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Abstract

The experimental investigation of a turbulent separated flow over a fence is presented. By introducing a periodic disturbance
upstream of the separation region in front of the fence, the time averaged length of the separation region downstream of the fence
was reduced by as much as 40%. Two types of flow manipulation were applied: an oscillating cross-flow with zero net mass-flux
through a spanwise slot in the floor of the test section and a spanwise oriented, oscillating spoiler. The cross-flow was generated
by a loudspeaker system connected to a chamber underneath the spanwise slot. Both types of flow manipulation generate spanwise
vortices at the fence that convect into the region downstream of the fence where they enhance the mixing in the shear layer and
reduce the time mean length of the reverse-flow region downstream of the fence. Velocity profiles phase averaged with respect to the
forcing frequency and phase triggered flow visualisations show that the spanwise vortices cause the long reverse-flow region of the
unmanipulated flow to break up into separate smaller regions. While the time mean length of the reverse-flow region is reduced in
the manipulated case, the length of the region where instantaneous reverse-flow occurs is not changed. The data presented include
wall pulsed-wire measurements of the wall shear-stress and its turbulent fluctuations, and LDA measurements of the streamwise
and the wall-normal velocity components and turbulent stresses.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The generic case of a turbulent flow over a two-dimensional sharp edged fence was investigated for Reynolds
numbers Rej, of 10500 based on obstacle height and mean flow velocity. First, the flow upstream of the fence [1] and
the natural turbulent flow over and downstream of the fence were investigated [2]. Spectra of velocity fluctuations in
the shear layer over the separation region downstream of the fence showed that a preferred vortex-shedding frequency
exists.

Different methods of reducing the reverse-flow region downstream of the fence by active manipulation were tested.
Two different actuators were used upstream of the fence: an oscillating spoiler [3], and a two-dimensional oscillating
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jet generated in a spanwise oriented slot by a loudspeaker. Both devices introduce a strong perturbation into the flow
and generate spanwise vortices similar to starting vortices. The disturbances have the greatest effect on the length of
the reverse-flow region when the frequency is close to the natural vortex-shedding frequency. Also, the position where
the disturbance should be introduced was optimised and the largest reductions of the downstream recirculation region
were achieved with the actuators positioned slightly upstream of the separation region in front of the fence.

Huppertz and Fernholz [4] investigated the flow over a swept fence. They used both the upstream slot actuator
and a low-amplitude forcing at the fence tip that affected the vortex roll up of the shear layer by excitation of the
Kelvin—Helmholtz instability.

1.1. Separated two-dimensional turbulent flow

The flow over a two-dimensional fence falls into the category of separated, two-dimensional turbulent flows.
A review of experimental work in this field is given by Sympson [5]. Turbulent flow is by its nature always
three-dimensional. However, it can be described as being spanwise invariant, if the gradients of the mean velocity
components in the spanwise direction can be neglected [6]. An experiment that fulfils this condition needs uniform
upstream conditions and a sufficiently large aspect ratio of the model.

Fernholz [7] discussed pressure and shear driven flow separation. In the case of pressure driven separation, the
separation line is not fixed in space and can oscillate freely. Examples for this behaviour are the trailing-edge stall on
aerofoils and the separation region upstream of surface-mounted obstacles. In the case of shear-driven separation, the
separation line is fixed and such flows are therefore more easily accessible to an experimental or numerical study.

The flow over prismatic obstacles mounted on a flat plate features in addition to the separation at a sharp edge
a pressure driven separation region upstream of the obstacle. The boundary layer along the plate and the upstream
separation region will interact with the separation region downstream. Depending on the ratio of the object height to
its length in the streamwise direction, a secondary separation region may form on top of the obstacle itself. A fence
with a sharp edge is the lower limiting case for this class of flows.

Experiments with a fence flow were described by Good and Joubert [8]. They showed measurements of the mean
flow-field upstream and downstream of a two-dimensional fence using static pressure probes. The emphasis was on the
determination of the form drag of the fence. Later studies targeted the correct prediction of the fence drag, Ranga Raju
et al. (e.g. [9]) and Castro and Fackrell [10]. Durst and Rastogi [11] made an experimental investigation of the sepa-
ration lengths downstream of two-dimensional fences in order to test their numerical codes. The re-attachment length
and the heat transfer downstream of a fence under the influence of different levels of free-stream turbulence were
investigated by Zukauskas and Pedigius [12]. Wagner [13] studied coherent structures in the near-wall region of the
turbulent separated flow downstream of a fence with the experimental set-up used in the present study. Schmidt [14],
and Ullum et al. [15] performed detailed measurements of the turbulent flow over a fence at moderate Reynolds num-
bers and successfully manipulated the length of the downstream separation region by periodic forcing. Preliminary
results of the present study have been published in Siller and Fernholz [16] and Siller and Fernholz [3], a large-eddy-
simulation of the natural, unperturbed flow was given by Orellano [17].

1.2. Active manipulation of turbulent separated flows

Experimental investigations of flow control applications on separated flows have been made in a number of different
flow configurations with different levels of complexity. Frequently, flow control methods are employed to induce
early re-attachment of the separated flow (i.e. to shorten the separation region). A review of applications of separation
control is given by Gad-el Hak and Bushnell [18], however with the emphasis on pressure driven separation. In
the past, the high Reynolds numbers of such cases prohibited numerical investigations. However, this situation has
improved in recent years. Orellano and Wengle [19], for example, calculated a large-eddy simulation of the experiment
by Schmidt [14] with a Reynolds number of 3000 based on the free-stream velocity and the obstacle height.

Active methods of flow control, like oscillating mechanical devices, oscillatory blowing, or zero net mass-flux ac-
tuators use instabilities inherent of the flow. They introduce disturbances with a specific frequency or Strouhal number
into the flow that is tuned to the most receptive frequency of the flow field. There exist at least two different instability
mechanisms, the Kelvin—Helmholtz instability, and the shedding-type instability described by Sigurdson [20]. Even
when both mechanisms occur together, the respective Strouhal numbers are usually well separated and, depending
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on the state of the flow, one mechanism will precede over the other. The question remains, however, which Strouhal
number will lead to the greatest reduction of the separation length.

1.2.1. Oscillatory manipulation of a boundary layer flow

Miau and Chou [21] and Miau et al. [22] investigated the effect of an oscillating, vertical plate in a turbulent
boundary layer. During one oscillation cycle, the plate moves from the fully retracted position to its maximum height
and back. They found two states of the flow, depending on the oscillation frequency. Below a critical frequency, the
separation bubble behind the fence has enough time to build up to a size that it would have in a stationary situation.
The boundary layer thickness measured at a station downstream of the wake of the fence oscillates sinusoidally. Above
the critical frequency, the vorticity generated at the fence tip is caught in the wake of the plate and a vortex is shed
when the plate retracts. The boundary layer downstream remains relatively thin over most of the oscillation cycle,
apart from a peak caused by the passing of the vortex. Also, the minimum of the wall pressure measured behind the
oscillating fence is lower than in the stationary case for supercritical frequencies. With increasing frequency, it is
further reduced and moves upstream towards the fence, indicating that the fence tip vortex reduces its size.

The oscillating spoiler used in the present work with its sharp tip presents a similar situation as the oscillating
vertical plate. The reduced frequency of the oscillating spoiler calculated with the spoiler amplitude corresponds to a
value of Sty = 0.01 and is just above the critical frequency of 0.009 found by Miau and Chou [21].

1.2.2. The shedding type instability of a separation region

Sigurdson [20] describes the shedding type instability, that occurs in fully turbulent separated flows. Comparing
experimental results, he concludes that the optimal forcing frequency that leads to the greatest reduction of the re-
attachment length scales with the maximum height of the separation bubble iy« and the free-stream velocity at
separation ity:

h
Sty = Jshmax _ 0.08 +0.01. (1)

U
This value is close to the Strouhal number of natural vortex shedding from the separation bubble in a wide range of
different experiments [20]. The connection between the natural shedding frequency and the optimal forcing frequency
has been confirmed by Chun and Sung [23] for a fully turbulent backward-facing step flow and by the present study.

In a laminar or transitional flow, the optimal reduction of the separation region is achieved when the flow is forced
with the most unstable frequency of the Kelvin—Helmholtz instability. Even for very low amplitude forcing, the roll-up
of the shear layer is amplified. Transition to turbulence is induced and the rate of entrainment increases, leading to a
reduced length of the separation region.

In a turbulent separation bubble, the structures that contain most of the energy are the large vortices which are being
shed from the separation bubble. By forcing with amplitudes in the order of the free-stream flow velocity, spanwise
vortices with a diameter in the order of the height of the separation region are generated that efficiently mix the flow
and reduce the mean separation length. In the experiments described here, the reverse-flow region downstream of the
fence was reduced by 40%.

The aim of this investigation was to reduce the re-attachment length downstream of the fence I, as much as possible
for the given geometry at a Reynolds number Re;, = 10500. A parameter study was performed in order to find the
optimum distance between the actuator position and the fence Iy, the Strouhal number St;,, and the non-dimensional
amplitude, the Euler number Eu, which gives the greatest reduction of the re-attachment length. The length of the
reverse-flow region downstream of the fence /, (i.e. the distance along the centre line of the test section between the
fence and re-attachment) was determined by surface flow-visualisations.

Once optimal values for Iy, St;, and Eu had been established, the optimised flow was investigated further: The
properties of the oscillating jet itself were investigated using flow visualisations as well as laser-Doppler measure-
ments. In the flow field up- and downstream of the fence, the flow was visualised using the smoke-wire technique.
Wall shear-stress measurements downstream of the fence were performed using wall pulsed-wire probes and a surface
fence for streamwise and spanwise surveys, respectively. Boundary-layer profiles were measured at identical posi-
tions for the natural and the manipulated flow. Phase averaged velocity and vorticity fields and frequency spectra were
calculated from the LDA data of the forced flow.

Because of the unsteady nature of the two flows, the dynamic behaviour is illustrated using flow visualisation
techniques. Quantitative data of the wall pressure, the wall shear-stress and the flow velocity, the time averaged
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Fig. 1. Experimental set-up: fence flow with upstream manipulation by either an oscillating spoiler or a zero net mass-flux actuator.

velocity components # and v and the turbulent quantities ﬁ, v'2 and &'V’ are shown together with frequency spectra in
the shear layers and quantities calculated from the velocity profiles, such as boundary layer and shear layer thicknesses.

2. Experimental set-up and methods
2.1. Wind tunnel and test section

The measurements were performed in the test section of a blower-type wind tunnel shown in Fig. 1. The test section
had a rectangular cross-section of 440 x 135 mm and a length of 1500 mm. One side wall and the roof of the test
section were made of glass to allow optical access. The floor plate, where the fence was mounted, was raised by
17 mm above the downstream edge of the wind-tunnel nozzle in order to remove the nozzle boundary layer.

In order to generate a uniform flow at the entrance of the test section, the settling chamber was equipped with a
non-woven filter mat and a single, precisely manufactured perforated metal plate (64% openness). The nozzle had a
contraction ratio of 5.3.

The fence had a height of 4~ = 20 mm and a sharp upper edge with a backward chamfer. It was mounted at
xy = 638.0 mm downstream of the leading edge and the ratio of wind tunnel width to fence height was 22. The
upstream laminar boundary layer was tripped by a Velcro tape of 2.6 mm height located 67 mm downstream of the
elliptical nose of the floor plate. The distance from the origin of the turbulent boundary layer to the position of the
fence was Axy/h =28.5 and may be considered large compared with [/ h = 0.65, the ratio between the distance
from the mean separation line upstream of the fence to the fence /¢ and the fence height 4. The ratio of boundary
layer thickness and fence height measured at the fence position in its absence was 8999,/ h = 0.8.

The actuator was positioned upstream of the fence. Either a mechanically oscillating spoiler or an oscillating cross-
flow through a spanwise slot could be inserted. The optimal position of the actuator for a maximum reduction of the
recirculation length downstream of the fence /s was determined by flow-visualisation experiments. It was the same
distance for both devices, approximately 1.75 fence heights & upstream of the fence.

2.2. Measurement techniques

Only flow visualisation was used to investigate the flow manipulated by the oscillating spoiler. For the case with
the oscillating zero net mass-flux jet, detailed quantitative flow measurements were made. For both cases, the flow
was visualised by means of the smoke-wire technique, using a flash light synchronised with the phase of the actuator
motion. The length of the recirculation region was determined by surface flow visualisation with pigmented oil. The
free-stream velocity was monitored by a Pitot-static tube mounted near the entrance of the test section.
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The u and v components of the mean and fluctuating velocity were measured using a Dantec two-component
fibre-optic LDA system. It was powered by a 300 mW argon-ion laser and operated in backscatter mode. Two Dantec
burst-spectrum analyser (BSA) modules performed the data conversion in continuous mode. Coincidence checking
was performed in private/private mode. A frequency shift was applied in order to discriminate between forward and
backward flow. The focal length of the probe was 600 mm and the measuring volume was an ellipsoid of revolution
with a length of 1.4 mm and a diameter of 88 um.

Measurement errors were checked by measuring a velocity profile under identical conditions with the LDA system
and a hot-wire anemometer in a flow region without reverse flow. The differences between the two measurements
were below +2.5%-3.5% for the mean value and below 5.0% for the fluctuating component of the velocity except for
the region very close to the wall, where the hot-wire is known to give erroneous results.

The wall shear-stress t,, and the reverse-flow factor at the wall x,, were measured using a wall pulsed-wire (Brad-
bury and Castro [24] and Castro [25]). x,, is the ratio of heat pulses detected at the upstream wire, which indicate
reverse-flow, to the total number of heat pulses at both sensor wires. The wall pulsed-wire probe was set up for high
sensitivity, using sensor wires with a diameter of 2.5 um and an active length of 2.5 mm positioned 0.1 mm above
the wall. The sensor wires were 1.4 mm apart in the streamwise direction with the pulser wire in the middle. The
pulser wire had a diameter of 5 um and was 5.0 mm long. The wall pulsed-wire probe was calibrated against a Preston
tube [26] in the turbulent boundary layer of the test section with the fence removed.

As an indirect measure of the jet velocity in the slot, the sound-pressure level inside the chamber was permanently
monitored using a calibrated electret microphone-capsule. For the experiments with the optimised forcing that led to
the greatest reduction of the downstream reverse-flow region, the sound pressure level inside the pressure chamber
was constant at A = 136 dB.

2.3. The oscillating spoiler

The oscillating spoiler consisted of a narrow spanwise strip of aluminium that could be tilted around an axis (see
Fig. 2). Its periodic up- and downward motion was driven by an electric motor, and it was equipped with an opto-
electronic device that generated trigger impulses in intervals of 60°over the whole oscillation cycle of the spoiler.
These impulses were used to trigger the flash light used for the flow-visualisation. The mechanical spoiler tended to
become unstable for higher oscillation frequencies. Its upper frequency limit was at about 25 Hz. This corresponds to
a Strouhal number St = 0.06, which turned out to be close to the optimal forcing frequency of 0.05.

2.4. The oscillating cross-flow with zero net mass-flux

The oscillating cross-flow was generated in a spanwise slot in the floor plate upstream of the fence by a loudspeaker
driven with a sinusoidal signal. Fig. 3 shows LDA measurements of the u and v velocity components near the slot exit
plotted against the phase angle.

The slot is situated at [y = 35 mm upstream of the fence. It is s = 1 mm wide and 392 mm long, spanning 89% of
the width B =440 mm of the test section.

Fig. 4 shows the flow with zero net mass-flux through the slot: during its downstroke, the slot acts as a sink and air
is drawn into the pressure chamber. During its upward motion, the loudspeaker pushes the air out again generating a
two-dimensional jet at the slot exit. Fig. 4 was compiled from phase-averaged LDA measurements. The measurements
were triggered by the loud-speaker signal and all data from an interval of Ag = 15° was used to form phase averages.

The oscillating cross-flow at the slot exit is nearly homogeneous in spanwise direction: The spanwise distribution
of the sound pressure level above the slot was measured with a microphone that could be traversed along the slot. It is
uniform to a first approximation with a mean value of A = 131.2 dB, with fluctuations between +0.3 and —1.0 dB.

3. Reduction of the downstream reverse-flow region

In a fence flow, manipulated by an actuator upstream of the fence, several parameters affect the maximum of the re-
duction of the time mean recirculation length downstream of the fence. These are (i) amplitude, (ii) frequency, and (iii)
the distance of the actuator to the upstream face of the fence. This latter distance will depend on the position of the
separation line of the upstream boundary layer. In order to find the optimum set of parameters for the reduction of the
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Fig. 3. Phase averaged velocity above the slot. Scattered points: phase averaged within intervals of Ag = 1°, open symbols: phase averaged within
intervals of Ag = 15°.

downstream separation bubble, optimal values of the Euler number, the Strouhal number, and the actuator location
must be determined. This is apparently an iterative procedure. Since the actuator had to be situated upstream of the
upstream separation line, a good estimate for the value of /i between 1.5 and 2.0 could be taken from surface-flow
visualisations and later be confirmed for the optimal Euler and Strouhal numbers (see Fig. 5).

The Euler number Eu = p,/ pUgo, calculated from the sound pressure level p, in the actuator slot, is a measure
of the amplitude of the forcing. With I;r/h = 1.75 and an optimal value of the Strouhal number Sz, = 0.05 (to
be determined below), the length of the time mean recirculation region /, downstream of the fence can be found
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distance from the slot to the fence /g for the optimal amplitude the fence /.

and frequency.

experimentally as a function of the Euler number (see Fig. 6). /, decreases monotonically with increasing Eu. A point,
where a further increase of Eu would not reduce [, further, could not be reached with the present set-up. However, for
increasing amplitudes, the oscillating jet will eventually become so strong that its influence on the flow will dominate
over that of the fence.

The variation of the actuator frequency, non-dimensionalised as the Strouhal number St;, = (f h)/Us shows that
there exists an optimal Strouhal number of Sz; & 0.05, where the downstream recirculation region becomes shortest
(see Fig. 7). Near St;, =~ 0.14, the effect of the flow manipulation almost vanishes and for higher Strouhal numbers,
there is another but less pronounced local minimum of the length of the separation region. Also, there is a small
influence of the Reynolds number on the length of the reverse flow region, but not on the optimal Strouhal number.

3.1. Flow visualisations

Fig. 8 shows visualisations of the flow over the fence manipulated by the spoiler. The video pictures (taken in
increments of 60°) were taken with a stroboscopic lamp that was synchronised with the spoiler actuation mechanism.
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Fig. 7. The length of the separation region /, scaled with the length /, (St;, = 0) measured without manipulation as a function of St;, for two
different amplitudes and a constant distance of the slot to the fence Iys = 1.75h (I = 2.0h for Rej, = 7890).

Fig. 8. Phase triggered flow-visualisation of the fence flow with the oscillating spoiler for phase angles 0° to 270° in increments of 60°. The right
edges of the images are 82 downstream of the fence, the time averaged reattachment position is situated shortly downstream.

The sequence of images shows how a vortex builds up and recedes dynamically downstream of the spoiler. Another
large vortex forms at the fence tip and convects through the recirculation region downstream of the fence.

If the oscillating jet is used as the actuator, the flow visualisations show a similar behaviour of the flow. Fig. 9
presents the phase triggered images in increments of 15° of the phase angle. From a large number of images, and
also from the velocity measurements in the shear layer, it became apparent, however, that another effect, associated
with the sub-harmonic frequency, is present. At each phase angle, two alternative situations may occur, because at
almost every second cycle, a very large structure is shed from the downstream recirculation region. Fig. 9 shows the
two situations side by side, with the large-structures example shown on the left. The images were chosen as typical of
their respective phase angle from a larger number of images. The selection must be considered subjective, however,
because the number of samples is too limited for a statistical analysis.

4. Flow structure and frequency spectra
4.1. The natural vortex shedding Strouhal number

The reverse-flow region downstream of the fence is characterised by intense turbulent fluctuations and large vortical
structures in the shear layer (see Fig. 10(a)). The largest of these structures impose strong local perturbations on the
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Fig. 9. Phase triggered flow visualisations of the manipulated fence flow, showing two flow states for each phase angle, 15° < ¢ < 330°. Position
(a): [ with, (b): [, without manipulation.

potential flow above. One finds also that large structures are intermittently being shed from the downstream end of the
separation bubble, as can be seen in Fig. 10(b).

The Strouhal number of the shedding type instability (see Eq. (1)) calculated with a shedding frequency of 20 Hz,
the free-stream velocity ity at separation and the height of the reverse-flow region, has a value of St; ~ 0.08, which is
in accord with Sigurdson [20]. A parameter study with the oscillating jet actuator showed that the forcing frequency
associated with the greatest reduction of the reverse-flow region is f =21 Hz.

Fig. 11 shows spectra of the velocity fluctuations calculated from the LDA data for the vertical velocity component
for the cases with and without manipulation. The probe was positioned downstream of re-attachment at the outer edge
of the shear layer, at

x—x;=1350 and y/h=45.

For the flow without manipulation, the shedding of large vortices from the closed reverse-flow region is associated
with a broad peak at the shedding frequency of f ~ 20 Hz.
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Fig. 10. Smoke-wire flow visualisations of the fence flow without manipulation; the arrows mark the time mean reattachment positions.
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Fig. 11. Frequency spectra of the vertical velocity component at the outer edge of the shear layer for the flow forced with the oscillating jet (a) and
for the flow without manipulation (b). The spectra were calculated from the LDA data.
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Fig. 12. Time trace of the u and v components of the velocity at the edge of the shear layer measured with the LDA system at (x —xy)/h =6.5
and y/h =3.5; top: u(t), bottom: v(t).

When the flow is forced at a frequency of f &~ 21 Hz, the spectrum shows peaks both at the forcing frequency and
its sub-harmonic. Flow visualisations and also time series of the velocity (see Fig. 12) show that this sub-harmonic is
the result of a quasi-periodic, intermittent phenomenon.

5. Measurements at the wall

Measurements of the mean and fluctuating pressure and wall-shear stress along the centre line of the test section
were compared for the natural flow and the manipulated flow.
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5.1. Mean wall pressure and wall-shear stress

The reduction of the length of the reverse-flow region results in a larger suction peak in the mean wall pressure
distribution (Fig. 13) and a lower negative peak in the mean wall shear-stress (Fig. 14). In both figures, the distance
from the fence is scaled with the length of the respective reverse-flow region [ [27]. The pressure and the shear-stress
distributions fall on top of each other in this scaling except for the region around and upstream of the suction peak.
The suction peak, however, is larger due to the reduced length of the reverse-flow region and the stronger curvature of
the streamlines. The free-stream velocity used to normalise ¢, and ¢y was not affected by the oscillating control flow.

Fig. 15 shows the distribution of the reverse-flow factor yx,,, which was measured by means of a wall pulsed-wire
probe. Here, the distance from the fence along the x-axis is scaled with the fence height 4, because in this scaling, it
is apparent that while for the manipulated flow the length of the reverse-flow region is shorter, the length of the region
where reverse-flow events occur is hardly changed.

The re-attachment point is given by x,, = 50% (e.g. Dengel and Fernholz [28]). The reduction of the reverse-flow
region is achieved by the strong mixing induced by the large vortices. This is a dynamic phenomenon. The length of
the reverse-flow region is only reduced in the time-mean. Instantaneously, the reverse-flow region is broken up into
several smaller and weaker regions that travel downstream with the vortices (see the flow visualisations in Fig. 9).

Fig. 16 shows the fluctuating component of the wall shear-stress c/f = 2\/:;2 /(pUZ), which increases from the
fence to the time-mean re-attachment position. From there on, c’f decreases gradually. The maximum values of c’f in
the manipulated case are almost twice as high as in the case without manipulation, while the values far downstream
of re-attachment tend towards the undisturbed state of a boundary layer (see Stefes and Fernholz [29]).

The skewness of the wall shear-stress fluctuations S, = t/3/ (t72)3/2 (Fig. 17) has the same sign as t,,. Therefore, it
has negative values inside the reverse-flow region and crosses the zero line at the re-attachment position. For the non-
manipulated flow, the skewness has a second zero-crossing that is associated with the secondary separation region
immediately downstream of the fence. Also, the negative maximum values indicating strong instantaneous reverse
flow events (see Alving and Fernholz [30]) occur in the middle of the reverse-flow region. In the forced case, the
values of S, become positive again closer to the fence.

The slope of the skewness near the time-mean re-attachment line is larger in the case without manipulation than in
the manipulated case, where the instantaneous re-attachment position oscillates back and forth over a greater distance.
The abscissa of Fig. 17 is scaled with the fence height 4 to emphasise that downstream of approximately 164, S,
is similar for both the manipulated flow and the case without manipulation. This is in line with the behaviour of
the reverse-flow factor x,, and supports the view that the length of the region affected by instantaneous reverse-flow
events remains the same. The skewness remains high in the region far downstream of re-attachment for both cases.
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These values exceed those of an unperturbed turbulent boundary layer (see Fernholz et al., [31]), because the flow is
still highly disturbed.

6. Phase averaged mean velocity and vorticity

Fig. 18 shows the phase averaged velocity field in the region —2.5h < (x — xy) < 2.5h for four different phase
angles ¢ from 80° to 350° in increments of 90°. Here, the interaction of the oscillating jet emanating from the slot with
the separation region upstream of the fence can be studied: during the maximum of the intake movement (¢ = 80°),
there is a vortex on the upstream face of the fence with its centre at approximately x = y = 0.25 h. During the
maximum outflow phase, a vortex is formed immediately downstream of the slot with almost the height of the fence
(¢ = 170°). The flow field upstream of the fence oscillates between these two cases. The periodic growth and decay
of a large separated region upstream of the fence displaces the flow over the fence, causing a large starting-type vortex
to form (at ¢ = 170°) which grows in size as it is convected with the separated shear layer downstream of the fence
(¢ =260° and 350°).
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Fig. 18. The phase averaged velocity and vorticity fields up- and downstream of the fence. Phase angles: ¢ = 80°, 170°, 260° and 350° from top
to bottom, respectively. The actuator slot is located at (x —x¢)/h = —1.75.

Fig. 18 is complemented by Fig. 19 that presents the field of streamlines calculated from phase averaged LDA
measurements. Both figures show that a continuous train of vortices is convected from the oscillating jet towards the
fence and over into the downstream separation region. Upstream of the fence, a vortex forms at the actuator slot at
¢ = 80°. It is convected towards the fence and passes over it, cutting the downstream separation region into two at
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Fig. 19. The phase averaged field of streamlines of the manipulated flow.

¢ = 260°. At the downstream foot of the fence, there exists a secondary separation region that remains in place but
oscillates in size. The interaction of the vortices with the fence resembles starting vortices in unsteady flow, e.g. [32].
The instantaneous reattachment line downstream of the fence oscillates up- and downstream so that its time averaged
distance from the fence is 40% less than for the non-manipulated flow.

7. Reynolds averaged velocity profiles

Boundary layer profiles in the two flow regimes with the actuator turned on or off were investigated at six different
positions (x — xr)/l, = 0.06, 0.25, 0.48, 0.8, 1.1, and 1.5. The profiles of the streamwise (#) and the vertical (v)
velocity components and their fluctuations were measured at different positions along x that are listed in Table 1
together with the values of the streamwise distance from the fence (x — x ) scaled with the fence height & and the
time mean length of the downstream recirculation region when the actuator is on or off (/, = 8.0/ for the manipulated
flow and 13.6 4 for the flow without manipulation). Table 1 also shows the key for Figs. 20 and 21 that present the
profiles of the u-component of the velocity, the fluctuations u'Z, w'v/, and the turbulence production W' du /0y in
dimensionless form.

The profiles of the streamwise velocity component u are shown in Fig. 20. For every profile of the manipulated
flow, a corresponding profile measured without manipulation at a position with a similar value of (x — x)/I is
shown (thin solid line). At the first position, closely downstream of the fence where (x — x)/[, = 0.06, the profiles
are fairly similar for both cases. However, as the flow evolves in the downstream direction, the shear layer becomes
thicker and the velocity difference increases for the manipulated flow. The two profiles which are located downstream
of the reattachment position (x = 812 mm and x = 882 mm) are similar again for both cases. Fig. 20 with the turbulent
fluctuations 2 and Fig. 21 with u’v’ show the same trend for the shear layer upstream of reattachment: the shear layer
is thicker for the manipulated case and the turbulent fluctuations are stronger and retain higher values downstream of
reattachment. The values of u/v’ relax faster in the downstream direction than those of 1’2 [4].
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Table 1
Key for Figs. 20 and 21; Symbols for the profiles measured at similar values of (x — x ¢) /I, for the flow with and without manipulation
Symbol Positions where profiles were measured

with manipulation without manipulation

X=Xy X=Xy X=Xy X=Xy

[ram] h Ir (mm] T T
o 648.0 0.50 0.06 653.0 0.75 0.06
| 678.0 2.00 0.25 702.0 3.20 0.24
& 717.0 3.95 0.49 767.0 6.45 0.47
A 767.0 6.45 0.81 852.0 10.70 0.79
[ ] 812.0 8.70 1.09 938.0 15.00 1.10
v 882.0 12.20 1.52 1038.0 20.0 1.47

Profiles of the production of turbulent kinetic energy are presented in Fig. 21. The production occurs mainly
within the shear layer. Inside the recirculation region, the production has, however, larger values for the manipu-
lated flow. Downstream of reattachment, the values relax and assume similar values already at the last position, at
(x —xy)/l, = 1.5. The values of the production of turbulent kinetic energy integrated in the wall normal direction
are shown in Fig. 22. The streamwise coordinate is scaled with the length of the recirculation length. Near the fence,
where the profiles of i and u/v’ are fairly similar for the two cases, the integral of the production of turbulent kinetic
energy is lower with manipulation, but the values increase rapidly downstream towards a peak of almost twice the
height of the case without manipulation. These maximum values occur near y// = 0.6 in the manipulated case and
slightly further downstream, near 0.7, for the case without manipulation. Downstream of reattachment, the values of
the integral of the production of turbulent kinetic energy for both cases converge until the values are almost equal
downstream of 1.5(x — x¢)/ ;.

The maximum values of the Reynolds stresses continue to grow downstream of the maximum of the production.
Fig. 23 presents the maximal values of the Reynolds stresses in the streamwise direction. The values of the Reynolds
stresses are scaled according to Brown and Rosko [27] with the local velocity difference in the shear layer Au. In
this scaling, the maximum values occur slightly downstream of reattachment [33] in the centre of the shear layer.
The Reynolds stress maxima are much higher when the flow is forced, the maxima of ' are almost twice as large.
The differences between the cases with the actuator on or off grow from the position at the fence to the reattachment
position. The differences decrease again in the relaxation region downstream.

Finally, one may note that the turbulence structure is highly anisotropic with /2 > v/ 2ax > 1"V’ max, which has
also been reported for similar flow situations, e.g. Ruderich and Fernholz [34] or Hancock and McCluskey [35].

8. Shear-layer thickness

Fig. 24 presents two length-scales for the distance of the shear layer from the floor plate: the half-width y,» =
V(U = Umax/2), i.e. the position where the mean streamwise velocity component has reached half its maximum value,
and the height of the shear layer yaz/2 = y(it = Aii/2), where the mean streamwise velocity component has reached
a value of half the velocity difference across the shear layer Aut = timax — Umin. When the flow is manipulated, the
shear layer is closer to the wall because entrainment is increased by the higher vorticity.

Other length-scales which characterise free shear layers are the displacement thickness §* and the momentum
thickness 6 (see Fig. 25). For a shear layer, the displacement thickness is defined as ( Batchelor [36], e.g.)

S - -
5 = / (1 - w) dy, @)
Umax — Umin

—0o0

and the momentum thickness of a shear layer as

0 - - - -
0=/(_”_““Ii“ [1—_”_“"?“ Ddy 3)
Umax — Umin Umax — Umin

(e.g. Gaster et al. [37]). The velocity profiles are integrated from y (i min) t0 ¥ (Zmax)-
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Fig. 20. Profiles of it/Ux and v u'2 / Uso at six x-positions measured along the centre-line of the test section downstream of the fence. Symbols

see Table 1; solid line: flow without manipulation.
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Fig. 25. Development of the displacement thickness §* and the mo-
mentum thickness 6 of the shear-layer downstream of the fence; solid
symbols: with manipulation, open symbols: without manipulation.

Fig. 24. Development of the half-width y,,» and the shear layer
height ya;/2; solid symbols: with manipulation, open symbols:
without manipulation.

Downstream of the fence, §* grows faster for both cases than 6 because it reacts stronger to changes in the boundary
conditions [28]. When the shear layer has reached its highest point above the floor plate, the displacement thickness
reaches a plateau. The values of the displacement thickness * are higher in the manipulated case, because the in-
creased entrainment brings the shear layer closer to the floor plate. Downstream of the reattachment line, the values
of §* decrease and those of 6 increase and then remain approximately constant.

The vorticity thickness defined by Brown and Roshko [27] is

- ’/_lmax - ﬁmin
(01 /3y ) max -

The vorticity thickness grows more rapidly and assumes larger values in the manipulated case than in the case without
manipulation (see Fig. 26). §,, grows rapidly from the fence tip on downstream and its growth rate dé,,/dx is 0.44 for
the case with manipulation and 0.27 for the case without manipulation. Downstream of (x —x )/l ~ 0.6, the growth
rate for the manipulated flow is reduced to 0.18, a value found in the plane mixing layer (e.g. Eaton and Johnston [38]
or Ruderich and Fernholz [34]). In the centre of the reverse flow region, between 0.2 < (x — xr)/l, < 0.7, the shear
layer in the flow without manipulation has a slightly lower growth rate of 0.17 in agreement with values for plane
mixing layers (see [39] and [40]).

[0
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Fig. 26. Development of the vorticity thickness &, along the cen- Fig. 27. Mean velocity profiles of the shear layer scaled with
tre-line; solid symbols: with manipulation, open symbols: without ma- 0.5itmax and the half-width y,,» (no manipulation).
nipulation.

9. Velocity profiles in shear-layer scaling

Fig. 27 presents mean velocity profiles for the flow without manipulation in shear-layer scaling with it1p,x/2 as
reference velocity and (y — y;,2)/x as non-dimensional length scale. In this scaling, as proposed by Wygnanski and
Fiedler [41], the mean velocity profiles in the shear layer show a self-similar region in the core area of the shear layer,
where 0.5 < 2i /umax < 1.5.

The profiles measured with manipulation, shown in Fig. 28, do not show such a self-similar region, but collapse
onto each other apart from the near-wall region.

9.1. The boundary layer downstream of re-attachment

Downstream of reattachment, the boundary layer recovers from the severe disturbance. Figs. 29 (for the case
without manipulation) and 30 (with manipulation) show this recovery of the mean velocity profiles towards a turbulent
zero-pressure gradient boundary layer in inner layer scaling. A comparison of the values of u™ at different positions of
(x —x¢)/1, for constant values of u™ shows that the recovery towards the logarithmic law is faster in the manipulated
case. According to Alving and Fernholz [30], the minimum length necessary until the canonical profile (e.g. Fernholz
and Finley [42]) is reached is 6l,.

The inner layer of the mean velocity profiles presented in Figs. 29 and 30 is heavily distorted, but the mean velocity
profiles approach the logarithmic law of the wall in downstream direction. At the position furthest downstream where
a boundary layer profile could be measured, at (x — xy) = 25 h, the profile with manipulation coincides almost with
the logarithmic law, whereas the profile without manipulation still deviates from it.

Profiles of vu'2 Jur are shown in Figs. 31 (without manipulation) and 32 (with manipulation). The reference
profile, shown as a dotted line in Figs. 31 and 32, was measured on the flat plate at the fence position with the fence

removed. The levels of \/uT2 /ur decrease in the streamwise direction, but the maximum values of \/ﬁ Ju, are still
at the outer edge of the wall bounded shear flow. The recovery of the turbulence structure to that of a canonical
boundary layer is still far away, since the large structures shed from the reverse flow region and the upstream shear
layer dominate the flow [30].

10. Conclusions
The reverse-flow region upstream and downstream of a fence on a flat plate was investigated with and without

manipulation by an oscillating spoiler and a zero mass-flux actuator. The Reynolds number based on the free-stream
velocity and fence height was Re, = 10500, blockage of the test section by the fence was H/h = 6.75.
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re-attachment (with manipulation). ulation); - - - reference profile measured at the fence position with the
fence removed.

The time mean length of the recirculation region downstream of the fence can be reduced when a periodical
disturbance is introduced upstream of the recirculation zone that is situated upstream of the fence. Two different types
of actuators, a mechanical oscillating spoiler and a zero net mass-flux actuator, were used. Both actuators had the
same effect, but the latter was easier to control and to handle. Therefore, detailed flow measurements were performed
only for the zero net mass-flux actuator, while the flow with the oscillating spoiler was only analysed using flow
visualisation.

The parameters of the actuator, its position upstream of the fence, frequency and amplitude, were optimised. The
optimal position is just upstream of the separation point in front of the fence, the optimal frequency is the natural
shedding frequency of the downstream separation region. The amplitude of the actuator was limited and a saturated
state where a further increase of the amplitude would have made the recirculation increase again could not be reached.
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removed and without manipulation.

With the optimised manipulation conditions, the time mean length of the separation region downstream of the fence
is reduced from 13.6A4 to [, = 8.0h.

For the case with the zero net mass-flux actuator, measurements were performed of the profiles of the stream-
wise and vertical velocity components, measured with an LDA system, of the wall shear-stress and the reverse-flow
parameter, measured with a wall pulsed-wire probe, and of the wall pressure.

Visualisations of the flow show large vortical structures in the shear layer downstream of the fence. Spectra of the
velocity measured at the edge of the shear layer near reattachment show a broad peak between 10 and 30 Hz. The
growth rate of the mixing layer is initially larger than a plane mixing layer but it approaches its development further
downstream. The shear layer is curved, rising upward until the middle of the recirculation region and than curving
back towards the floor plate.

When the actuator is off, the wall shear-stress measurements show that the recirculation region downstream of the
fence is a strong recirculation region [7]: the reverse flow factor x,, > 90%, the distributions of the (negative) time
mean wall shear stress and the mean wall pressure have large gradients, and the fluctuating components of wall shear-
stress are large. The wall shear stress fluctuations and the Reynolds stresses reach maximum values just upstream of
reattachment.

The optimal forcing frequency coincides with the shedding frequency of the reverse-flow region for the case where
the actuator is off. The optimal Strouhal number (see Eq. (1)), calculated with the free-stream velocity at separation,
i.e. at the fence, and the maximum time mean height of the separation region, St; = 0.08 has the numerical value of a
shedding type instability described by Sigurdson [20].

While the time mean length of the reverse-flow region is reduced by the manipulation, the length of the region
where reverse-flow events occur remains unchanged (see Figs. 15 and 17).

Downstream of the time mean reattachment position, a new boundary layer develops. The mean velocity profiles
relax towards the logarithmic velocity law, while the profiles of the turbulent fluctuations still remain far from the
values in a canonical turbulent boundary layer.
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