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Nomenclature
C,, = basepressurecoefficient, (p, — Ps)/0.50u?
f = vortex shedding frequency
H = boundary-layershape factor, §*/6
h = trailing-edgethickness

p, = Dbasepressure

ps = static pressure at traverse position
Sr, = Strouhal number, fh/u
u = freestream velocity
8 = boundary-layerthickness based on 99.5%
of freestream velocity
6* = boundary-layerdisplacement thickness
0 = boundary-layermomentum thickness
0 = density
Introduction

ORTEX shedding in the wake of bluff bodies is an impor-
tant flow phenomenon. At subsonic and transonic speeds, it
has long been recognized that the wake behind an isolated two-
dimensional section with a blunt trailing edge may break into a
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vortex street. The direct result of this is an increase in drag, mainly
asaresultof reducedbase pressure.! ~* Severalinvestigatorshave re-
portedon the factors affecting the base drag and vortex shedding;*~’
that is, base geometry, base bleed, state of the boundary layer at the
trailing edge, etc. The objective of present study was to experimen-
tally investigate the influence of the thickness of turbulentboundary
layers upstream of trailing edge on the base pressure and vortex
shedding frequency and for a given boundary-layerstate (turbulent
in this case) to determine the predominant parameters that affect the
base drag and vortex shedding frequency. Further, unlike previous
investigations, 7 where the change in the boundary-layer charac-
teristics (thickness and/or state) has been brought about mainly as
a result of change in Reynolds number and/or Mach number, in the
present work the Reynolds number and Mach number were kept
constant and the change in the boundary-layer thickness has been
brought about by introducing roughness elements.

Experimental Setup and Procedures

The experiments were conducted at zero pressure gradientand at
two speeds. The low-speed experiments (nominal freestream veloc-
ity of 23 m/s) were performed in a closed-circuit wind tunnel with
a 1.0 x 0.77 m rectangular section of length 2.30 m. The model
(Fig. 1) consisted of a flat plate, 0.05 m thick, 0.77 m wide, and
1.0 m long with an elliptical leading edge and a square cut trail-
ing edge. The nominal freestream Reynolds number based on the
model’s chord length was 1.7 x 10°. To change the thickness of
the boundary layer before the separation point, wires with different
diameters were placed symmetrically at the end of the leading-edge
curvature on both sides of the model. In total three wires with diam-
eters of 1.62,2.4, and 3.4 mm were used. The high-speed tests were
conducted in a transonic wind tunnel with slotted walls. The tun-
nel has a working section of 8.9 x 16.5 cm. The tests were carried
out at a freestream Mach number of 0.68. The freestream Reynolds
number based on the chord of the model was about 2.15 x 10°. The
model used in high-speedtests was essentially similar in design with
that of the low-speed test and had an elliptic leading edge followed
by astraightrectangularsection, as shownin Fig. 1. The high-speed
experiments were carried out for only two boundary-layer thick-
nesses (with and without roughness element).

Measurement of the boundary-layerprofiles was made at a point
upstream of the trailing edge (see Tables 1 and 2), where the sur-
face static pressure on the model begins to decrease as the blunt
trailing edge is approached. The total pressure across the boundary
layer was measured using flat-ended pitot probes. The static pres-
sure acrossthe boundarylayer was assumed to be constantand equal
to the pressure recorded by the surface pressure tap. The physical
boundary-layerthickness was defined as the distance perpendicular
to the model surface where the velocity was approximately 0.995 of
the local freestream velocity. Tables 1 and 2 give the details of the
boundary-layer parameters determined from the experimental sur-
veys of the boundary layer. No corrections were made to accountfor
the displacementeffects of the pitot tube. Temperature compensated
piezoresistive pressure sensors (Scanivalve digital sensor arrays,
Model DSA 3017) were used for pressure measurements. The low-
pressuremodel (pressurerange £2.5 kPa) had an accuracy of £0.3%
and the high-pressure model (pressure range —100-690 kPa) had
an accuracy of £0.08%. The measurement of the vortex shedding
frequency was carried out by placing a hot-wire probe behind the
trailing edge of the model. The location of the probe tip was slightly
above the model surface (this position was slightly differentfor each
test case to get the best periodic signals, but was within the 10% of
the base height) at a distance of approximatelyhalf of the base height
behind the trailing and in the center-span plane of the models. The
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Fig. 1 Schematic profile of experimental model; low-speed model:
a=10, b=90, and & =5; high-speed model: a=2.5, b=10, and h=1
(dimensions are in centimeters).
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output signal of the hot wire was then fed to a National Instru-
ment Data Acquisition card (Model PCI-6071E) and processed in
real time. From spectral analysis of the signal, the shedding fre-
quency of vortices was determined. The maximum uncertainty of
the vortex shedding frequency was within +0.6% (low-speed ex-
periments) and +0.9% (high-speedexperiments). Two pressure taps
drilled symmetrically across the trailing-edge thickness were used
to measure the base pressure p,,. The same reading may be obtained
from a pitot tube with its mouth placed immediately behind the face
of trailing edge. When the pitot tube is traversed in the spanwise
direction behind the trailing edge, the variation of base pressure
across the span may be obtained. From these measurements, it was
found that the spanwise variation of base pressure was small over
at least the mid-60% of the span (less than £0.5% of p,). Near
the sidewalls, three-dimensional effects were present. These were
probably caused by the interaction of the side wall boundary layer
with model’s surface boundary layer.

Results and Discussion

Tables 1 and 2 give the details of different boundary-layer pa-
rameters. In all cases in both sets of experiments, the boundary
layer approaching the trailing edge was turbulent, and the effect of
introducing wires was to change the boundary-layer thicknesses.
The nondimensional displacement thickness 28* /(26" + h) repre-
sents the relative thickness of the boundary layers to their total
effective separation distance. This parameter is used to show the
effect of increasing the boundary-layer displacement thickness on
the base pressure coefficient and Strouhal number incompressible
flow (Fig. 2a) and compressible flow (Fig. 2b)]. As can be seen,
in both cases the effect of increasing the boundary-layerthickness
was to increase the base pressure and to reduce the vortex shedding
frequency. This may be explained as follows: As the displacement
thickness of the boundary layer increases, it takes longer for the
circulation fed by the upstream boundary layer on one side to be
carried across the wake in a sufficient concentration to initiate the
formation of a vortex on the opposite side (and, hence, the begin-
ning of vortex shedding). Therefore, it seems that for a given state of
boundary layers at the trailing edge this effective diffusion length,
which depends solely on the effective distance between the two
boundary layers, is the main factor in controlling the vortex shed-
ding frequency and base drag. However, this argument cannot be
used to explain the influence that the state of the boundary layer
(laminar/turbulent) at the trailing edge has on the vortex shedding
frequency and on the base drag. For example, although there do not
appear to have been, for laminar flow, systematic studies of the ef-
fectof boundary-layerthicknesson the shedding frequency and base
drag, experimental data by Sieverding and Heinemann,*® Cicatelli
and Sieverding, and Cicatelli'” show that in the case of laminar
boundary-layerflows the base drag is lower and vortex shedding is
much higher than for the turbulent case. In fact, their experimental
data suggest that, in the case of laminar flows, the Strouhal num-
ber is generally greater than 0.35 as compared with 0.2-0.25 for
the corresponding turbulent case. This is despite the fact that, for
laminar boundary layers, the displacement thickness, or the effec-
tive diffusion (or separation) distance between the two layers, is
higher® Therefore, it seems that, for a given state of boundary lay-

Table1 Boundary-layer data for low-speed experiments, traverse
location 20 mm upstream of trailing edge

Wire diameter K, mm §, mm &*, mm 6, mm H Cpp Sh

0 14.410 1.829 1333 1.372 —0.200 0.255
1.62 18.355 2.247 1.667 1.348 —0.197 0.238
2.40 23.341 2.503  1.890 1.325 —0.186 0.210
3.14 30.370 2707  2.115 1.280 —0.172 0.194

Table 2 Boundary-layer data for high-speed experiments, traverse
location 10 mm upstream of trailing edge

Wire diameter k, mm §, mm &*, mm 6, mm H Cpp Sh
0 1.790 0.285 0.153 1.86 —0.638 0.230
0.5 5.440 0.644 0430 150 —-0453 0.21
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Fig.2 Base pressure and Strouhal number variations with dimension-
less displacement thickness.

ers (turbulent-turbulent, laminar-laminar, or turbulent-laminar) at
the trailing edge, increasing the effective distance between the two
layers decreases the vortex shedding frequency with corresponding
decrease in the base drag. However, this argument fails to explain
the relationship between base drag and Strouhal number when the
state of the two boundary layers at the trailing edge changes from
turbulent-turbulentto laminar-laminaror to turbulent-laminar. This
mightbe relatedto the variationof the base drag and vortex shedding
frequency with the boundary-layershape factor. Figure 3 shows the
effect of variation of boundary-layershape factor on the base pres-
sure coefficient and on the Strouhal number. Figure 3 shows that
the base pressure coefficient decreases with increasing boundary-
layer shape factor with a correspondingincreasein Strouhal number.
Note that, for cases studied here, the rate of increase in momen-
tum thickness was higher than the corresponding rate of increase
in boundary-layerdisplacement thickness. From Fig. 3, it becomes
clear that the increase in base drag cannot be attributed only to the
increase in vortex shedding frequency (decrease in effective diffu-
sion distance), but also to the intensity of vorticity within the inner
part of the boundary layer (i.e., momentum thickness) and, there-
fore, shape factor. Note that in Fig. 3 the displacement thickness
also changes, but for the reasons given earlier, that alone does not
seem responsible for the change in behavior from the turbulent to
the laminar boundary-layercase.

For laminar flows, the momentum thickness is lower compared
to that of turbulent flows, with correspondinglower base drag. This
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Fig.3 Base pressure and Strouhal number variations with boundary-
layer shape factor.

has been confirmed by calculations on both flat plates and turbine
cascades.!! The lower drag can also be explained by studying the
vortex sheddingmechanism.'? For turbulentflows, as the boundary-
layer thickness is decreased, the vorticity becomes less diffuse;
therefore, it might take less time for the circulation to be carried
across the wake in a sufficient strength to form a vortex of oppo-
site sign to initiate the shedding of the vortices. This would result
in a higher shedding frequency. This would imply that the rate of
entrainment of fluid crossing from one side of the wake to the other
increases as the boundary-layerthickness decreases. This in turn re-
sults into the shrinkage of the wake and lower base pressure (higher
base drag). For laminar flows, the amount of circulation that needs
to be carried across the wake to form a vortex of opposite sign

is much less than the corresponding turbulent flow. The reduction
in the required circulation to initiate the shedding of the vortices
increases the vortex shedding frequency (despite higher effective
diffusion length) and at the same time decreases the rate of entrain-
ment of fluid crossing the wake, resulting in a lower base drag.
These findings suggest that, whereas for a given state of the bound-
ary layerat the trailingedge the effective diffusion distance between
the boundary layers at the trailing edge controls the vortex shedding
frequency, the shape factor is the determining parameter regardless
of the boundary-layerstate.

Conclusions

The results suggest that, at least for turbulent flows with zero
streamwise pressure gradient, the relationship between the vortex
shedding frequency and base drag with the boundary-layer thick-
ness can be adequately explained by consideringthe variationof the
boundary-layershape factor. For both laminar and turbulent flows,
this relationship can be described by considering the vortex for-
mation mechanism through the strength of the vortices, effective
diffusion length, and the entrainment rate of the fluid across the
wake.
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