
sufficiently obtained because the flow
separation on the flap is much larger in the
computation as shown in Fig. 32. Other studies
show the size of the flow separation on the flap
depends on the mesh density and turbulence
models. The prediction of the flow at high
deflection angle within a good accuracy is still
difficult case with large flow separation on the
flap. It is engineeringly important to known the
limitation of the deflection angle and further
efforts are required to predict the effect.

== Exp Short Nacelle df=30 deg
—{O— Exp Short Nacelle df=35 deg

O~ CFD Short Nacelle df=30 deg
—O— CFD Short Nacelle df=35 deg

[ [ [
%Ffffl’TTTT‘ifwﬂﬂﬂf
0 5 10 15 20 25
AoA [deg]

Fig. 30 Comparison of C;-« by flap deflection angle, &

(b) &-=35°
Fig. 31 Comparison of measured surface flow pattern at «
= 10° by flap deflection angle, o

]].

(@) 6-=30°
Fig. 32 Comparison of computed surface flow pattern at &
= 10° by flap deflection angle, o

(b) &= 35°

5 Conclusion

Several aerodynamic computational studies
related to a series of wind tunnel tests using a
realistic civil aircraft high-lift model to develop
design technologies for advanced high-Ilift
devices have been presented.

The capability and applicability of a
transition prediction method combined with
RANS CFD using an ¢ method and semi-
empirical methods has been validated to the
complex high-lift flows. It was shown that the
present method can predict the transition
locations in a reasonable accuracy and more
consistent Cp obtained in RANS CFD leads to
more accurate prediction although further
assessments will be required with more detail
measurements as for the bypass transition,
attachment line contamination, and re-
laminarisation.

The influence of brackets to support the
high-lift devices has been also discussed. The
disturbed wakes by the slat brackets had a large
interference not only on the main wing but also
on the flap. The additional supports have
possibility to largely affect the flow, especially
for stall performance. The influences should be
well considered for the validation study.

CFD investigation of wind tunnel wall
interferences using half-span testing model
showed the influence of the boundary layer
spacer to the flow and the best height of the
spacer. With increasing height of the boundary
layer spacer, the spacer and floor boundary
layer generate larger positive and negative
velocity changes in the plane to assume the
symmetric condition and change the effective
angle of attack locally near the fuselage. It
results in increment of suction peaks of C, on
the slat and mother elements at inboard sections
and reduction of Cp. The amount of the change
increases with increasing angle of attack and it
can cause C;-Cp curve difference. Through the
investigations, a height of the spacer related to
the displacement thickness of the floor
boundary layer (+margin) showed less
difference with the results in the free-air
conditions.

Some of investigations on the interferences
between the nacelle-pylon and high-lift devices
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with nacelle-chine effect and setting effect of
high-lift devices and their CFD predictions have
been also shown. In the cases with largely
separated flow and vortex interactions, the
effects could be predicted within a reasonable
accuracy but the accuracy is not necessarily
enough. It is still difficult to simulate the flow
fields quantitatively as for these kinds of
separated flows and vortex interactions on the
complete high-lift aircraft configurations. On
the other hand, it is engineeringly important to
predict the three-dimensional flow interactions
between the nacelle-pylon and the high-lift
devices, the limitation of the flap deflection
angle, and so on. In addition to improvement of
stall prediction, further efforts are required to
predict such effects more accurately with more
studies on the mesh density, turbulence model,
and additional mesh generation method to
resolve the wake vortices efficiently.
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