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Control of Separated Flow by a Two-Dimensional
Oscillating Fence

J. J. Miau,* K. C. Lee,t M. H. Chen,t and J. H. ChouJ
National Cheng-Kung University, Tainan, Taiwan 70101, Republic of China

Control of separated flow behind a backward-facing step using a two-dimensional oscillating fence installed
upstream has been investigated in this work. Parameters of the flow considered included the reduced frequency
of the oscillating fence, the distance from the oscillating fence to the backward-facing step, the ratio of the
maximum height of the oscillating fence to the step height, and the Reynolds number. It was found that with
the experimental parameters properly selected the time-mean reattachment length of the separation region could
be reduced over 40%, compared to the case without the presence of an oscillating fence. The evolution of
unsteady flow behind a backward-facing step was further studied in detail by a phase-averaging measurement
technique. The results obtained indicate that suppression of the separated flow behind the step is mainly due to
the downwash motion induced by the vortical structure released upstream from the oscillating fence, when it
convects over the step.

Nomenclature
/ = frequency of the oscillating fence
h = instantaneous height of the fence
hf = maximum height of the fence
hs = height of backward-facing step, =1.5 cm
Ir = inter mitt ency function defined in Eq. (2)
K = reduced frequency, =fhf/U0
Kcr = critical reduced frequency, above which organized

vortical structure develops behind the oscillating
fence as it extends into the flow

Ls = distance from the oscillating fence to the step
ReQ = Reynolds number, = U0/0v
t = time
T = time period of the oscillating motion of the fence
U, u = time-mean stream wise velocity and streamwise

velocity fluctuation
U0 = freestream velocity measured at the inlet of the

test section
Ua = streamwise growth rate of the vortical flow

structure behind the oscillating fence
X = streamwise coordinate
Xr = time-mean reattachment length of the separated

flowbehind the backward-facing step, without the
presence of the oscillating fence, but with a square-
wave trip upstream

X'r = time-mean reattachment length of the separated
flow behind the backward-facing step measured

Y = vertical coordinate
Z = spanwise coordinate
6 = boundary-layer momentum thickness measured at

the step, without the presence of the oscillating
fence

v = kinematic viscosity of air
(/> = phase angle of the oscillating motion of the fence
Qz — time-mean vorticity in the Z direction
- = time-mean quantity
< > = ensemble-averaged quantity
AXr = the reduction of the time-mean reattachment length

measured, —X'r—Xr
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Introduction

CONTROL of separated flow using unsteady means, for its
immediate applicability to engineering problems and

fruitfulness in the physical phenomena involved, has become
an active research area in fluid mechanics. In earlier works1'2
the present authors considered the flow of a two-dimensional
oscillating fence immersed in a flat-plate turbulent boundary
layer and found that an organized vortical structure could be
produced by the oscillating fence if its reduced frequency is
higher than a critical value Kcr = 0.009. This finding
introduces the possibility that this flow characteristic might be
utilized to enhance the momentum exchange between the flow
near the wall and the freestream fluid; hence, the flow
separation phenomenon, if it originally occurred downstream,
could be suppressed. In the present work this possibility was
further explored by installing a two-dimensional oscillating
fence upstream of a separation region, and its effectiveness
was evaluated.

The separated-flow configuration selected for the present
study is an ordinary backward-facing step. This flow, by
nature having the separation point fixed at the step, is
frequently regarded as a basic model of separated flows.3'4 A
fair number of works on this flow have been reported in the
literature3 that conveniently provide references for the present
results to be compared with.

A number of methods for suppressing the separated flow
behind a backward-facing step have been proposed in the
literature. Roos and Kegelman5 proposed a concept of
enhancing the momentum transfer in the separated shear layer
by introducing a harmonic disturbance of small amplitude at
the location of the step. They found that the separation region
could be reduced by more than 30%. Koga6 attempted an idea
of installing an oscillating flap in the zone of flow separation;
thus, the unsteady flow structure generated could effectively
convect the low-speed fluid downstream. As found, the
time-mean reattachment length could be reduced by more than
60%, provided that the oscillating flap was installed properly.

To be somewhat different from the previous ideas, the
present work is intended to place a vertically oscillating fence
upstream of a backward-facing step. Our viewpoint was that
the unsteady vortical structure released from an oscillating
fence1 would interact with the flow behind the backward-fac-
ing step; consequently, the separation region could be sup-
pressed. The effectiveness of the oscillating fence employed
should depend on its geometrical parameters and reduced
frequency. Thus, in this work experiments were made to corre-
late the reduction of the reattachment length with the con-
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trolling parameters. Moreover, velocity measurements that
were assisted by a phase-averaging technique were performed
to study the evolution of the unsteady flow. The results ob-
tained further shed light on the physical mechanisms involved
in the interaction of the unsteady vortical structure and flow
behind a backward-facing step.

Experimental Facility
Experiments were performed in a low-speed closed-type

wind tunnel, whose test section is 15 x 15 cm in cross section.
An aluminum sheet of 0.2 mm thickness and 15 cm width was
inserted into the test section wall and driven in a sinusoidally
oscillating motion. The maximum amplitude of the oscillating
motion hf was adjustable in a range between 0 and 2 cm. This
piece of aluminum will be called the "fence" in this paper.
Downstream of the fence, a backward-facing step was ar-
ranged in such a way that its height and distance to the
oscillating fence could be varied in accordance with experi-
mental needs.

In this study the height of the backward-facing step hs was
fixed at 1.5 cm. Thus, the aspect ratio of the step, i.e., the
span wise width vs the height, is 10, ensuring that flow along
the center line of the step is basically two-dimensional.7 It was
found that the two-dimensionality of the flow was greatly
improved with the insertion of the oscillating fence.8 In this
study most of the velocity measurements were made along the
centerline of the step.

The coordinate system employed for the present study is
shown in Fig. 1, in which the notations describing the geome-
try of the flow configuration are given. Not shown in detail in
this figure is that a square-wave trip device, 2 mm in height,
was placed 2 cm downstream of the inlet of the test section.
This resulted in the boundary-layer momentum thickness at
the step 6 to be comparable to the step height.

The experiments were performed at U0 in a range of
0.5-11.4 m/s. Without the presence of the oscillating fence,
the freestream turbulence intensity measured was about 0.5%.
It was noted that the insertion of the oscillating fence intro-
duced a periodic disturbance in the freestream. This variation
also caused the pressure on the opposite wall to fluctuate
sinusoidally. The pressure fluctuation level measured on the
opposite wall was found to be about one-sixth of the level
measured on the wall with the oscillating fence.8

The oscillating fence was driven by a servomotor, which was
capable of producing an oscillatory motion with a frequency
up to 20 Hz. The harmonic motion of the fence was described
by

(1)h = ( ) (1 - COS27T//)

Thus, the zero phase angle of the oscillatory motion was
denoted to be the instant when the fence was completely

retracted into the wall. The phase information was obtained
from an optical-electro sensing device,8 whose output signal
was taken as the reference for the phase-averaging procedure.

The instantaneous, two-dimensional velocity measurements
were performed with a cross-type hot-wire probe. In addition,
a DANTEC split film was employed for the streamwise veloc-
ity measurements in the region where the reverse flow was
possible. Either probe was mounted on a two-dimensional
traversing mechanism, controlled by a 16-bit personal com-
puter for automatic data acquisition.

A smoke-wire visualization technique was employed to as-
sist our understanding of the flow. The smoke was generated
by heating a stainless steel wire of 0.6 mm diam, on which a
film of kerosene oil was coated. This wire was inserted verti-
cally 3 cm away from the centerline of the test section and 3
cm upstream of the oscillating fence. The flow visualization
experiments were performed at the freestream velocity below 2
m/s; thus, the Reynolds number based on the diameter of the
wire was lower than 80. From the pictures taken it could be
confirmed that vortex shedding from the wire was barely seen,
compared to the large disturbances generated by the oscillat-
ing fence. The smoke was illuminated by a thin sheet of light
produced by a 4-W argon-ion laser. Pictures were taken by a
35-mm camera whose shutter control was synchronized with
the phase of the oscillating fence. However, due to the me-
chanical delay of the shutter, the phase at which the picture
was taken might not exactly coincide with the desirable phase.
This discrepancy became pronounced as the oscillating fre-
quency was increased beyond 10 Hz. Most of the pictures were
taken with an exposure time of 1/125 s.

Technique for Measuring Reattachment Length
It has been suggested that the reattachment point of the

separated flow behind a backward-facing step can be taken at
the location on the wall surface where the velocities measured
in the reverse and forward directions are of equal probabil-
ity.9'10 Detecting the reattachment point requires a technique
that is capable of distinguishing the flow direction. In the
preliminary experiments different techniques that might serve
this purpose were attempted. These techniques include the
methods employing a thermal tuft probe,9 a split film, and a
yaw pitot tube, respectively.

It is interesting to note that the reattachment points deter-
mined by the three techniques do not coincide. The thermal-
tuft measurement gives the reattachment length quite close to
that obtained by other investigators3 for a backward-facing
step with the same expansion ratio as the present flow. How-
ever, the pitot tube and the split film measurements give the
reattachment lengths to be about 25% shorter. It is our view
that the measurements obtained by the thermal tuft probe
should be more reliable than those obtained by the other
techniques, because the latter techniques introduce additional
disturbance into the flow due to the physical presence of the
probe.

Oscillating Fence

Fig. 1 Coordinate system.
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However, the merit of the thermal-tuft technique was over-
shadowed by its inconvenience of moving continuously along
the stream wise direction. In view of the fact that measurement
of reattachment length in the present study was intended to be
made for a large number of cases, we finally gave up this
technique, and selected the technique using the split-film. We
were aware of the inaccuracy that might have resulted from
the split-film measurements. However, in the present study
our main concern was the relative reduction of the reattach-
ment length in comparison with Xr, the reattachment length
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Fig. 2a Diagram of - AXr/Xr vs the height of the two-dimensional
plate, Ls/hs = 4.
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Fig. 2b Smoke visualization pictures for the cases of h =2, 5, and 1
mm, respectively.

of an ordinary backward-facing step, with the square-wave
trip situated upstream, obtained by the same technique. Thus,
the inherent inaccuracy of this technique should not degrade
the value of the results obtained.

The split-film probe distinguishes the flow direction by
comparing the voltages measured from the heating sensors on
two sides. The fraction of time corresponding to flow in the
forward direction can be represented by an intermittency func-
tion Ir:

N-l
Ir = £ [1 -H(i)]At/NAt

i = 0
(2)

where //(/) is a step function, H = 1 represents the reverse
flow situation, and H = 0 represents the forward flow situa-
tion. Thus, the reattachment point was determined to be the
location where Ir =0.5.

Measurements of Reattachment Length
with the Fence Fixed Upstream

Before the experiments of a two-dimensional fence under-
going oscillatory motions were conducted, efforts were made
to study the flowfield under the condition that the fence was
fixed. The fence, with an adjustable height, was located at a
stream wise location of X = - 4hs. It is interesting to point out
that by inserting the fence at various heights the influences on
the reattachment length of the separated flow behind the
back ward-facing step are remarkable. The trend is seen in
Fig. 2a. When h = 5 mm, i.e., Ls/h = 12, the reduction of the
reattachment length is pronounced. In terms of - AXr/Xr
the value obtained is about 25%. When h = 1 mm, the re-
attachment length increases, instead of reducing, - AXr/Xr
amounting to - 50%. The geometrical ratios Ls/h corre-
sponding to this rapid transition fall in a range of 9-12, which
concurs with the distance required for a separated flow estab-
lished behind a fence immersed in a flat-plate boundary layer
to reattach to the wall.11 This finding signifies that the reduc-
tion of the reattachment length strongly depends on whether
the separated flow behind the fence reattaches or not before
the step. Apparently, for the case of h =7 mm the separated
flow behind the fence does not reattach before the step; thus,
the effective height of the back ward-facing step increases.

Further evidence to support this reasoning can be seen from
flow visualization pictures presented in Fig. 2b, which shows
the pictures obtained with h =2, 5, and 7 mm, respectively.
For h = 5 mm the separated flow reattaches to the wall surface
immediately upstream of the step and the streamlines in the
freestream appear to continue curving toward the region be-
hind the step. This situation corresponds to a nearly optimal
reduction of the reattachment length.

Experimental Parameters
For the cases of a two-dimensional fence in oscillation, the

parameters controlling the reattachment length of the sepa-
rated flow behind the backward-facing step can be grouped
into a functional form as

AXr=f(hs,hf,Ls,f,U(hO,v) (3)

where AXr denotes the reduction of the reattachment length,
which is the major quantity of interest in this work. It reflects
the effectiveness of the present control mechanism. By a di-
mensional analysis, Eq. (3) can further be rearranged into the
following form:

AXr/Xr = F(Ls/hf,K,hf/hs, B/hs, U<fl/v) (4)

The physical singificance of the first three parameters on the
right-hand-side of Eq. (4) deserves further discussion, as fol-
lows.

The parameter Ls/hf is proposed for the reason that the
oscillating fence has to be installed at a proper distance up-
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intermittency distributions for Ls/^/(hfU<j)/f = 1.34, 0.67, and 0,
respectively, at (A, fy//z5, C/0) = (0.05, 0.67, 4 m/s).

stream of the step, so that the unsteady separated flow gener-
ated by the oscillating fence may effectively suppress the sepa-
ration region behind the back ward-facing step. The selection
of Ls can be considered from two standpoints. If the reduced
frequency K is small, i.e., the separated flow produced by the
oscillating fence behaves quasisteadily, Ls is required to be
larger than 9/z/, learned from Fig. 3. On the other hand, if K
is larger than KCT = 0.009, corresponding to a situation that the
unsteady vortical structure develops behind the oscillating
fence,1 Ls should be greater than a length equivalent to the
time-averaged streamwise growth rate of the vortical structure
multiplied by half the oscillating period. Thus, the vortical
structure can be accommodated in a streamwise region up-
stream of the step when the fence extends into the flow.
According to the physical model proposed by Miau et al.,1 the
time-mean growth rate of the vortical structure at K>Kcr is
suggested to be t/0/2, independent of K. However, from the
experimental data given by Francis et al.12 and Reynolds and
Carr,13 one finds that the growth rate proposed by Miau et al.1
actually corresponds to a limiting case as K approaches 0.1,
which is an order higher than the K values of interest in the
present study. Therefore, for the cases of K in a range between
0.01 and 0.1, one adopts an empirical relation proposed by
Francis et al.12 and Reynolds and Carr13 that the normalized
time-mean growth rate of the vortical structure behind an
oscillating fence Ua/U0 is proportional to ^/(K). That is,

(5)

(6)

Here, it is seen that V(/z/t/0)//is a length scale appropriate for
normalizing L5, when 0.01<AT<0.1.

The reduced frequency AT, i.e., (hff)/U0, indicates a ratio of
the characteristic velocity of the oscillating fence to the
freestream velocity. Considering that the present purpose is to
accomplish an effective control on the separated flow down-
stream, we therefore emphasize the cases of K larger than the
critical value, KCT = 0.009 (Ref. 1). When K is greater than KCT,
the oscillating fence is capable of producing organized vortical
structures.

The geometrical parameter hf/hs signifies a comparison of
the vertical size of the unsteady vortical structure produced by
the oscillating fence and the vertical size of the separated flow
behind the backward-facing step. In this study we focused on
the cases in which this parameter was of order 1.

Under the present experimental conditions the fourth pa-
rameter on the right-hand side of Eq. (4), 0/hst varied in a
range of 0.7-1, depending on U0. However, this parameter
was not studied independently in this work, which would have
required boundary-layer trips of different heights while the
Reynolds number was held constant.

Experimental Results
Effect of Ls/J(hfUo)/f

Regarding the effect of Ls/^(hfUo)/f on - AXr/XT, the data
collected from four series of experiments of which the K
values are greater than 0.009 are plotted in Fig. 3a. These
distributions consistently show that, as Ls/^/(hfUo)/f increases
over 1.22, the - AXr/Xr values are weakly dependent on this
parameter, where the variations in each of distributions are
within a band of ± 5% in value. When L5 A/(/z/t/o)// is less
than 1.22, —AXr/Xr varies in a much more drastic fashion.
The — AXr/Xr value decreases below zero as Ls/^(hfUo)/f
approaches zero. Furthermore, when Ls = 0, the values of
- AXr/Xr obtained vary with the freestream velocity U0. This
appearance suggests that, when Ls/^J(hfUo)/f approaches zero,
the parameter of the Reynolds number may play a role affect-
ing the flow characteristics. However, detailed flow behaviors
in this regime are beyond the interest of this study and thus are
not pursued further in this work.

The behaviors of the separated flow varying with Ls/
V(/*/t/o)// can be further studied from Fig. 3b, which shows the
distributions of the intermittency function 7r, obtained at
different Ls/^/(hfUo)/f values for K = 0.005, hf/hs = 0.67, and
U0 = 4 m/s. This figure shows that, when Ls/^/(hfUo)/f = 1.34,
which is greater than the value of 1.22, the shape of the
distribution is similar to that of an ordinary backward-facing
step, except for a shift of AXr. When LsA/(/z/£/o)// = 0.67,
although the reattachment length defined as a streamwise
distance from X = 0 to the location where Ir = 50% is less
than the reattachment length of an ordinary backward-facing
step, the region in which the Ir value is less than 1.0 is, in fact,
enlarged. This corresponds to a situation in which when the
oscillating fence approaches the upper dead point, the vortical
structure developed behind the oscillating fence extends over
the step. As a result, the effective height of the step increases
at these moments, as does the instantaneous reattachment
length. When Ls = 0, the distribution appears to be quite
flattened, and the location corresponding to Ir = 50% cannot
be determined accurately.

Effect of K
Variations of - AXr/Xr vs K for a number of cases studied

are shown in Fig. 4a, in which two distinct regions can be
identified. In the region of K larger than Kcr = 0.009, - AXr/
Xr increases almost linearly with K for each of the cases
studied. The maximum reduction is seen to be due to the case
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of Ls/hs=4, hf/hs=0.8, and UQ = 4 m/s, which amounts to
42%. Following the trend shown, one expects that higher
reduction of the reattachment length would be possible if the
reduced frequency could be increased over 0.06. Unfortu-
nately, such experiments were not possible in the present
study, due to the limitation of the setup. It is also expected
that the reduction should level off at some higher K values.
Nagib et al.14 and Reisenthal et al.15 explored flow characteris-
tics in this respect by increasing the nondimensional frequency
of a flapping spoiler immersed in the separation region behind
a backward-facing step up to 0.12.

When K is less than Kcr, - AXr/Xr varies more drastically
than that in the region of K being larger than Kcr. Interest-
ingly, for some cases of K values considerably less than Kcr,
the corresponding -AXr/Xr values are not necessarily nega-
tive. Since under these circumstances an organized vortical
structure does not develop behind the oscillating fence, this
appearance implies that the mechanism associated with the
effect of streamline curving, mentioned previously for the
fixed-fence cases in Fig. 2, is at work. It is also found in the
figure that for the case of Ls = 0 the - AXr/Xr values obtained
are negative even though the reduced frequency is higher than
the critical value.

Smoke visualization pictures obtained for the case of
K>Kcr and the case of K <Kcr are shown in Figs. 4b and 4c,
respectively, which reveal marked differences. For K>Kcr
(Fig. 4b) the vortical structure generated by the oscillating
fence is seen to interact strongly with the flow behind the step.
The remarkable finding is that, at t/T = 3/4, the flow in the
region immediately behind the step appears as an organized
vortical structure situated beneath the main vortical structure;
at a latter instant, t/T = Q, these two flow structures of the
same rotating sense apparently merge. This sequence of pic-
tures illustrate that the vortical structure generated by the
oscillating fence upstream has a predominant effect on flow
behind the backward-facing step. More discussion on the
evolution process of this flow will be given later with the
assistance of phase-averaged velocity measurements results

Xr

50

40

30

20

10

-10

-20

-30

-40
0 0.01 0.02 0.04 0.050.03

k
= 0.67 U0 =_4m/sec
- 0.67 U0 = <lm/sec
= 0.67 U0 = 8m/sec
= 0.8 U0 = 4m /sec
= 0.67 U0 --= <lrn/sec
= 0.67 f;o = IIAm/sec
— I U0 = 1 lArn/sec

Fig. 4a Diagram of - A^Tr/Xr vs jfif.

0.06

V^- = 13-3

LJk9 = 6.7
/,3//ta = 4
^,//ta = 4
/^/^a = 4
L./li, = 4

hf/h

h f / k

(Fig. 7). For K<Kcr (Fig. 4c) no vortical structure is seen
behind the oscillating fence at any instant. Rather, the shear
layer shed from the edge of the fence flap up and down in
response to the motion of the fence and affects the down-
stream region in a quasisteadily fashion. Coincidentally, the
picture oft/T=l/4 indicates that the shear layer reattaches to
the wall immediately before the step, which results in a signif-
icant reduction of the separation region at this moment. This
appearance resembles the picture seen in Fig. 2b of the case
h =5 mm and/ = 0.

Effect of hf/hs

Three sets of the data obtained at hf/hs = 0.25, 0.67, and
0.8, respectively, for different K values while Ls = 4hs are
plotted in Fig. 5. The dashed lines included in the figure,
drawn by linear interpolation of the available data points,
indicate the trends of- AXr/Xr varying with hf/hS9 at con-
stant K values. This figure suggests that, the higher the value
of hf/hs, the more effective the suppression of the separation
region behind the backward-facing step. It should be men-
tioned that in the present study the hf/hs values chosen are
below 1.0.

Effect of Reo
Variations of the time-mean reattachment lengths measured

X'r against the Reynolds numbers for a case o f / = 15 Hz,
/z//hs = 0.67, and Ls = 4hs, are shown in Fig. 6. Also included
in this figure for comparison are two curves corresponding to
the cases of an ordinary backward-facing step without and

t/T=3/4
Fig. 4b Smoke visualization pictures for (K, hf/hs, Ls/hs, £/o) = (0.1,
0.67, 4, 0.5 m/s).
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Fig. 4c Smoke visualization pictures for (K, h//hst Ls/hs, £/o)
(0.005, 0.67, 4, 1 m/s).

with the trip device placed upstream, denoted as the reference
cases 1 and 2, respectively. First of all, it is seen that with the
presence of the oscillating fence the reattachment length mea-
sured is weakly dependent on the Reynolds number in the
range studied of 250-1350. This appearance strongly suggests
that the artificial disturbance introduced by the oscillating
fence is too strong to be affected by the characteristics of the
upstream boundary layer. Moreover, a trend noted is that
X'r /hs increases slightly with Ree when Ree is greater than 700.
This is attributed to the fact that the values of L5/V(/i/C/o)//
for these Reynolds numbers are less than 1.22 as indicated in
Fig. 3a.

For reference case 1 the reattachment length decreases with
the Reynolds number in the range of 140-200, signifying that
a transition process occurred in the separated layer before it
reattached to the wall surface.3 The Reynolds numbers corre-
sponding to this transition range are noticed to be lower than
the Reynolds numbers reported by Eaton and Johnston.3 This
discrepancy could be attributed to the intrusion of the split-
film probe in the flowfield.

For reference case 2 the reattachment length measured ap-
pears to be lower at Reynolds numbers between 280 and 700.
A speculation for this behavior is that in this Reynolds number
range the disturbances generated by the trip device upstream
have not developed fully turbulently at the step, more or less
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exited in a form of larger scale structures. Conceivably, these
disturbances would transport momentum more effectively and
result in a reduction in the reattachment length. At higher
Reynolds numbers, the boundary layer at the step becomes
turbulent and the reattachment length measured approaches
an asymptotic value.

Evolution of the Flowfield at K>KCT

Insights into the evolution process of the unsteady flow at
K>Kcr can be gained from an experiment that surveyed the
flowfield with a split- film probe. The velocity data obtained
were reduced with a phase-averaging technique that gave the
spatial distribution of the velocity field referring to a specific
phase of the oscillation of the fence. For each measured point
the ensemble-averaging process was performed for a collection
of 100 samples. Mathematically, this process is expressed as
follows:

- f;
n / = i U(iT + </>); n = 100 (7)

Accordingly, the phase-averaged fluctuation in the streamwise
component, denoted as < u >, is given by

U (8)



1146 MIAU, LEE, CHEN, AND CHOU AIAA JOURNAL

Phase—average >/< a
2 >/U0 iso—contour t/T=0

-3.3 " -1.3 0.7 2.7 4.7 S.7 3.7 10.7

>/?70 iso—contour t/T=1/4-
4.7 6.7 8.7 10.7 12.7

ii) Phase—average
-1.3 0.7 2.7

iii) Phase-average >/< u2 >/C/P
0 iso—contour t/T=1/2

-l.J 0.7 2.7 4.7 S.7 3.7 10.7 12.7

(iv) Phase-average V< u
2 >/CT0 iso-contour t/T=3/4

Fig. 7a The V(<w2>)/t/o contour diagrams and the smoke visualization pictures. Reference case 1: reattachment point of an ordinary
backward-facing step flow; reference case 2: time-mean reattachment point of this case.
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(i)t/T=0,
-3.3 -1.3

2.7 4.7 6.7 8.7 10.7

-3.3 -1.3 0.7 2.7 4.7 6.7

(iii)*/r=2/4, < n,
-3.3 -1.3 0.7

y/h.

-S3—————=T3

(iv)t/T=3/4, < nz

8.7 10.7

X/h,

-3.3 -1.3 0.7

-3.J -l.j 0.7 2.7 4.7 6.7

Fig. 7b Ensemble-averaged vorticity contour diagrams: (K, hf/hs, Ls/^/(hfU<j)/f, */o) = (0.0375, 0.67, 1.16, 4 m/s)

Although the split-film measures the component of the
streamwise velocity only, Koga6 pointed out that the phase-
averaged streamwise turbulence energy distribution could
qualitatively simulate the appearance of large-scale structure
in the flowfield (see also Reisenthal et al.15). This similarity is
also confirmed by the experimental results shown in Fig. 7,
which compares the V(<w2>)/(70 distributions obtained by
the split-film probe, the smoke visualizations, and the phase-
averaged vorticity distributions obtained by the cross-type
hot-wire, at # = 0.0375, hf/hs=0.61, L5/Vp/C/0)//] = 1.16,
and U0 = 4 m/s. The reason behind this similarity is that the
ensemble-averaged velocity fluctuations basically reveal the
passage of the repeatable organized flow structures; therefore,
the region of high intensity in \f(<u2>)/U0 should coincide
with the occurence of the vortical structure.

The V(<w2>)/£/0 diagrams shown in Fig. 7a give the
phase-averaged flow structures at t/T = Q, 1/4, 1/2, and 3/4,
respectively. In this figure the instantaneous smoke visualiza-
tions taken at the corresponding time instants are also pro-
vided for comparison, which confirms that the present phase-
averaging technique is valid. The dashed line marked in each
of the V(<w2>)/£/o diagrams indicates the boundary of re-
verse flow behind the back ward-facing step, on which the
streamwise velocity measured is zero. Comparing the dashed
lines shown in the four diagrams, one realizes that the size of

the reverse-flow region varies with time. For reference, the
streamwise location of X = Xr and the time-mean reattach-
ment point for this case are also marked on the horizontal axis
by the 1 symbols with 1 and 2, respectively.

It is instructive to study the evolution of the flow from the
V(<u2>)/UQ contour diagrams in Fig. 7a and the phase-aver-
aged vorticity contours in Fig. 7b. At t/T = Q, the vortical
structure convects right above the step. The downwash motion
induced by this flow structure apparently extends to the region
behind the step and influences the flow near the wall in a
reverse direction. The other flow structure situated further
downstream, seen in the V(<w2>)/t/0 diagram, is identified
to be the one formed behind the step at an earlier moment [see
also the V(<«2>)/£/0 diagram at t/T = 3/4 (Fig. 7a(iv)].
Comparing the flow structures seen in the diagrams of t/T = 0
and 1/4, one can further estimate the convection speed of the
artificially generated vortical structure to be about 0.8£/0,
while the reverse-flow region behind the step is enlarged at a
lower speed. The reverse flow behind the step appears to
rotate in the same sense as the artificially generated vortical
structure. Therefore, these two flow structures have a ten-
dency to merge at following time instants. This development is
confirmed by the appearance of the V(<u2>)/U0 diagram at
t/T =1/2. A similar appearance is also noted in Fig. 4b(i).
This merging process further enlarges the reverse-flow region
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to an extent larger than the time-averaged size. At this mo-
ment, one also notices that in the region upstream of the step
a vortical structure behind the oscillating fence grows to about
its maximum size. By the time t/T = 3/4, this vortical struc-
ture has been released downstream and is convecting toward
the step. On the other hand, downstream of the backward-
facing step, the merged flow structure has shed away from the
step, like the process of vortex shedding from a bluff body,
and a renewed vortical structure is formed behind the step.
The renewed growth of the vortical structure behind the step
bears a resemblance to the situation of an implusive flow over
the step.16 It is also noticed that the behavior of vortex shed-
ding behind a backward-facing step is not uniquely found in
the present flow. Mullin et al.17 observed that if the freestream
velocity varied sinusoidally over a step at a nondimensional
frequency of 0.007, based on the mean freestream velocity and
the step height, the shedding of the vortex behind the step
occurred at the moment when the retardation of the
freestream velocity was a maximum.

The preceding observations suggest that suppression of the
reserve-flow region behind a back ward-facing step is mainly
due to the down wash motion induced by the vortical structure.
The sequence is that as the vortical structure convects over the
step it sweeps away the low-speed fluid behind the step, then
subsequently induces another vortical structure in reverse
flow. The induced vortical structure will merge with the artifi-
cially generated vortical structure at later instants.

These experimental observations lead to a postulation that
the reduction of the time-mean reattachment length should be
proportional to the number of vortical structures per unit time
convecting over the backward-facing step. This argument
seems to be in good agreement with the appearance seen in
Fig. 4a that-AXr/Xr is linearly proportional to K, when
K>Kcr.

Conclusions
The parameters of the oscillating fence relevant to the con-

trol of separated flow behind a back ward-facing step have
been studied in this work. The conclusions obtained are as
follows.

1) When K >Kcr, the distance from the oscillating fence to
the step, in terms of L5/V(/2/t/o)//» should be larger than 1.22,
allowing a complete formation of the unsteady vortical struc-
ture before the step. As long as this condition is satisfied,
-AXr/Xr is weakly dependent on this parameter.

2) When 0.06>K>KCT,- AXr/Xr increases linearly with
K. The maximum reduction obtained in the present study
exceeds 40%.

3) In the range of hf/hs < 1, - AXr/Xr increases with hf/hs
while K is held constant.

4) No appreciable effect on AXr/Xr is found when Ree is
varied in the range of 250-1450, as K>Kcr.

5) The phase-averaged velocity measurements obtained for
K>Kcr show that suppression of the reverse-flow region be-
hind the step is mainly due to the downwash motion induced
by the artificially generated vortical structure. The flowfield is
characterized by the interaction of the vortical structures gen-
erated by the oscillating fence upstream and the flow behind
the step. The reverse flow developing behind the step is, in
effect, a portion of a well-organized vortical structure that
convects downstream every cycle of the oscillating motion of

the fence, through a process of merging with the artifically
generated vortex and then shedding away from the step.
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