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Abstract

A simple LEBU-like device aimed at control-
ling the separated flow field behind a back-
ward facing step, with special attention on its
unsteady properties, is described; the device
advantage is that it requires very small de-
sign modifications and/or complications. Vi-
sualizations of the controlled field are pre-
sented along with wall hot-wire measurements.
The latter measurements provided informa-
tion about both the mean wall quantities (skin
friction) and unsteady properties (wall shear
stress fluctuations); RMS and spectra of these
fluctuations are presented, showing how the
distribution of fluctuation energy is influenced
by the presence of the manipulator. In par-
ticular, specific positionings of the device al-
lowed to reduce wall unsteadinesses. To sum-
marize the outcomes of the work, although the
research is in its early stages, the results pre-
sented here prove the viability of this way of
controlling separated flows.

1 Introduction

The backfacing step (BFS) flow is an appro-
priate test case for real-life separated flows be-
cause of several reasons. It shows essentially
all the flow features of the practical engineer-
ing applications where separation and reat-
tachment occur; moreover, the geometry is
very simple and easily reproducible. Further-

more, the separation point is fized, which re-
duces greatly the experimental difficulties and
the measurement uncertainties. A schematic
of the flow topology is represented in fig. 1.
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Fig. 1 Schematic of BFS flow topology
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Fig. 2 Schematic of the flow control device

Most of the engineering problems that are
posed by separating flow are associated with
the high increase in dissipation and thus in
aerodynamic drag and with the consequences
of the stress fluctuations caused by the high
level of unsteadiness that characterizes this
class of flows. The latter effect, in particu-
lar, can bring to various undesirable phenom-
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ena like fatigue ruptures or collapses due to
excitation at some resonant frequencies of the
structures bounding the separated region.

An important technological outcome of the
basic research on separated flows is thus re-
lated with studies about methods aimed at
controlling the unsteadiness around the sep-
arated region.

Several authors (see e.g. [2, 5, 16]) have
worked on the separated flow downstream a
step, evidencing several aspects of the prob-
lem related with the mean flow structure and
with the unsteadiness of this kind of flow.
About this last point, investigations indicate
the contemporary presence of at least two in-
stability sources, namely the vortex shedding
from the primary separation point and a low
frequency motion of the whole separated re-
gion, called "flapping’. These phenomena pro-
duce unsteadiness on two frequency fields, sep-
arated by roughly one order of magnitude. De-
spite the important difference in frequencies,
there are also indications of an interaction be-
tween the two phenomena.

It appears thus that the presence of a de-
vice capable of ’disrupting’ the vortex shed-
ding and controlling the flow structure should
be able to impose a much steadier flow in the
separated region.

A control method that was reported to be
of satisfactory success in bibliography is the
porous wall method [7, 8], that allows to sta-
bilize the flow by reducing the unsteadiness.
Other ways of controlling the separated region
are an acoustic control focused on the separa-
tion point, [1, 3] or modulated fluid jets exiting
the separation point [6]. The latter method
produces a regularization of the vortex shed-
ding and thus a flattening of the whole field
unsteadiness.

These controls, though, have the drawback
that they require significant increases in design
complexity; it is therefore desirable to obtain
other control methods that allow a comparable
effectiveness through simpler designs.

Within the research project going on
at CNR-CSDF in cooperation with DIASP-

Politecnico di Torino and aimed at reaching
a better understanding of the origins of sepa-
rated regions unsteadinesses and to the con-
trol of these phenomena, [17, 18, 20|, one
such method has been tested and will be here
described. In particular, this method con-
sists in a LEBU!-like device mounted inside
the separated shear layer region. The LEBU
technique has been studied in the past years
for different applications, as it was shown
that it can provide drag reduction (see for
instance [10, 15]), modifications of heat ex-
change properties [11, 13] and pressure drop
reduction [9] in wall bounded shear flows.

The configuration tested in the present
work was a LEBU-like device mounted inside
the separated shear layer region. The device
is supposed to influence the formation of the
shear layer vortices and the backward mov-
ing separated structures. The configuration is
sketched in Fig. 2, where it is also possible to
observe the reference frame employed; X and
Y indicate the coordinate system, centered at
the step foot. AX and AY indicate, respec-
tively, the position of the LEBU-like device
leading edge lower end, T' represents its thick-
ness and C' is its chord length.

It will be shown that the control device
presented here evidences a large influence on
the flow behavior both in terms of mean and
fluctuating wall shear stress distributions. The
effects of the positioning of the SCB with re-
spect to the step corner on both these quan-
tities will be reported. Because of the work-
ing principle, which only in part is analogous
to the LEBU one and because of the different
aims and outcomes, the device will be here
called a ’Separation Control Blade’” (SCB).

2 Experimental Setup

Flow visualizations were carried on in a water
tunnel in order to provide qualitative infor-
mation about the flow behavior; quantitative
measurements were performed in a rectangular

!Large Eddy Break Up.
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airflow channel. The water tunnel has a verti-
cal test chamber with 25 cm x 25 cm square
section, 150 cm long, in which the model is
placed. The model consists of a plexiglass bulk
shaped in such a way to produce a smooth sec-
tion reduction followed by a sudden expansion,
i.e. a step, 1 cm high, see Fig. 3. The flow was

Step Model

Chamber
Walls

/

Fig. 3 Sketch of the step in the vertical water
tunnel.

seeded with ...... pm diameter ........ particles
and illuminated with a light blade; the visual-
izations were recorded via a 512 x 768 pixel
digital camera.

The air channel is 8 m long and has a sec-
tion of 7 x 30 cm?. Although the channel has
an aspect ratio of 4.3 only, a survey of the
velocity and turbulence profiles [14] showed
that the flow behavior in the centerline section
is representative of a two-dimensional channel
flow. The step is located 5.9 m downstream
of the inlet section, where the channel flow is
fully developed (frozen), and is 22 mm high.
Thus, the ratio between the step width and
height is of 13.6, which allows (see e.g. [4]) to
assume the actual separation to be representa-
tive of a 2D separation in the channel central
section.

The lower wall of the air tunnel down-
stream of the step was machined in order to
insert a sled in the central section. The sled is

6 cm wide; care was taken in order to ensure
continuity with the surrounding wall. The sled
is driven by two Teflon tracks which allow it
to move while ensuring airtightness and is pro-
vided with a hole in which a skin friction probe
can be mounted flush to the wall; a static pres-
sure tap is also inserted at the same X posi-
tion, about 1 cm spanwise from the skin fric-
tion hole. This structure allows positioning of
the measuring devices from 6 mm to 450 mm
downstream of the step. A sketch of the step
with the sled is presented in Fig. 4.

Step

Probe

Sled

Fig. 4 Sketch of Channel 2 in the step region.

The manipulator tested in the present
work, positioned at zero incidence, was a flat
brass ribbon 1 mm thick with a chord of 22
mm, i.e. 1 step height. A wide field of the rib-
bon positioning was examined. Some of the
corresponding results, as reported in Table 1,
will be discussed in the present paper.

Case AX AY
number | (step heights) | (step heights)
1 0.5 1
2 1 1
3 2 1
4 3 1

Table 1 Manipulator positioning in the differ-
ent cases.

Skin friction time-resolved measurements
were obtained by a special wall mounted
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double-hot-wire probe. Full description of
the probe design, working principle, proper-
ties and validation tests performed on it can
be found in [19]. A brief recall of them will be
provided here.

Wire 1

Flow

Fig. 5 Sketch of the skin friction probe.

The probe, depicted in Fig. 5, consists es-
sentially of two parallel 5um diameter tung-
sten hot wires stretched over a small (1 mm
deep x 1 mm diameter) cavity in the wall
where the skin friction is to be measured. The
wires are operated through two high precision
CTA bridges. The circulation flow induced in-
side the cavity by the shear stress originating
from the external flow will have different inten-
sities and signs depending on the properties of
the shear stress itself; by simultaneously mea-
suring the signals from the two wires, it will
then be possible to deduce the absolute value
and the sign of the shear stress vector.

In the present experiment, the skin fric-
tion probe’s wires were driven by two AA Lab
Systems Ltd. AN1003 CTA bridges; the volt-
age signals they provided were gathered by a
National Instruments 16-bit PCI-MIO-16XE-
10 acquisition board connected to a N.I. SC-
2040 sample-and-hold module. In each mea-
surement point data were sampled at 4096 Hz
for a total acquisition time of 128 s.

3 Experimental Results

The SCB technique was tested first of all in
the waterfall tunnel.

In Fig. 6 a sequence of flow visualization
images for Case 1 (AX = H, AY = H) at
a Reynolds number of approximately 3000 is
presented. Time intervals scaling is based on
step height and external velocity (= 30 cm/s).
Although it is difficult to understand the flow
behavior from still images, dynamical obser-
vation of the recordings showed considerable
differences with respect to the unmanipulated
case. The presence of the manipulator de-
termines a more stable flow configuration, in
which both the primary and the secondary
bubbles are characterized by almost constant
size and position. Moreover, the reattachment
length seems to be also influenced by the SCB;
indeed, the mean reattachment point seems to
be farther from the step than in the unmanip-
ulated case.

These results were substantiated by the
quantitative measurements performed in the
air channel flow. The data gathered were
elaborated in order to obtain statistical val-
ues about the skin friction distribution down-
stream of the BFS and will be presented in
terms of mean Cy = % (skin friction co-
efficient) and of 75,,¢ (root mean square value
of the fluctuating wall shear stress) as func-
tions of the downstream distance. From the
same data, skin friction Fourier spectra have
also been computed.

The downstream distance was nondimen-
sionalized to the reattachment length, defined
as the mean reattachment point, as previous
works (see e.g. [19, 20]) showed that this is
the most appropriate scaling length. More-
over, in order to obtain a more clear com-
parison, the abscissae in the manipulated case
were scaled to the unmanipulated case reat-
tachment length. The reattachment length
can be inferred from wall shear stress mea-
surements through several methods, [12, 20].
In the present work, the zero-mean-C'y method
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d)

Fig. 6 LEBU-like device flow control visualizations. At;, ~ 3; Aty .~ 27; At; ; ~ 3.

was used, as it was shown in the above cited
works that it causes no more uncertainty than
other methods and it could be readily applied
to the data.

First of all, in Fig. 7 the 'reference’ re-
sults, i.e. the ones obtained without manipu-
lation, are presented together with C} results
obtained by Le et al. [12] via DNS at approx-
imately the same Reynolds number. Remark
that the 75,,¢ was divided by 5 in order to
keep the scales coherent. Observe the satis-
factory coherence between the measured re-
sults and the DNS data. For representation
convenience, the test cases of Table 1 will be
plotted in two separate groups, namely results
with the SCB ’close’ to the step (Cases 1 &
2) or 'far’ from it (Cases 3 & 4). Fig. 8 re-
ports the C distribution of the former group.

C,

The reference data are represented by the solid
line, while the symbols refer to the controlled
flow. It can readily be observed that the in-
fluence of the manipulator on the separated
flow is of paramount importance. The first
part of the separated region, up to XLR ~ 0.4,
seems to be only slightly influenced by the ma-
nipulation. Soon after this distance though,
the C} distribution changes radically as the
SCB is introduced and as its position changes.
The flow structure is completely altered; in-
deed, the mean skin friction distribution ex-
hibits more than one negative peak, indicating
thus that the primary bubble is changing to a
more complex structure. For both positions
in Fig. 8, the reattachment length is increased
by more than 20 % and shows a tendency to
increase as AX is increased. Also, comparing
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Fig. 7 Skin friction properties downstream
a BFS, Rey ~ 5100. Thick solid line, Cf
data from [12]; squares, reference Cy from the
present work; crosses, reference 7p,,4 X 0.2
from the present work.

Case 1 to the unmanipulated flow, the abso-
lute value of the C} is reduced of up to 90 %
for XLR ~ (.65, while higher values of skin fric-
tion are present in the region of the second
negative peak.

When attention is focused on the shear
stress fluctuation, the results are even more re-
markable (Fig. 9). With respect to this quan-
tity, the region immediately downstream the
step (XLR < 0.4) again doesn’t show apprecia-
ble variation in distribution, although lower
values of 75,,¢ are present. More downstream,
in Case 1 it is possible to observe a flow region
(0.5 < XLR < 0.9) of low fluctuation, with a

maximum reduction of ~ 70 % for XLR ~ 0.7,
followed by an increase that reach to values
higher than the ones measured in the unma-
nipulated case for XLR > 1. In case 2 con-
versely, the fluctuations are almost everywhere
lower than the reference.

These first results strongly suggest a deep
modification of the flow topology itself. In-
deed, the visualizations (see Fig. 6) indicate
the beginning of a splitup of the primary bub-
ble into two corotating vortices. From the re-
sults presented here, it appears that this divi-
sion of the separated flow into two separated
structures might bring to a more regular time

behavior of the flow field.

0.003

- ~— Reference
© 0,002 1 =cCase1 =
7~ Case 2 /
0.001

w

| YA
Vi

0 04 0.8 1.2 16 X

-0.002

-0.003

Fig. 8 Skin friction distribution downstream
a BFS, Rey =~ 5100. Thick solid line, refer-
ence C; squares, C'y in Case 1; crosses, Cf in
Case 2.

The frequency spectra of the shear stress
fluctuations have been computed for all the
data points of Figs. 8 and 9. The frequen-
cies have been nondimensionalized to the up-
stream centerline velocity and the reattach-
ment length (n = fl)J(—oR) In Fig. 10 a) and b)
spectra of the wall shear stress fluctuations for
Cases 1 & 2, as well as the corresponding ones
for the unmanipulated case, are reported. Ex-
amples of spectra are reported for two different
distances, namely X/Xr =~ 0.085 (Fig. 10 a),
which falls in the region of weak influence, and
X/Xg ~ 0.85 (Fig. 10 b), where conversely
an important modification to the flow is pro-
duced by the manipulator. Very close to the
step (Fig. 10 a), when the ribbon is placed at
AX = 0.5H (Case 1), a considerably lower en-
ergy content is present at all frequencies with
respect to the reference case; on the other side,
small benefit is evident up to n ~ 1 when the
manipulator is at AX = H (Case 2). The ef-
fects of manipulation are remarkably different
farther from the step, Fig. 10 b): for the whole
range of frequencies, both SCB positions cause
a reduction of energy levels, but this time the
better results are obtained when the manipu-
lator is at the higher distance from the step.

Switching now to the cases in which the
ribbon is farther from the step edge, the ob-
servable effects on the flow topology are even
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Fig. 9 75,,¢ distribution downstream a BFS,
Repy = 5100. Thick solid line, reference:
squares, Case 1; crosses, Case 2.

more evident. In Fig. 11, the Cy distribution
in Cases 3 (AX =2H) & 4 (AX = 3H) are
reported. In these cases again, the control ef-
fects are more intense for XLR > 0.4; the Cy
distribution shows more similarities to the un-
manipulated case than for the previous group
of results. Great differences are on the other
side observable much farther from the step,
XLR > 0.8: indeed, especially when the ma-
nipulator is placed at AX = 2H, the flow re-
gion extending from XLR ~ 0.8 to XLR ~ 1.3
shows a very peculiar behavior, being charac-
terized by a vanishing skin friction coefficient.
The maximum C'y negative value is increased
in both Cases and is reached for lower abscis-
sae; the reattachment length is reduced by ap-
proximately 20% in Case 4, while in Case 3
it is difficult to determine a mean reattach-
ment point as the whole region 0.8 < XLR <13
has its typical behavior. Visualizations for this
case showed a very quiet region. This finding
is confirmed by the results of Fig. 12, where
the 75,4 distributions for the same Cases are
reported. Indeed, it is possible to observe in
the whole region 0.8 < XLR < 1.3 a huge re-
duction (in some instances by a factor higher
than 3) of fluctuation with respect to the base-
line case. In particular, the fluctuations in
this Cases are almost everywhere lower than
the one measured without controls. Moreover,
in both Cases the relaxation to the ordinary
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a)

1.00E-05 =
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u E
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1.00E-09 + A

T --Case 2
1.00E-11 1

1.00E-02 1.00E-01 1.00E+00 | 1.00E+01
b)

Fig. 10 Skin friction frequency spectra, adi-
mensionalized frequency, Cases 1 & 2: a), X
= 10 mm (X/Xg ~ 0.085), b), X = 100 mm
(X/Xg =~ 0.85.)

boundary layer flow downstream of the sep-
arated region takes an entirely different be-
havior from the unmanipulated case and from
Cases 1 & 2. Indeed, for the ’distant’ SCB
cases, the relaxation takes place from lower
values to the asymptote, while in all other in-
stances it comes from higher values.

For what concerns the frequency distri-
bution, Fig. 13 reports the energy spectra
measured in Cases 3 & 4 at the same posi-
tions downstream the step as the ones showed
for Case 1 & 2, ie. X/Xp =~ 0.085 and
X/Xgr ~ 0.85. It can be seen in Fig. 13
a) that, just behind the step, as AX is in-
creased, higher energy levels are present over
the whole frequency range, confirming thus the
trend emerging from Fig. 10 a); in particular,
for AX = 3H (Case 4) the flow exhibits ener-
getic contents even larger than in the unma-
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Fig. 11 Skin friction distribution downstream
a BFS, Rey = 5100. Thick solid line, refer-
ence Cy; squares, Cy in Case 3; crosses, C in
Case 4.

nipulated case for all frequencies. Close to the
reattachment region (X/Xg ~ 0.85, Fig. 13 b)
the effects of the manipulator are completely
different, as for both manipulated conditions
a global energy reduction is evident for all
frequencies. Better results are here obtained
for the Case 3 configuration, which as already
stated, see discussion of Figs. 11 and 12, gives
rise to a large region of almost zero friction
and very low fluctuations.

4 Conclusions

A first exploratory analysis of a LEBU-like
device effects on the behavior of BFS sepa-
rated flow was conducted. The manipulated
flow structure strongly depends on the ma-
nipulator positioning. Two regions are essen-
tially present: the first one, close to the step
(X/Xgr < 0.4), in which the effects of ma-
nipulation are small for the tested blade po-
sitions; the second one, farther from the step
(X/Xpr > 0.4), where on the other side the
effects are much stronger and depend very
much on the SCB positioning. Both local
skin friction and wall shear stress fluctuations
are strongly reduced in the manipulated flow.
Flow visualizations showed evidence of the
presence of multiple complex structures, much
more stable than in the natural flow, within

0.018

0.016 / %\ ~— Reference —

- Case 3
w0014 / —< Case 4

P —a
' fl & _ =

o =
' il

0.004
0.002 M

0 0.4 0.8 1.2 1.6 X/Xg

Fig. 12 75, distribution downstream a
BFS, Rey ~ 5100. Thick solid line, reference:
squares, Case 3; crosses, Case 4.

the separated region.

The results are considered to be very
promising and work is presently going on in
order to identify optimum positions and geo-
metrical configurations for the manipulators.
Also, as the underlying fluid mechanics phe-
nomena appear to be quite complex, specific
measurements are being prepared in order to
clarify the manipulated flow structure.
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