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Effects due to hydrophilic surfaces are investigated on an airfoil by means of both experimental and numerical
approaches. Boundary-layer velocity profiles are measured by embedded laser Doppler velocimetry along the
NACA0012 airfoil upper-side surface on two identical wings (one of them being coated using hydrophilic treatment).
Present experimental results clearly show that the hydrophilic treatment induces a positive viscosity gradient at the
wall that significantly delays the boundary-layer separation occurrence and thus provides a favorable effect on lift-
coefficient increase and drag-coefficient reduction. From solution of time-dependent Navier—Stokes equations, the
numerical approach is conducted by accounting for the modification of the surface boundary condition as a slip-
velocity condition. Different values of the slip velocity are investigated and compared with the reference case of a no-
slip boundary condition. Calculated lift-and-drag coefficients well confirm the improvement due to a velocity slip
along the airfoil boundary. The calculation results also show that the slope of velocity profiles at the airfoil surface is
increased due to slip and that separation has partly or totally been avoided. Finally, the present experimental and
numerical results indicate that aerodynamic benefits are clearly provided by hydrophilic surface treatments.

Nomenclature
1

sonic flow velocity, ms~
airfoil chord, m

drag coefficient
skin-friction coefficient at the wall

lift coefficient

pressure coefficient at the wall

frequency of jet pulses, Hz

Mach number, U, /a

number of oscillation cycles of the jet per dynamic stall
period

normal at the wall

Reynolds number, U ,c/v

curvilinear X coordinate, m

streamwise component of the velocity, m s~
constant slip velocity, ms™!
wind-tunnel velocity, ms™!

normal component of the velocity, m s~
velocity of the running-belt slip, m s~
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steady part of the blowing velocity

(Vo + V, sin(Nw*T)), ms™!

amplitude of the oscillatory part, (V, 4+ V, sin(Nw*T)),
ms™!

streamwise coordinate, m

normal distance to the wall, m

airfoil incidence angle, deg

jet inclination angle, deg
kinematic viscosity, m? s~
fluid density, kg/m~3
reduced frequency of jet pulses, 27 fc/Uy
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I. Introduction

LITERATURE survey indicates that numerous methods of
flow control have already been successfully used with practical
engineering devices [1]. The control is shown to be closely linked to
physical phenomena originating from the boundary-layer flow and
its behavior. Thus, delaying transition from laminar to turbulent
flow, preventing separation, and reducing the skin-friction drag are
the more common strategies generally used in active and passive
control [2-5].

The skin-friction drag reduction can be obtained through methods
involving geometries introduced in the surrounding of the surface,
such as those described in [6,7]. Some other methods used to reduce
the skin-friction drag involve a foreign substance (large-length-to-
diameter particles, spherical particles, macrofibers, and polymers).
Such substances are introduced within the main flow at very low
concentration and are transferring a non-Newtonian behavior to the
flow [8].

More recently, a reactive control was realized by painting the
surface with a substance reacting with the surrounding fluid. A
typical example is given by hydrophilic surfaces [9—12]. In this case,
the reaction between the wet flow and the deposit also results in a
significant drag reduction. This reducing effect has already been
observed with skiers [13] and boat and car drag [11]. Briefly, it can be
stated that the wetter the surrounding fluid is, the more efficient the
drag-reduction effect will be.

Another way to reduce the skin friction at the wall of a body is to
introduce a suction process at the surface to possibly prevent the
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boundary-layer separation [14]. The mechanism of drag reduction
and of separation prevention were observed in reactive control using
hydrophilic surfaces, where the phenomena of wall suction and
gradient of viscosity are present and can be understood from the
following considerations. In 1904, Prandtl gave the first explanation
of the mechanism of boundary-layer separation over a fixed wall in
the case of steady and two-dimensional flow. He provided a criterion
for the point of separation at the wall:

du
u|,—o =0; — =0 (D
|) 0 8y =0

Behind this separation point, fluid particles close to the wall move
against the external fluid (separated flow). That means that the
velocity profile must have an inflexion point somewhere above the
wall. It is well known that the condition (8%u/d%y),_o>0 is
necessary for the separation of a two-dimensional steady boundary
layer. However, a negative curvature of the velocity profile at the
wall must be a sufficient condition for the flow to remain attached. It
becomes clear that the boundary-layer control (advancing or
delaying the separation) could be closely linked to the shape of the
velocity profile near the wall. One of the best ways to control the
separation delay is then to keep the term (8%u/dy?),—, as negative as
possible or to make the velocity profile as full as possible. From the
streamwise momentum equation written at the wall [1],

P
_M ayz

du
w ay

du

o u
y=08y

y=o 0x

i

pv ~% 2

y=0 y=0 y=0
it can be deduced that the separation control methods will use
different ways to keep (9%u/dy*),—, as negative as possible:

1) Maintain a vertical velocity at the wall: v,, < 0; that is, maintain
a wall suction.

2) Maintain a favorable pressure gradient: dp/0x|,_o < O.

3) Realize alower viscosity of the fluid at the wall: . /dy|,—y > O.

A particular case of wall suction can be realized by introducing a
wall tangential velocity, as provided by a belt moving at the wall in
the same direction as the main stream. This case will be specifically
considered in the numerical part of the present paper. It will be shown
that the main effect of a wall velocity consists of providing the
separation delay, as clearly demonstrated by the velocity profiles
obtained numerically.

When examining the preceding item 3, fluids generally used in
experiments relative to boundary-layer control are physically
homogenous (i.e., du/dy = 0). Itis well known that non-Newtonian
fluids such as polymer solutions [8] may help to control the wall
separation by an effect of viscosity acting on the shape of the velocity
profile at the wall; nevertheless, djt/dy remains equal to zero at the
wall. But the situation in which the fluid is less viscous at the wall
than in the main flow, as is the case for hydrophilic surfaces [9-12],
can also be realized, as will be shown in the experimental part of the
present paper. Moreover, it is also possible that the surface may
extract water particles from the near flow in this case, resulting in a
thin film of water at the surface. This film may act as a lubricant for
the surrounding airflow, and it is assumed that the interface between
the water film and the airflow is moving downstream at a constant
velocity. Although no viscosity gradient at the wall can be
numerically taken into account in the present numerical approach,
the water-film phenomenon has nevertheless been simulated by
introducing into the code a virtual slip velocity at the wall. It was
shown here that such a condition is equivalent to a particular case of
wall suction, favorable to a separation delay.

The effect of dt/dy > 0 at the wall associated with the formation
of a thin water film at the surface creates favorable effects on the
delay of the boundary layer. This will be explained in detail by the
velocity profiles and overall forces shown in the experimental part of
the paper (Sec. II). The numerical investigation (Sec. III) will well
confirm that a virtual slip wall velocity, as supposed, will delay the
boundary-layer separation, as will be shown on the velocity profiles
and overall forces calculated.

II. Experimental Investigation

Hydrophilic surface treatments have been recently applied to
engineering and sport devices to successfully reduce the drag skin
friction. A few examples can be found [13,15] for skis, bobsleigh
skates, boat and car shells, the internal surface of rubber gloves, etc.
The kind of surface treatment proposed in this study consists of the
following processes [9]: 1) abrasion of the surface in the length
direction, 2) thermal treatment with a superficial air jet at 102—125°C
during 1 min, and 3) fixation of a hydrophilic coat by use of a woolly
rotary brush.

The present experimental investigation thus aims to apply the
hydrophilic process to an airfoil set at high incidence in the wet
airflow of a wind tunnel. The objective is specifically to prove the
benefic effect of such a treatment surface on the drag reduction at the
wall and, in particular, to see if the separation occurrence can be
avoided. Overall forces (lift and drag) and boundary-layer velocity-
profile measurements will be efficient to prove the wall friction
reduction and the separation delay.

The investigation was carried out on two identical wings of a
symmetrical NACAOQ012 airfoil. Before the surface treatment, the
two wings had strictly the same external geometries (planform,
airfoil profile, dimension, surface roughness, etc.) and identical
aerodynamic behaviors regarding the lift, drag, and moment
coefficient variations as a function of the airfoil angle of attack,
ranging up to the high values that generate the static stall and poststall
conditions. One of the wings then received the hydrophilic coating
treatment, as described. The two wings (coated and uncoated) were
then tested in the same 2-D airflow at the same low Reynolds number
(Re ~ 10°) and same angles of attack of the airfoil (closer and higher
than the static stall incidence). Measurements of the velocity
components through the boundary layer were measured in different
streamwise stations, ranging from the leading to the trailing edge and
using an embedded laser Doppler velocimeter (ELDV) 3-D system
[16-19]. Overall forces, measured by help of a balance [17], and
velocity profiles obtained on the two wings in the same experimental
conditions were then compared to characterize the effect of the
hydrophilic treatment.

A. Experimental Apparatus

The experiments were conducted in the open-circuit S2L. wind
tunnel of the Laboratoire d’ Aérodynamique et de Biomécanique Du
Mouvement (LABM). The freestream velocity U, in the rectangular
test section (1 x 0.5 m with a length of 3 m) can be varied from 2 to
20 ms~! with a natural turbulence rate lower than 0.5%. Each wing
(0.3 m in chord and 0.495 m in height) vertically mounted between
the walls of the wind tunnel was equipped with the ELDV system
operating in a 2-D-component configuration, as shown in Fig. 1.

As sketched in Fig. 2, velocity profiles are measured by use of a 2-
D ELDV system. The optical components of the velocimeter (focal
head and beam expander) operating in the back scattering mode are
gathered on a platform located beneath the floor of the wind tunnel.
The survey of the velocity vector along the local normal to the surface
is carried out using a displacement-controlled system of the optical
head of the velocimeter [ 16—18]. The measurement volume is formed
by crossing the two volumes provided by the green ray (wavelength
A =514.5 nm, length dz = 6.08 mm, width dy = 0.24 mm, height
dx =0.24 mm, and fringe i=6.44 mm) and the blue ray
(wavelength A =488.0 nm, length dz=>5.75 mm, width
dy = 0.23 mm, height dx = 0.23 mm, and fringe i = 6.10 mm).
This measurement volume can be displaced normally to the wall
from y = 0.2 to 200 mm by steps of 0.1 mm, with an accuracy
measurement less than 0.05 mm. The streamwise displacement of the
probe along the normal to the wall is allowed for all abscissa ranging
from the leading to the trailing edge [16].

On the two wings, data bursts delivered by the measuring volume
are successively gathered through two burst spectrum analyzers and
finally transmitted toward a computer PC data treatment. The
calculation is done by software developed at LABM under the
symbolic-language LabVIEW system [16-18]. At a fixed stream-
wise coordinate x/C = constant (Fig. 3) and for a given altitude y
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Fig. 2 ELDV system.
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above the wall, measurements carried out by ELDV provided the two
velocity components (u, v) that are submitted to the following
acquisition and treatment procedures.

For each velocity component (# streamwise, v normal), the
acquisition relative to a couple of parameters (x = constant and
y = constant) concerns the recording of doublets (time and velocity)
tu and rv, validated by the spectrum analyzers of the ELDV and the
velocity values corresponding u or v. A number N1 of elementary
blocks built with the four values (fu, u) and (tv, v) are thus associated
with a couple of parameters (x, y). The N1 number of elementary
blocks is generally fixed to 100 blocks of 512 values: that is, a total
number N = 51,200 of elementary doublets (fu, u) and (tv, v). A
statistical average is then performed on 51,200 values of u and v. The
average values are noted U and V. About 30 altitudes are thus
surveyed on a local normal of the airfoil to define a velocity profile.
Using the aforementioned data-reduction procedure and the high N
number of elementary doublets, the relative accuracy of ELDV
measurements is shown to be less than 1% on the U component and
less than 2% on the V component, as far as unseparated flow
conditions are concerned. When flow conditions involve the

—»/ U = streamwise component
n/ v =normal component

Fig. 3 Boundary-layer reference axis system.

boundary-layer separation, the relative accuracy measurement is
increased to 2% on the U component and to about 4% on the V
component [16-18].

An embedded three-component balance is additionally used to
measure the aerodynamic instantaneous efforts (lift, drag, and
pitching moment) experimented by the wing. The relative accuracy
measurement is less than 0.5% on the lift force, less than 1% on the
drag force, and about 1.5% on the airfoil pitching moment [17].

B. Experimental Results
1. Velocity Profiles Obtained on the Uncoated Wing

Velocity components # and v were measured on the two wings at
different stations x/c located between x/c = 0.05 and 0.70 for y
varying from y = 0.20 to 50 mm and U,, =5 ms~'. Elementary
samples on u and v were averaged from 100 blocks of 512 values,
according to the preceding method. As an example, for an airfoil
incidence of & = 13 deg, Fig. 4 gives two profiles of the streamwise
velocity U obtained at x/c = 0.05 and 0.23 in the case of the
uncoated wing.

Velocity-profile behavior (Fig. 4, left) was typically that of an
attached boundary layer at the leading edge. Further downstream
along the airfoil chord (Fig. 4, right), negative values were obtained
for U at y < 4 mm, indicating the occurrence of the boundary-layer
separation. The increase of the velocity in the external flow compared
with the value of the airflow of the wind tunnel was due to the
pressure gradient along the airfoil’s upper side. Figure 5 also
illustrates the capability of such boundary profiles to accurately
characterize the boundary-layer behavior.

The streamwise location of the measurement volume was set at
x/c = 0.19, and the airfoil incidence angle varied discretely from 12
(below the static stall incidence) to 14 deg. An increase of the
boundary-layer thickness with the airfoil incidence angle can be
noticed, as expected, resulting in a reverse flow (U < 0) at incidence
values higher than the stall incidence.

Figure 6 presents the evolution of the U streamwise component
from x/c = 0.050 to 0.272 at the stall incidence of « = 13 deg. This
expected behavior of the boundary-layer thickening from the leading
to trailing edge is clearly pointed out by the successive velocity
profiles, confirming that the boundary layer is well separated, at least
over the whole upper-side airfoil region surveyed.

2. Velocity Profiles Obtained on the Coated Wing

Velocity-profile measurements were performed in the same way at
the stalled incidence @ = 13 deg and for 0.05 < x/c < 0.70. The
analysis of the influence of the surface treatment was carried out by
comparison between the U streamwise-component velocity obtained
on the two wings. Figures 7a—7c present a comparison of the U
component obtained successively on the untreated and treated
surface wings. It can be seen that in the case of the untreated wing, the
reverse flow (separation of boundary layer) occurs at x/c =0.19
(Fig. 7a) with a strong thickening of the boundary layer. It is worth
noting that at the same x/c value, the U streamwise component
remains positive on the coated wing (Fig. 7b), meaning clearly that
the boundary layer is attached at this station and remains in such an
attached configuration at least back to x/c¢ = 0.70 (Fig. 7¢).

A direct consequence of the wing surface treatment was to keep the
boundary layer attached at higher incidence (higher than the static
stall value) over a large part of the upper side of the airfoil. It can be
concluded from the analysis of the experimental profiles developed
through the boundary layer on the upper side of the airfoil’s coated
wing that the hydrophilic treatment delays the stall process. This
treatment acts like a reattachment device of the boundary layer. It will
be shown in the numerical part of the present study that the same
effect can be also obtained by introducing a wall-component velocity
in the Navier—Stokes equations.

3. Comparison of Overall Forces Acting on the Two Wings

Figure 8 shows the variation with airfoil incidence of lift C; and
drag Cp coefficients obtained on the two wings using the balance



Y (mm)

FAVIER ET AL. 1337

D
D

14
D

D
(o]

»
D

[¢)]
D

I
D

Y (mm)
W
<)

n
D

Y (mm)
w
S
1

P

|
|
1
\

10 ©
%
©
-2 3 8 2 8
U (m/s) U (m/s)
a) x/c=0.05 b) x/c=0.23

Fig. 4 Streamwise velocity component U = f(y) at « = 13 deg: x/c = 0.05 (left) and x/c = 0.23 (right).

r12 deg
r12.5 deg

x/¢=0,19

B
D

r13 deg
r14 deg

$% 4

@W
D

o
D

-
D

se—|

Pl [pASRENREEE o sant
AL T

\
LA
IEANY

VSRR

D
D

-1 0 1 2 3

IS
[¢)]
»
N
(o]
©

10
U (m/s)

Fig. 5 Variation of U = f(y) with the airfoil incidence.

an
(o0

]

=13 deg

IS
D

@D
D

N

—B—x/c=0.05
—A—x/c=0.19
—8—x/c=0.23
——x/c=0.27
//
T

2 4 6 8 10
U (m/s)

Fig. 6 Streamwise variation of U = f(y) at « = 13 deg.

measurement described. The maximum lift is shown to be obtained
in the two cases at quite the same airfoil incidence angle of
o = 11.75-12 deg. The delay of separation over 70% of the upper
side of the airfoil’s coated wing observed on the velocity profiles
induces a higher lift force, particularly when the static stall angle is
overlapped. At the static stall incidence value, the gain on lift due to
the hydrophilic upper-side surface is about 8%, and that on drag
reduction is evaluated at about 3%. It must be noticed that such gains
would have been higher if the whole airfoil surface (upper and lower
sides) had been treated.

III. Numerical Investigation

For the numerical simulation of a hydrophilic upper-side airfoil
surface, it is assumed that the boundary condition along the modified
surface is changed from the usual no-slip boundary condition to a slip
boundary condition associated with a positive gradient of viscosity at
the wall. In the last case, the velocity along the treated surface has a
finite and prescribed value. For the present study, the amount of slip
velocity is not known and the numerical code is not available for
simulating a viscosity gradient at the wall. Only a systematic
parametric study with variable prescribed slip velocities can deliver
the necessary information about the effect obtained on velocity
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profiles in the boundary layer and on pressures and forces acting on
the airfoil surface. These results are then compared with data
obtained from calculations with no-slip condition and, finally, with
data measured with both untreated and treated airfoil surfaces in
Sec. IL.

A. Numerical Code

For the present calculations, a 2-D time-accurate Navier—Stokes
code [19] was used. This code is based on the approximate
factorization implicit methodology, originally developed by Beam
and Warming [20]. The code has already successfully been applied
for a number of investigations [21,22] to calculate dynamic stall and
dynamic stall control problems on oscillating airfoils of helicopter
rotors and wind-energy converters. Different turbulence and
transition models are available in this code. A comprehensive
discussion of turbulence modeling for aeronautical application can
be found in [23]. In the present study, the Spalart—Allmaras one-
equation turbulence model [24] was used. Transition from laminar to
turbulent flow is assumed to be “free transition,” taking into account
Michel’s criterion [25], to determine transition onset and applies
exponential growth from laminar to fully turbulent flow, as described
in [26]. Previous simulations have shown that the numerical

a=10°, M=0.1, Re=0.5x10**5

0=12°, M=0.1, Re=0.5x10**5

Dynamic Stall Control by
Running Belt

Fig. 10 Running-belt concept.

accuracy is generally less than 0.1% for lift force prediction and a
little bit higher for local flow quantities (less than 0.2% for the
streamwise U component) [21,22].

B. Family of Boundary Conditions

The numerical code has recently been modified to apply a family
of boundary conditions for the investigation of flow control
problems. Figure 9 shows the introduction of modified boundary
conditions for application of the synthetic jet concept to control
dynamic stall. In this special case, velocity pulses are introduced
from a very narrow gap on the airfoil surface. The prescribed velocity
pulses have a constant (i.e., time-independent) term V,, and the
amplitude of an unsteady sinusoidal term V, allowing both suction
and blowing with a prescribed frequency Nw* (reduced frequency
o* =2nfc/U). The velocity pulses V, + V, sin(Nw*T) may be
directed along a prescribed angle o, measured against the surface
slope (see Fig. 9). In the present case, a constant slip velocity is
assumed along the upper surface of the airfoil. In this special case, the
unsteady part V; of the prescribed velocity is set equal to zero. The
steady part V,, is assumed to be constant along the treated part of the
surface, and the inclination angle o, is also set equal to zero.

a=15% M=0.1, Re=0.5x10**5

15 15 15
4 [ — N Slip 1.4 14
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Fig. 11 Time-dependent lift distributions.
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Figure 10 shows a possible application of this special case to
simulate a constant slip velocity along a prescribed airfoil surface.
Assuming that a piece of surface is replaced by a “running belt” that
is moving with a permanent and constant velocity V. By placing the
belt at the right position, it has been shown that a considerable benefit
is achieved to improve dynamic stall properties. In this case, the
velocity ratio V- /U, has to be rather high (about unity) for optimal
control. In the present investigation, the surface is covered by a
hydrophilic material. In this case, it is assumed that the slip velocities
are rather small. Three cases will be investigated: 1) no-slip
condition, 2) slip with U, /U, = 0.1, and 3) slip with U, /U, = 0.2

a=10°, M=0.1, Re=0.5x10°, Free Transition
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dashed lines: no slip
solid lines: with slip

1 U/U, =0.1
0.15 | | W
O o1l i x/c=0.05
i
|
|
|
0.05
0 i
-0.5

T,

L
>

FAVIER ET AL.

Velocity U, is representing the corresponding constant slip
velocity along the prescribed (i.e., treated) part of the airfoil surface.
This active part of the surface is the complete upper surface of the
airfoil, as realized in the experiments. All cases will be investigated
for the incidence regime 0 deg <o <15 deg (no slip) and
8 deg <o < 15 deg (with slip). The present numerical code is a
compressible code. A reduction of the Mach number beyond M =
0.1 may therefore cause some problems. Therefore, all calculations
were carried out with M = 0.1 and Re = 0.5 x 10°. It is obvious that
the slightly higher Mach and Reynolds numbers compared with
measurements will not allow a direct comparison of the results. Only
trends of both calculation and experiment are thus comparable.

C. Results

The numerical calculations were carried out in time-accurate
mode. From steady starting conditions obtained with the no-slip
boundary condition, calculations are continued in a dimensionless
time frame: 1 < 7 <2 with T = tU,,/c. As many as 10° time steps
per case were used. The time-dependent lift results in Fig. 11 show
that the number of time steps and the chosen time frame are sufficient
to reach cyclic converged on constant values.

1. Lift-and-Drag Polars

Figure 11 shows lift distributions versus dimensionless time 7 for
the three cases of no slip and slip with U,/U,, =0.1/0.2. In all
cases, lift is remarkably increased with increasing slip velocity. In
most cases, a time dependency is observed that is considerably larger
in the case of @ = 15 deg (Fig. 11, right). It is of interest that the
amplitudes of oscillations are reduced with increasing slip velocity.

Figure 12 shows lift-and-drag polars for the three cases
investigated. These results are based on the average values of Fig. 11.
It is clearly demonstrated that with increasing slip velocity, lift is
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Fig. 13 Velocity profiles at selected positions of the upper surface: global view (left) and focused view close to the surface (right).
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Fig. 14 Velocity profiles at selected positions x/c of the upper surface: global view (left) and focused view close to the surface (right).
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Fig. 15 Velocity profiles at selected positions x/c of the upper surface: global view (left) and focused view close to the surface (right).
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Fig. 16 Velocity profiles at selected positions x/c of the upper surface: global view (left) and focused view close to the surface (right).

considerably increased to rather high maximum lift values. At the
same time, drag is reduced with increasing slip. These general results
are in good qualitative comparison with the experimental data shown
in the previous section.

2. Flow Details

Lift-and-drag forces show improvements due to surface slip. To
better understand the effects of finite slip velocities along the surface,
it is necessary to have a look into the flow details (i.e., to study the
development of boundary-layer profiles with and without slip).
These data may then be directly compared with ELDV
measurements. Figures 13—15 show velocity profiles at six positions
x/c along the upper surface of the airfoil. The cases of the no-slip
condition (dashed lines) are compared with results obtained with
slip: U,/U,, = 0.1 (solid lines). The two lower incidences a = 10
and 12 deg (Figs. 13 and 14) do not show a severe separation, except
a very narrow separation bubble at 5% chord in Fig. 14. In these
incidence cases, the slope of the velocity profiles at the airfoil surface
is increased with slip, compared with the no-slip cases.

Increased effects are seen at the highest incidence @ = 15 deg in
Fig. 15, in which a severe separation occurs over large parts of the
upper surface of the airfoil. Introducing slip, separation is either
reduced or was completely avoided. An exception occurs at x/c =
0.05 (Fig. 15, right), where a narrow separation bubble develops for
the case with slip. This bubble disappears with a higher slip velocity
(U,/U,, = 0.2), displayed in Fig. 16 for the same incidence case
o =15 deg. It has to be pointed out that the different velocity
profiles are time-averaged (see Fig. 11).

From numerical calculations, the surface pressure and skin-
friction distributions are also available. Figure 17 shows examples of
both C, and C/ distributions versus airfoil chord at = 15 deg for
the two cases of no slip and slip with U;/U,, = 0.1. With slip, the
pressure distribution on the upper surface exceeds the values, and no
slip causes increased lift. The skin-friction distribution shows

increased (positive) values over the forward portion of the airfoil.
Further downstream, the C values are mostly less negative than with
the no-slip case. At the airfoil leading edge, a small separation bubble
develops in both cases. The transition from laminar to turbulent flow
takes place over this bubble, as can be observed in Fig. 18, in which
the calculated transition region is shown for the no-slip case (left), the
slip case U;/U,, = 0.1 (middle), and the slip case U;/U,, = 0.2
(right).

The time dependency of the results, as already indicated in Fig. 11,
is also visible in Fig. 18. In the no-slip case, the transition is moving

no slip

lower surface

-0.015
0.

0.5 1.0
x/c

skin-friction distributions versus chord;

o

Fig. 17 Pressure and
a=15 deg.
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Fig. 18 Transition locations on upper surface.

several percent of the airfoil leading edge, representing a time-
dependent transition zone. With a small slip velocity
(U,/U,, = 0.1), this region is considerably reduced. A further
increase of slip velocity (U,/U,, = 0.2) finally leads to a single
transition curve, corresponding to the time-independent lift (see
Fig. 11). For higher incidences, similar effects were detected. At
o =15 deg, the time dependency is always present. The amplitudes
of oscillation of the transition regime are reduced with increasing slip
velocity.

IV. Conclusions

The paper aimed to explain the drag-reduction phenomenon
observed when using hydrophilic surfaces. Momentum equations
show that a positive viscosity gradient at the wall and/or a slip wall
velocity are among the favorable factors of this drag-reduction effect.

The experimental results obtained on the 2-D velocity profiles
inside the boundary layer developed over two wings (one of them is
hydrophilic) set at high incidence and low Reynolds number in the
stream of a wind tunnel clearly showed that the main effect of the
hydrophilic treatment was to significantly delay the boundary-layer
separation. This effect was confirmed by the measured lift and drag.
At the static stall incidence value, the gain on lift due to the
hydrophilic upper-side surface was about 8% and that on drag
reduction was evaluated at about 3%.

On the other hand, numerical calculations on the basis of the
solution of the time-dependent Navier—Stokes equations were
carried out, taking into account the modification of the surface
boundary condition as a slip condition. Two different slip velocities,
U,/U,, =0.1 and 0.2, were investigated and compared with the
reference case of a no-slip boundary condition. The treated part of the
airfoil is the complete upper surface of the airfoil, as was also realized
in the experiments. Calculated lift-and-drag polars show
considerable improvements due to a velocity slip along the airfoil
boundary. The maximum lift is increased as much as 5%
(U,/Uy =0.1) and 10% (U,/U,, = 0.2).

The numerical results also show that the slope of velocity profiles
at the airfoil surface is increased due to slip and that separation has
partly or totally been avoided. In the regime of flow separation,
increased unsteadiness was calculated. With increasing slip velocity,
the amplitudes of lift oscillations are strongly reduced. Although it
has not been possible to directly compare experimental and
numerical data sets, it can be concluded, however, that the same
effects due to the hydrophilic treatment on the wing were confirmed
by the two ways of investigation. Although much work remains to be
done in the domain, the present experimental and numerical
approaches clearly showed the aerodynamic benefits provided by
hydrophilic surface treatments.
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