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INTRODUCTION

Uniform blowing in turbulent boundary layers is a flow
control scheme that offers the prospect of large friction drag
reduction [7, [§]. Theoretical [4], numerical and experi-
mental investigations [I] have been conducted to investigate
the influence of this control on other drag components in a
more practical flow scenario than flat plate boundary layers,
in particular on airfoils. One open issue in the related com-
parison of experimental and numerical data is the boundary
condition for wall-normal blowing. While uniformity is as-
sumed in theoretical considerations and directly enforced in
numerical simulations, its experimental realization clearly has
practical limitations. The present study therefore compares
experimental data of the flow measured over an airfoil model
with numerical data obtained with an idealized uniform blow-
ing boundary condition.

METHODOLOGY

The airfoil model is mounted in the open jet return-type
wind tunnel at ISTM [3]. The control surface is located on
the airfoil’s pressure side (PS). It is made from a perforated
titanium sheet metal of thickness ¢ = 1 mm, hole diameter of
dp = 60 pm and an open area ratio of Apele/Acontrol = 10 %.
It is supported by a frame that separates the control area,
along the streamwise direction, in seven spanwise-extending
strips. The control mass flux is monitored and regulated for
each strip separately. The control intensity ¢q = vBLc/Uso
depends on the wall-normal velocity and the free stream
(wind tunnel) velocity Uss. Planar Particle Image Velocimetry
(PIV) measurements are conducted with a light sheet perpen-
dicular to the airfoil’s surface as indicated in the test rig set-up
shown in Fig. Table [I] provides the specifications of the
PIV hardware. The camera is mounted outside the free jet
of the wind tunnel with a working distance of k ~ 700 mm.
Eleven Fields of View (FOV) are examined by traversing the
camera along the airfoil surface in the streamwise direction,
such that the boundary layer on the PS can be investigated in
the interval of X/c = [66,89] % in the airfoil-conform coordi-
nates. At each FOV, an image series of ntot = 410 images is
recorded alongside of analog measurements from the aerody-
namic balance and pressure taps to measure integral lift and
drag synchronously. The integral quantities are required to
calculate the wind tunnel corrections [2], which provide the
information on the infinite freestream angle of attack aaero
which corresponds to the geometric angle of attack ageom of
the experiment.

The recorded grey-scale images are investigated in a three-
step process. First, each raw image is scanned for the wall
position that is estimated from a brightness peak search and
approximated within each FOV by a third-order polynomial
fit to account for the wall curvature. The images are then
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Figure 1: Test rig schematic with PIV setup

PIVLIGHT water-based seeding
PIVlight30 particle diameter dp =1.2um
response time t, ~ 4.4 us
Evergreen Wave length 532nm
Power 200 mJ
Nikon f/4D I  Focal length 200 mm
F-ED Nikkor Teleplus HD 2.0X DGX X2
Sensor sCMOS
POO Edge Resolution 2560 x 2160
2D-Target Scaling 107.4 %’;‘1

Table 1: PIV measurement hardware for measurements in
wall-normal plane of the turbulent boundary layer

filtered using Proper Orthogonal Decomposition (POD) to re-
duce the light scattered from the wall [6]. In the second step, a
commercially available code (PIVview2C') is used to conduct
the PIV processing. A multigrid/multipass approach is used
with a final interrogation area size of 8 px x 32 px (wall-normal
x wall-parallel) with a 50 % overlap in both directions. The
corresponding datapoint step size is 4 px X 16 px = 0.037 mm x
0.149 mm along the wall-normal and streamwise directions, re-
spectively. In the third step, the velocity fields obtained with
PIVview2C' are treated for further processing. The velocity
fields are normalized with the wind-tunnel velocity to account
for low frequency (< 1Hz) wind-tunnel velocity fluctuations
and ambient conditions such as density. Static pixel lock-
ing close to the wall is the most pronounced problem of the
presented data despite the raw image treatment with POD.
Therefore, a velocity threshold of u/Uss = 3% is introduced,
below which an instantaneous velocity is discarded from tem-
poral averaging. This is possible as no backflow events are
expected for the present campaign. This also provides an in-
dicator function for data quality: The number of snapshots
used for temporal average navg compared to the total num-
ber of snapshots ntot = 410 indicates threshold violation to
provide information on data uncertainty.
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Figure 2: Time-averaged wall-parallel velocity u normalized by the wind tunnel velocity Uss displayed by lines and markers.
Opagque fields show the ratio of excluded snapshots 1 — navg. /ntot of the average as a function of wall distance y. Opaque fields are

color-coded with the respective case colors (' : uncontrolled;

: strips 6, 7 active;

: all strips active). ageom = 4°, Qaero = 1.09°,

chord Reynolds number Re. = 1.5Mio, vprc = 15.94", Uso = 31.8

RESULTS

The boundary layer velocity profiles of four streamwise sta-
tions and three different configurations for a geometrical angle
of attack ageom = 4° are shown in Figure The uncontrolled
configuration (in black) describes the case where control is
completely inactive and the surface-averaged wall-normal ve-
locity vgr,c = 0. The agreement of the boundary layer veloc-
ity profile with 2D Reynolds-Averaged Navier-Stokes (RANS)
simulations at the same lift conditions (identical to the angle
of attack in an infinite freestream aaero = 1.09°) is good down
to a wall distance of about y £ 0.6 mm. This coincides with
the distance where the number of snapshots excluded for the
temporal average (1 —
to “locking” to static wall reflections. This implies that the
boundary layer conditions of the 2D numerical case and the
3D wind tunnel experiment match well and the properties of
the perforated surface are close to an unaltered smooth wall.
This also implies the good agreement of the integral quanti-
ties, which are not the topic of the data presented here but
are required to find the 2D freestream case corresponding to
the 3D experiment using wind tunnel corrections [2].

%) rises abruptly, presumably due

The modified boundary layer profiles (green and red curves)
show the expected reduction of wall-parallel velocity due to the
applied control. The case with blowing applied to all spanwise
strips (+) shows that the boundary layer has already thick-
ened significantly compared to the uncontrolled case when it
reaches the area investigated by PIV. The case with partial
control () captures the effect that the start of the control has
on the boundary layer profiles. Overall, the good agreement of
experimental and numerical results persists for the controlled
cases. This leads to the conclusion that the discrete blowing
in the experiment has a limited impact on the boundary layer
development compared to the uniform blowing defined in nu-
merical studies, at least for the close-to-zero pressure gradient
present at this angle of attack. Therefore, RANS simulations
with idealized homogeneous blowing boundary conditions can
be used as a tool to investigate this particular flow control
method.

The presentation will include more detailed data on the
boundary layer measurements both for controlled and uncon-
trolled cases as well as further information on flow uniformity

and data quality.
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