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RESEARCH ARTICLE

Characterization of a highly efficient chevron-shaped

anti-contamination device

M. Fiore!? - O. Vermeersch!? - M. Forte' - G. Casalis' - C. Francois'*

Abstract  This paper is devoted to the characterization
of an optimized chevron-shaped anti-contamination device
(ACD). This device can prevent efficiently the propagation
of turbulence from the fuselage along the attachment line
(hypothetical streamline that spreads the flow going to suc-
tion side and the one going to pressure side) of swept wings
and enables the development of a new laminar boundary
layer downstream. More specifically, the aim is to prevent
boundary-layer transition along the attachment line by a
contamination process. This process is characterized by the
typical Reynolds number R and the associated Poll’s crite-
rion. Thus, ACD efficiency will be expressed in terms of
R values. Some experiments performed on a new numeri-
cally optimized ACD have shown its ability to prevent lead-
ing-edge contamination up to R values close to the natural
transition process of the laminar boundary layer along the
attachment line. The corresponding stability analysis of the
laminar boundary layer is made using the Gortler—Ham-
merlin stability approach. The study is completed with the
different transition processes that can occur downstream
the attachment line, around the airfoil, especially with
crossflow analysis.
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1 Introduction

Reducing the extent of turbulent boundary layer on air-
craft is of considerable interest because it lowers friction
drag, fuel consumption and its related pollutant emission.
More precisely, progress has been made to maintain as far
as possible a laminar flow around tail planes and wings
of commercial aircraft. These efforts can be annihilated
by leading-edge contamination which can occur on swept
wings. Turbulence convected along the fuselage propagates
along the attachment line and spreads over the wing sur-
face leading to the transition of the boundary layer. Theo-
retical developments (see Gortler 1955; Pfenninger 1965;
Poll 1978) have led to the definition of a quantity called
«Reynolds bar» and denoted R to establish if contamina-
tion process is likely to occur depending on the value of
this quantity (threshold). In standard flight conditions,
R for commercial aircraft is often higher than the critical
threshold and the leading-edge contamination may hap-
pen. In order to address this issue, Gaster (1965) designed
a passive device able to stop turbulence coming from wind
tunnel wall that simulated the fuselage. This small fairing,
located close to the wing root, was made in such a way that
contaminating turbulent boundary layer was brought to face
with a stagnation point, while a «clean» laminar boundary
layer developed downstream. This «Gaster bump» or anti-
contamination device (ACD) was able to prevent leading-
edge contamination up to R values higher than the criti-
cal threshold in smooth condition R = 250, but the gain
remained modest.

In 1967, after some wind tunnel experiments, Gaster
reported a maintenance of a laminar flow downstream this
bump along the attachment line up to R = 420. More recent
in-flight experiments on Falcon 50 and 900 (see Arnal
1996) have shown similar results for a standard Gaster


http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-016-2149-1&domain=pdf

bump set-up on wings allowing to maintain laminarity up
to R values between 350 and 400. These values showed an
improvement relatively to the contamination criterion with-
out ACD (R = 250). However, values of R on lifting sur-
faces of civil aircraft range from 400 to 700 near the wing
root. Therefore, a clear improvement in ACD efficiency had
to be achieved for civil aircraft applications.

Krier and Sucipto (2009) and Krier et al. (2009) were the
first to propose an arrow-shaped ACD in the framework of
the SUPERTRAC European project (SUPersonic TRANGi-
tion Control). The ACD design by Krier et al was made of
a cylindrical nose prolonged by streamlined legs in order
to alter as less as possible the flow in the attachment line
region. This shape was successfully tested in a supersonic
wind tunnel for two Mach numbers M = 1.7 and M = 2.7.
This ACD was able to delay contamination up to R = 330 at
M = 1.7 and R = 400 at M = 2.7. After these experiments,
Euler computations have shown the possibility of such
devices to delay contamination for lower speeds and thus
their potential application in transonic commercial aircraft.

Since several decades, ONERA has acquired a strong
expertise in the design and testing of ACDs (see Arnal et al.
1996; Gasparian 1998) that has led to the development of
a very efficient ACD experimentally tested in 2014 and
detailed through this article. These research activities have
started in 2010 in the framework of the Joint Technology
Initiative Clean Sky Project and have enabled the devel-
opment of an optimized chevron-shaped ACD specifically
designed for low-speed conditions.

Section 2 will introduce general knowledge about flow
characteristics related to a swept wing with wall junction.
This basis will enable further developments on leading-edge
contamination characterization. When this phenomenon
can be avoided, for example, by using an ACD, the lami-
nar boundary layer that develops downstream can naturally
become unstable. This second attachment line transition pro-
cess will also be addressed. The third section will be dedi-
cated to ACD specifications and development performed by
ONERA in order to optimize its ability to prevent leading-
edge contamination. Then, the experimental set-up will be
introduced in Sect. 4. Finally, results related to this test cam-
paign will be detailed, especially concerning destabilizing
process characteristics and ACD performance validation.

2 Mean flow and transition processes
around swept wings

2.1 Mean flow
This section gives a general overview about swept-wing

flow characteristics. Mean flow along the attachment line
of a swept wing (sweep angle ¢) is the three-dimensional

Fig.1 Swept-wing flow characteristics

swept stagnation flow. It consists of the superposition of the
Hiemenz (1911) plane stagnation flow [(x,y) with x chord-
wise direction and y wall normal direction] and a transverse
uniform velocity in the span direction Z (see Fig. 1). The
coordinate x will be used as the curvilinear abscissa around
the airfoil with the origin x = 0 on the attachment line.
The coordinate y is the distance from the wall in its normal
direction. Under the assumption of an infinite swept wing
(0/0Z = 0), velocity components in the boundary layer
(U, V, W) in the (X,y,Z) spatial directions are formulated
using self-similarity functions (f, g) defined as:

Ue(x,y) = kx = Ve(x,y) = —ky  We(x,y) = Weo (la)

U , v W

A =f () V.= f () W, =8 (m) (1b)
ith n=2> and A=,/>

wit n= X an = % (1c)

where (U,, V,, W,) are the velocity components at the edge

of the boundary layer in the (x, y, Z) directions. Wy, =
Ooo sin(g) is the far-field velocity component in the span
direction Z. k and v represent respectively a strain rate and
the kinematic viscosity of the fluid. Self-similarity func-
tions are resolved from the following ordinary differential
equations obtained for incompressible flows:

fHff=f+1=0 (2a)

g +df=0 (2b)

with boundary conditions imposed at the wall (n = 0) and
in far-field direction (n — +00):

fO)=0 f'(0)=0 g0)=0 g'0)=0 (32)
nEToof/(ﬁ) =1 ngf}rloo g =1 (3b)



—f’=U/Ue
4l --g’=W/We |
3 L 4
=

2 L 4
l L 4
0 == — L L L L L

0 0.2 0.4 0.6 0.8 1

Fig. 2 Falkner—Skan—Cooke solutions

Fig. 3 Possible path to turbulence on a swept wing for a non-con-
taminated configuration (with efficient ACD). NT natural transition

Based on the latter Falkner—Skan—Cooke self-similarity
functions (see Fig. 2), Reynolds number from displace-
ment, momentum thicknesses (Rs,, Rg) and shape factor
(H) can then be deduced:

W,8 b
Ry =2 with 5= [a-gmya @
0
Weo >, :
Ry = . with 0 =A A g —g@m)dn  (4b)
o= 4
-2 (4c)

We will see in the next paragraph that latter quantities can
be formulated more simply using R.

In laminar-turbulent transition process along the
attachment line of a swept wing, mainly two transition
processes may occur: either a leading-edge contamina-
tion (see Sect. 2.2) that can be linked to a bypass tran-
sition, or when contamination can be prevented (by an
ACD for example), the new laminar boundary layer that
develops downstream can also become turbulent due to a
natural transition process involving Gortler—Himmerlin

(GH) instabilities (see Fig. 3). In the first case, transition
along the attachment line is driven by non linear interac-
tions with the fuselage turbulent boundary layer, while the
second process can be described using a linear stability
approach (see Sect. 2.3).

2.2 Leading-edge contamination

Many experiments concerning leading-edge contamination
phenomenon have been carried out and have highlighted a
limited number of relevant parameters. These parameters
are gathered in the quantity R that can be formulated as:

WA
v

R= )
At low speed, Pfenninger (1965) and Poll (1978) have
developed a simple criterion (referred as Poll’s criterion)
based on the value of R to establish if leading-edge con-
tamination is likely to occur:

If R < 250, the bursts of turbulence convected along the
attachment line are damped and vanish as they travel
along the attachment line.

For R > 250, bursts are self-sustaining. They grow
and overlap so that the attachment line boundary layer
becomes fully turbulent.

Poll (1985) extended this criterion to high-speed flows
by introducing a modified length scale n* and a modified
Reynolds number R* which have the same definition than
n and R, except that v is replaced by v*. The latter quan-
tity is the kinematic viscosity computed at a reference
temperature 7* which can be estimated from an empirical
relationship:

T = Te +A(Tw - Te) + B(Taw - Te) (6)

where T. is the temperature at the boundary-layer edge,
Ty is the wall temperature, and T,y is the adiabatic wall
(recovery) temperature. A = 0.1 and B = 0.6 are empiri-
cal constants commonly used. Correlation of existing
data suggested that contamination is likely to occur for
R* = 245 £ 35.

Reynolds numbers for displacement and momentum
thicknesses can then be expressed using R by:

Ry, = 1026 (7a)
Ry = 0.404R (7b)
H =254 (7o)

Poll’s criterion threshold can then be defined in terms of
momentum thickness by Ry ¢rit = 101.



2.3 Natural transition

When contamination phenomenon can be avoided (see
Fig. 3), different processes all related to natural boundary-
layer instabilities can lead to transition in different loca-
tions of the wing surface. Even if each of these different
processes exhibit particularities that will be depicted in this
article, some common main steps can be identified. The
first step is the receptivity phase. Free-stream turbulence
and noise, vibrations or small roughness elements can
«enter» the laminar boundary layer and begin to excite its
eigenmodes.! Then, during the linear amplification phase,
eigenmodes that take the form of periodic waves can grow
or decay following a linear mechanism. Finally, some
amplified modes evolve nonlinearly, so that turbulent spots
appear and lead to transition. The first natural transition
process that may occur when contamination can be avoided
is a boundary-layer destabilization along the attachment
line. As we will see, this destabilization referred as Gortler—
Hémmerlin instability will be studied using the three-
dimensional swept stagnation flow introduced previously.
This approach will be of central interest for ACD efficiency
characterization.

When the boundary layer can be maintained laminar
along the attachment line, it can become unstable around
the airfoil in chordwise direction. Depending on the loca-
tion, pressure gradient can have a destabilizing effect on
the boundary layer. Near the leading edge where the flow
is strongly accelerated (negative pressure gradient), the
crossflow mean-velocity profile (W) inside the boundary
layer is highly unstable. It generates crossflow instabili-
ties with a wave-number vector making a nearly orthogonal
angle with respect to the free-stream direction. This leads
to the formation of co-rotating vortices, the so-called cross-
flow instabilities. In particular, steady modes are strongly
amplified and are suspected to be the dominant modes in
a low free-stream turbulent environment (e.g. in flight).
Downstream, in region of decelerated flow (positive pres-
sure gradient), the streamwise mean-velocity profile (U) is
unstable. Some waves, similar to two-dimensional Tollm-
ien—Schlichting waves, are amplified with a wave-number
vector nearly aligned with the free-stream direction and
trigger the transition. The possibility of designing laminar
wings is thus given by the ability to control these different
destabilizing phenomena.

A common theoretical framework can be adopted to
study the growth and destabilization of these boundary-
layer modes. In the linear stability theory that will be

! Here, it is assumed that the external disturbance level is raher low
so that the transition is not driven by the so-called bypass mechanism,
see Morkovin et al. (1994).

applied, only the linear amplification step (second phase)
is considered to estimate the transition location. Transi-
tion will then be given for a certain amplification value
A/Ap of a wave. A (respectively Ag) is the amplitude of
the considered mode at a given abscissa (respectively at a
reference abscissa). Wave amplification is obtained from
the classical Orr—Sommerfeld theory (1908). For incom-
pressible flow, velocity field and pressure (A) are decom-
posed into a non-dimensional base flow (-) and distur-
bances ():

VANVANEVANREVAN t

(U, v, W,P> = U, V,W,P) + (u/,v’,w/,n)t (8a)
u u(y)
e ;((yy)) expli(ax + BZ — wn)] (8b)
T 7 (y)

where u, v, w, are the wave amplitudes in the x, y and
Z directions and 7 the pressure fluctuation amplitude.
a=or+i; € C, B and w € R are, respectively, the
wave numbers along x, Z and the angular frequency. This
formalism is adapted to the destabilization of the flow
around the airfoil in the x direction (Tollmien—Schlicht-
ing and crossflow waves). Considering this approach as
starting point, Gortler and Himmerlin (1955) developed
a stability theory for attachment line application using a
particular mathematical form for the base flow and distur-
bance quantities:

v v_.Z w_y

U= % V= i W=g¢g (9a)
u xu(y)
Vil | v .
w | = | we expli(BZ — wi)] (9b)
g 7(y)

where 8 = B, +iB; € C. The main difference with the
Orr-Sommerfeld approach is the x dependence of «’ simi-
larly to its correlated external velocity U.. For a consid-
ered wave (defined as its real angular frequency w) and
a fixed R, the stability theory gives access to the corre-
sponding amplified Gortler—Hadmmerlin mode. When g; is
negative, according to the formulation (9b), this wave is
amplified in spanwise direction and can lead to the natural
transition (NT on Fig. 3).

From this attachment line stability analysis, the neu-
tral curve (iso B; = 0) that separates stable from unstable
domains can be drawn in a (R, w) diagram (see Fig. 4).
When leading-edge contamination can be prevented, it can
be noticed that the attachment line laminar boundary layer
becomes unstable for R > 582.
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Fig. 4 iso-g; curves from the Gortler—Hammerlin stability analysis

3 ACD design

Some prerequisites have to be fulfilled to guarantee the ACD
efficiency (see Arnal et al. 1996). The anti-contamination pro-
cess is based on a stagnation point generated by the ACD that
stops the turbulent boundary layer from the fuselage and ena-
bles the downstream development of a new laminar boundary
layer. To be fully efficient, the ACD has to be high enough so
that the stagnation point would be located above the incom-
ing fuselage turbulent boundary layer. Besides, the pressure
distribution downstream the ACD has to allow a region of
attached laminar flow. It was noticed that an increase in the
radius at the top corner of the ACD and a humped shape
could improve its efficiency. For aeronautic applications, the
ACD has to tolerate some variations in angle of attack and
sideslip angle that may occur during cruise. Finally, the ACD
must have a very little impact on total drag in order to keep
the potential benefits of a laminar boundary layer.

In 2010, a numerical model of the ACD mounted on a
swept wing has been achieved using CATIA software. This
approach enabled a parametric study of the ACD where
some geometric parameters were varied: dimensions, angles
and shape while keeping its ability to be put on the same
swept-wing leading edge. Structured meshes were then
generated using an ANSYS software. Three-dimensional
Reynolds-Averaged Navier—Stokes (RANS) computations
were carried out using the ONERA elsA code with future
corresponding experimental conditions P;o = 101,325 Pa,
Tio = 288 K and Qs = 20 ms~! (R = 375). Efforts were
made to enable the development of a boundary layer without
separation on and around the ACD, especially by studying
the wall streamlines (see Fig. 5). After a selection of the most
promising shapes, it was decided to perform new numeri-
cal computations using laminar-turbulent transition criteria
(AHD-C1, Arnal and Habiballah 1984) with an extended
velocity range up to Qoo = 50 ms~! (R = 590). This led to
a new optimized shape that was tested in 2014. A sketch of

Fig. 5 Wall pressure distribution and streamlines on the swept model
equipped with ACD at Qo = 20 m s~ ! (numerical post-processing)

Fig. 6 ACD shape

this ACD is depicted in Fig. 6 with the most relevant geo-
metrical parameters. Their values, made dimensionless
by the total length L of this ACD, are gathered in Table 1.
During the numerical optimization process, 20 shapes have
been designed and analysed through RANS computations.
In Table 1, the last column provides the ranges in which the
key geometrical parameters have been varied in. The associ-
ated test campaign, dedicated to confirm this promising ACD
shape, is detailed in the next paragraph.

4 Experimental test campaign
4.1 Wind tunnel and model

The experimental campaign has been performed in the
F2 wind tunnel located at the ONERA Le Fauga-Mauzac



Table 1 Geometrical parameters of the optimized ACD shape
(dimensionless with the total length L)

Optimized Optimization
ACD Span
Total length L 1 [0.65, 1]
Chordwise width / 0.25 [0.22, 0.25]
Front height h 0.058 [0.0145, 0.058]
Apex half angle a 35° [35°,50°]
Top front edge radius r 0.0145 [0.00145, 0.0145]

centre. This wind tunnel is an atmospheric continuous-
flow wind tunnel with a rectangular test section 1.8 m high,
1.4 m wide and 5 m long. The free-stream velocity ranges
from 5 to 90 ms~! and the related turbulence level is quite
low (Tu =~ 0.07 %). The DTP-A model (see Figs. 5, 7) is a
constant streamwise chord (¢ = 1860 mm) and a 50° swept
wing (span s = 2550 mm) generated from a symmetrical
airfoil. It is composed of a cylindrical leading edge (radius
R =200 mm) extended by a triangular shape till the trail-
ing edge. As described in Fig. 7, a removable part of the
leading edge enables the model to be outfitted with an ACD
without any step junction. The leading edge of the ACD is
located 600 mm far from the wind tunnel floor taken as the
origin for the Z direction. This model is relevant to contam-
ination studies because it represented in a macroscopic way
a leading edge with values of R which are typically those of
commercial aircraft. The floor of the wind tunnel simulates
the fuselage by generating the turbulent boundary layer.

During the experiments, two configurations have been
tested.

A first ACD-free configuration has enabled the valida-
tion of the experimental set-up by checking the Poll’s cri-
terion (threshold of contamination R = 250). Additionally,
a configuration with ACD and roughness (tripping device)
has been investigated to check whether turbulence was self-
sustaining for R values higher than 250. The corresponding
velocities range from 5 to 60 ms ™.

In the second configuration, the DTP-A model was
equipped with the optimized shape ACD. For this con-
figuration, a wide range of velocity values (from 10 to
90 ms~!) has been covered with a low velocity step so as to
properly capture Gortler—Hammerlin and crossflow insta-
bilities (related to natural instability).

4.2 Metrology

Wall pressure and hot-film measurements were performed
as well as infrared visualizations (see Fig. 7). Wall pressure
measurements were achieved using 53 taps located on 3
lines orthogonal to the leading edge and distributed sym-
metrically from the attachment line:

Qe

0 Flush-mounted
1 Stuck

Fig. 7 Experimental set-up

Table 2 Hot-film positions for the two configurations

ACD-free con-  Position z (mm) ACD configura- Position z (mm)

figuration tion

HF1 578 HF1 578

HF5 600 - -

- - HF5’ 1135

- - HF6 1135 (x = 70)
HF2 1510 HF2 1510

HF3 1901 HF3 1901

HF4 2395 HF4 2395

1. 40 % span: 27 taps (PP1),
2. 60 % span: 13 taps (PP2),
3. 73.5 % span: 13 taps (PP3),

Hot-film measurements (HF) were also performed in
order to detect the nature of the boundary layer (lami-
nar, transitional or turbulent). Dantec 55R47 hot-films
were conditioned with a home-made constant tempera-
ture anemometer. Whatever the configuration of the
model, hot-films HF1 to HF5 were all flush-mounted
along the attachment line in order to be as non-intrusive
as possible for the flow (configuration set on the detailed
model view, Fig. 7). For the configuration with ACD, the
removable part of the smooth leading edge was replaced
by the block with the ACD plus two additional hot-films
(HF5', HF6) which were simply stuck on the model
(detached block on Fig. 7). The hot-film 6 was located in
a region where crossflow instabilities are alleged to occur
(x = 70 mm). The corresponding hot-film positions are
given in Table 2. After AC coupling, the data acquisi-
tion system was composed of anti-aliasing low-pass
filters (10 kHz) and amplifiers (gain 20 or 100). Meas-



urements were made at a 25 kHz sampling rate. The test
section was also equipped with an infrared camera (IRC
900) set above the wind tunnel ceiling. The heat flux
between the surface and the flow is more important with
a turbulent flow than a laminar one. Areas in the model
where the flow is turbulent lead to a quicker temperature
change. By cooling or heating punctually the flow in the
wind tunnel, transition position can then be identified.
An example of infrared visualization is given in Fig. 12
where lightest area represents a laminar boundary layer.

For both configurations, the only varying parameter was the
wind tunnel velocity. Based on experimental measurements,
the quantity R will be estimated as a function of the velocity.
Next paragraph is devoted to R estimation using an intermedi-
ate quantity called effective sweep angle and denoted @egy.

5 Experimental results
5.1 Effective sweep angle and R determination

@eff makes reference to the sweep angle ¢ that should be
taken in inviscid fluid solution in order to fit as close as
possible to the experimental pressure distribution on the
attachment line. Due to viscous and set-up effects, stall
and horse-shoe vortices, @efr is usually different from the
geometrical one. The effective sweep angle @efr is cho-
sen in order to recover the value of the interpolated pres-
sure coefficient Cp interp from measurements on the attach-
ment line (6 = 0 see Fig. 8). The link between ¢.g and
Cp,interp(6 = 0) is given in Eq. (11). We first start with the
classical relationship giving the theoretical expression of C,,
for a swept cylinder as a function of ¢ and 6:

0) — poo .
Cp(0) = pi)ip = cos’(p) (1 = 4sin(®) ) 10
gpoong

where poo and po are, respectively, the inflow pressure and
density. Fitted experimental pressure coefficient around
6 ~ 0 is then used to evaluate @efs:

Cpinterp(8 = 0) = cos® (gefr) (11a)
Peff = cos™! (\/ Cp.interp(0 = O)) (11b)

The evolution of the effective sweep angle in spanwise direc-
tion is illustrated in Fig. 9. Measurements (symbols) have
been plotted at locations corresponding to the wall pressure
taps (PP1, PP2, PP3) for three values of the inflow velocity
Qoo The geometrical sweep angle (@geom = 50°) is repre-
sented by the horizontal dashed line. The difference between
effective and geometrical angles varies from 6° to 8.5° and
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Fig. 8 Experimental and inviscid fluid solution for wall pressure
coefficient (PP1) at Qoo = 75 ms™, Cpinterp(®@ = 0) = 0.31
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Fig. 9 @ct along span for different free-stream velocities, ggeo = 50°

increases with the inflow velocity. This demonstrates that
wall effects are significant. Figure 8 depicts a typical distri-
bution of pressure coefficient around the leading edge. Meas-
urements (circles) were made at Z/2R = 2.55 (PP1) for an
inflow velocity Qoo = 75 ms~!. Two additional curves have
been plotted. The dashed curve corresponds to C, evolu-
tion provided by Eq. (10) using the geometrical sweep angle
¢geom, Whereas the full line stands for C), values obtained with
the effective sweep angle geir = 57.5°. In the vicinity of the
attachment line, measurements match with the @eg curve, but
further downstream, the geometrical angle gives best results.
Rigorous characterization of effective sweep angle is of prime
importance to provide accurate values of R. Indeed, under the
assumption of a cylindrical leading edge (U, = 2Usox/R),
it can be demonstrated that R (defined in Eq. 5) becomes a
function of g which has been estimated previously:

=_ \/ QooR sin(gefr) tan (er)
- 2v

where R is the radius of the cylindrical leading edge. Lead-
ing edge of the experimental model being cylindrical, this
approach has been applied to determine corresponding R

12)
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Fig. 10 Experimental hot-film RMS values as a function of R for the
reference configuration (without ACD)

values for each pressure measurement section. According
to experimental results, @ef is likely to increase slightly
along span (see Fig. 9) so that R increases correspondingly.

It can be noticed that this approach for R estimation can
be extended to all airfoil considering that any leading edge
can be approached by its osculating circle.

5.2 Validation of Poll’s criterion

Contamination occurrence and transition locations are
achieved using hot-film measurements. Contamination and
transition from a laminar to a turbulent boundary layer lead
to a strong increase in the recorded RMS values of the hot-
film signal. Hot-films being spread all along the attachment
line, transition location can thus be estimated.

As mentioned previously, an ACD-free configuration has
been used in order to check the compliance of Poll’s crite-
rion. Figure 10 shows high RMS values for HF1 that can be
explained by the fact that this hot-film is down enough to be
permanently under the influence of the turbulent boundary
layer which develops on the wind tunnel floor. This bound-
ary layer has been measured at the entry of the test section
during previous campaigns and has a maximum thickness
of 100 mm for an upstream velocity of 12 ms~!. The HF1
signal will be used as a reference for RMS values related
to turbulent boundary-layer flow. Elsewhere, for hot-films 2
to 5 located higher on the attachment line, Fig. 10 shows a
strong increase in RMS values around R = 250-280 which
means that contamination has just occurred. This clearly
shows a good agreement of Poll’s criterion with the current
experimental set-up.

Another way to demonstrate that our set-up was com-
pliant with the Poll’s criterion was to destabilize the new
laminar boundary layer on the ACD surface using a small
roughness element (Zigzag tape 700 pum thick). An infrared
visualization has been performed to highlight the nature of
the flow downstream the roughness at values of R close to
250.
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Fig. 11 Infrared visualizations of ACD with roughness at R = 237
(left) and R = 263 (right) with below the corresponding HF2 RMS
signals

~ Transition
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Fig. 12 Infrared visualization of the ACD at Qo =60ms™!,
R = 650 with tripping element (transition witness)

For values of R slightly lower than 250 (R = 237), a
laminar region can be observed (represented by a lighter
central area) downstream the roughness and low RMS val-
ues for the hot-film located in this wake (Fig. 11 left).



For values of R slightly higher than 250 (R = 263), a
uniform colour density area downstream the roughness is
observed and high RMS values indicate a whole turbulent
area (see Fig. 11 right). Isolated roughness criteria> have
been applied and tend to show that the roughness is not
high enough to be responsible for the transition to turbu-
lence observed.

Hot-film measurements on this smooth configuration
and the observations done with the small roughness ele-
ment confirm Poll’s criterion about the critical value of R
and are likely to show the self-sustainability of turbulence
at values higher than this threshold.

5.3 Validation of ACD efficiency

The second configuration aims at evaluating the efficiency
of the ACD to prevent leading-edge contamination. Low
RMS values are recorded for the hot-films distributed along
the attachment line downstream the ACD (see Fig. 13,
HF2 to HF4) around R ~ 250, whereas RMS values were
already high at this same R in smooth condition (ACD-free
configuration).

Furthermore, RMS values remain low up to R ~ 580 for
hot-films HF3 and HF4. Along the attachment line, with-
out contamination, the linear stability theory developed
in Sect. 2.3 established that natural transition could occur
as soon as R = 582 (Gortler-Hémmerlin approach). This
makes possible to conclude that the ACD fully plays its
role allowing the downstream development of a new lami-
nar boundary layer until the inherent natural destabilization
which represents the maximal value that can be reached
without using any other stabilizing devices (wall suction
for example).

This ACD even confirms its ability to prevent leading-
edge contamination at R values higher than 580. Indeed,
according to the infrared visualization presented in Fig. 12
with a transition witness (Zigzag tape 400 pm thick), the
boundary layer downstream the ACD is still laminar at
R = 650 showing that no turbulent structure has come
across the ACD. This observation is confirmed on Fig. 13
for the closest hot-film HF5' that still exhibits low RMS
values at this R. It can be noticed that HF5’ and HF6 record
low RMS values related to a laminar boundary layer at
values of R higher than the Gortler—Himmerlin critical
R. These two hot-films being close to the ACD, the spa-
tial amplification has to be enhanced (higher velocities,
i.e. higher values of R) so that instabilities reach a criti-
cal threshold and trigger the transition. HF6 is transitional
at lower values than HF5’ due to a crossflow transition as

2 van Driest and Blumer (1962) and von Doenhoff and Braslow

(1961) criteria.
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Fig. 13 Experimental hot-film RMS values along R for the ACD
configuration

explained in the following section. Relatively to the best
existing ACDs and Gaster bumps that were efficient up to
R ~ 450, this ACD shows a significant improvement in the
anti-contamination ability.

A characterization of natural leading edge instability
observed in this ACD configuration is proposed in the next
section and will make possible to confirm that transition
process observed for HF2 to HF4 at R ~ 580 is due to a
natural transition.

5.4 Natural transition process downstream the ACD
5.4.1 Gortler—Hdmmerlin transition process

Time-resolved hot-film measurements performed just
before transition onset enable to perform some spectral
analyses. Frequencies of amplified waves have been esti-
mated by extracting the amplitude spectrum of the signal
using a Fast Fourier Transform (FFT). In order to define
the link between these amplified frequencies and Gortler—
Héammerlin instabilities, spectra have been compared to the
stability approach described in Sect. 2.3.

Referring to the form of a perturbation introduced in
Eq. (9b), the amplitude A (norm) of a perturbation can be
written as:

1
A=l4q lI= 7 I q(x,y) Il exp(=BiZ) (13)

whereg' = u/, v, W, 7’ and g = xu, v, w, ™
Using exponential properties, this leads to:

dA

= —hZ (14)

Assuming a reference amplitude Ay as known, amplifica-
tion can be written as:

A _ dzZ
A exp </ —Bi ) (15)
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Under the assumption of an infinite wing (9/0Z = 0), the
amplification can be directly written as:

A = exp(—BiZ — Zp) (16)
Ag

where Z is a reference position and Ag the amplitude of the
disturbances at this location. For sake of simplicity, it will
be considered in the following that Zy = 0 and corresponds
to the nose of the ACD. For any experimental hot-film spec-
trum where R is known, w = 27f is made varying to meet
the interval of experimental frequency band [0, 12,500 Hz].
For each couple (R, w), the stability approach gives the
imaginary part B; of Gortler—-Himmerlin mode. The posi-
tion Z of the hot-film being known, A/Ag = exp(—pBiZ)
can be calculated for each frequency. It remains that
experimental spectrum is expressed in terms of amplitude
(A), whereas the numerical one is expressed in terms of
amplification (A/Ap). However, hot-films were not cali-
brated during the experimental test campaign and had just
been used to qualitatively analyse the state of the bound-
ary layer. This means that HF signal cannot be employed to
quantify amplitude of instabilities in the laminar region of
the boundary layer. As a consequence, in order to compare
stability theory to measurements, numerical results have
been rescaled to fit with the maximum value of the voltage
fluctuation.

Agreement in amplified frequencies between experimen-
tal and stability approach is good (see Figs. 14, 15). This
tends to confirm that the destabilization of the flow is due
to natural transition process involving Gortler—Hdmmerlin
instabilities.

In laminar-turbulent transition studies, a common expec-
tation is the ability to determine or predict transition loca-
tion. To this end, Smith and Gamberoni (1956) as well as
van Ingen (1956) developed a semi-empirical method, the
so-called ¢ method, that links the transition triggering to
a critical value of the N factor. This approach makes the
assumption that natural transition occurs quickly after the
nonlinear phase. The N factor corresponds, for a fixed R, to
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the most amplified wave A/Aq expressed in terms of natural
logarithm:

N=max |In{ — )| = | —BimaxdZ
Ao ’

= _lgi,maxz

According to this expression, if the value of N at transi-
tion is known, it makes possible to estimate the transition
position along span (Z). Depending on the inflow velocity,
a hot-film signal may be laminar (for a given value of Rjam)
or turbulent (for a higher value of Ruyb,), Rer being between
these two values. Associated —(8;)max 1S estimated using
the stability approach. It is then possible to give a range
for the critical N factor associated with Gortler—Hammerlin
instability along the attachment line and corresponding to
transition onset.

The N factor range is estimated using HF2 and HF5.
Experimental results (see Table 3) give a possible interval
for the N factor of [7.2, 10] for hot-film 2 and [7.1, 7.8]
for hot-film 5.

(17a)

(17b)

5.4.2 Crossflow transition process

In the experiment, hot-film 6 has been set up slightly
shifted from the attachment line, in region where cross-
flow instabilities are alleged to occur (x = 70 mm). Spec-
tra have been extracted from the temporal signal of HF6
in order to study the frequency of instabilities developing
inside the boundary layer at this chordwise location. The
aim is to compare these frequencies to the one provided
by the linear stability theory. The chordwise evolution of
N factors for distinct frequencies and an upstream velocity

s =50 ms~! is represented in Fig. 16. It demonstrates
that unsteady crossflow modes are more amplified than
their stationary counterpart. At HF6 location (represented
by the vertical dashed line), the N factor is N = 3.6 for the
stationary CF mode, while it reaches N = 7.2 for f =2



Table 3 Gortler—Hammerlin critical N factor values around transi-
tion onset

Hot-film 2 (Z = 0.910) Hot-film 5 (Z = 0.535)

RiumRu  682-707 721-732
—Bimax 7.9,11.0 13.3, 14.6
N [7.2,10] [7.1,7.8]
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Fig. 16 Spatial evolution of crossflow instability N factors for vari-
ous frequencies: f =0,1,2,3 (KHz) for Qoo = 50 ms~L The verti-
cal dashed line corresponds to HF6 location

kHz. From a receptivity point of view, stationary CF vor-
tices are initiated by wall-distributed roughness elements.
Travelling modes are generated by a combined effect of
external turbulence fluctuations and wall roughness ele-
ments. Bippes (1999) has shown that stationary and trav-
elling modes should be in the same order of magnitude
for Tu >~ 0.1 %. In the current experiment, the turbulence
level is close to this value so that a possible competition
between steady/unsteady modes may exist. This is shown
by the experimental spectrum for Qs = 50 ms~! (full line
in Fig. 17) which demonstrates that unsteady instabilities
propagate inside the boundary layer. It has been compared
to the numerical spectrum (dashed line in Fig. 17) obtained
from linear stability theory. Numerical levels have been
scaled in order to fit with the measurements. Wave ampli-
fication given by stability analysis is in good agreement
with experimental one, despite a wider numerical range of
amplified frequencies.

Crossflow vortices are amplified at low frequency and
correspond to what is commonly admitted for this type of
flow destabilization. Transition onset results from a com-
petition between steady/unsteady modes depending on the
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Fig. 17 Experimental versus stability approach spectrum for HF6
and for Qo = 50 ms™!

receptivity and amplification phases. Crossflow transition
line is visible in Fig. 12

6 Conclusion

This paper deals with attachment line transition processes
that may occur on real swept wings of commercial aircraft
and specially the contamination issue. In this framework,
ONERA developed an entire procedure to design a high-
efficiency anti-contamination devices (ACDs) which can be
fitted on various realistic applications. This goes from the
parametrized conception of the shape to the validation of
the anti-contamination efficiency using both numerical and
experimental approaches. The optimized design of a chev-
ron-shaped ACD resulting from this procedure has been
tested in a wind tunnel and its efficiency is assessed. This
ACD has shown its ability to prevent leading-edge contam-
ination up to values of R close to the natural transition pro-
cess, i.e. the maximal value that can be expected without
additional stabilizing process. The ability of this ACD to let
the development of a laminar boundary layer downstream
has made possible to characterize natural instabilities along
the attachment line, preferential amplified frequencies and
N factor of transition. This optimized shape ACD is an
important step to deal with laminar maintenance of bound-
ary layer along the attachment line of commercial aircraft
evolving at high R values.

It corresponds to the first necessary condition to the
maintenance of a laminar boundary layer as far as possi-
ble around aircraft airfoil where further downstream other
mechanisms can lead to turbulence, especially crossflow
vortices and Tollmien—Schlichting destabilizing waves. R



values of common commercial aircraft being usually higher
than the natural stability one, a promising way to maintain
a laminar flow along the leading edge at higher R would be
to couple this ACD with a suction system along the attach-
ment line that could delay the natural transition. Contami-
nation process is then prevented by the ACD, and natural
transition process can be moved forward thanks to suction
delaying the transition at higher R.
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