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ABSTRACT Digital Particle Image Velocity (DPIV)
has been used to obtain velocity and vorticity infor-
mation of a closed separation bubble in a turbulent
boundary layer on a flat plate. Separation and reat-
tachment were instigated by imposing an adverse and
favourable pressure gradient, respectively, on a tur-
bulent boundary layer. Preliminary observations and
measurements indicate a highly unsteady flow with
large changes to the shape and size of the separation
bubble.

INTRODUCTION

An adverse pressure gradient (APG) can arise from
local surface geometry and/or be imposed on a
boundary layer by the outer flow. The nature of this
APG will determine whether the boundary layer sep-
arates, separates and reattaches or does not separate
at all.

Flow separation usually occurs at sharp edges of
bluff bodies because of the large pressure gradients
that exist around these points. At some distance
downstream of detachment the separated shear layer
may reattach, if the bluff body is sufficiently long.
In comtrast, a boundary layer on a smooth, flat
plate may undergo separation and reattachment if
the streamwise pressure gradient is sufficiently ad-
verse and then favourable. This flow situation is
more difficult to understand and predict than for bluff
body flow since both the separation and reattach-
ment points are not fixed. Previous experimental
investigations on a nominally 2-D separating turbu-
lent boundary layer include those by Perry & Fair-
lie(1975), Simpson et al. (1981), Patrick(1987) and
most recently Watmuff(1998). Single point interro-
gation techniques such as hot wire probes and LDA
yielded instantaneous pointwise measurements, mean
2-D velocity field measurements and phased averaged
2-D & 3-D velocity measurements in and around the
bubble in those studies.

The experimental results described in this paper
are concerned with a separating turbulent boundary
layer for which the flow was accelerated and then de-
celerated until separation. The flow is then once again
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accelerated so as to achieve reattachment and obtain
a closed separation bubble. Instantaneous velocity
field and vorticity field measurements in a streamwise
plane are presented.

EXPERIMENTAL APPARATUS AND TECHNIQUE
Water Tunnel

The experiments were conducted in a closed circuit,
horizontal water tunnel, see Fig 1. The test section
consists of five 1 m long sections each with a cross-
section of 500mm X 500mm. To ensure low turbu-
lence intensities and uniform flow in the test section
the settling chamber is equipped with a perforated
stainless steel plate followed by four metal screens of
decreasing mesh size in the flow direction. A honey-
comb section is inserted between the first and second
screens to straighten the flow and remove any mean
swirl. Finally, a 10:1 contraction is used to further
reduce the turbulence intensity by accelerating the
mean flow. A maximum flow speed of approximately
1 m/s is achievable in the test section with the 53 kW
AC motor and in-line centrifugal pump system. Con-
trol of the motor-pump system is done via an ABB
Sami GS frequency controller. At the end of the test
section a plenum chamber diffuses the flow and re-
turns is via a 300mm diameter pipe to the pump. Per-
forated stainless steel plates in this plenum chamber,
placed vertically and parallel with the test section
walls, ensure minimal disturbance to the test section
flow as the flow is slowed and redirected through 180
degrees into the return pipe. A diatomaceous earth
pool filter system running in parallel with the main
return flow pipework removes contaminants from the
water. The filtration can be activated at any time
but it is never operated during experiments.

A special roof was required in the water tunmnel
to create the necessary conditions for separation and
reattachment of the flow. Figure 1 shows the geom-
etry of the special tunnel roof. The shape is such
that the flow is firstly accelerated to a uniform speed
and then decelerated so that the boundary layer ex-
periences an APG of sufficient strength to achieve
separation. The final region of the roof shape serves
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Figure 1: Tllustration of the horizontal, closed circuit water tunnel used in the experiments. The ar-
rangement of the screens and honeycomb in the settling chamber is shown. The special roof required for
the experiments can be seen in sections 4b and 4c. The measurement regions of the bubble and ‘inlet’
boundary layer (B.L.)are indicated in the magnified view of the flow region.

to impose a favourable pressure gradient (FPG) on
the flow so that it reattaches. Suction was employed
on the roof via spanwise slots preventing separation
of the boundary layer there. This fluid, removed by
suction, was returned to the main settling chamber
so that the fluid level does not decrease with time.
This arrangement yields a separation bubble approx-
imately 200mm in mean length and 20mm in height.

A mean freestream velocity of Uy = 80mm/s
(2000mm downstream of the contraction exit) yields
Reynolds numbers based on boundary layer thickness,
displacement thickness and momentum thickness of
Res = 1064, Res» = 367 and Rey = 152 respec-
tively. These ‘inlet’ boundary layer and freestream
characteristics were evaluated ~200mm upstream of
the separation region, where the flow had been accel-
erated by the first roof section and had reached a uni-
form velocity. In this region the boundary layer thick-
ness, displacement thickness and momentum thick-
ness were 11.9mm, 4.1lmm and 1.7mm respectively.
All results are appropriately non-dimensionalised by
the inlet boundary layer displacement thickness and
inlet freestream velocity.

PIV Technique

Cross-correlation DPIV of single exposed digital
images was used to acquire instantaneous, in-plane
velocity field measurements of this flow. A Kodak
Megaplus XHF camera coupled to a PC with image
acquisition and timing software was used to acquire
single exposed images 34 ms apart with a minimum
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of 90.2 ms between image pairs. Illumination
of the flow was achieved with twin, frequency dou-
bled Nd:YAG lasers each capable of producing a 6ns,
400mJ pulse with a pulse repetition frequency of
12Hz. Firing of the lasers was synchronised with the
CCD camera via the control PC. An appropriate com-
bination of cylindrical lenses yielded a 150mm wide
by 3mm thick collimated light sheet on entry to the
test section. The flow was seeded with 11um hollow
glass spheres with a specific gravity of 1.1. Due to
the large dimensions of the separation bubble only
parts of it could be imaged at a time. A 105mm Mi-
cro Nikkor lens placed 500mm from the light sheet
provided a field of view of approximately 35mm. The
area immediately around the separation region could
not be imaged due to interference of the test section
flanges. It is estimated that this area is approximately
30mm - 50mm further upstream of the most upstream
measurements presented in this paper.

EXPERIMENTAL RESULTS AND DISCUSSION

Observation of the flow revealed the following cycle
of events that appeared to repeat every 30 - 60s. A
period of stable bubble size and uniform reversed flow
was followed by a relatively quick, large growth of the
separation bubble by as much as 300%. This was fol-
lowed by the passage of large scale structures along
the shear layer which eventually impinged onto the
tunnel floor, causing a violent flapping of the separa-
tion bubble. The recirculation region then diminished
in size, followed by a growth of the bubble to its nom-




inal size.

Digital particle image velocimetry was used to ob-
tain velocity field measurements just downstream of
the separation region. Vorticity field information was
extracted from the velocity data using a 13 point y?
vorticity calculation method (Fouras & Soria(1998))
with an under-estimation of the peak vorticity due to
a bias error of 4.7% and an uncertainty of 1% at a
95% confidence level due to random error. Such mea-
surements for regions I and IT are shown in figures 2a
and 2b.

An adaptive cross-correlation algorithm developed
by Soria(1996) was required to extract the velocity
field because of the large dynamic range present in
the flow, which was in excess of 100. The spatial
resolution of each independent velocity measurement
is 0.246* with an uncertainty of oy, /Us, = 0.6%.

The vorticity contour plots show isolated con-
centrations of vorticity present in the shear layer.
The somewhat regular spacing is representative of a
Kelvin Helmholtz type instability in the shear layer.
This has also been observed by Watmuff(1998) for
phased averaged measurements with a hot wire in
a separated turbulent boundary layer with an inlet
Reynolds number of Reg« = 774.

Figures 3(a) and 3(b) show instantaneous veloc-
ity and vorticity field measurements of the separation
bubble in region III during a period in the flow cycle
when the separation bubble is experiencing a growth
in size. Note the increased reversed flow region in
comparison to Figure 2(a). Flow visualisation obser-
vations indicate the flow is highly three dimensional.
The three dimensionality is most likely due to a span-
wise variation in the suction through the roof bleed
slots. Further development of the suction system is
expected to alleviate this problem.

CONCLUSIONS

From these preliminary PIV measurements it appears
that a Kelvin Helmholtz type instabitiy, similar to
that for a free shear layer in parallel flow, is present
in the shear layer. It is also likely that this instability
may eventually lead to the large scale fluctuations
observed in the bubble further downstream.
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Figure 2: Instantaneous velocity field, (a), and vorticity field, (b), for regions I and II. Flow is from
left-to-right. The tunnel floor surface is at the top of each figure. The x-axis represents the downstream
distance from the separation region. Freestream velocity, U, = 80mm/s, all values nondimensionalised
by the inlet boundary layer displacement thickness, §*.
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Figure 3: Instantaneous velocity field, (a), and vorticity field, (b), for region III. Flow is from left-to-right.
The tunnel floor surface is at the top of each figure. The distance downstream from the separation region
is shown on the x-axis. All values nondimensionalised as before.
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