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Performance of transport aircraft in high-lift conditions is directly related to the maximum lift. However, most
of the high-lift tests are carried out at subscale conditions, and performance is then derived by extrapolation
to flight Reynolds number. So-called adverse Reynolds number effects (sudden decrease of maximum lift with
increasing Reynolds number) often occur when extrapolations from the wind-tunnel and flight-tests results are
compared. Most of these effects are due to changes in the transition process. Improvement of the knowledge of the
transition process for three-dimensional high-lift configurations is, thus, necessary. Therefore, specific experimental
and numerical tasks were decided on within the European research project EUROLIFT, dedicated to high-lift
aerodynamics. Within this program, a generic high-lift swept wing was first tested by the use of wall hot films
and infrared thermography in the ONERA F1 pressurized wind tunnel to study Reynolds number effects on
transition. This test campaign provided a detailed database for the transition prediction tools developers and for
the assessment of numerical methods. Based on accurate pressure distributions obtained from three-dimensional
Navier-Stokes computations, a theoretical and numerical study of transition was conducted based on both exact
and simplified stability approaches. Results contributed to a better understanding of transition phenomena in
high-lift conditions, as well as to extension of the validity of methods and rules used to predict attachment line

contamination, relaminarization, and stability-based transition.

Nomenclature

Cprorm = normalized pressure coefficient, theoretically
independent of the sweep angle, C,/(cos ¢)*

Co = reference chord length of the model at 0-deg sweep,
without slat and with retracted flap

F = nondimensionalized frequency
of instability, 27 fv/U2

H, = incompressible shape factor, ratio of the displacement
thickness §; to the momentum thickness 6, 8, /6

K = acceleration parameter, (v/ UL,Z)(B U,/0x)

P; = parameter of the crossflow simplified model,
Yi(0U /y)y,

Re = Reynolds number based on the projected reference
wing chord Cy/ cos(¢)

R, = Reynolds number based on length /

R = attachment line contamination Reynolds number,
We/J/v(@U,/3X)x,]

U; = boundary-layer velocity at the height
of the inflection point

W, = spanwise velocity component, in z direction

Vi = height of the inflection point on the
boundary-layer profile

yt = wall scale, yU, /v

o = model incidence

ar = flap deflection, 20 or 40 deg

v = kinematic viscosity
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o = growth rate of the instabilities

v, B = wave numbers of instability waves
1% = model sweep angle

3] = nondimensionalized pulsation, F R;,

Introduction

HE maximum lift of multi-element high-lift swept wing con-

figurations has been thus far determined in wind-tunnel exper-
iments; three-dimensional codes, in particular, do not yet guarantee
sufficient accuracy and turn-around time. However, most of these
high-lift tests are carried out at subscale conditions, and aircraft char-
acteristics are derived by extrapolation to flight Reynolds number.
Such extrapolation requires a good understanding of the transition
process and its changes with Reynolds number.

Moreover, a given section of a wing in high-lift configuration
is generally composed of several airfoils of different geometry: a
leading-edge slat, a main wing, and the flap system. Because of dif-
ferent profiles and local conditions, transition processes of different
natures can be observed on each element, which makes the eval-
uation of a change in Reynolds number very difficult. Therefore,
within the European research project EUROLIFT,"? which deals
with high-lift aerodynamics, specific experimental and numerical
tasks were decided on for the study of transition on a generic high-
lift swept-wing configuration, called Aile a Fleche Variable (AFV).
A wind-tunnel test campaign dedicated to this topic has been car-
ried out, with the objective of providing a detailed database for the
transition prediction tool developers and for the assessment of nu-
merical methods. Experiments® took place in the ONERA F1 pres-
surized wind tunnel at le Fauga—Mauzac Center, over a wide range
of Reynolds numbers. In a separate project task, three-dimensional
Reynolds-averaged Navier—Stokes (RANS) computations were un-
dertaken to assess the prediction of maximum lift and of stall and
to generate surface pressure distributions. These were the input to a
third task, dedicated to transition prediction.

At large angles of incidence, transition from laminar to turbulent
flow may occur in several distinct ways. At low Reynolds num-
bers, short bubble transition is often observed. Then, with increasing
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Reynolds number, transition moves upstream of separation and is
controlled by boundary-layer instabilities. At even larger Reynolds
numbers, attachment line contamination will occur, sometimes fol-
lowed by relaminarization. Each of these phenomena must be cor-
rectly predicted.

An increase of the capacity of computational tools requires val-
idation of models that were developed during these past few years
for aircraft wings in cruise conditions (high Reynolds numbers).
For transition controlled by boundary-layer instabilities, methods
are based on the linear stability theory, either in its local [Orr—
Sommerfeld, (OS)] or nonlocal [parabolized stability equations
(PSE)] formulation. Turn-around time reduction in transition predic-
tion is also a major goal because stability computations are difficult
and time consuming. Introduction of simplified methods is a promis-
ing development because they require little analysis time compared
to analyses that use methods based on resolution of the OS or PSE.
ONERA has developed such simplified methods*? in the course of
past European research programs. In EUROLIFT, they were dis-
tributed to the project partners involved in transition prediction for
implementation in various codes and for validation.

Experiments

EUROLIFT partners to the AFV experimental task were
Airbus-D (Germany), Swedish Defense Research Agency (FOI)
(Sweden), Alenia and Centro Italiano Ricerche Aerospaziali
(CIRA) (Italy), Airbus-Espaiia (CASA) (Spain), and ONERA and
Dassault Aviation (France), with ONERA as task leader. These tests
were, in a sense, preliminary to more realistic experiments in the
European Transonic Wind Tunnel at large Reynolds numbers, in
which another model was used and that took place within other
EUROLIFT tasks.® The greater simplicity of the AFV configuration
was selected to allow in-depth investigation of transition phenomena
and their prediction.

Model Description and Test Setup

Experiments took place in the F1 ONERA low-speed pressurized
wind tunnel located at the ONERA le Fauga—Mauzac Center at the
end of the year 2000. Pressurization allows a modification of the
Reynolds number while the Mach number is kept constant.

\ ——_—
™ | AFV Model in F1 Wind-Tunnel I

Fig. 1 AFV model in F1 ONERA wind tunnel.

Table 1 Reference geometrical values according to sweep angle

Sweep, deg One-half span, m Cref, m Sref, M2
40 2.000 0.653 1.305
30 2.282 0.577 1.329
MAIN : 9 films %
SLAT : 9 films FLAP : 6 films

Fig. 2 Hot films locations on the AFV model (elements not to same
scale).

The model used (AFV wing, Fig. 1) is a rectangular untwisted
wing, based on a three-element airfoil configuration. Geometrical
definitions are given for streamwise cuts at 0-deg sweep. In that
case, the basic geometry is the RA16SCl1 airfoil, equipped with a
leading-edge slat. The reference chord in that case is Cp=0.5 m,
corresponding to the chord with flap retracted and without slat. Slat
deflection is fixed (30 deg), and there are two different possible flap
settings (or) of 20 and 40 deg. Sweep angle can vary from O to
50 deg, with discrete values of 10 deg. Changing the sweep angle
modifies the reference geometrical values according to Table 1.

The model is mounted right above the wind tunnel floor, with no
separation; hence, it is subjected to possible contamination by the
floor boundary layer. It is equipped with 8 rows of 93 pressure taps
each, distributed over the 3 elements: 20 taps on the slat, 47 on the
main wing, and 26 on the flap. There is, therefore, a total of 744 pres-
sure taps on the model, connected to electronic pressure scanners
from “Pressure Systems Inc. (PSI),” which allows fast recording
to be carried out in parallel to the balance measurements. Pressure
rows, tracks fairing (for slat and flap), and the wing tip are parallel
to the floor for a 40-deg sweep.

In the EUROLIFT test campaign, the AFV model was tested
at two sweep angles, ¢ =30 and 40 deg, and Reynolds numbers
from 3 x 10° to 10 x 10°, at Mach 0.2. Two sets of data have been
considered for force and pressure measurements:

For the continuous polar data, the angle of attack increases from
—5 degup to C L« and beyond, at a continuous speed of 0.2 deg/s.
There is one Cp record per second during this phase.

The stabilized points data are for the detailed transition mea-
surements. About 10 Cp records are done to check the flow stabil-
ity. There are about seven stable points recorded per aerodynamic
condition.

It was verified that these two types of acquisition give the same
results.

A wall balance measured forces and moments during the tests,
and accelerometers measured the vibration level. Transition detec-
tion was performed with infrared thermography and wall hot films
distributed along a chordwise section of the three elements (Fig. 2).
The slat element length is 0.12 m, and the flap is 0.145 m.

A region of the slat upper side and of the wing leading edge was
covered with a thin layer of specific black paint, visible in Fig. 1, that
ensured a large enough emissivity coefficient. The infrared camera
was installed just behind the test-section right vertical wall.

There were 24 Dantec hot films distributed on the 3 parts of the
model (Fig. 2), on the slat (9), the wing (9), and the flap (6). They
were glued directly on the metallic wing, and electrical connections
were realized with thin copper strips.

Summary of Experimental Results

Major results concerning transition and pressure measurements
are presented here. Two aspects of transition are discussed in this
section; other results will later be compared to numerical predic-
tions. Experimental result were also presented and discussed in a
previous paper.® In what follows, the Reynolds numbers are based
on the projected reference wing chord C¢, not on the element
dimension.
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Experimental pressure distributions were used to validate the use
of infinite swept-wing theory on this configuration. The infinite
sweep law [C,/(cos )’ =C p.nom» independent of sweep angle]
generally proved applicable (Fig. 3), with the exception of the ac-
celerated part of the upper slat surface at large incidence. Transition
is, in that case, caused by early separation, not by slow instability
growth. Hence, the infinite sweep law may be used for the theoretical
work on transition prediction: Pressure distribution for ¢ =30 deg
can be built from a ¢ =40 deg solution.

In addition, for a given sweep, there was no major Reynolds
number effect observed on the measured pressure distribution, on
the different elements at a given section, either for low or high angle
of attack, as shown in the case of the slat element (Fig. 4).

The computational fluid dynamics (CFD) computations needed
to provide an accurate estimation the pressure distribution on the
different elements for transition prediction study could, therefore,
be carried out by the use of only ¢ =40 deg at a single Reynolds
number of 7.5 x 10°.

-Cp /cos’(p)

-Cp Icos?()

b)
Fig. 3 Normalized measured pressure distributions at 30- and 40-deg
sweep, at a) 5-deg and b) 20-deg incidence (Re=7.5x 10° and
o =20 deg).
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Fig. 4 Measured pressure distributions at various Reynolds number
values on the slat element (o =20 deg, ¢ =40 deg, and ar =20 deg).

Two measurement techniques were used to detect transition, sur-
face hot films and infrared visualization. The first is sensitive to
skin friction and the second to thermal exchange, two closely re-
lated phenomena. Infrared thermography was used by the imposition
of a small thermal imbalance. The flow temperature is first allowed
to increase from 8 to 10°C above its initial value, then temperature
regulation is reimposed, causing a rapid drop of flow temperature,
faster than that of the model wall. When flow temperature is about
2°C above its steady value, infrared images are recorded with a hot
wall condition; hence, laminar regions appear white and turbulent
ones are darker.

The transition location was determined by measurement of the
extent of the clear laminar region close to the leading edge. This
location generally corresponds to the middle of the transition region.
Typical infrared images are shown in Fig. 5 for Re =3 x 10°. These
images show the slat upper surface and a small part of the main
wing upper surface. At 5-deg incidence, white laminar and gray
turbulent regions are visible, but the frontier between the two is
difficult to define on the reproduced pictures. At 20-deg incidence,
the change is brutal and a line is visible between white and gray.
These different evolutions will later be related to crossflow and short
bubble transition.

Hot-film signals are also useful in the location of transition. Fluc-
tuation levels usually evolve from a very low level in the laminar
region to a peak in the transition region, then fall to an intermediate
level, larger than the laminar one, in the turbulent region.

The first rise generally corresponds to the beginning of tran-
sition. A comparison of infrared to hot-films results on the slat

Laminar

a)

b)

Fig. 5 Typical infrared images: a) =5 deg and b) a=20 deg
(=40 deg, Re=3 x 10°, and ar =40 deg).
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Fig. 6 Transition location on the slat upper surface from infrared and
hot films at Re = 4.5 x 10° and oy = 40-deg.
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upper surface (Fig. 6) shows a small difference at @ =12.5 deg
and an increasing distance between the two measurements at larger
incidences. Comparison is not possible at low incidence because
the last hot film is located at X/C =12.7%. At large incidences,
hot films still indicate the beginning of transition, but infrared show
instead the location of reattachment in the case where transition oc-
curs in a separation bubble. In such a case, the reattachment line is
clearly visible on Fig. 5b.

Attachment Line Contamination

Because the model is fixed to the wind-tunnel floor and is not
equipped with a Gaster bump, attachment line contamination is a
concern. This contamination is due to the transport of floor (or fuse-
lage) turbulence along the attachment line of the wing. Increased
sweep 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. Pretest RANS computations in
the reference case (¢ =40 deg and oy =20 deg) provided useful
information to select a second sweep angle of 30 deg to avoid main
wing systematic contamination.

_ Attachment line contamination is characterized by the parameter
R=W,//[v(dU,/dX)x,], with X, referring 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. Critical value’-3
of the R parameter is usually taken as 250 £ 20. Calculation of
R first requires the knowledge of the effective sweep angle from
which W, = Q, sin(ge) is obtained. In the present case, an iterative
method is used to look for a linear evolution with distance to the
attachment line of the normal to leading-edge velocity Q, cos(@efr).
The location of this attachment line is determined in the process.
R was determined from RANS pressure field data, before and after
the wind-tunnel tests.

Figure 7 shows typical evolutions obtained from computed pres-
sure distributions on the slat and the main wing of the AFV model,
which show that the main wing should always be contaminated at
40-deg sweep and the slat at large Reynolds numbers. The attach-
ment line Reynolds number for the flap remained below 250 over the
entire range of flow conditions considered in the experiment, and,
hence, attachment line transition was not considered an issue for this
element. Predictions presented here were verified in the experiment.

Rapid evolution of R in the first 0.5 m above the floor is due
to variations of the effective sweep angle. An infinite swept-wing
assumption should be acceptable 0.4 m above the wind-tunnel floor
and over a spanwise extent of about 1.3 m.

Relaminarization

Strong acceleration of a turbulent flow may damp the produc-
tion terms, to a point that the flow returns to a seemingly laminar
state. This is called relaminarization. The acceleration parameter
K = (v/U?)(3U,/dx), proposed by Beasley® for two-dimensional

Span (m) 2

0 1

Fig. 7 Spanwise evolution of the contamination Reynolds number
(p =40 deg and ar =10 deg).
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Fig. 8 Observed relaminarization (partial) on the slat upper surface,
visible on the hot-film signals.

flow, is a local parameter, independent of boundary-layer parame-
ters, which can be obtained in the preprocessing step together with
attachment line transition Reynolds number R. In three-dimensional
flow, K should be evaluated in the streamline direction.!® Relami-
narization of a turbulent boundary layer should be expected if values
of K are larger than 5 x 10~ over a significant distance. Large val-
ues have the effect of keeping the boundary layer in a quasi-laminar
state, called laminarescent,'” but as soon as K decreases the turbu-
lence reappears rapidly.

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

Occurrences of partial relaminarization were observed in the ex-
periment, as shown in Fig. 8. Values of K and —C,, (from RANS)
are plotted as functions of the curvilinear distance to the attachment
line Sc. (Absolute values of K are, in fact, plotted in Fig. 8.) On
the attachment line, K = 0 by reason of symmetry. Then, the flow
accelerates around the leading edge, and K rises to 5 x 107°. This
maximum is observed at the beginning of the rise of the —C), curve.
Signals from three hot films, located according to the arrows, are
also represented. Turbulent signal on the first hot film, near the at-
tachment line, confirms that this case is contaminated. The second
hot film shows a sharp reduction of the fluctuation level, caused by
the acceleration. Values of K are indeed close to the threshold value
of 5 x 107°. The last hot film, farther downstream, again shows a
turbulent signal.

RANS Computations

The activity, involving ONERA (as main contributor) and Das-
sault Aviation, was part of a EUROLIFT work package on CFD
validation.!! The main objective of this activity was to provide ac-
curate pressure distribution for boundary-layer calculation inputs.

A structured multiblock mesh of 3.16 x 10° nodes, containing
40 blocks, was generated for the reference configuration ¢ =40 deg
and ar =20 deg), and preliminary calculations showed that a y*
value below 1 was ensured.

The ONERA computations were carried out using the ONERA
elsA software,'? under the assumption of a fully turbulent flow, at
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C. ¢ =40° oFf = 20° . Co
r M=0.20 Re=7.310
N 1.4
[ e ONERA (elsA)
3r Eurolift (F1 Tests) C.
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Fig. 9 Computed and measured lift and drag coefficients (o =40 deg
and ar =20 deg).

2
Sweep=40° - Flap=20°
o= 5.00°
1.5
3 m  Experiments (F1)

—— Computations (elsA)

0.5

LA L AL LN T |

Fig. 10 Pressure distribution at midspan; comparison with ex-
periments for a=5 deg (M=0.2, Re=7.5 x 105, =40 deg, and
ar =20 deg).

a Reynolds number of 7.5 x 10°. The turbulence model used was
the Smith’s k-1 (Refs. 13 and 14). A low-speed preconditioning
technique and multigrid algorithms were also used.

Computed global lift and drag coefficients are compared to wind-
tunnel measurements in Fig. 9 at a slightly smaller Reynolds number
of 7.3 x 10°. The agreement between measurements and prediction
is good in the linear range, up to about & = 20 deg, but maximum lift
is underestimated and predicted at a somewhat lower incidence. Dif-
ferences observed may be due to geometrical details not taken into
account in the computations, such as the tracks, model deformation
under aerodynamic load, and unsteady flow effects.

The computed pressure distributions are the inputs for the transi-
tion prediction study. They allow a better resolution than the mea-
sured ones.

Therefore, the quality of their prediction by CFD has to be as-
sessed. Comparisons of computed pressure distributions at midspan
with measured ones are presented in Figs. 10 (for « =5 deg) and 11
(for o = 17.5 deg) and it can be seen that an excellent correlation is
obtained.

Also, a comparison of measured and computed pressure distri-
butions at almost the same poststall lift coefficient (Fig. 12) shows
that the stall process is well represented by the computations.

To provide the input data for transition prediction work, a number
of selected values of incidence were computed for a single value of
sweep, 40 deg, and a single Reynolds number of 7.5 x 10°. Based
on experimental pressure distributions, it was decided to use the
constant sweep law to generate the 30-deg sweep data and to assume
independence of the pressure distribution in the range of interest of
Reynolds numbers. Thus, transition prediction was executed by the

Sweep 40° - Flap = 20°
a=17.5

B Experiments (F1)

Computations (elsA)

LLAAS RARES RERAY LARAN LARES RANNS LANAN LFAAN AARRS RARRE panny|

R TV T TS T TS [N T TS

Fig. 11 Pressure distribution at midspan; comparison with exper-
iments for a=17.5 deg (M=0.2, Re=7.5 x 10°, ©=40 deg, and
arp =20 deg).
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Fig. 12 Comparison CFD to experiments for Cp distributions in post-
stall conditions. M, =0.2, Re=7.5 x 10°, o =20 deg, and a=34.8 and
35.1 deg (experiments)/c =33 deg (CFD).

exclusive use of numerical tools, the results of which were validated
at each step by comparison to the experiments.

Transition Prediction

Transition prediction work, involving Airbus Deutschland, CASA
and INTA (Spain), CIRA (Italy), and FOI (Sweden), together with
ONERA as task leader, was part of a EUROLIFT work package
dedicated to CFD improvements.'> The transition prediction work
consisted of a step-by-step validation of tools common to the project
partners, implemented into each partner’s flow solver, with the aim
of predicting contamination, relaminarization, separation, and natu-
ral transition. The first two phenomena were correlated to functions
of the surface pressure earlier in the paper. The other two, tran-
sition controlled by boundary-layer instabilities, and short bubble
transition, will now be examined.

Despite the general objective of a RANS-based prediction method
for high lift, it was shown at the start of the project that RANS com-
putation of the viscous wall regions could not reasonably provide
the precision required for stability calculation and transition pre-
diction. Artificial viscosity allowing rapid convergence and numer-
ical stability is not compatible with precise computation of laminar
boundary layers. In two-dimensional flows, transition criteria may
be expressed by the use of functions that are insensitive to this.
It is not so in three-dimensional flows because characteristics of
the velocity profile in the vicinity of its inflection point play a ma-
jor role on stability. It was, thus, agreed that boundary-layer codes
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(infinite swept wing) were necessary tools to guarantee the requested
precision. The mean flow pressure distribution was provided by tur-
bulent RANS computations. Once these boundary-layer profiles are
obtained, the linear stability theory describes how small, preexist-
ing perturbations may initiate the growth of boundary-layer eigen-
solutions. Both OS and PSE formulations'® are commonly used.
Under the local (parallel flow) assumption, perturbations are writ-
ten in a form A(X, 1) = A(y)e® e/ @ +A2=o)_ with v, B, o, w € R.
Here, (v, B) are the components of the wave vector, oriented at an
angle ¥ with respect to the external flow direction. Growth rates o
in OS, or evolution of amplitudes (PSE) can be expressed in term
of N factors and correlated to the transition location by the use of
the Smith and Gamberoni'” ¢V method.

Stability computations are generally difficult and time-consuming
because they require careful initialization and extensive parametric
variations. Thus, simplified methods, with potential fully automatic
use, are of great interest because they may even be inserted inside
the boundary-layer code.

Transition Prediction Based on Simplified Stability Analysis

The simplified stability approach, or database method, provides
an estimation of the growth rate o directly from mean flow param-
eters and the boundary-layer profile characteristics. The idea is that
the Reynolds number variation of growth rates obtained by solution
of the exact OS equations can be represented, for a given profile, by
the use of two one-half parabolas*:

(Ral — Ry )2
oc=oy|l—| ——

R — Ry

This parabola model (Fig. 13) requires determination of
Ro, Ry, Ry, and o, as functions of nondimensionalized frequency
F =27 fv/U2, boundary-layer characteristics, and mean flow con-
ditions. These functions were established from sets of exact stability
solutions of Falkner—Skan self-similar profiles in two-dimensional
flow. A first model was, thus, created for longitudinal instabilities,*
based on a two parameters lookup table. These parameters are the
incompressible shape factor H; and the local Mach number M,.

Crossflow instabilities are inflectional in nature, they are deter-
mined by the location and characteristics of the velocity profile in-
flection point. Given two-dimensional profiles with reverse flow, it
was shown that two parameters, U; = U (y;) and P;, may be allowed
to represent the growth rate Reynolds dependence.’

A purely analytical model was built to this purpose. To repre-
sent crossflow instabilities, use of Stuart’s theorem (see Ref. 18)
and Gaster’s relation'® are necessary. Stuart’s theorem states
that, in temporal theory, the growth rate o, in any direction
¢ can be determined from the stability of the two-dimensional
velocity profile projected in the ¢ direction of the original
three-dimensional profile. The projected profile is defined as
Upy= /U + (B/ k)W, k= /(v* + B%), with the reduced fre-
quency F =2nfv/U q% Gaster’s relation then provides a relation
from temporal to spatial growth rates. This model applies only to
traveling crossflow instabilities (F > 0), and in arange |¢| < 90 deg.

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

Rk = RO if R‘Sl < RM
Rk = Rl if R(;] > RM

om

/RO Ru R,

Fig. 13 Growth rate variations represented with parabolas.

characteristics of three-dimensional boundary layers. Growth rates
obtained are integrated to produce envelope N factors exactly, as in
the case of exact stability theory.2’ Careful optimization has ensured
that, in general, the most amplified frequencies are represented with
a precision better than one count in N factor at transition, with
transition N factors greater than seven.

One important advantage of the method is that it does not re-
quire any initial values, and is, thus, well adapted for insertion into
boundary-layer codes. This code was distributed to the project part-
ners for insertions into their own infinite swept wing boundary-layer
codes.

It was first decided to validate partners’ implementation of the
simplified method, given a three-dimensional boundary layer around
a 0.3-m chord ONERA D profile in swept-wing configuration
(¢=30deg, M =25, R.=1.75 x 10°%, and o = —6 deg).

Input data were the pressure distributions. Figure 14 shows a
comparison of exact local stability results compared to database
results for this swept-wing validation case. Maximum difference
is about 1 count, with N factors close to 10. Partners’ results
are illustrated in Fig. 15 for a single frequency of 2 kHz, one of
the unstable frequencies. In this exercise, the input data were the
pressure distributions, and each one used its own boundary-layer
code with the database code. Differences are mostly due to the var-
ious boundary-layer codes used.

Q. (m/s)
90 4
80
70 4
60 -
50 4

40 T T
0.1 0.2

N = o= e=e= PARABOLA

1 EXACT
10+ /

0 L — L
0 0.1 0.2

Envelope curves,
swept ONERA D profile ( 9=30°, Mach 0.25)

Fig. 14 Database validation on a simple three-dimensional flow
(R =1.75 x 10° and o = —6 deg).

N
| =————— CIRA .
—————- INTA 4
10_ ===« ONERA
{ ———-Fol

Fig. 15 Partners’ results for the ONERA D swept-wing case, f =2 kHz
(same conditions as Fig. 14).
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Short Bubble Transition

In many high-lift cases, at large incidence, transition to turbulence
occurs through laminar separation due to strong positive pressure
gradients. Such regions of decelerated flow are always strongly un-
stable, the instability being related to the inflection point in the
velocity profile. Dominant instability is always longitudinal. The
large amplifications may cause transition to occur shortly after, if
not before, separation. Although the physical aspects are strongly
linked, separation is usually detected in the course of the boundary-
layer computation; hence, it is found independently of stability
calculations.

Another question is related to the length of the separation re-
gion and to its physical importance. Most CFD tools will assume
instantaneous transition right after detecting separation and will not
compute nor estimate the bubble length and its influence on the
boundary-layer growth and on the lift coefficient.

Physically, the separated bubble should have a nonzero length. In
the experiment, hot films did detect turbulent flow upstream of reat-
tachment line, well visible on the infrared images (Fig. 5b). Rapid
boundary-layer growth needs to be accounted for in this region.
This problem of transition modeling in a separated flow is not fully
solved up to this day.

Application to the AFV Experiment

The three wing elements were analyzed in the course of the
project. Attachment line transition and relaminarization were al-
ready discussed in the paper and were shown to be predicted at an
early stage, based on pressure distribution. Separation and transi-
tion caused by the growth of instabilities remain to be examined.
Results concerning the flap upper surface will allow a comparison
of various exact and simplified stability computations. Then, sim-
plified stability analysis applied to the slat upper surface will be
used for transition prediction, and the results will be compared to
experimental observations.

Turbulent RANS computation (elsA) provided the pressure dis-
tributions over the model. Infinite swept wing theory was then
used to generate the velocity distributions, under the assumption
of a constant spanwise velocity. Then, task partners used their own
boundary-layer codes with the integrated simplified stability method
to predict transition. Boundary-layer codes used by the partners were
based on conical approximation, infinite swept-wing, and full three-
dimensional boundary layer.

In parallel, exact stability calculations were also considered for
comparison purposes. In that case, a single set of boundary layers
was used because small differences in the boundary-layer codes
often cause visible differences in stability results as on Fig. 15.
For this work, local and nonlocal (PSE) theories were used. To il-
lustrate these investigations, Fig. 16 shows N factor curves from
ONERA, obtained from simplified, local (CASTET? code) and
nonlocal (FANNIE?! code) methods for the upper main wing. Non-
local calculations are performed considering the effects of both non-
local and curvature terms, and by the use of an envelope of envelopes
approach (envelope over constant wavenumber 8* N factors, then
envelope over frequencies). Local calculation is done without cur-
vature terms (to be mathematically consistent), by the use of both
the envelope strategy and the constant 8* envelope of envelopes.
Comparisons are, thus, possible between local and nonlocal re-
sults with the envelope of envelopes approach, and between lo-
cal and database results with the envelope method. For the first
comparison, results in Fig. 16 show that the effect of curvature
terms is, in this case, larger than that of the nonlocal terms, re-
sulting in lower nonlocal N factors. Curvature terms are known to
have a stabilizing effect, whereas nonlocal terms are usually desta-
bilizing. Curvature is large because the attachment line is on the
lower side of the flap, and the flow goes around the flap leading
edge.

For the second comparison, envelope-method N factors obtained
from local and simplified stability calculations are also shown in
Fig. 16. Database N factors are slightly larger than exact, local
ones in that case. These comparisons show that transition should be
predicted at a different NV factor by each method. In the project, the
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------ + — Envelope method'
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(o]

o

B

w

N

-

o

j)Y UNENE FNNEE EREEE FREEE FNEEE FEEE RN e

T T T T T T T T T T T T T

0.05 0.1 X/C
Fig. 16 [Exact, local and nonlocal, and simplified stability results for

the flap upper surface (Re=3.10°, 0 =30 deg, a=17.5 deg, and ap =
20 deg).
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Fig. 17 Database N-factor curves for a typical slat upper surface case;
comparison of partners’ results (o =40 deg, R, =3 x 10, a =15 deg,
and af =20 deg).

same transition N factor of 7.15 was used with the local theory and
the simplified approach.

Transition prediction was carried out with the database method
for the upper slat element. For that case, Fig. 17 shows a typical
result, comparing N factor curves from four partners for a case that
is again clearly crossflow at the start, then becomes longitudinal
past the pressure peak. This is observed at 40-deg sweep, 15-deg
incidence, and a chord Reynolds number of 3 x 10°. These N fac-
tors were obtained starting from the outer flow description and by
the use of several boundary-layer codes. Results are similar, transi-
tion location would be predicted at 0.045 m (X7 /C =9%) with an
N factor of 7.15. Small differences were analyzed as mostly coming
from slightly different estimations on effective sweep angle, which
determines the value of the constant spanwise velocity component.
In the case of the envelope method, a single N factor is used for
both longitudinal and crossflow transitions.

For the same sweep angle and Reynolds number, Figs. 18 and
19 show the predicted transition evolution obtained by FOI and
ONERA, compared to the experimental results. The numerical
results are represented with lines for transition predictions and sym-
bols for separation predicted in the boundary layer codes.

Transition is of the Tollmien—Schlichting (TS) kind at 5-deg in-
cidence, then at 10 deg, both TS and crossflow instabilities are
comparable. Between 10 and 15 deg, transition is of crossflow type,
and above 15 deg, separation occurs first.
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Fig. 18 Slat upper surface experimental and predicted transition evo-
lution with incidence at three values of Reynolds numbers (in millions):
@ =30deg, ar =20 deg, and dark symbols indicate predicted separation.
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Fig. 19 Slat upper surface transition evolution with incidence at three
values of Reynolds numbers (in millions): ¢ =30 deg, oo =20 deg, and
dark symbols indicate predicted separation.

Predictions are seen to match well with the experiments. Discrep-
ancies canbe noted at = 30deg, Re =3 x 10%,and o« = 10 deg with
no predicted transition on the element (which ends at X/C = 0.24)
and also at ¢ =40 deg, Re =4.5 x 10°, low incidence, where the
difference in transition location reaches 0.05 Ci.

Conclusions

Transition work was very active during the entire EUROLIFT
project. Significant progress was achieved, both in understanding
the physics governing high-lift transition phenomena and in the
validation of prediction tools.

The AFV experiment proved most useful to identify the four most
important transition-related phenomena: stability-induced transi-
tion, separation, attachment line contamination, and relaminariza-
tion. Stability-induced transition has received much attention, and
current simplified stability methods allows the expectation of fully
integrated predictions in subsonic and transonic infinite swept wing
flows, as well as in three-dimensional flows in the coming years.

Predictions of separation and relaminarization starting locations
can be considered reliable. Prediction of the extent of laminarescent
or separated regions and their quantitative effects on the boundary-
layer evolution and on the lift coefficient remains a challenge that
will require attention in the next activities. Finally, attachment line
contamination can be considered a well-understood and predicted
phenomenon that does not require further research work.

Follow-on work is under preparation in the sixth Framework Pro-
gram of the European Community, the objectives being to correctly
treat realistic three-dimensional problems, to improve prediction of
the effects of separation and relaminarization, and to integrate fully
boundary-layer with RANS approaches.
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