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Laminar-turbulent transition appears in high-lift configurations through instabilities, attachment-line
contamination, or separation. Its prediction may improve the estimation of maximum lift and allows the
extrapolation from wind-tunnel measurements to flight conditions. This prediction is being inserted within
Reynolds-averaged Navier-Stokes codes to become part of standard design procedures. This requires fast and
reliable transition-prediction tools, a very difficult issue in itself. This paper presents recent ONERA progress based
on three-dimensional coupling between Navier—-Stokes and boundary-layer codes and internal transition prediction
within the elsA Reynolds-averaged Navier—Stokes software and their application to a typical transport aircraft high-
lift wing used as a common test case in the European projects EUROLIFT 1 and 2. In elsA, emphasis is placed on
transition prediction in three-dimensional flows, and issues of contamination and relaminarization are discussed but

are left for future tests.

Nomenclature

Cp = drag coefficient

(o) = lift coefficient

C, = pressure coefficient

Hi = incompressible shape factor, § * /0

Ny = N factor at transition

0., U, W, = total, normal and parallel to leading-edge
velocity components at the edge of the boundary
layer

T, = external flow turbulence level

u, w = normal and parallel to leading-edge velocity
components in the boundary layer

X, Z = normal and parallel to leading-edge directions

X, 9,z = local coordinate system

8%, 0 boundary-layer displacement and momentum
thicknesses

A, = Pohlhausen parameter, (6*/v)(dU,/ds)

v = kinematic viscosity

Dot = effective sweep angle

0] = angle between the wave number and the x
direction

¥ = angle between the wave number and the external

velocity vector
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I. Introduction

UMERICAL simulation of high-lift configurations is a key

activity for facing demands for improved performance and
reduced emission. It is a challenging domain with regard to the
economical, technical, and scientific impacts it may bring. It requires
the modeling of complex 3-D multi-element wings, including
geometrical details, wing deformation under load, prediction of
various types of flow separation, and the modeling of transition,
including Tollmien—Schlichting (TS) and crossflow (CF) instability
growths, attachment-line contamination, relaminarization, and short
bubble separation and transition. As is being demonstrated in the
course of the European EUROLIFT 2 project, design based on a
purely numerical approach is becoming possible, although wind-
tunnel testing remains necessary for final validation and
optimization. Because these tests are not usually carried out at
flight Reynolds numbers, extrapolation from wind tunnel to flight
Reynolds number is needed, requiring a precise understanding of the
physical processes involved. One phenomenon playing a major role
in this extrapolation is laminar-turbulent transition in its larger
acceptance.

The paper presented here is concerned with the validation of
transition predictions in full 3-D configurations, internally embedded
or externally coupled to the Reynolds-averaged Navier—Stokes
(RANS) code elsA. This work is realized by ONERA in the
framework of EUROLIFT 2, in a cooperative approach with
European research centers and industry. Two aspects under
development will be presented: the use of an internal transition-
prediction module imbedded in the code and an exploratory 3-D
coupling to a 3-D boundary-layer code containing database-type
transition-prediction tools.

In the latter case, the difficult point lies in the creation of the proper
boundary conditions for the 3-D boundary-layer calculation from the
RANS field and without the use of a conical or infinite swept-wing
approximation. In such a case, for the RANS mesh to be compatible
with the interface, mesh lines should be oriented as normal to the wall
and the mesh point density should remain sufficient in the height of
the viscous layer. In this process, velocity data are created that allow
examining the questions of contamination and relaminarization
before computing the boundary layer. As long as the approach is not
used iteratively, the transition-prediction tools do not need to be
extremely efficient.
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In the approach based on a transition-prediction tool inserted into
the RANS code, the transition prediction must be as fast as possible
because it will become part of the iterative process. Some
compatibility conditions must be respected so that transition may
evolve in upstream and downstream directions. Computation can be
done either along mesh lines or streamlines. In the first case, it is
assumed that mesh lines remain globally aligned in the general flow
direction, at least in the region of interest. A more general treatment is
allowed if following streamlines. Also, it may be necessary to
manually determine in which region the flow starts and to indicate
domains of influence.

The validation case is a three-element tapered wing called KH3Y,
in landing configuration, which was tested in the Airbus-
Deutschland low-speed wind tunnel (LSWT) in Bremen, during
the EUROLIFT 1 project.

II. Overview of Applied High-Lift Transition Activities
in the EUROLIFT Context

Because several parallel developments are being pursued, it is
useful to provide some general information on the transition
activities. During the EUROLIFT 1 project [1], transition
measurements were realized during two experiments. The first one,
using the so-called AFV (aile a fleche variable) wing in the ONERA
F1 wind tunnel, was dedicated to transition [2]. A detailed
experimental database was built on this simplified 3-D high-lift
geometry. The evolution of transition location with Reynolds
number variation and due to configuration effects (takeoff, landing,
and sweep) was measured and analyzed. The second experiment
(KH3Y in the LSWT) was a three-dimensional validation
experiment with wider objectives [3], preparing other large
Reynolds number testing at the European Transonic Wind Tunnel
and providing computational fluid dynamics developers with well-
documented complex 3-D experimental results.

Concerning transition-prediction tools, several approaches have
been investigated in parallel:

1) Based on infinite swept-wing theory, a 2.5-D coupling to RANS
surface pressure was initially used to analyze the AFV case [4],
which was tested in the ONERA F1 wind tunnel. This provided a
validation of contamination and relaminarization criteria and of
transition and separation predictions inserted in a boundary-layer
code. The ONERA database method for TS and for CF was used in
this case.

2) Direct introduction of transition criteria into the elsA RANS
code [5] was realized at ONERA and was first applied to the AFV
case [6]. This first implementation was then applied to the KH3Y
wing, and results are presented here. Work continued after this first
demonstration, allowing important extensions [7,8] (multiblock
treatment, improved coding, better user control over starting
locations, and zones for transition calculation) and resulting in a
more robust and simpler treatment of complex cases.

3) The Spanish National Institute for Aerospace Technology
(INTA) developed an internal automatic coupling between the
structured RANS code EMENS and a boundary-layer code using a
conical-wing hypothesis and inserted ONERA database methods for
TS and CF instabilities for transition prediction into the boundary-
layer code. The methods used and their validation, based on the AFV
experiment, are presented in [9].

4) The DLR, German Aerospace Research Center developed an
internal automatic coupling between the structured RANS code
FLOWer and a boundary-layer code, also using a conical-wing
assumption. In 3-D flows, transition prediction is done using a DLR
database approach for TS and the ONERA database for CF. The first
results were presented in [10]. Validation in the EUROLIFT 2 project
has been considered with the KH3Y three-element configuration
using the same mesh as in the present paper. Results are available in
[11.12].

5) ONERA, the French Aerospace Lab, developed an external
interface between the 3-D RANS flow around a tapered wing and the
3-D boundary-layer code 3C3-D to eliminate the need for either the
infinite swept or conical-wing assumptions and applied this interface

to both the AFV and KH3Y wings. Results for KH3Y are presented
here.

In the present paper, only ONERA’s results applied to the landing
KH3Y case are presented in detail. An overview of results obtained
in EUROLIFT 2 with regard to transition prediction and impact, with
comparisons of methods and results from the various partners, was
presented in [12].

III. Methods for Transition Prediction

In the case of high-lift flows, transition may be caused by several
phenomena that need to be modeled. These are attachment-line
contamination, short bubble transition, and transition resulting from
the growth of instabilities. Relaminarization must also be considered
because it may appear downstream of contamination.

A. Attachment-Line Contamination

Attachment-line contamination is due to the transport of floor (or
fuselage) turbulence along the attachment line of the wing. Increased
sweep angle and large curvature radius in the leading-edge region
promote this transport. When this occurs, the whole wing surface
becomes turbulent, with no laminar region.

Attachment-line contamination is characterized by the parameter

where X, refers to the attachment line. It can be shown to vary as the
square root of the Reynolds number or of the nose radius and
increases with sweep angle. The critical value [13,14] of the R
parameter is usually taken as 250 =+ 20.

In the case of an infinite swept-wing assumption, calculation of R
first requires the knowledge of the effective sweep angle ¢, from
which W, = Q, sin(g.) is obtained. An iterative method may be
used for this purpose, looking for a linear evolution with a distance to
the attachment line of the normal to leading-edge velocity
U, = +/Q? — W2. The location of this attachment line is determined
in the process. A similar approach can be used for a conical wing. In
the case of direct extraction from the RANS field of the velocity
components, R can be determined from the velocity gradient at the
attachment line, which may usually correspond to a mesh point.

B. Relaminarization

Strong acceleration of a turbulent flow may damp the production
terms, to a point that the flow returns to a seemingly laminar state: this
is called relaminarization. In 2-D flows, the acceleration parameter
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K

proposed by Beasley [15] is alocal parameter, which can be obtained
in the preprocessing step, together with attachment-line transition
Reynolds number R. In 3-D flow, K should be evaluated in the
streamline direction. Relaminarization of a turbulent boundary layer
should be expected if values of K are larger than 5 x 107 over a
significant distance. Large values have the effect of keeping the
boundary layer in a quasi-laminar state, called laminarescent [16],
but as soon as K decreases, the turbulence reappears rapidly.

Return to turbulence proceeds as in a bypass transition, without
going again through a linear stage. Laminar separation of a
laminarescent flow may be observed. A turbulent flow is required
upstream of relaminarization, which may be caused by
contamination.

C. TS and CF Transition from Criteria

In the case of a 3-D base flow, these two criteria are used
simultaneously, the first one based on the streamwise component of
the velocity and the second one based on the crossflow profile.
Transition is considered to occur as soon as one of the two conditions
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isrealized. These criteria have been used in boundary-layer codes for
many years. The longitudinal criterion requires the computation of
the incompressible shape factor Hi = §* /6, a parameter that is often
underestimated when computed from RANS viscous velocity
profiles [8] (unless special care is taken to ensure an appropriate
number of mesh points in the viscous layer). For this reason, an
indirect determination, a function of the Pohlhausen parameter, is
used in elsA.

The Arnal-Habiballah—Delcourt [17] criterion was developed for
the prediction of longitudinal transition caused by TS instabilities.
This criterion, based on the same parameters as the Granville
criterion, was developed from linear stability analysis of self-similar
incompressible velocity profiles (Hi <2.7). The Mack relation
Np = —8.43 — 2.4 (w(T,) provides the link between the transition
location and the external turbulence level. The criterion writes as
Ry, — Ry, = f(T,. A,), where

- 1 o @2 dU
A, = / — —2ds
Xp—Xg Jy, v ds

is an averaged Pohlhausen parameter; Ry = exp(52/H, — 14.8)
defines the critical location, the end of the stable region (and the most
upstream possible location of transition in a classical approach); and

F(T,. Ay) = =206 exp(25.7A,)[(n(16.8T,) — 2.77A,]

This criterion was recently extended to compressible flow.
Transition due to CF instabilities is predicted by means of the C1
criterion [17], based on the crossflow displacement thickness §,:

300, 0.106
Roo = a0 (i — 2.3y

where

8 w(y)
5, = / _w0)
2 A U, y

D. ONERA Database Methods

Another approach developed at ONERA, referred to as the Arnal—
Vialle—Jellitti method [18], provides an estimation of the disturbance
growth rate o of a 2-D compressible boundary layer directly from
mean flow parameters and the boundary-layer profile characteristics.
The starting idea is that the Reynolds number variation of growth
rates obtained solving the exact Orr—Sommerfeld equations can be
represented for a given profile and a given frequency using two half-
parabolas:

_ | (R(;l—RM 2 R, =R, if R; <Ry
0=0u Ri— Ry, R =R, if Ry >Ry

om

Rs

Ro Ry Ry

Fig. 1 Growth-rate variations represented using parabolas.

4

This parabola model (Fig. 1) requires determination of Ry, R, Ry,
and oy, as functions of nondimensional frequency F = 2 fv/U?)
(where f is the physical frequency), boundary-layer characteristics,
and mean flow conditions. These functions were established from
sets of exact stability solutions of Falkner—Skan self-similar profiles
in compressible 2-D flows. A first model was thus created for
longitudinal instabilities, based on a lookup table using the values of
the incompressible shape factor Hi and the local Mach number Me.

Crossflow instabilities are inflectional in nature: they are
determined by the location and characteristics of the velocity-profile
inflection point. Considering 2-D similar profiles with reverse flow, it
was shown that two parameters, U; = u(y;) and P; = y;(du/dy),,,
where y; is the location of the highest inflection point, allow
representing the growth-rate Reynolds number dependence.

A purely analytical model [19] was built for this purpose, first
considering attached Falkner—Skan profiles and later extended based
on typical compressible profiles close to the leading edge of a
transonic wing. To represent crossflow instabilities, use of Stuart’s
theorem, as noted in [20], and Gaster’s [21] relation are necessary.
Stuart’s theorem states that in temporal theory and for an
incompressible flow, the growth rate g, in any direction ¢ can be
determined from the stability of the 2-D velocity profile projected in
the ¢ direction of the original 3-D profile. The projected profile is
defined as Uy =%u + %w and k = /a? + B?, with the reduced
frequency F =2mfv/ Ué. Gaster’s relation expresses the spatial
growth rate in some ¢ direction in term of temporal amplification @,,
group velocity modulus V,, and direction ¢,:

o, @i
¢V, cos(p—g,)
where ¢ = + 0. The final model applies only to progressive
crossflow instabilities (F > 0) and in a range |{/| < Yma, < 90deg.

The two models for longitudinal and for crossflow instabilities
were later combined. The resulting database method for transition
prediction allows, with high efficiency, an estimation of the stability
characteristics of 3-D boundary layers. Growth rates obtained are
integrated to produce envelope N factors exactly as in the case of
exact stability theory. Careful optimization has ensured that, in
general, the most amplified frequencies are represented with an error
below 10%.

One important advantage of the method is that it does not require
any initial values and is thus well adapted for automatic use inside
boundary-layer codes. Coupling to a RANS code, on the other hand,
is quite difficult because the incompressible shape factor must be
evaluated with a good precision in the entire unstable region, and the
crossflow criterion needs information about the upper part of the
velocity profile, where the mesh density is usually rapidly reducing.

E. Separation

For 2-D short bubble transition, the Gleyzes—Habiballah criterion
is applied [22]; it uses an analytical representation of the
amplification curves for 2-D Falkner—Skan similar profiles with
reverse flow (H; > 2.7). For these profiles, stability results are almost
independent of frequency, but mostly depend on the incompressible
shape factor. Hence, N factor evolution can be written as

N(s)—N(s1)=[f9%

dRy

where N(s;) is the total growth rate at location s1, where 6 = 6, and
G(H;) is an analytical expression of only H;. Transition occurs when
N(s) = NT, given by Mack’s relation.

IV. Short Description of the KH3Y Landing Case

The KH3Y model is a half-plane model equipped with a modern
type of wing designed by Airbus-Deutschland in the course of a
German National Research project. It was selected for use in the
EUROLIFT 1 and 2 projects for tests in a number of configurations,
from clean wing to advanced flap system with pylon and nacelle, in
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WX=1080
WX=1256
Fig. 2 Planform and hot-film array-locations on the model.
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Fig. 3 Typical hot-film signals obtained on HF4 (wing) at a 12-deg
angle of attack.

both the Airbus-Deutschland LSWT facility and in the pressurized
cryogenic European Transonic Wind Tunnel. The first series of tests
at the LSWT [1,3] were realized with a three-element full-span slat
and flap wing without nacelle, in both takeoff and landing
configurations, at a single chord Reynolds number R of 1.35 x 10°
and at Mach 0.175. The landing configuration, with slat and flap
settings of 26 and 32 deg, respectively, was later selected for
transition work because a larger set of transition observations was
available in that configuration.

The model was equipped with several arrays of hot films (HF),
placed on the carbon fiber slat and on the main wing leading-edge
region (Fig. 2), and was observed using two infrared cameras.
Analysis focused on the slat and wing hot films located at midspan of
the outer wing. Experiments covered the range from 5- to 25-deg
angle of attack. Stall was observed around 20 deg from hot-film and
infrared-camera observations, and the following evolution was
observed:

On the slat, transition is observed (and it is located over the hot-
film array) above a 10-deg angle of attack for the upper slat. Laminar

separation is observed above 12 deg, leading to rapid transition.
Contamination does not seem to be an issue for this element.

On the wing upper side, separation is observed with an angle of
attack greater than 4 deg Contamination starts between 10 and 12 deg
and, as visible in Fig. 3 at 12 deg, is followed by relaminarization and
laminar separation. Figure 3 shows hot-film signals recorded around
the wing leading-edge region from the lower side (top trace) to the
upper-wing surface (lower trace). Small fluctuations are visible in the
attachment-line region and are seen to grow when moving toward the
lower side. They are suppressed around the leading-edge region due
to relaminarization and then a brutal rise is visible and corresponds to
laminar separation. The separation region extends down to a
turbulent reattachment. Turbulent traces never reach the level
observed within the separation region. On the upper side of this wing,
for this Reynolds number, transition is never detected independently
of laminar separation. The wing lower side is equipped with just a
few hot films, but it is monitored by an infrared camera. Several
configurations show quite extensive laminar regions on the lower
side at angles of attack below 10 deg, indicating a probable transition
through growth of instabilities. There is no available information
about transition over the flap.

Based on the experimental results and on a first analysis using
experimental pressure measurements, a number of configurations
were defined as representative of various phenomena to be modeled.
Because natural transition from boundary-layer instability growth
was never observed during these tests, it was decided to create one
extra case with a chord Reynolds number 3 times larger
(Rc =4.05 x 10%) and to focus on the two configurations at 10
and 12 deg, as indicated in Table 1. Transition locations indicated in
this table reflect the final conclusions of the analysis of experimental
results, observations, and computations based on measured pressure
distributions.

Thanks to Airbus-Deutschland, a 97-block, 5.5-million-point
structured mesh, for which the surface components are shown in
Fig. 4, was then created for this wing and provided to the EUROLIFT
2 partners. This mesh was designed to ensure a y* smaller than 1. A
first series of computations was realized under fully turbulent flow
conditions using the Spalart—Allmaras turbulence model in the elsA
code. As shown in Figs. 5 and 6, evolutions with angle of attack of the
lift coefficient and pressure distribution were close to the
experimental results, validating the use of this mesh. Turbulent
computation produces a C; .« at 23 deg, instead of 20 deg in the
experiment.

V. Three-Dimensional RANS with Internal
Transition Prediction

As already explained, motivation for introducing the transition
prediction in the RANS calculation is quite strong. Exploratory work
demonstrated that precise computation of boundary-layer velocity
profiles in RANS requires a far-too-large number of points,
especially in 3-D computations. The two remaining possibilities
consist of either estimating the boundary-layer integral parameters
from the RANS field and using transition criteria or using an
automatic coupling to a boundary-layer code that gives access to the
boundary-layer profiles at a number of selected wing sections,
allowing the use of full or simplified stability analysis for the
determination of N factors. The first solution is being developed at
ONERA with the elsA code.

Transition-prediction capability has been introduced into the elsA
code based on transition criteria that were developed at ONERA for
use in boundary-layer codes. A number of criteria have been inserted

Table 1 Case definition for the numerical studies; numerical values refer to X /C locations

Upper slat X/C Upper wing Lower wing
8.5 deg, Re = 4.05 x 10° Transition 0.31 Separation Transition
10 deg, Re = 1.35 x 10° Laminar separation 0.11, transition 0.21 Laminar separation 0.08 TS transition
12 deg, Re = 1.35 x 100 Laminar separation 0.10, transition 0.14 Contamination, relaminarization, and separation 0.07 Turbulent
14 deg, Re = 1.35 x 100 Laminar separation 0.09, transition 0.11 Contamination, relaminarization, and separation 0.05 Turbulent
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Fig. 4 View of the surface mesh.

in elsA for bypass, TS and CF transition, and laminar separation
bubble predictions. Those considered relevant here are, namely, the
Arnal-Habiballah—Delcourt criterion for TS instabilities, the Cl
criterion for crossflow instabilities, and the Gleyzes—Habiballah
criterion for 2-D short bubble transition.

These criteria are functions of the incompressible shape factor H;,
of an averaged Pohlhausen parameter A,, of the crossflow

Y/B =29%
turbulent
Symbols

A CP=1 : experiments

-Cp

Y/B = 68%

A CP=1

'CP
-~
|

CL ‘D‘DD-E‘\

——a—— Experiments (LSWT)
— —0=— = elsA - Turbulent (SA)

L L L L I L L L L I L L L L I L L L L I | | L L I L L L | I
-5 0 5 10 15 20 25
Alpha

Fig. 5 Lift coefficient (SA denotes Spalart—Allmaras).

displacement integral length §,, and of the external turbulence level
T,. Integral lengths are directly computed from the velocity field, but
the shape factor is obtained indirectly as a function of the Pohlhausen
parameter. Based on the RANS flowfield, the process consists of

Y/B =45%

A CP=1

-Cp

Fig. 6 Typical pressure distributions (¢« = 10 deg.) on four sections.
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estimating the boundary-layer parameters, then applying the criteria
and using the concept of effective viscosity i = p; + Iy, Where
I is the intermittency function (I' = 0 for laminar and I' =1 for
turbulent) and may be expressed as a (delayed) step function in its
simplest form. Use of more sophisticated intermittency functions is
being explored at ONERA.

The laminar part of the flow is imposed where the intermittency
function is zero, then turbulence starts, usually some distance
downstream of the detected transition location. The laminar flow
region extends in the direction normal to the wall, up to about 1.3
times the boundary-layer thickness.

There was no prediction of attachment-line contamination in the
version of elsA used for these computations, nor of relaminarization
(these parts have been added since). An important hypothesis is that
the boundary layer never extends outside the block in contact with
the wall, in a normal to the wall direction. In a high-lift configuration,
with regard to transition prediction, it is also assumed that there is no
direct interaction between the two opposite boundary layers in the
slot between elements.

Y/B=29%

e Fully Turbulent
=smsmsmm  Transition Computed
(@] Experiments

A prerequisite in the introduction of transition prediction is the
capacity to prescribe a transition location and hence to enforce a
laminar part of the flow. This first condition was tested based on
available information (i.e., transition measurements at one or two
sections). In that case, transition was assumed at a constant X/C
based on the instrumented sections.

Then computation was conducted with free transition over the slat
outer surface, the wing lower side, and both sides of the flap. Over the
wing upper side, it was necessary to impose a transition location
because of numerical problems (which were due to a block boundary
placed at a critical location and possibly an impact of small mesh
distortions in the upper-wing leading-edge region). But experiments
showed little evolution of transition on the wing upper side between
10 and 14 deg.

For this configuration and Reynolds number, there are no
significant effects of taking transition into account during the
computations on the pressure distributions, as shown in Figs. 7 and 8.
On the upper surface, a slight increase of the local velocity is visible,
especially on the outer section.

Y/B=45%

Fully Turbulent

=smsmsmm  Transition Computed
(@) Experiments

Fig. 7 Pressure distribution for sections 2 and 4; comparison with experiments (¢ = 10 deg).

o
Q
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Y/B=68%
Fully Turbulent
=smsmmsmm  Transition Computed
O Experiments

o
Q

Y/B=89%
Fully Turbulent
=smsmsmm  Transition Computed
(@) Experiments
o
Q

Fig. 8 Pressure distribution for sections 6 and 10; comparison with experiments (¢« = 10 deg).
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Fully Turbulent
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Internally Computed
Alpha = 10deg

Fig. 9 Comparison fully turbulent; transition internally computed.

If there are no major differences observed on pressure distributions
(Fig. 7 and 8), there are some when considering the friction. It can be
seen in Fig. 9 that transition modifies not only the absolute value of
skin-friction coefficient, particularly at the wing leading edge, but
also the extent of the flow separation at the flap tip. In addition, it can
be seen that a laminar separation bubble is computed on the flap
upper surface in the outboard wing.

The relative variations of force coefficients from computations
(M =0.174 and Re =1.34x 10% for an internally predicted
turbulent transition at = 10 deg are +1.45% for AC; and +0.83%
for ACp. However, at 10 deg, the global impact of transition on force
coefficients is quite limited in that case, due to the preponderant
contribution of pressure component to the total force for a high-lift
configuration, as demonstrated in another task in EUROLIFT 2 (see
[23]). The increase in lift coefficient observed with the introduction
of transition is physically acceptable.

After successful computation at 10-deg incidence, extension
toward the maximum-lift region was attempted. First tests were done
with no modification of the upper-wing prescribed transition with the
initial version of the transition-prediction tools in elsA, produced
unsatisfying results because this transition location was too far
downstream at large incidence, and the transition-prediction module
could not deal with the block junction on the upper-wing region. The
progress realized with the new version of elsA (presented in [6,7])
now allows transferring boundary-layer information and transition
data across block boundaries. The KH3Y case was finally computed
with this new version.

This computation, dedicated to the validation of the transition-
prediction tools, was realized without contamination prediction
(which later became available), because it is known from
experimental data that contamination is followed with relaminariza-
tion and short bubble transition. In this case, the lower wing is
computed with a transition region instead of being fully turbulent due
to contamination, but the lower-wing flow has a small impact on
global coefficients.

Results presented in Fig. 10 show the impacton C; ,,,, and on stall
of the various conditions. Vertical arrows on the figure indicate the
location of C; .« in each case. Transition has almost no impact on
the lift coefficient at 10 deg, confirming force-coefficient data. There
is, in fact, almost no difference in lift coefficient in the linear range
between transitional and turbulent results, whereas the impact of
transition is quite important above 21 deg (stall being predicted at this
incidence with transition). Stall, in this case, is caused by a
progressive extension of midspan leading-edge separation, which
does not connect to the wing trailing-edge separation. Taking into

Ll
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-~ Experiment
Transition
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account transition visibly improves the prediction of stall and
of Cy max-

VI. Three-Dimensional RANS
Boundary-Layer Coupling

As an intermediate step before automatic coupling to a boundary
layer, the external weak coupling is necessary to explore and
progressively extend the potential of this approach. Previous work in
the EUROLIFT 1 project was based on the use of the surface pressure
obtained in a fully turbulent RANS computation combined with the
infinite swept-wing hypothesis, which was well adapted for the
central part of the AFV wing [4].

In this preliminary work, the ONERA database method for TS and
for traveling CF instabilities was extended and improved to be
applicable to typical high-lift configurations. A further step explored
now consists of suppressing the infinite swept-wing hypothesis and
looking for a fully 3-D coupling. This involves the definition and
detection of a boundary-layer outer limit, where the 3-D velocity
components can be extracted to provide the input data for a 3-D
boundary-layer computation.
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Additionally, this process should allow the prediction of
attachment-line contamination and of relaminarization. A necessary
preliminary work consists of analyzing the mesh structure around the
elements of interest and, from these, generating new data structures
that are compatible with the viscous-layer extraction and boundary-
layer inputs. In the present case, after eliminating the wing—fuselage
junction, the wing comprises 48 sections in the spanwise direction,
with 20 (respectively, 28) sections for the inner (respectively, outer)
wing. Figures 11 and 12 show the mesh structure around the slat and
the wing leading edges, with an approximate indication of the
attachment-line location. In the case of the slat, the mesh remains
more or less normal to the wall in this region. This is not verified in
case of the wing: the mesh direction in this case is far from normal. In
the spanwise direction, the sections represented here lay at about% of
the external wing (close to HF3 in Fig. 2).

For each element, these three blocks (visible in Figs. 11 and 12)
were grouped into a single C mesh surrounding the element,
allowing the determination of the outer limit of the viscous region.
This was done using the coordinate system defined in Fig. 13, such
that the x direction was normal to the leading edge. Then spanwise
and total velocity gradients were used for defining the outer limit of
the viscous region in the wall normal direction. The choice of
coordinate system here was useful in allowing a more reliable
estimation of the boundary-layer height and of directly providing the
velocity components required for the estimation of both the
contamination and the relaminarization parameters.

In the work presented, it was decided not to interpolate the field
onto a new mesh, respecting rigorously normal to the leading edge
and normal to the wall mesh directions. Hence, two hypotheses are
necessary: that the mesh lines remain close enough to the wall normal
direction to reduce geometrical distortions (the impact on the
boundary-layer computation is a possible shift of the velocity

SLAT KH3Y

Section 37

b

Attachment line

Fig. 11 Mesh structure around the slat.

KH3Y main wing
Section 37

Fig. 12 Mesh structure around the wing.

Fig. 13 Streamlines in the leading-edge region and selected coordinate
system.

distribution, but boundary-layer equations are solved in their own
local mesh, normal to the wall) and that around the attachment-line
spanwise variations are slow enough to estimate normal to leading-
edge components from the data on inclined-section mesh (Fig. 13).
The first hypothesis is not respected for the main wing, but it was
decided not to project the field onto a new mesh respecting these
constraints. In the rotated coordinate system, the extracted velocity
components directly give the spanwise and streamwise velocity
components. As mentioned before, contamination prediction is

based on
R=W, [ |v 90U,
e X

and relaminarization is based on the parameter

_ v 090,
02 0

Estimation of these parameters was previously tested successfully on
the rectangular AFV high-lift swept wing 4 and then applied to the
KH3Y case.

R bar ] KH3Y slat

-

n

o
|

— 12 deg
- - = e 10 deg

100

80

60

IN
o

i IR BRI R B RN R RN

LI B S N S B By N N R S B N B B B B [N N R

I T
10 20 30 40

Fig. 14 R variations along the slat leading edge at 10- and 12-deg angles
of attack.

KH3Y wing

— 12 deg
J -——— e e 1() deg

(] \a
| J )
| \ '
i ) . V)
spanwise section number \
100 LY,
10 20 30 40

Fig. 15 R variations along the wing leading edge at 10- and 12-deg
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Fig. 16 Transition computed on the slat upper surface.

Figures 14 and 15 show the spanwise variations of the
contamination Reynolds number. These results can be compared
with the 2.5-D analysis that was performed for a single section and
with the experimental results. On the slat, computed values are
between 80 and 130, compared with 110 in the 2.5-D approach at 12-
deg incidence. In the case of the wing, results are too small (R = 150
instead of 200) in the 2.5-D approach at 10-deg incidence.
Experimental results showed wing contamination at 12 deg of
incidence and none at 10 deg. This underestimation is most probably
a consequence of the mesh orientation at the wall (see Fig. 12). To
check this, another partner in the project did a similar exercise but
projected the field onto a wall normal mesh and was able to obtain
results much closer to 200.

Velocity components at the boundary-layer edge were then used
as input data for a 3-D boundary-layer calculation using the 3C3-D
code [24] containing the ONERA database approach for transition
prediction. Only the slat and main wing of the KH3Y wing were
considered. The interface generated two surface meshes, upper and
lower surfaces, corresponding to the selected surface elements (the
slat lower surface goes from the attachment line to the slat kink and is
neglected). The boundary-layer computation starts with a swept-
wing similarity solution in the leading-edge region and then proceeds
over the surface. Laminar boundary layer is computed up to either
transition or laminar separation. The computation then proceeds to
turbulent mode, provided that some compatibility conditions are
respected.

Computation results are presented in Figs. 16 and 17. It can be seen
that the transition location obtained with the boundary-layer
approach and the database method lay in the same transitional area as
those obtained from the internal transition detection tool in elsA, in
case of the upper slat and the lower wing. One difference comes from
the progressive transition in the boundary layer, as opposed to point
transition in the RANS results.

Transition internally predicted

Laminar

Turbulent

From boundary-layer computationsl

Unstable

Transitional

Fig. 17 Transition computed on the main wing lower surface at 10-deg
incidence.

On the upper wing, the boundary-layer approach results in a very
rapid separation resulting from a strong positive pressure gradient
past the peak. In the RANS calculation, transition was prescribed at a
fixed location because the block frontier is too close to where
transition should occur. However, some differences remain when
considering the nature of transition. For instance, on the slat upper
surface, a transition due to the separation bubble is found from 3-D
boundary-layer calculations, not with transition internally computed.
This may result from the weaker coupling in the boundary-layer
approach, but the 2-D separation criterion implemented in elsA may
also be questionable for such applications. Also, the (relative) small
number of mesh sections in the spanwise direction may cause some
problems with this type of prediction. Weak coupling is acceptable in
the C; linear range, because pressure distribution is weakly affected
by the transition location. This may not be true close to the maximum
lift, in which case a better coupling procedure would be required.

VII. Conclusions

The characterization of the transition on a transport aircraft wing in
a high-lift configuration was carried out using two approaches. The
first method considers 3-D boundary-layer calculations based on a
turbulent RANS mean flow solution through the use of a
postprocessing tool, which can be used as an interface for a more
general coupling procedure. This first approach allows the use of all
available instability codes for transition prediction, local or nonlocal,
linear or not, and is well adapted for detailed analysis of the transition
phenomena.

The second method considers transition-prediction tools
embedded in a RANS solver. The use of such a procedure makes it
possible to consider a 3-D transition line on each surface of each
element with no a priori knowledge of its location and is adapted to
the corresponding flow solution during the convergence. This
possibility is quite interesting from the user’s point of view and is an
important component for maximum-lift evaluation, where part of the
wing can be separated, leading to a three-dimensional transition line
in that case. Although the first implementation of this method
showed important limitations when applied to these high-lift
configurations, the new implementation proves to be much more
general in scope and easier to put into use. The computational cost
may remain quite important when starting from a converged
turbulent solution, but the possibility of starting the computation
with transition from the first iteration was also successfully tested.
The specific transition-prediction tools in elsA are capable of
predicting transition in a separation bubble, contrary to methods
based on boundary-layer coupling. The evaluation of the shape factor
requires a dense distribution of mesh points on the surface in the
direction of the mean flow but does not require a large number of
points in the boundary layer.

The next step to consider now is to evaluate in detail the impact of
transition (internally computed) on maximum lift and to evaluate the
Reynolds number effect on C;., for a realistic high-lift
configuration. The first evaluation of this Reynolds number effect
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was considered on a clean-wing configuration within EUROLIFT 2
and will be considered for high-lift configurations after the end of the
project.
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