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In this study, the three-dimensional flow computations over a realistic aircraft high-lift configuration with a flow-

through nacelle with a pylon mounted beneath the main wing are performed using an unstructured mesh method to

investigate the influence of the boundary-layer transition on the aerodynamic forces, the capability of a transition

predictionmethod, and the influence of brackets to support the high-lift devices. First, the influence of the boundary-

layer transition on the aerodynamic forces is shown by comparison of the computational results with/without the

boundary-layer transition. Then a transition prediction method based on the e
N method and semi-empirical

approaches is evaluated. The capability and areas to be improved are discussed. The influence of brackets to support

the high-lift devices on the aerodynamic forces is also discussed. Interference of disturbed wakes by the slat supports

to the flows on the main wing and flap is shown.

Nomenclature

CD = drag coefficient
CL = lift coefficient
CLmax = maximum lift coefficient
CM = pitching moment coefficient
Cp = surface pressure coefficient
c = mean aerodynamic chord
L=D = lift-to-drag ratio
M1 = freestream Mach number
Re = Reynolds number
r = radius of curvature at the stagnation point
� = angle of attack
�corrected = angle of attack after wind-tunnel wall corrections
� = leading-edge sweep angle

I. Introduction

E FFICIENT high-lift devices of an aircraft for takeoff and land-
ing can produce large benefits on payload and fuel consumption

[1,2]. Recent computational fluid dynamics (CFD) technologies for
three-dimensional configurations are expected to improve the per-
formance. However, a multi-element high-lift wing system that uses
leading-edge slats and trailing-edge flaps complicates the flow
features, due to boundary-layer transition from laminar to turbulent
states, flow separation, interactions of the wake of each element, and
so on. For a realistic high-lift configuration with an engine-nacelle
pylon mounted under thewing, the stall phenomena are often largely
affected by the complex flow interaction between the nacelle pylon
and the high-lift devices. The flows derived from the spanwise gap

between the inner slat end and fuselage also often affect the stall
performance. The precise prediction of the aerodynamic forces such
as CLmax and L=D for the three-dimensional high-lift configurations
is still a challenging task. The physical understanding of the
dominant aerodynamic phenomena and efforts to improve CFD for
such complicated flows over realistic high-lift configurations are
required in conjunction with experiments [3–12] to improve the
performance.

In recent years, efforts to validate and improve CFD for high-lift
systems have been promoted [4–15]. In the European EUROLIFT
[6–12] project, developments of aerodynamic analysis for high-lift
configurations have been intensively conducted in conjunction with
experiments. The Civil Transport Team of Japan Aerospace
Exploration Agency (JAXA), has conducted a research program to
develop design technologies for advanced high-lift devices. In the
research, the first wind-tunnel testing using an aircraft configuration,
denoted as the JAXA StandardModel (JSM), deploying the high-lift
devices with fuselage, long-cowl flow-through nacelle pylon, and
flap track fairings was conducted fromOctober 2005–February 2006
to increase the knowledge of high-lift flows over a realistic aircraft
configuration, to improve the measurement technologies, and to
provide the detailed and systematic experimental data, which can be
disclosed for CFDvalidation [16–19]. Thefirst CFDworkshop using
the data was also held in the domestic communities in October 2006.
InMarch–April 2007, the secondwind-tunnel testing was conducted
to obtain additional data for laminar–turbulent transition of the
boundary layer, nacelle interferences, additional aerodynamic de-
vices, and so on. The third wind-tunnel testing was conducted in
December 2007.

The aerodynamic forces for low-speed high-lift configurations at

the flight high-Reynolds-number condition are often extrapolated

from the results at the subscale wind-tunnel Reynolds number con-

ditions. The maximum lift is expected to increase with increasing

Reynolds number. However, the adverse Reynolds number effects

often occur in some cases. The changeof laminar–turbulent transition

of boundary layer by Reynolds number can be one of the reasons to

cause the adverse Reynolds number effects [20]. In the prediction of

aerodynamic forces for high-lift configurations, the effect of the

transition to the aerodynamic performance should be well estimated

with the transition prediction methods. The flow interferences due to

thenacellepylonmountedbeneath themainwingandhigh-liftdevices

can cause the undesirable effects. Therefore, the evaluation in the

complete aircraft configuration is also important.
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There are several transition mechanisms for high-lift configura-
tions. Transitions due to Tollmien–Schlichting (TS) instability,
crossflow (CF) instability, and laminar separation bubbles should be
considered. In addition, attachment-line contamination and rela-
minarization often occur due to large pressure gradients near the
leading edges of slat, main wing, and flap. Bypass transition due to
thewake flow from the forewing element is also possible in the flows
over multi-element high-lift configurations. These various transi-
tions make it difficult to predict the onset of the transition. Several
approaches to predict the transitions have been proposed and
validated [9–12,21]. Numerical methods with higher fidelity, such
as a method coupled with a three-dimensional boundary-layer
code, have been also developed. For the computations over three-
dimensional complete high-lift configurations, an unstructuredmesh
system is often used for the geometry complexity. Relatively simple
approaches that do not require severe special mesh specifications
such as highly dense mesh and grid orthogonality in the boundary
layer are preferable for practical use in engineering. The applicability
of the methods with several approximations to the complex high-lift
flows should also have been validated.

For the validation study in the complete high-lift aircraft models,
the additional brackets to support high-lift devices such as slat tracks
and flap track fairings (FTFs) also complicate the flowfields. The
disturbed or separated wakes due to the supports often affect the
flows over the wing [22]. Such effects should be well estimated.

In this paper, the three-dimensional flow computations over a
realistic aircraft high-lift configuration with a flow-through nacelle
with a pylon mounted beneath the main wing, JSM, are performed
using an unstructured mesh code. First, computational results with
the fully turbulentflowand prescribed turbulentfloware compared to
investigate the influences of laminar–turbulent transition of the
boundary layer on the aerodynamic forces. Then a transition predic-
tion method is evaluated by comparison of the transition lines with
the experimental results. A prediction method based on the eN

method is used for transitions due to TS, CF, and laminar separation
bubbles. For the stability analysis, laminar boundary layers are recal-
culated at several sections based on the computed surface pressures.
For the prediction of attachment-line contamination and relaminari-
zation, semi-empirical approaches are employed. Finally, the influ-
ence of brackets to support the high-lift devices is investigated by
comparison between the computational results with/without the
brackets.

II. Computational Method

A. Flow Solver

As the unstructured mesh generator and flow solver, TAS (Tohoku
University Aerodynamic Simulation) code [23,24] is used in this
study. TAS_Mesh is the mesh generator with graphical user interface
tools [25–27]. It can generate nearly isotropic triangular surface
mesh with a direct advancing-front method [25]; tetrahedral volume
mesh using Delaunay tetrahedral meshing [26]; and hybrid volume
mesh composed of tetrahedrons, prisms, and pyramids for viscous
flows with high Reynolds numbers [27]. In TAS_Flow, Navier–
Stokes equations are solved on the unstructuredmesh by a cell-vertex
finite volume method. The Harten–Lax–van Leer–Einfeldt–Wada
method [28] is used for the numerical flux computations. The
second-order spatial accuracy is realized by an unstructuredMUSCL
scheme [29]. The lower/upper symmetric Gauss–Seidel implicit
method [30] is used for time integration.

In this study, the Spalart–Allmaras one-equation turbulencemodel
[31] with several minor modifications is used to simulate turbulent
flows. The model is used without the trip term for transition and ft2
function, which tends to suppress the production of eddy viscosity
due to numerical error. The production of eddy viscosity starts with
the freestream value. A modification that reduces the eddy viscosity
in the regions of high vorticity [32] is also used. In themodification, a

simple combination using the minimum of the vorticity �������������������
2�ij�ij

p
and strain rate Ŝ�

�������������
2sijsij

p
is used in the modification of

the production term [32] as follows:

S���min�0; Ŝ ��� (1)

Themodifiedmodel computes turbulent vorticalflowwithout adding
much dissipation to the vortex core.

If some laminar regions are prescribed to simulate boundary-layer
transition in computations, the term S in the production term is set to
zero in the regions. In the specification, the generation of turbulent
eddy viscosity is limited in the prescribed regions, whereas the
advection from upstream is allowed.

The computations were carried out on a Fujitsu PRIMEPOWER
HPC2500 multiprocessor, which is the main machine of Numerical
Simulator III in JAXA [33].

B. Boundary-Layer Transition Prediction Method

For high-lift configurations, transitions due to TS instability, CF
instability, and laminar separation bubbles should be considered. In
addition, attachment-line contamination and relaminarization often
occur due to large pressure gradients near the leading edges of the
slat,mainwing, andflap. Bypass transition due to thewakeflow from
the fore wing element can also be an important factor in the flows
over multi-element high-lift configurations.

As a boundary-layer transition prediction code for transitions due
to TS and CF instability and laminar separation bubbles, the LSTAB
code [34–36] is used. LSTAB code has been developed and validated
through the NEXST-1 (National Experimental Supersonic Trans-
port) project at JAXA [37,38]. LSTAB code uses an eN method based
on a linear stability theory of laminar boundary layer.

In LSTAB code, a parallel flow approximation is applied to the
laminar boundary layer, and the small disturbance of a following
plane wave type is assumed:

q0�x; y; z; t� � ~q�y� exp�i��x� �z� !t��; �� �r � i�i
�� �r � i�i; ! � 2�f (2)

where q0 represents physical variables such as velocity, temperature,
and density, etc.; x, y, and z represent a local streamline direction at
the edge of the boundary layer, a boundary-layer thickness direction,
and a crossflow direction perpendicular to them; �r and �r are the
wave number vectors of disturbance in the x and z directions, respec-
tively; �i and �i are amplification rates in the x and z directions,
respectively; and f is the frequency of disturbance.

Next, linearization is carried out by considering small q0. If the
boundary condition is imposed that the disturbance is 0 at the edge of
the boundary layer and thewall, the simultaneous equation that forms
an eigenvalue problem will be derived. Although this equation is
solved under the specified Reynolds number and f at every x station,
certain auxiliary equations are needed because the simultaneous
equation includes four independent variables.

Furthermore, an eN method is applied to predict the transition
locations. The onset of transition location is specified as the location
at which the amplitude of small disturbance, A, increases eN times
that at a neutral stability point A0. In this assumption, the N factor is
obtained by the following equation:

N � ln
�
A

A0

�
�
Z
C

���idx � �idz� �
Z
C

do (3)

where C represents an integral path. For the selection of the path in
three-dimensional flow, the following assumption is adopted for the
simplicity.

First, because a small disturbance is assumed, it is thought that the
disturbance is basically carried along a local streamline. Therefore,
we focus on the integral path limited in the local streamline direction
(dz� 0) and then use the following equation:

d� ���i� ; � : Re�x�; f�dx;  � tan�1
�
�r
�r

�

� � tan�1
�
�i
�i

�
(4)
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where means a propagation direction of awave number, and � 0
and 90 deg correspond to a local streamline direction and crossflow
direction, respectively.

Next, the assumption of � � 0 degwas used because theN factor

might become large in most cases with � � 0 deg, which is shown in
the study of the influence on eigenvalue �i [36]. Finally, to decide the
relation between  and �i, the following envelope method, which
was widely used, was applied:

N�Re�x�: f� �
Z
Clos

max ���i� : Re�x�; f��dx (5)

where Clos represents an integral path along the local outer stream-
line. Here, N�x� curves are evaluated for every f using the equation.
Further, the following equation, which represents the envelope of
these N curves, is used as the final transition decision:

Nenvelope �maxf �N�Re�x�: f�� (6)

The transition onset is predicted using a threshold of N factor
based on a database. In the process, the distinction between the
transition due to TS and CF instability is not a concern. The
distinction is evaluated afterward based on the dominant wave angle
if necessary.

The stability analysis is performed at several streamwise sections.
For the stability analysis, velocity profiles in the boundary layer are
required at each section. Extracting the accurate velocity profiles
directly from CFD results requires a highly dense grid in the
boundary layer. In the present study, the laminar boundary layer is
recalculated based on the computed Cp using the Kaups and Cebeci
method [39] inLSTABcode at each section. Themethod employs the
conical flow approximation to simplify the three-dimensional
boundary-layer equations. 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 rela-
minarization, semi-empirical approaches are employed.Attachment-
line contamination is predicted using the attachment-line Reynolds

number �R	 based on Poll’s criterion [40] in Eq. (7). In Eq. (7),
subscript emeans the values at the boundary-layer edge. However, it
is difficult to obtain the precise definitions at the boundary-layer edge
in the present Reynolds-averaged Navier–Stokes (RANS) mesh
results. To simplify the estimation, an infinite swept cylindrical
approximation of the flow is used near the attachment line. With the
approximation, the precise definitions at the boundary-layer edges
are not required as in Eqs. (8) and (9). The leading-edge sweep angle
� and radius of the curvature at the stagnation point r are main

factors in Eq. (7). Contaminationwill occur if the value of �R	 exceeds
245
 20:

�R 	 � Ve�
	

�	
�

����������������������������������������������������������������
�Ve�2sw�0

���
�	
�
dQe

dsw

�
sw�0

�s
(7)

�
dQe

dsw

�
sw�0
� 2�U1 cos��

r
(8)

�Ve�sw�0 �U1 sin� (9)

�R 	 � 245
 20: contamination (10)

Relaminarization is predicted using parameter �K [41], which
indicates the acceleration strength of flows. Relaminarization will

occur if the value of �K exceeds 5 � 10�6. For three-dimensional flow,

the analysis using this prediction method should be conducted along
the external streamlines. In the present study, the analyses for
attachment-line contamination and relaminarization are performed at
several sections normal to the leading edges:

�K � �	
Q2
e

dQe

dsw
(11)

�K > 10�6: start of relaminarization

> 5 � 10�6: relaminarization (12)

The analysis procedure for the present study is summarized in
Fig. 1. In the present study, the first CFD computation to obtainCp at
each section is performed assuming fully turbulent flows. Next, the
modules of the transition prediction, LSTAB, and the evaluation of
the experimental criteria for attachment-line contamination and
relaminarization are separated and the whole transition prediction
process is not fully automated. Therefore, the process is done as the
postprocessing after the CFD computation. Although this procedure
should be repeated until the change of the transition locations is
converged, the results after only one cycle are presented here.

For thewind-tunnel tests used in the present study, the threshold of
theN factor is expected to be 4:0–6:0 based on the past experimental
results. In this study, N � 4:0 is used for the threshold.

III. Model Geometry and Computational Conditions

Figure 2 shows the wind-tunnel model tested in October 2005–
February 2006 at the JAXA 6:5 � 5:5 m low-speed wind tunnel
(JAXA-LWT1) [16–19]. JAXA-LWT1 is an atmospheric closed-
circuit wind tunnel with an octagonal cross section. The test was
carried out to provide the experimental data for CFD validation and
to investigate the flow physics for realistic aircraft configurations
deploying the high-lift devices. The model was designed assuming a

Fig. 1 Procedure of transition prediction method.

Fig. 2 Wind-tunnel testing model in JAXA-LWT1.
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100-passenger-class civil jet aircraft. The scale of the wind-tunnel
model is roughly 1=6 of the assumed aircraft. The lengths of thewing
half-span and fuselage are 2.3 and 4.9 m, respectively. The mean
aerodynamic chord length (MAC) of this model is 0.529 m. The
aspect ratio of the wing is 9.42 and the leading-edge sweep angle is
33 deg. The model has a leading-edge slat supported by eight slat
brackets, a double-slotted flap inboard and a single-slotted flap
outboardwith a circular fuselage, aflow-through nacellewith a pylon
mounted beneath the main wing, and three FTFs, as shown in Fig. 2.
For the landing setting, the deflection angles of the slat, flap, and aft
flap are 25, 35, and 20 deg, respectively. In the testing, various kinds
of measurements were conducted to verify CFD analysis in detail
[16–19]. Five-component aerodynamic forces, surface pressure with
pressure taps, and pressure-sensitive paint 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.
Surface flow visualizations were carried out with tuft, oil flow, and
china clay. In the testing, moreover, unsteady pressure, velocity
distribution around the model using particle image velocimetry, and
aeroacoustic noise sources using phased-array microphones were
also measured.

Figures 4 and 5 show the computational unstructured meshes
without/with FTFs and brackets to support slats and aft flap (configu-
ration 1 is without FTFs and without slat support; configuration 2 is
with FTFs and with slat support). The unstructured meshes have 5.8
and 7.4 million mesh points, respectively. Unstructured mesh with
only brackets to support slats (configuration 3 is without FTFs with
slat support) are also generated. The number of the mesh points is
7.2 million. The minimum grid spacing in the normal direction to the
wing surface is 0:02=

p
Re. Only one or two cells are placed on the

blunt trailing edges. In the current computations, M1 is 0.175 and
Reynolds number is 2:1 � 106 based on the MAC.

IV. Results

A. Comparison Between the Computations of Fully Turbulent Flows

and Flows with Laminar Regions

First, the computational results assuming fully turbulent flows and
flows with prescribed laminar regions are compared with the wind-
tunnel testing data. The computational results without FTFs and
brackets to support the slats and aftflap are compared. The prescribed
laminar regions are based on the experimental observations by the

Fig. 3 Cross sections for static pressure measurement.

Fig. 4 Computational mesh without FTFs and brackets to support the

high-lift devices.

Fig. 5 Computational mesh with FTFs and brackets to support the

high-lift devices.

Fig. 6 Visualization of boundary-layer transition by china clay.
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china-clay visualization. The china-clay visualization results at
�corrected � 4:43 and 10.55 deg are shown in Fig. 6. Thewhite regions
are turbulent, and black regions are laminar. In the experiments, the
boundary layer on the lower surface of the main wing became tur-
bulent locally by the influence of the slat supports and FTFs. Figure 7
shows the prescribed laminar regions assumed in computations. In
the computations, the laminar regions on the lower surface of the
main wing are assumed, as shown in Fig. 7. In addition, the whole
lower surface of theflap is assumed to be laminar in the computations.

Figure 8 showsCL-�,CL-CD, andCM-� for computed results and
experimental data after the correction of the wind-tunnel wall and
other interference. As for CL-�, both computational results show
good agreement with the experimental data at moderate angles of
attack, although the lift slope before the stall has slight differences,
whereas the stall angle of attack andCLmax are slightly overestimated
in the computations. Decrease of CL due to the stall in the compu-
tational result is also larger than that in the experimental results. The
results with laminar regions show higher CL, especially at higher
angles of attack, and the slope of CL-� shows better agreement with
experimental results. However, the consideration of the boundary-
layer transition does not improve the stall prediction in the present
case.

As forCM, the overall tendency of the computational results agrees
well with the wind-tunnel results, including the change of the
gradient after the stall, although a constant deviation ofCM is seen in

the computations. As for CL-CD, both computational results over-
estimate CD. Computational results with boundary-layer transition
show a decrease of CD by 40 drag counts (1 drag count equals
1 � 10�4). The amount of the influence of the boundary-layer
transition upon the drag prediction is shown in the computations.
However, the difference with experimental results is still large. This
result shows a possibility that the difference comes from insufficient
grid resolution against the complicated model geometry in the
computations.

Figures 9 and 10 show the comparisons ofCP at �� 4 and 10 deg.
At �� 4 deg, computational results show good agreement with
experimental results at all sections in Fig. 10. Designed wide and flat
suction peaks near the leading edge of the main wing are well
predicted. The results considering the specified transition flows show
a little difference at the suction peaks. At �� 10 deg, the difference
between the fully turbulent and specified transition flows is larger.
The results of the specified transition flow show larger suction peaks
by the acceleration of flow near the main and flap leading edges and
better agreement with experimental results. At both angles of attack,
the difference at section H-H near thewing tip between experimental
and computational results is slightly larger on the upper surface near
the trailing edge of the main wing. This is due to the difference in the
flow separation near the wing tip.

Figures 11 and 12 compare the surface flow patterns between
the experimental and computational results with specified laminar

Fig. 7 Regions of boundary-layer transition assumed in computations (Blue: Laminar, Gray: Turbulent).

Fig. 8 Comparison of aerodynamic forces.
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Fig. 9 Surface pressure distributions at �� 4deg.

Fig. 10 Surface pressure distributions at �� 10deg.
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regions at�� 4 and 10 deg. The compared angles of attack are a little
different between the experimental and computational results due to
the wind-tunnel data correction. However, the small difference of �
does not change theflow features visualized on the oilflows.At angle
of attack �� 4 deg, the computational result shows good agreement
with the experimental results. The interference of the nacelle pylon is
small at this low angle of attack. On the other hand, there are several
local differences. The experimental result clearly shows the influence
of the slat supports and FTFs on the upper side of the main wing and
flaps. Near the trailing edge of the wing tip, only the experimental
result shows a little flow separation of the main wing. It is considered
that the separation causes the disagreement of surface pressure
distribution at the H-H cross section in Figs. 9c and 10c. The dif-
ference of the surface flow on the flaps is relatively larger. The larger
local flow separations by the influence of FTFs appear on the flap in
the experimental results. At an angle of attack of 10 deg in Fig. 12, the
difference between the experimental and computational results
becomes larger near the wing tip. The difference of the flow separa-
tion seems to be produced by the presence of the slat supports.

Fig. 11 Comparison of surface flow pattern at �� 4deg (experimental data is at �corrected � 4:43deg).

Fig. 12 Comparison of surface flow pattern at �� 10deg (experimental data is at �corrected � 10:55deg).

Fig. 13 Comparison of surface flow pattern at �� 15deg (experimental data is at �corrected � 15:54deg).

Fig. 14 Streamwise sections for transition prediction analysis for TS

and CF instabilities and laminar separation bubbles using LSTAB code.
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Fig. 15 Comparison of transition locations; Experimental result is at �corrected � 4:43deg and predicted results are at �� 5deg. (Transition lines for

the slats are not plotted becauseflows on the upper side are almost laminar until the trailing edge both experimental andpredicted results. Transition lines

of experimental results for main wing are not plotted because the flow on the main wing is turbulent from the leading edge.)

Fig. 16 Comparison of transition locations; Experimental result is at �corrected � 10:55deg and predicted results are at �� 10deg. (Transition lines

for the inner slat are not plotted because flows on the upper side are almost laminar until the trailing edge both experimental and predicted results.

Transition lines of experimental results for the innermainwing arenot plotted because theflowon the innermainwing is turbulent from the leading edge.)
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Figure 13 compares the surface flow patterns at an angle of attack
of 15 deg. Large separation is visible on the main wing after the
nacelle pylon in the experimental results. The computational result
also predicts the same separation phenomena. The separation affects
the whole stall performance. The separation pattern is well captured
in the computation, whereas the separation size is predicted to be
relatively larger in the computations. It results in the different CL
after the stall, as shown in Fig. 8. Decrease ofCL due to the stall in the
computational result at �� 15 deg is larger than that in the
experimental results. For this long-cowl nacelle model, the nacelle
interference to the flows is relatively large, as discussed in [15]. With
the increase of angle of attack, the flow separation on the outboard
side of the nacelle becomes larger. The separated and reversed flow
interacts with the outboard slat and causes the large separation on the
upper surface of the main wing after the nacelle. For this model, the
boundary-layer transition on thewing is not amain factor for the stall
phenomena.

B. Comparison Between the Experimental and Predicted

Transition Locations

The predicted transition locations for TS and CF instabilities and
laminar separation bubbles using LSTAB code are discussed. The
stability analysis is performed at streamwise sections. Figure 14
shows the spanwise locations at which the transition prediction
analyses were conducted.

Figures 15 and 16 show the comparisons of transition lines on the
upper surface between experimental and predicted results. The
experimental transition lines are identified from the visualized results
using china clay. The predicted transition lines are identified usingN
factor and laminar separation location in the prediction code. For the
wind-tunnel tests used in the present study, the threshold of the N
factor is expected to be 4:0–6:0, based on the past experimental
results. In this study,N � 4:0 is used for the threshold. In Figs. 15 and
16, it is assumed that the transition starts just before the location of
the laminar separation if the transition due to TS and CF instability
does not occur. The transition lines are plotted using the transition
locations identified at each section. The compared angles of attack
are a little different between the experimental and computational
results, due to the wind-tunnel data correction. The small difference
does not largely change the transition lines visualized using china
clay, and the transitions at �� 4 and 5 are nearly identical in the
wind-tunnel tests. In the figures, the predicted results usingmeasured
Cp in the experiment instead of computed Cp in the CFD compu-
tations as the input data for the prediction code are also plotted.

In Fig. 15, transition lines for the inner and outer slats are not
plotted, because flows on the upper side are almost laminar until the
trailing edge in both experimental and predicted results. Transition
lines of experimental results for the main wing are also not plotted,
because the flow on the main wing is identified to be turbulent just

after the leading edge by china-clay visualization. At this angle of
attack, the predicted results usingmeasuredCp and computedCp are
nearly identical, as shown in Fig. 15. In Figs. 15b and 15c, transitions
on the main flap and aft flap observed in the experiment are well
predicted by the present method. In Fig. 15c, the predicted results on
the outermainwing are turbulent just after the leading edge and show
good agreement with experimental results. However, there is a
difference on the inner main wing in Fig. 15d. In the experimental
result, the laminar regions are not observed in visible regions on the
inner main wing, whereas transition can occur in the predictions.

In Fig. 16 at �� 10 deg, transition lines for the inner slat are not
plotted, because flows on the upper side are almost laminar until the
trailing edge in both experimental and predicted results. Transition

Fig. 17 Analyzed sections for attachment-line contamination and

relaminarization.

Fig. 18 Computed �R� and �K for analysis of attachment-line contami-

nation and relaminarization at �� 10deg.

Fig. 19 Total pressure distributions in the inner slat cove at ��
10deg.
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lines of experimental results for the inner main wing are also not
plotted, because the flow on the inner main wing is identified to be
turbulent just after the leading edge. As shown in Fig. 16c, laminar
regions appear on the outer slat and outer main wing at �� 10 deg,
whereas they are not observed in the regions at �� 4 deg in Fig. 15c.
The transitions arewell predicted by the present method. In Figs. 16b
and 16c, transitions on themain flap are alsowell predicted, although

the predicted results on the inner main flap show slightly earlier
transitions. For the aft flap, however, the predicted results using
computed Cp show much earlier transitions than the experimental
results and predicted results using measured Cp, whereas predicted
results using measured Cp show good agreement with experimental
results. As shown in Fig. 10a, Cp on the inner flaps shows a large
difference with the experimental result. In addition, computed Cp

Fig. 20 Measured surface flow pattern at �� 10:55deg.

Fig. 21 Computed surface flow pattern at �� 10deg.
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near the leading edge has a little irregularity related to mesh resolu-
tion. More consistentCp has to be obtained in the computations. For
the transition prediction on the inner main wing at �� 10 deg, there
is the same inconsistency with the results at �� 4 deg. In the
experimental result, the laminar regions are not observed in visible
regions on the inner main wing, whereas laminar regions can be
observed in the predictions by computed Cp. The difference of Cp
with experimental results at �� 10 deg in section BB, shown in
Fig. 10a, may cause the different predictions. In addition, the appear-
ance of attachment-line contamination should be also considered,
especially on the inner main wing.

Predicted results at�� 4 and 10 deg show thatmost transitions on
the upper surface can be caused by laminar separation bubble, not by
natural transition. The experimental results of oil flow in Figs. 11 and
12 validate the predicted results. The oil flows show the existence of
laminar separation bubble near the expected transition lines.

The predictions of attachment-line contamination and relamina-
rization are performed at seven sections normal to the leading edges,

shown in Fig. 17. Figure 18 shows the computational results of �R	

and �K for the slat and main wing at �� 10 deg. For the slat, the

computed values of �R	 are under the criterion at all span sections.

The contaminationwill not occur on the slat. Thevalues of �K are over

the criterion for relaminarization. However, the relaminarization will
not occur physically because of the absence of attachment-line con-

tamination. For the main wing, the values of �R	 are over the criterion
at all spanwise sections,whichmeans that contamination can occur at

all spanwise sections. Simultaneously, the values of �K are over the
criterion, and relaminarization can occur at all spanwise sections.
These results mean that the laminar regions can exist on the inner
main wing if the relaminarization can occur. On the contrary, the
laminar regions are not observed on the inner main wing in the
experimental result.

The values of �K for relaminarization 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 relamina-
rization is not relatively stronger on the innermainwing, although the
values exceed the criterion. In the present prediction, bypass tran-
sition due to the wake flow from fore wing elements is not
considered. Figure 19 shows the total pressure distributions in the
inner slat cove at �� 10 deg. 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 required with more detail measurements for
the transition.

Fig. 22 Total pressure distributions at �� 10deg.

Fig. 23 Comparison of aerodynamic forces.
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Except for the inner main wing, the present approach with several
approximations showed reasonable prediction capability, although
the applicability of the eN method to the laminar flows through
relaminarization is not strictly appropriate.

C. Influence of Brackets to Support the High-Lift Devices

Themodel has eight slat brackets to support the leading-edge slats,
one bracket to support the aft flap, and three FTFs, as shown in Fig. 1.
To estimate the influence of brackets to support the high-lift devices,
computational results on three configurations are compared: without
FTFs and slat and aft flap supports (configuration 1 is without FTFs
and without slat support), with FTFs and slat and aft flap supports
(configuration 2 is with FTFs and with slat support), and without
FTFs and with slat and aft flap supports (configuration 3 is without
FTFs and with slat support). Fully turbulent flow is assumed in the
computations.

Figure 20 shows the experimental surface flow patterns at
�corrected � 10:55 deg. Figure 21 shows the computed surface flow
patterns at�� 10 deg on each configuration. The surface flow on the
outboard flap for configuration 1 shows the flow separation near the
flap trailing edge. In the result of configuration 2 with FTFs and slat
supports, the local flow separations also appear on the outboard flap
due to the presence of FTFs. Flow separation near thewing 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. In Fig. 21c,
the result of configuration 3 with slat supports shows the influences
of the wake from slat supports on the main wing. Flow separation
near the wing tip on the main wing appears in the computation. This
result confirms that the flow separation near thewing tip is caused by
the disturbed wake from the slat supports. In addition, the local flow
separations on the outboard flap also appear, although FTFs are not
installed. Figure 22 shows the total pressure distributions on each
configuration. In Fig. 22, a relatively large loss of total pressure
appears from the nacelle pylon for all configurations. In the casewith
slat supports, the disturbed wakes by the slat supports affect the flow
separation on the outboard flap, as shown in Fig. 22c.

Figure 23 shows CL-� and CM-�. The results of configurations 1
and 3 do not show large changes at moderate angles of attack,
whereas the results of configuration 2, which has both FTFs and slat
supports, show larger changes for both CL and CM. Lift and nose-
down pitching moment are reduced on the configuration 2. The
results of oil flow in Fig. 21b show larger separation on the outboard
flap due to the disturbedflow by FTFs. The reduction of the lift on the
outboard flap results in the decrease of lift and nose-down pitching
moment.

At higher angles of attack near the stall, the difference between
configurations 1 and 3 appears. Figure 24 shows the comparison of
oil flows with/without slat supports at �� 14 deg. The difference
clearly appears in the flow separation near the wing tip. This
separation due to disturbed wake flow from the outmost slat support
near thewing tip caused reduction ofCL at�� 14 deg in Fig. 23a and

pitch-up �� 14 deg in Fig. 23b. Thus, the additional supports have
the possibility to largely affect the flow, especially for stall
performance. For thevalidation study, the influences of the additional
brackets to support high-lift devices also should be well considered.

V. Conclusions

Three-dimensional flow computations over a realistic high-lift
configuration with a flow-through nacelle with a pylon mounted
beneath the main wing tested at JAXAwere performed to investigate
the influences of the boundary-layer transition on the aerodynamic
forces, the capability of a transition prediction method, and the
influence of brackets to support the high-lift devices.

First, computational results assuming fully turbulent flows and
flowswith prescribed laminar regions were compared with thewind-
tunnel testing data. The amounts of the influence of the boundary-
layer transition upon the aerodynamic forces were shown in the
computations. The results with laminar regions showed higher CL,
especially at higher angles of attack, and the slope of CL-� showed
better agreement with experimental results, whereas the stall angle of
attack and CLmax were slightly overestimated in the computations.
The consideration of the boundary-layer transition did not improve
the stall prediction for the present long-cowl nacelle model. It was
shown that the strong nacelle interference can disguise the influence
of the boundary-layer transition on the stall phenomena.

Next, the capability of a transition prediction method based on the
eN method and semi-empirical methods was evaluated by compari-
son with experimental results. In the method, the transitions due to
TS and CF instabilities, laminar separation bubbles, attachment-line
contamination, and relaminarization were considered for high-lift
configurations. Applicability of the method with several approxima-
tions, which was combined with RANS CFD, was validated to the
complex high-lift flows. Good capability was shown except for on
the inner main wing and aft flap. The predicted results using experi-
mentalCp showed better agreement with experimental observations.
The results confirmed the capability of the present transition predic-
tionmethod and showed that more consistentCp in the computations
can improve the transition prediction, especially for aft flap. It was
also shown that the possibility of the bypass transition should be
investigated on the inner main wing, due to the interferences by the
vortices from the slat cove. Further assessments will be required with
more detail measurements.

Finally, the influence of brackets to support the high-lift devices on
the aerodynamic forces was also discussed. The oil-flow patterns by
computations with brackets to support high-lift devices showed
qualitatively good agreement with experimental results, including
the local flow separation. 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 the possibility to largely affect the
flow, especially for stall performance. For the validation study, the
influences of the additional brackets to support high-lift devices also
should be well considered.

Fig. 24 Computed surface flow pattern at �� 14deg.
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