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Abstract

The effects of transversal wall oscillations on a
turbulent boundary layer developing on a flat
plate have been studied by means of Digital
Particle Image Velocimetry (DPIV).

Results are presented for the optimum os-
cillation period of 100 viscous time units and
for an oscillation amplitude of 320 viscous
units. Turbulent velocity fluctuations are con-
siderably reduced by the wall oscillations.

Comparisons between the canonical and
forced flow have been performed in an at-
tempt at observing the physical mechanisms
by which the wall oscillation influences the
near wall organized motions.

1 Introduction

A turbulent boundary layer is characterized by
dominant coherent motions (trains of quasi-
longitudinal vortical structures and quasi-
streamwise velocity streaks [16, 15]), spanning
the region up to approximately y* = 100. It
has also long been recognised that vortical mo-
tions cause the velocity streaks by advecting
the mean momentum gradient (see e.g. [2])
and that several vortical structures are asso-
ciated with each streak (see e.g. [9]), but the
physical process leading to the creation of new
vortical structures is not yet understood to a
satisfactory degree.

The aim of the present paper is focused
on a better understanding of the physics of
the near wall turbulence by studying its re-
sponse to external perturbation. The present
work deals with a flat plate turbulent bound-
ary layer forced by spanwise oscillations of the
wall.

This kind of flow control is not a new re-
search subject; indeed it is well known that
appropriate 3-dimensional disturbances intro-
duced into the flow produce friction drag and
turbulence reductions. The cause of these re-
ductions is not yet completely understood.

Jung et al. [12] conducted a DNS study
of a turbulent channel flow subject either to
an oscillatory spanwise cross-flow or to span-
wise oscillatory motions of one of the chan-
nel walls. Their results indicate a 40% reduc-
tion in friction drag when the non-dimensional
period of oscillation T+ was set to 100. The
oscillations also gave rise to a 40% reduction
in the streamwise component of the Reynolds
stress, with no significant increase in the span-
wise component. These friction drag and tur-
bulence reduction results were experimentally
confirmed by Laadhari et al. [14] for a bound-
ary layer flow at Rey = 950. In this paper it
was conjectured that the continuous shifting
of the longitudinal vortices to different posi-
tions relative to the wall velocity streaks weak-
ens the intensity of the streaks, by injecting
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Fig. 1 Scheme of the oscillating flat plate. Dimensions in millimeters.

high speed fluid into low speed zones and low
speed fluid into high speed regions. The effect
of the wall-oscillation amplitude on the total
energy balance was investigated by Baron &
Quadrio [1] using DNS. For an oscillation pe-
riod of T* = 100 they found 10% of net energy
saving with a spanwise wall velocity oscillation
amplitude of @), /8h, where @), is the stream-
wise flow rate per unit width for the unper-
turbed flow and h is the channel half height.
An experimental investigation into changes in
the turbulent boundary layer structure with
spanwise wall oscillations was carried out by
Choi et al. [5] and Choi [4]. In agreement with
previously mentioned DNS and laboratory ex-
periments a reduction of 45% in the skin fric-
tion coefficient was measured with wall oscil-
lations. Choi et al. [5] and Choi [4] related the
mechanism of drag reduction by spanwise wall
oscillations to the spanwise vorticity generated
by the periodic Stokes layer over the oscillating
wall. Dhanak & Si [7] could demonstrate nu-
merically that the interaction between evolv-
ing, axially stretched, streamwise vortices and
a Stokes layer on the oscillating surface be-
neath them leads to reductions in skin friction.

2 Experimental Set-Up

Experiments were carried out in the Hydra
water tunnel. This facility is a closed loop,
open surface channel with 350mm x 500mm
x 1800mm test section. Measurements were
taken on a horizontal flat plate (see sketch
in Fig. 1). The sinusoidal oscillation of the
plate span the whole test section from wall to
wall, and was produced by a crank-shaft sys-
tem with an operating frequency in the range
from 0 to 5 Hz. The results presented here re-
fer to a wall oscillation frequency of 2.67 Hz,
corresponding to a period of 100 viscous units,
Tt = 100. The peak-to-peak amplitude of
the moving wall was 2 cm, corresponding to
Azt = 324. Viscous units are here referred to
the case of absence of wall oscillation.

The water of the tunnel was seeded with
spherical solid particles, 2um nominal diame-
ter. A Nd-YAG laser source with 200mJ of en-
ergy per pulse and a duration of 8ns provided
double-pulsed light sheets (approximately 0.5
mm thick) with a repetition rate of 10 Hz. Im-
ages were recorded using a 1008 x 1012 pixels
CCD videocamera (Kodak Megaplus ES 1.0).

The standard turbulent boundary layer
flow was characterised by Rey = 1160, H =
1.32, u, /U, = 0.044, 6 = 43 mm and an exter-
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nal free-stream turbulence of 1.2%.

PIV measurements were taken in a plane
(x,z) parallel to the wall and in a streamwise
plane (x,y) normal to the wall; x is the stream-
wise coordinate. The (x,z) images were situ-
ated in the buffer layer at a distance of 20
viscous units from the wall, y™ = 20; the im-
ages in the plane (x,y) span the buffer layer
and about the whole logarithmic region, as y™
ranges from 0 to 310.

The local particle-image displacement was
determined by using a cross correlation based
algorithm, structured as an iterative multigrid
method [17]. The final interrogation window
size was 32x32 pixels and an overlapping of
50% was used.

After being computed by interrogating
every image-couple, vector fields were vali-
dated by applying standard post processing
procedures [8]. Each vector represents a lo-
cally filtered value of the velocity in a physi-
cal dimension (Az, Ay, Az) corresponding re-
spectively to (AzT =17.8, Ayt =8.1, Azt =
17.8) in the plane (x,z) and to (Azt = 10.4,
Ayt = 104, Az = 8.1) in the plane (x.y).
The spatial resolution in the (x,z) plane is then
equal to about 10 Kolmogorov lengthscales,
while in the (x,y) plane, for y™ > 100, it ranges
(in the wall normal direction) from 3.1 to 4.1
Kolmogorov lengthscales.

Statistical analysis was performed by aver-
aging over 600 PIV images in both planes (x,z)
and (x,y).

3 Results and Comments

Mean velocity profiles are first displayed in
the log-law plot of Fig. 2; the manipulated
velocity profiles were normalized against the
friction velocities of both the canonical and
forced cases. Wall-shear stress was evaluated
by means of the near-wall slope of the mean
velocity profile and was confirmed by the fact
that the mean velocity U in the first measure-
ment points in the viscous sublayer, when nor-
malised with respect to the estimated value of
the friction velocity, satisfies the expected re-

lation UT = y* [5]. The marked upward shift-
ing of the logarithmic velocity profile for the
forced flow, when actual inner-scaling (i.e. the
one performed with the inner variables corre-
sponding to the case being discussed) is ap-
plied, confirms that the skin-friction drag is
reduced by spanwise wall oscillation. This in-
dication is typical of most drag reducing flows
and suggests the thickening of the viscous sub-
layer. When quantities are normalized with
respect to the friction velocity of the standard
boundary layer, a reduction of the mean veloc-
ity is observed throughout the region y* < 30.
Farther from the wall the mean velocity is
slightly larger in order to conserve momentum.
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Fig. 2 Log-law plot of mean velocity profiles.
Solid line: law of the wall; full diamonds: stan-
dard boundary layer; empty circles: manipu-
lated boundary layer (u, standard boundary
layer); full triangles: manipulated boundary
layer (actual w,); empty squares: LDV data
from [6] for standard boundary layer

Velocity fluctuation results are compared
in Fig. 3, where considerably large reductions
in both components of the velocity variance,
longitudinal v? and wall normal v"?, are shown
within the inner region. The maximum u? and
v"? reductions, located in the buffer region, are
of the order of 30% and 40% respectively.

The distribution of Reynolds shear stress is
displayed in Fig. 4 as a function of the distance
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from the wall, for the natural and the forced
flow. Reynolds stress are scaled with the fric-
tion velocity referred to the natural case. It
is clearly visible a sensible reduction all over
the investigated region of the boundary layer.
Particularly in the inner region a reduction by
up to 50% is obtained.
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Fig. 3 Profiles of velocity component vari-
ance. Full diamonds: (u?)" standard bound-
ary layer; full triangles: (u/?)* manipulated
boundary layer (u, standard boundary layer);
full circles: (v?)" standard boundary layer;
full squares: (v”?)"™ manipulated boundary
layer (u, standard boundary layer); empty
symbols: LDV data from [6] for standard
boundary layer

In order to observe the overall structure
of the flow, Fig. 5 displays the double spatial
correlation function, R,,, for the streamwise
fluctuating velocity at a distance of y* = 20
from the wall. A marked increase in the in-
tegral lateral scale produced by the wall oscil-
lation clearly appears. An explanation of this
behaviour could be related to an increasing of
the low speed streaks mean spacing. A result
pointing in the same direction is reported in
[5], where infrared images show that several
low speed streaks coalesce into a single streak
as the wall oscillates, leading the mean streak
spacing to increase by about 45%.
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Fig. 4 Reynolds shear stress profiles. Di-
amonds: standard boundary layer; triangles:
manipulated boundary layer; empty symbols:
LDV data from [6] for standard boundary layer

In order to gather information about the
streaks’ strength it is helpful to observe in
Fig. 6 the probability density functions of
the normal fluctuating vorticity w,, in planes
y* = 20. In Fig. 6, w, is normalized with
respect to the root mean square value of the
natural flow vorticity, wy, at yt = 20. Com-
parison between the standard and the forced
boundary layers shows that the PDF tails as-
sume considerably lower values for the manip-
ulated flow. This behaviour of the PDFs may
be interpreted as the consequence of the weak-
ening action of the wall oscillation on the ve-
locity streaks. Jimenez & Pinelli [10] showed
by a numerical experiment that, by filtering
the high values of w, flanking the low speed
streaks, a turbulent flow can be brought to
decay back to a laminar state. The present
result experimentally confirms the association
between the weakening of the velocity str eaks,
and therefore their stabilization [18], and the
reductions in near wall turbulence and skin
friction.

The creation of internal inclined shear
layer structures has been historically consid-
ered an important feature of the near-wall flow
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Fig. 5 Spanwise correlation functions R,,.
y*t = 20. Solid line: natural boundary layer;
broken line: manipulated boundary layer

field (see e.g. [11]). In the present work, in-
ternal shear layer motions were detected by
applying the VISA technique [13], which is
the spatial counterpart of VITA technique [3],
widely used in hot wire and LDV measure-
ments. It is of interest to observe the effect
of the manipulation on the spatial frequency
of occurrence of internal shear layer events n
and on their structure. In Fig. 7 the non-
dimensional frequency of the occurring events
nt, at y* = 20, as a function of the short
integration length L' and of the threshold
constant k is reported. The short integration
length is scaled with respect to the standard
boundary layer inner variables. The curves
plotted in Fig. 7 show that, whatever the short
integration length and the threshold constant,
the number of internal shear layer events is
reduced by the wall oscillation. Reduction in
bursting frequency was also observed by Choi
et al. [5] and by Baron & Quadrio [1].
Finally, it has been shown by Laadhari
et al. [14] that the spanwise oscillation af-
fects also the fine structure of the turbulence.
This is confirmed by the present PIV results
shown in Fig. 8, where the distribution of non
dimensional Taylor’s microscales is given by
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Fig. 6 Probability density functions of w,,.
yT = 20. Full diamond: natural boundary
layer; empty circle: manipulated boundary
layer

and x5 = y). It can be seen that both dissipa-
tion length scales are reduced with a greater

reduction in /\11(1)+ by the wall oscillation for
yt < 40.

4 Conclusions

Longitudinal and wall normal turbulent ve-
locity fluctuations as well as Reynolds shear
stresses are considerably reduced by wall os-
cillations; the amount of the reduction is com-
parable to numerical and experimental results
from the literature.

The observed thickening of the viscous wall
sublayer for the forced flow, evidenced by the
upward shifting of the logarithmic velocity
profile, reflects a clear reorganization of the
near wall turbulent structures, involving pre-
sumably an increase in the small eddies scale
and a displacement of the turbulent events
outwards from the wall.

The spanwise integral length scale is in-
creased by the manipulation; this may reflect
an increase of the low speed streaks spacing,
presumably due to the enhanced mixing near
the wall caused by the presence of oscillating
Stokes layers. These transversally oscillating
layers, besides being the cause of the mean ve-
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Fig. 7 Frequency of the occurring VISA
events, nT. y* = 20. Solid lines: natural
boundary layer; broken lines: manipulated
boundary layer. Plus: & = 0.6; full triangle:
k = 0.8; cross: k = 1.0; full circle: £ =1.2

locity gradient reduction at the wall (accord-
ing to Choi et al. [5]), may induce continuous
shifting of the near wall longitudinal vortices
relative to the velocity streaks, thus weaken-
ing the low speed streaks. This is evidenced
by the reduction in the high value range of
the wall normal vorticity in the manipulated
case and confirms the association between the
weakening of the velocity structures with the
reduction of the near wall turbulence activity.

In the manipulated flow the occurrence of
less internal shear layer events (VISA events)
also proves the weakening of the velocity
streaks.

The main results in this investigation are
consistent with the scenario in which the os-
cillating transversal layers weaken and stabi-
lize the wall velocity streaky structures, caus-
ing the attenuation of the regeneration mech-
anisms of the longitudinal streamwise vortices
(see [18]) and then the reduction of the wall
turbulence activities.
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