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Abstract

This thesis presents an experimental investigation on
the drag of typical two-dimensional bluff bodies with a
small circular cylinder (here called a "rod") placed
upstream on the stagnation line. In most cases, the
interaction was beneficial and the drag of the overall
system was reduced. Fluctuating side force due to vortex
shedding from the main body was also investigated for
various rod positions and diameters.

Two typical bluff bodies were investigated: a circular
cylinder and a flat plate. The front rod diameter (4d)
variea from 0.17D to 0.5D where D is the frontal width of
the main circular cylinder or flat plate. Reynolds numbers
defined using dimension D were in the range of 1x10% to
7x10"%, and the longitudinal spacing L from the rod centre to
the main body was 0.4 < L/D < 7.0.

For both the flat plate and the circular cylinder, the
measured overall drag coefficient at various L/D showed a
discontinuous "jump" at some critical spacing. This change
corresponds to the elimination of the usual single
stagnation point on the bluff body centre line and the
appearance of two stagnation points symmetrically placed,
close to the lateral edges of the body.

For the flat plate, the optimum configuration was found
to be d4/D = 0.33 at a spacing L/D of 1.81, and the overall
drag reduction (based on the drég of the plate alone) was

36%. The drag reduction was. due to a change in front
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pressure only, the base pressure remaining essentially
constant and independent of L/D. No Reynolds number
dependence was found, as expected.

For the circular cylinder, the best overall drag
redﬁction was found to be 58% for the éonfiguration
d/D = 0.33 and L/D = 1.73. Part of the drag reduction on
the cylinder was due to the rod wake being turbulent which
made the flow over the main cylinder critical, with a lower
value of base pressure coefficient. The second effect was a
sudden change in the front pressure distribution similar to
that observed on the flat plate. Unlike the flat plate,
however, the flow over the circular cylinder was sensitive
to Reynolds number, with decreasing CD for increasing Re.

The fluctuating side force (Cl') on the cylinder due to
vortex shedding was also investigated. The variation of C1'
with spacing followed different trends depending on the rod
size and Reynolds number but Cl' never increased
significantly with the use of the front rod and was reduced
in most cases. The rod d4/D = 0.17 seemed to be more
suitable for minimum fluctuating side force. The position
for Cl1' minimum was found to depend upon the particular

configuration.
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I. INTRODUCTION

The purpose of this work is to investigate a new method
of reducing mean drag and unsteady side force on a cylinder

in a uniform flow.

1.1 Methods Of Reducing Fluid Forces

Different methods have been developed to reduce both
drag and vortex shedding. side force on a bluff body.
Réducing these fluid dynamic forces is of great importance
since it means possibly reducing the required strength of a
structure, its weight and therefore its cost.

For a bluff body, the drag is a steady force in the
direction of the flow 1largely due to boundary layer
separation. The separated region, on the back of the body,
is a region of low pressure whereas the front of the body is
subjected to a higher preésure. This difference creates a
steady force and the structure has to be designed to
withstand this 1loading. Although there are unsteady
components to the drag, these are usually small compared to
the time averaged value and are not considered here.

The fluctuating side force is due to alternate shedding
of vortices from each side of the «cylinder. Each time a
vortex 1is shed from the <cylinder, the 1local pressure
distribution is altered, creating a time-varying force on
- the cylinder, at the frequency of vortex shedding.
| If the cylinder is rigid, the fluid dynamic forces are

mainly a function of the shape of the body. But if the



cylinder deflects, an interaction of the displacement with
the fluid forces may result which 1in turn can cause
structural vibrations. The important parameters in this
case are the shape of the body, the natural frequency and
the damping of the structure.

In many cases,' the fluctuating force due to vortex
shedding is more important in the design of a structure than
the drag. Important problems are associated with this
fluctuating force such as material fatigue and
synchronisation of vortex shedding frequency with the
natural frequency of the structure.

There are basically two methods of reducing the fluid
dynamic forces and vibrations on a cylinder:

(1) - Altering the shape of the body to reduce the
amplitude and change the frequency of the force applied to
the body.

(2) - Altering the natural frequency or damping of the
structure to reduce the amplitude and change the frequency
of oscillation.

A good review of available methods was made by Every et
al.(1).

The first class of methods includes helical strakes,
fairings, splitter plates, flags, pérforated shrouds and
others. These methods are based on an alte;ation of the
shape of the structure in order to change the boundary layer
separation points, prevent or reduce the formation of

vortices and prevent the correlation of vortex shedding



along the length of the structure.

Some of these devices reduce vortex shedding but
increase drag (helical strakes); some reduce both but are
expensive (fairings) or not very efficient (splitter
plates); some are wunidirectional (fairings), others are
omnidirectional (helical strakes).

The second class of methods 1includes the use of
dampers, sfiffeners and different materials 1in order to

change the natural frequency and damping of the structure.

1.2 Bluff Body Interaction

It is known that two bluff bodies placed in line in a
uniform stream can lead, in some cases, to a total drag
significantly lower than that of either body alone. Morel &
Bohn (2) investigated the flow over two disks of unequal
diameter placed 1in tandem and Roshko & Koenig (3)
investigated the flow over a flat faced circular cylinder
preceded by a concentric circular disk. They both found a
remarkable drag reduction from the value of the reference
body. Morel & Bohn showed a drag reduction of 81% in the
optimum case.

This 1i1dea is used in this work to design a device that
could be used on two-dimensional structures to reduce drag
and vortex shedding side force. Through wind tunnel
experiments, the £low over typical bluff bodies with a small
circular cylinder placed upsteam on the stagnation 1line is
investigated. Two typical bluff bodies are studied: a flat

plate and a circular cylinder.



Igarashi (4) has already investigated the
characteristics of the flow over two circular cylinders with
ratio d1/d2 = 0.68, the smaller cylinder being downstream.
The existence of different flow patterns varying with
spacing and Reynolds number was shown.

Zdravkovich & Pridden (5) investigated the interaction
between two circular cylinders of the same size placed in
tandem. Hiwada et al.(6) looked at the fluid flow and heat
transfer around two circular cylinders of different
diameters in tandem. The smaller cylinder was placed

upstream and used as a turbulence generator.

1.3 Objective

In all previous works on the interaction of two-
dimensional bluff bodies, different flow patterns were
identified at different spacing ratioé. However, no work
has yet been done to identify the optimum spacing for least
overall drag or for least vortex shedding side force. This
is the objective of this work.

In the following experiments, the front «circular
cylinder, from now on called the front rod, is relatively
small compared to the main body. 1Its diameter is varied
from 0.17 D to 0.50 D, where D is the frontal width of the
main body. Since the front rod is used as a method for drag
or vortex shedding reduction on a bluff body, its size must
be kept small to make it cost competitive with other methods

of force reduction.



Experiments are carried out, firstly using a flat plate
as the main body and secondly using a circular cylinder.
The results for the flat plate should be independent of
Reynolds number and there 1is no significant side force
present. The parameters varied are the spacing L, the rod
diameter d and the Reyholds number Re. The flat plate
coordinate system and symbols are defined in Fig.1(a).

The experiments wusing a circular cylinder as the main
body are carried out varying the same parameters, but this
time the fluctuating side force is measured and the Reynolds
number 1is expected to be an important parameter. The
circular cylinder coordinate system and symbols are defined

in Fig.1(b).



II. DESCRIPTION OF APPARATUS AND EXPERIMENTS

2.1 Smoke Tunnel

A smoke tunnel (Fig.2) was used for flow visualisation.
It 1is an Elektron open circuit wind tunnel, with a two-
dimensional test section. Its test section is 558 mm 1long
with a cross section of 29 mm by 330 mm. The two-
dimensional model was placed 150 mm downstream of the end of
the contraction.

Smoke was injected ahead of the model by a series of 29
horizontal nozzles. The smoke, following the air flow, made
the flow pattern visible. The smoke was generated by"
burning pipe tobacco and its flowrate could be adjusted.

The maximum Reynolds number based on the model cross
section was 5x10%, Pictures of different arrangements were

taken.

2.2 Wind Tunnel

The quantitative experiments were conducted in the
U.B.C. 1low speed, low turbulence, closed return type wind
tunnel in which the velocity can be varied from 0 to 46 m/s
with an inherent undisturbed turbulence level of less than
0.1%. The spatial variation of mean velocity in the test
section is less than 0.25%.

Three screens smooth the flow at the entrance of the
settling chamber and a 7:1 contraction accelerates the flow,
improving 1its wuniformity as it reaches the test section.

The test section is 2.74 m 1long with a <cross-section of



914 mm by 686 mm. Four fillets decreasing from 152 mm at
the upstream to 121 mm at the downstream end offset the
effect of boundary layer growth in the test section.

The tunnel 1is powered by a 15 HP direct current motor
driving a commercial axial flow fan with Thyristor speed
control.

The pressure differential across the contraction is
measured on a Betz micromanometer which can be read to 0.02
mm of water. The test section velocity 1is calibrated
against the above pressufe difference. Fig.3 shows an

outline of the tunnel.

2.3 Wind Tunnel Balance

Force measurements on models were taken on an Aerolab
étrain gauge balance. For the purpose of this experiment,
only the mean drag was read from the balance. The frequency
response of the balance is much too low to allow its use in

the measurement of fluctuating side force.

2.4 Models

Each model consisted of two parts: the downstream main
bluff body and the upstream rod. The two main bluff body
models used (a flat plate and a circular cylinder) had same
frontal width of 38.1 mm. Three different diameters of
front rod were used; 6.35, 12.7 and 19.1 mm, giving non-
dimensionalised rod sizes d4/D of 0.17, 0.33 and 0.50.

The main body was fixed to a stand while the frdnt rod

was fixed to a support which was movable on the stand so



that the axis of the two cylinders would stay in the
direction of the free stream. The models vertically spanned
all the way across the wind tunnel and extended outside.
The two parts were connected together on the balance so that
the drag measured was the total force on the two parts
(Fig.4). |

End plates were mounted on each model at a distance of
38 mm from the wind tunnel roof and floor, so that they were
just outside the tunnel wall boundary layers.

Stansby (7) showed that tﬁe end effects on a two-
dimensional circular cylinder without end plates altered the
true base pressure over the entire length of the model, even
when the aspect ratio was as high as 20, It was shown that
this change in base pressure could be rectified by the use
of end plates.

Lee (8), doing related work on square sections,
concluded that in the case of two-dimensional models with
sharp cofners, the utilisation of end plates was of 1little
use.

In this work, both circular cylinder and sharp corner
models were used. Since end plates seem to be compulsory
for the circular cylinder, end plates were used for
consistency on all models including the flat plate.

There was a second reason for using end plates; because
a balance was used to measure the drag, a gap was left
around the model where 1t passes through the wind tunnel

roof and floor; from this gap, air could be sucked in or out



due to the pressure difference and the pressure distribution
on the model could be affected. End plates were assumed to
minimize this effect.

The end plates were designed according to Stansby's
recommendations (Fig.5). The front rod end plates were of
various sizes to suit different rod spacings and avoid

interference.

2.5 Pressure Distribution Measurements

All models were fitted with pressure taps at their mid-
span position. For the flat plate, seven pressure taps were
distributed on the front and one pressure tap was located at
the back. The pressure at the back was assumed constant
across the width of the plate, an assumption that was
verified experimentally. For the circular cylinder,
pressure taps were located at 20° intervals all around,
except near the base where the pressure 1is essentially
constant (see Fig.29). One pressure tap was located at mid-
span on the 12.7 mm diameter front rod, and pressure
measurements at various angles were made by rotating the
rod. For the other two rods, 6.35 and 19.1 mm diameter, the
pressure distribution was not measured. Fig.6 shows the
ldcation of pressure taps on the models.

Pressure measurements were made using a Setra 237
differential pressure transducer in a scanivalve. The
pressure transducer was calibrated against the wind tunnel
Betz manometer and the calibration was frequently checked.

The pressure taps were connected to the scanivalve through 1
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m of tygon tubing with internal diameter of 1.68 mm. The
reference pressure was the static pressure 1in the test

section.

2.6 Mean Drag Measurements

The overall drag of the two parts of the model, front
rod and main cylinder, was measured by the balance. A drag
coefficient was calculated from the measured force, the
frontal area of the main cylinder and the dynamic preﬁsure
of the flow. The fronﬁal area was taken as the height of
the test section multiplied by the dimension D of. the model.

An error in the measured drag coefficient was
introduced due to end effects and friction on the end
plates. This error in drag was assumed to be proportional
to the total drag on the model. A calibration was made
between the balance reading (total force on the model) and
the force measured by integration of the pressure
distribution (force on the mid-span section of the model).
Fig.7 shows the calibration curve, using different models,
from which a calibration constant of 1.048 was deduced; all

later balance drag coefficients were corrected in this way:

CD(true) = 1.048 CD(balance)
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2.7 Fluctuating Side Force Measurements

Side force measurements were only taken on the circular
cylinder. A different arrangement of pressure taps was
used; eight pressure taps were located on one side of the
cylinder in such a way that their éverage pressure was
proportional to the side force. Details of the calculations
of the pressure tap location are shown in Appendix A.

The averaging of the pressure was made using the
technique for pneumatic averaging as described by
Stathopoulos (9). The eight pressure tubes were connected
to a special symmetrical manifold designed to have minimum
possible internal volume. The manifold had a single output
tube which was expected to give a measurement of the average
of the eight input pressures. Stathopoulos showed that this
system works well and has a good frequency response, at
least at 1low frequencies (below about 60 Hz depending on
tubing connections used). Fig.8 shows a sketch of the
manifold.

Because the tubing system, the manifold and the
transducer cavity introduce frequency dependent distortion
of the pressure fluctuations, the side force measuring
system was calibrated. A schematic representation of the
calibration apparatus is shown in Fig.9. A fluctuating
pressure was created in the <cylinder by a fluctuating
diaphragm. The diaphragm was activated by a vibrator
connected to a frequency generator. Nine pressure taps were

fitted to the cylinder head so that one could be used as a
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reference while the other eight were connected to the
manifold.

The reference pressure was measured by the scanivalve
through a short 1length of tubing (50 mm). The output
pressure of the system to be calibrated was also measured by
the scanivalve on a second channel. The amplitude ratios
(RMS/RMSref) were plotted against frequency for frequencies
between 8 Hz and 240 Hz. The result, called the transfer
function, is shown in Fig.10.

Four cases are shown where eight, six, four and two
manifold inputs were connected to the cylinder head, the
other 1inputs being 1left open to ambient pressure. The
reference value was taken as the average fluctuation of the
eight manifold inputs, if no distortion due to frequency
existed. 1In the case of four inputs left open, for example,
the reference value was half of the amplitude read at the
cylinder reference tap. There is good agreement between the
four different configurations even at high frequencies,
which shows that the averaging method works well even at
frequencies as high as 240 Hz. The only inconsistency in
tﬁe results is around the resonant peak (~60 Hz) and could
be a source of error.

The solid curve 1in Fig.10 1is used in Chapter IV to
correct fluctuating side force readings for frequency
distortion,

A Spectrascope II frequency analyser was used during

the experiment to measure the frequency spectrum and as a



13

result the dominant freqguency of vortex shedding.

2.8 Data Acquisition

Signals from both the balance and the pressure
transducer were digitized by a NEFF Data Acquisition System.
Digital signals were then processed by a PDP-11/34 computer.
The sampling rate was set to 400 Hz and sampling time was 10
seconds. From these 4000 readings, the average and the RMS
value of the fluctuation wefe calculated.

The program would also transform these values into

coefficient form as follows:

Cp = (p - py)/(0.5pU,2)
CD = (Drag)/(0.5pU, 2DH)
where P - P is given by the pressure transducer
"~ 0.5p0,7% is given by the Betz manometer
Drag is given by the balance
DH is given by 38.1 mm x 685.8 mm (model

frontal width multiplied

by wind tunnel height)
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ITI. RESULTS AND DISCUSSION I: FLAT PLATE

Tests were conducted on the flat plate with two sizes
of front rod, d/D = 0.17 and 4/D = 0.33, at three Reynolds
numbers (2.5x10%, 4x10* and 5x10*) based on D. No Reynolds
number dependence was found, as expected. Similar tests
were conducted in the smoke tunnel for visualisation

purposes at a Reynolds number of 5x103,.

3.1 Pressure Distribution On Flat Plate

In the wind tunnel, the plate was aligned perpendicular
to the air stream by rotating the model until the pressure
distribution on the front face was symmetrical.

The mean pressure distribution on the flat plate 1is
shown in Fig.11. These results, as well as all later values
of Cp and CD, have been corrected for wind tunnel blockage
using Maskell's method (10) with the blockage being 4.1%.
This pressure distribution is compared with Fage &
Johansen's results (11), corrected for blockage, and
Parkinson's wake source model (12). Numerical integration

of the pressure distribution gives a value of drag

coefficient CD = 1.94 as compared with the calibrated
balance reading CD = 1.95 and with Fage & Johansen's value
of CD = 1.90. There 1s a discrepancy between Fage &

Johansen's results and the current results, mainly in the
base pressure value. This is probably due to a difference
in thickness to width ratio. The model wused 1in this

experiment had a thickness to width ratio of 1/12 while Fage
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& Johansen's model had sharp edges. Engineering Science
Data (13) shows that the effect of a thickness to width

ratio of 1/12 is about the same as observed here.

3.2 Pressure Distribution On Flat Plate With Front Rod

The mean pressure distribution on the flat plate when
the front rod d/D = 0.33 was located between L/D = 7.17 and
L/D = 1.97 1is shown 1in Fig.12. Fig.13 shows the pressure
distribution on the same model, when the rod was located
between L/D = 1.81 and L/D = 0.84.

Two different flow regimes are observed. The first,
regime A, is observed for o > L/D > 1.97 and the second,
regime B, for 1.97 > L/D > 0.84. The flow at spacing
L/D = 1.97 was found to be bistable, switching from one
regime to the other. No experiments were done with L/D less
than 0.84.

Similar results were obtained when the rod 4/D = 0.17
was used. Pressure distributions are shown in Fig.14 for
regime A and in Fig.15 for regime B.

The pressure distribution on the front rod d4/D = 0.33
at two different spacings has been measured and the results
are shown 1in Fig.16. The pressure disfribution at spacing
L/D = 3.42 (flow regime A) is very similar to a subcritical
pressure distribution around a circular cylinder 1in a
uniform flow. At spacing L/D = 1.42 (flow regime B) the
strong interaction of the two bodies makes the rod base
pressure have a constant and higher value than the previous

case.
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3.3 Flow Regime A

The characteristics of this flow regime (Figs.12 & 14)
are that the pressure‘on the front of the plate decreases
with decreasing rod spacing and that the baSe pressure
remains constant, independent of the rod position.

The decreasing front pressure with decreasing spacing
can be explained by the fact that it is not a uniform flow
that reaches the plate, but a flow with the typical mean
velocity pfofile of a wake behind a circular cylinder.

The plane wake behind a circular cylinder in a uniform
stream has been carefully studied by Townsend (14). The
mean velocity profile in the wake is characterised by a
velocity deficit at the center, Uy, decreasing with
increasing downstream distance and by a characteristic wake
width, 1l,, increasing with downstream distance. For a small
deficit wake, similarity arguments showed that U, x-¥2 and
loax x¥2, when x is measured in the streamwise direction from
an appropriate origin.

If the plate does not have a strong interaction with
the rod wake, the stagnation pressure at the centre of the
plate can be considered as a measure of the total head at
the centre of the wake. The static pressure can be assumed
to be constant across the flow and £he velocity deficit of
the wake can be found from the measured stagnation pressure

at the centre of the plate, p(centre):
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Cpl(centre) (p(centre) - p,;)/(0.5pU,2)

(0.5pU(centre)?)/(0.5pU,2)

(U(centre)/U,)?

Uo = U, - Ulcentre) = (1 - \Cp(centre))U,

The wvalues of velocity deficit on the centre line, as

calculated (1 -\/Cp(centre))U,, are tabulated for both sizes
of rod in Table I, and should be proportional to x~¥Z,
Fig.17 shows Uo,/U, versus L/4d, distance non-
dimensonalised with respect to the rod size. The curve
Uo/U, = (L/d)-¥Y? is also shown and follows the data points
well, This result 1is in good agreement with Townsend who
showed that on the centre line of a wake behind a «circular

cylinder:

(Uo/U4)(L/d) 2 = 1

This last figure well supports the explanation that the
front stagnation pressure coefficient is less than one due
to the velocity deficit of the wake of the rod.

The second characteristic of regime A, which is also a
characteristic of regime B, is a base pressure essentially
independent of rod position. Fig.18 shows the base pressure
coefficient versus spacing for the two sizes of rod. There

is some scatter but the base pressure coefficient is fairly
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constant around -1.24. Turbulence in the flow does not seem
to be an important factor governing the base pressure value,
probably because of the fixed separation points and no
possibility of reattachment.

The wake velocity profile does not seem to affect the
base pressure either. If the velocity profile in the wake
of the front rod is consistent with Townsend's results as it
seems to be from Fig.17, then the characteristic wake width,
l,, which would exist in the absence of the plate, can be

evaluated. Townsend showed that:
lo £ 0.4(Ld)¥? (half width to half depth)

From the last equation, values of 1,/D were calculated and
are shown in Table I. 1,/D is always smaller than 0.5 or 1,
always smaller than the plate half-width, ekcept when the
rod is far and has a weak effect. Therefore, the velocity
at the edge of the plate is expected to keep a constant

value so that the base pressure is also constant.

N

3.4 Fléw Regime B

This flow regime 1is completely different from the
typical flow over a flat plate alone. The two bodies have a
strong influence on each other, substantially affecting the
flow field. This change in flow pattern begins at one
typical spacing, that we will call the critical spacing.

Flow wvisualisation pictﬁres (Fig.19) show a change in

flow pattern occurring between L/D = 1,36 and L/D = 0.79.
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The pattern 1in Fig.19(a) shows a typical wake behind a
qircular cylinder in the region befween the rod and the
plate for L/D = 1.36. A different flow pattern is shown in
Fig.19(b) for L/D = 0.79. A closed region between the plate
and the rod is formed where recirculation occurs. The two
separated shear layers from the rod reach the plate very
close to the edges of the plate.

Because of the strong blockage and the two-dimensional
test section of the smoke tunnel, the visualisation results
show a lower value of critical spacing than that shown in
the wind tunnel. Nevertheless, the flow visualisations are
helpful in understanding the different regimes.

In regime B (Figs.13 & 15), instead of one stagnation
point at the centre,' the pressure distributions show two
symmetrical near-stagnation points close to the edges of the
plate. They represent the reattachment of the separated
shear layers of the rod onto the plate. Their value is less
than Cp = 1 because of 1losses in the shear layers and
unsteadiness.

The exact location and pressure of these near-
stagnation points could not be measured because they were
located between the edge of the plate and the first pressure
tap. But from the pressure distributions in regime B, there
must be a point of maximum pressure between the edge of the
plate (pressure given by the base pressure measurement) and
the first pressure tap.

The pressure distribution on the central portion of the
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plate, say 0.3 < x/D < 0.7, is fairly constant. For the rod
d/D = 0.33 at spacing L/D = 1.42; this constant wvalue 1is
approximately Cp = -0.10 and 1is the same as the front rod
base pressure at the same spacing (Fig.16). This supports
the 1idea that a closed region is formed between the rod and
the plate, where the mean velocity is small and where the
pressure is essentially constant.

The change 1in pressure distribution with spacing for
regime B, is an increasing front pressure with decreasing
spacing. The fact that the closed region gets smaller with
smaller spacing suggests that less dissipation due to
turbulence occurs at smaller spacing and hence an increase
in front pressure.

As already pointed out, the plate base pressure is

fairly constant whatever the position of the rod (Fig.18).

3.5 Drag

Fig.20 and 21 show drag coefficient versus rod spacing
for the two rods, d/D = 0.33 and 4/D = 0.17 respectively.
Each graph shows the overall drag coefficient measured by
the balance and the drag coefficient of the plate only,
calculated by numerical integration of the pressure
distribution. The drag coefficient of the rod is given by
the difference between the two curves.

A minimum drag coefficient is reached at the critical
spacing. For the rod 4/D = 0.33 the minimum CD is 1.25
occurring at L/D = 1,81, as compared to 1.94 for the plate

alone; this is a drag reduction of 36%. For the rod
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d/D = 0.17 a maximum drag reduction of 24% is achieved at
the critical spacing, L/D = 1.64.

The change in flow pattern is represented by a dotted
line because the drag coefficient drastically drops when the
flow pattern switches from regime A to regime B. At this
point the flow was found to be bistable.

The drag of the rod keeps a fairly constant wvalue in
each regime and is always smaller than the drag of the same
rod in a uniform flow.

The overall drag coefficient decreases with decreasing
spacing in regime A and increases with decreasing spacing in

regime B.

3.6 Effect Of Yaw

Since the drag reduction device investigated is
unidirectional and, in practical cases, the structure may
not be perfectly aligned with the flow, it is of interest to
study the effect of small yaw angle on the drag.

The overall drag coefficient versus yaw is shown in
Fig.22 when the rod d4/D = 0.33 was located at spacing
L/D = 1.42 (regime B). The measured drag coefficient is
divided by CDref.which is the drag coefficient of the plate
alone at =zero yaw. The drag reduction is 34% at 0° and is
only 17% at 12°. The effect of yaw is therefore important
and the device Ashould be aligned with the flow as much as

possible if a_lafge drag reduction is to be achieved.
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3.7 Effect Of Reynolds Number

As expected, Reynolds number did not have much effect
on pressure coefficient because the separation pdints are
fixed at the edges of the plate.

The results at the three differents Reynolds_ numbers,
2.5x10%, 4x10* and 5x10%, were exactly the same within the

accuracy of measurements.

3.8 Potential Flow Model

A two-dimensional incompressible potential flow model
is presented here and was developed as a numerical
experiment. It represents the flow over the flat plate in
regime B. The blockage due to the rod was assumed to be of
little importance, the main effect of the rod being to fix
the upstream stagnation point and create a wake indepéndant
of rod shape or size.

In this model, the normal flat plate is mapped from a
circle by the Joukowski transformation. The representation
of the separated flow behind the plate 1is obtained using
Parkinson's wake source model (12). The separated flow
created by the rod upstream the flat plate is represented by
a symmetrical pair of vortices.

Consider the wake source model for a normal flat plate
as shown in Fig.23. The éomplex potential of the resulting

flow in the §-plane is:

2 . .
Flz) = V(e J+301n(z-Re'®)+1n(z-Re ™) -1nc)
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and the complex velocity is:

2

R ,Q(_1 1 1
= V 1__ +2 + .___T,— -

w(z) ( CZ) ﬂ(C_Re16 c-Re 16 g

The Joukowski transformation, which preserves velocity

at infinity, transforms the circle into a normal flat plate:

z = §-R%?/¢ where R = h/4
The boundary conditions are:

(1) stagnation points in the §{-plane at the critical points
of the transformation so that the angles are doubled there

and the flow leaves the plate tangentially:

w(g) =0 at ¢ = *iR

(2) the base pressufe is specified. At the critical points,

w(z) is finite and :

w(z) = U(1 - Cpb) V2 . at z = *h/2

From these two conditions, Q and § are determined.

Now to add a symmetrical pair of vortices in front of
the circle (at §, and t,) in order to create a bubble, we
also have to add images inside the circle to satisfy the
circle boundary conditions. The location (§g) and
strength (I'). of the pair of vortices will determine the size

of the bubble. The complex potential becomes:
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2 . .
F(z) = V(E+§ )+g{1n(c-Re16)+1n(;-Re-16)-1nc}+

%g{ln(c-c°)+1n(c-RZ/co)—1n(c-E°)-1n(c-R2/Eo)}

and the velocity potential:
2

RSy . Qp 1 1 1
w(z) = V(1--,)+ =( +—— - ]
C2 m c_ReuS Z-Re 18 ¢
ire 1 1 1 1
+==( - + - —
Zric-t,  T-T, ;-Rz/c° c-RQ/co

with again the Joukowski transformation and the conditions:

(1) w(g)
‘(2) w(z)

0 at § = #iR

U(1 - Cpb) V2 at z = h/2

and extra conditions to determine the location and
strength of vortices. A condition determining both the
location and the strength of the vortices at the same time
was used here. The condition 1is that each vortex be
stationary, which means that the velocity at its location

due to all singularities except itself, is zero:

2
R Qr 1 1 1
wiz) = V(- )+ S{——x t — =3 - 3)
( CZ) T Re15 Z-Re i§  z
ir 1 1 1 _ -
+?E( > - — - Z?ZZ) =0 at ¢ = g,

t-R7/t, z-R7/z,

From these conditions, we can determine a locus of
vortex positions where Q, I' and & can also be determined.

Fig.24 shows the streamlines of the flow over the flat plate

with the front stagnation point at L/D = 0.87. The base

pressure was specified as Cpb = -1.24 as found

experimentally in a previous section.
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It is noticed that the size of the bubble seems to be
too large and, as a result, the streamlines go over the
plate quite smoothly, creating a much narrower wake than
expected. Even though the streamlines look very smooth when
passing over the plate, the streamline ¢y = 0 leaves the
plate tangentially ana curves downstream very rapidly.

This is a rather poor simulation of the streamlines if
we compare this with the flow visualisation picture of
Fig.19(b). This result could be improved by choosing a
vortex strength and position that would satisfy the first
two boundary conditions and also give a good streamline
representation.

One might be interested in evaluating the drag from the
present model. The real flow is obviously not potential
inside the bubble land the pressure must be prescribed
empirically. From the experiment, the pressure inside the
bubble is fairly constant, it would therefore make sense to
use a constant value of pressure.

If the pressure 1is specified inside the bubble, and
‘since the base pressure is also specified, only the pressure
near the edges of the plate can be varied by the model,
which would not change the total drag significantly.

In conclusion, the model is not useful to predict the
drag aﬁd, in its present form, does not give realistic
streamlines shape. A better condition for I and §, could
improve the model as far as streamlines are concerned. But

this "better" configuration would have to be found by trial
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and error.

This model shows the limitations of potential flow in
representing separated flow but 1t may be wuseful in
representing how much a change in parameters, such as the

base pressure, can affect the outer flow.
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IV. RESULTS AND DISCUSSION II: CIRCULAR CYLINDER

The flat plate was replaced by a circular cylinder of
the same frontal width, 38.1 mm, and the same types of
measurements were carried out. In this case, unlike the
flat plate, the Reynolds number was expected to be an
important parameter governing the flow. The fluctuating
side force, significant in this case, was also measured.
Experiments were carried out in the wind tunnel for Reynolds
numbers in the rénge 1.0x10% to 7.0x10°%. Similar
experiments were done in the smoke tunnel at a Reynolds

number of 5x103.

4.1 Pressure Distribution On Circular Cylinder

4,1.1 Background

In the range of Reynolds number of interest for
aerodynamicists, between 10%® and 107, the flow over a
circular cylinder is subjected to different flow patterns.
Fig.25 shows the drag coefficient, CD, in this range of Re,
taken from Achenbach (15). Four ranges are specified:
subcritical, critical, supercritical and transcritical.

In the subcritical range, the flow is not influenced by
the surface roughness and the drag coefficient is
essentially constant. At higher Re, CD suddenly drops.
This is due to the laminar boundary layer separation and the
turbulent reattaéhment. Turbulent mixing re-energizes the
decelerating boundary layer, making the final separation

occur further downstream, It results in a narrower wake
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(low pressure region) corresponding to a fall 1in drag
coefficient. Exceeding the Reynolds number of CD minimum,
the drag coefficient 1increases again in the supercritical
range and reaches a nearly constant value in the
transcritical range.

Near the critical Re, at which CD drops sharply, it is
known that the flow pattern is strongly aependent on the
turbulence 1level of the approaching stream and on the
roughness of the surface. Achenbach showed that the effect
of turbulence was mainly to shift the curve CD versus Re to

the left so that the flow becomes critical at a lower Re.

4.1.2 Results

Measured pressure distributions around the circular
cylinder alone at different Reynolds numbers 1in the
subcritical range are shown 1in Fig.26. The solid 1line
represents the pressure distribution around a circular
cylinder in the subcritical range, as shown in Engineering
Science Data (16). The data points do not follow exactly
the solid line, first, because they have not been corrected
for blockage and second, because they represent pressure
distributions at various Reynolds numbers. Despite some
discrepancies, the data -points are in good agreement with
the solid line.

The uncorrected value of drag coefficient for
3.3x10% < Re < 7.1x10%, as measured by the balance, was
found to be constant with CD = 1.19, This value will be

used later as the reference value.
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As mentioned above, the data points have not been
corrected for blockage as is the case for all the results in
this chapter. It has been shown recently by West &
Apelt (17) that when two well known methods for blockage
correction, one of them being Maskell's (10), are applied to
a circular cylinder the corrected values of drag coefficient
are not any closer to the values free of blockage effects.
On the other hénd, the corrected value for base pressure
using Maskell's method is very close to the expected value.

' The suggested explanation was that the shape of the pressure

distribution, such as the location of the separation points,
| is changed by the blockage. As a result the correction,
which is made only by resizing the pressure distribution
curve without changing 1its shape, introduces an error.
Therefore the values of drag and pressure coefficient in
this chapter were not corrected for blockage even though it
has been a common practice in previous works.

One value of base pressure 1is corrected here by
Maskell's method in order to compare it with other quoted
values. For the circular cylinder at Re = 6.5x10“,-the
corrected base pressure coefficient is =-1.30 as compared
with ESDU's value (16) of -1.23 for this range of Reynolds

numbers.

e
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4.2 Pressure Distribution On Circular Cylinder With Front

Rod

The pressure distribution on the cylinder was measured
when a rod was located upstream at various spacings. Three
sizes of front rod were used, d/D = 0.17, d4/D = 0.33 and
d/D = 0.50. The experiments were done at three different
Reynolds numbers, 1.0x10%, 3.3x10% and 6.5x10%. The nine
resulting graphs are presented in Figs.27 to 35.

For clarity, each graph is presented in two parts, (a)
and (b). The two flow regimes, A and B described in the
previous chapter, still occurred for the circular cylinder.
For each graph, (a) represents regime A while (b) representé
regime B.

The nine graphs have the same general characteristics
which will be discussed in the following sections. In most
cases, the changes in pressure distribution are progressive
with rod spacing except for the 1low Reynolds number,
1.0x10%, where the inaccuracy of the pressure measurements

makes the results show some scatter.

4,3 Flow Regime A

The effect of the front rod on the cylinder front
pressure distribution is similar to that described for the
flat plate. The front stagnation pressure coefficient is
less than one and 1is decreasing with decreasing rod
spacings. This is due to the velocity deficit of the front
rod wake and it would be possible to present a similar graph

of U,/U, versus L/d as for the flat plate.
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Unlike the flat plate, the circular cylinder base
pressure is affected by the position of the rod. The rod
creates turbulence in the stream reaching the cylinder. As
mentioned in section 4.1, turbulence makes the separation
points occur further downstream on the surface of the
cylinder, permitting a more complete pressure recovery. The
proximity of the rod increases the turbulence 1level and
therefore the base pressure.

For example, .at Re = 3.3x10* when the rod is absent
(Fig.26), the base pressure, 180° from the front stagnation
point, is Cpb = -1.32, By bringing the rod 4/D = 0.17
closer to the «cylinder, the base pressure increases
(Fig.28(a)). At a certain spacing, the base pressure
becomes almost constant with decreasing spacing and remains
constant at Cpb = -0.83 wuntil the change in flow regime.
The separation points are therefore expected to have been
shifted downstream by bringing the rod closer.

The solid 1line 1in Fig.28(a) represents the pressure
distribution for critical flow around a circular cylinder,
taken from Engineering Science Data (16). Good agreement is
found between the shape of the solid curve and the present
data at small spacings (L/D < 2.4), except for the front
stagnation point. This suggests that the effect of
turbulence is to make the flow critical.

The trends of the group of curves are, 1in regime A,
toward a larger base pressure value for larger rod diameters

and larger Reynolds numbers.
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4.4 Flow Regime B

A different flow regime occurs because of the strong
interaction between the rod and the cylinder at smaller
spacings. Again, like the flat plate, two symmetrical
stagnation points are formed as well as a closed region of
roughly constant pressure. The main difference with the
flat plate results is that the base pressure 1is 1influenced
by the rod position. It seems that the separation occurs
earlier when the rod gets closer in regime B because thé
base pressure decreases with decreasing spacing.

The trends of this group of curves are similar to those
of regime A, toward a larger base pressure for larger rod

diameters and larger Reynolds numbers.

4.5 Drag
Only the total drag of the two parts of the: model was

looked at in the case of the circular cylinder, since it was
known from the flat plate results (section 3.5) that the
drag of the rod itself was not important. Its value was
almost constant in each flow regime and always smaller than
the drag of the same rod in a uniform flow. Therefore, only
the balance measurements were plotted.

Fig.36 shows the overall drag at Re = 3.3x10* and
6.5x10" for the front rod 4/D = 0.17. Figs.37 and 38 shows
similar results for d4/D = 0.33 and d4/D = 0.50 respectively.
The third Reynolds number, 1.0x10%, is not represented here
because balance readings were very inaccurate as the force

was very small,



33

The shape of each plot is similar to the flat plate
results. In regime A, the overall drag decreases with
decreasing spacing. Then there is a sudden jump in the
curve at the critical spacing corresponding to a change in
flow pattern. The minimum drag is obtained at that critical
spacing. Then, if the rod is brought closer in regime B,
the drag increases again.

The main difference between the flat plate and the
circular cylinder results 1is that there 1is already an
important drag reduction for the circular cylinder when the
rod is quite distant, say L/D = 7, whereas there was no
significant drag reduction at that spacing for the flat
plate. The drag reduction on the cylinder in regime A is
due to the turbulence created by the rod; this makes the
flow enter the critical region, decreasing its dfag.

An extra reduction is obtained at the critical spacing
when the flow switches to regime B, This extra drag
reduction is due to a change in front pressure only, the
base pressure being essentially the same as that just before
the critical spacing.

For example, in the case of d/D = 0.33 at Re = 6.5x10%
(Fig.37), the drag reduction just before the critical

spacing (regime A) 1is already 34% (CD = 0.78) and at the

i\

critical spacing it is 58% (CD = 0.50). The difference,
24%, 1s mainly due to a <change 1in the cylinder front

pressure.
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4.6 Effect Of Reynolds Number

In the range of Reynolds numbers studied, the main
effect of 1increasing Re was to lower the overall drag,
shifting the curve of drag versus spacing downwards (Figs.36'
to 38). This result can be explained by the fact that the
Reynolds number around the cylinder is increased, bringing
the flow closer to the critical range, 1improving the base
pressure recovery and reducing the drag coefficient.
Another possible explanation is an 1increase 1in turbulence
reaching the cylinder due to a higher Reynolds number around

the front rod.

4.7 Optimum Configuration

It has been shown that at any Reynolds number there is
a rod position giving a minimum drag, this position
corresponding to the «critical spacing. The important
parameters governing the optimum configuration are:

(1) - size of rod 4/D

(2) - spacing L/D

(3) - Reynolds number Re

Fig.39 shows the effect of rod size on the minimum drag
for two Reynolds numbers. At Re = 6.5x10%, a drag reduction
of 58% is achieved with a relatively small rod, 4/D = 0.33.
At lower Reynolds numbers, the drag reduction 1is 1less and
the size of the rod must be larger for maximum drag
reduction. A drag reduction of 44% is achieved at
Re = 3.3x10"% Awith the rod d/D = 0.50 but a lower drag could

probably be achieved with an even larger rod.
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Fig.40 shows the critical spacing for different rod
sizes and Reynolds numbers. The critical spacing is always
in the range 1.2 < L/D < 2.4. It was assumed that the
position of the critical spacing was between the last value
in regime A and the first value in regime B. The results
show some scatter but the trend is toward a larger critical
spacing for larger rod diameters and for larger Reynolds
numbers.

The Reynolds number had a strong effect on the minimum
drag (Fig.37 to 39). Unfortunately, for many practical
applications the Reynolds number will be higher than the
maximum value investigated here (the maximum value of the
experiment, 6.5x10%, was fixed by limits of the
instrumentation). For higher Reynolds numbers it is
expected that the minimum drag coefficient will be even
lower. On the other hand, the reference drag coefficient
(cylinder in wuniform flow) will be lower because the flow
may be in the critical range. Therefore the drag redﬁction
could be consequently lower than for the range of Reynolds
numbers studied here. No change in trend is anticipated at

high Reynolds number however.

4.8 Effect Of Yaw

The effect of small yaw on the drag was looked at but
the results were very inaccurate because the model was not
designed for that purpose. From the results gathered, the

trend of the drag with yaw -seems to be similar to that of
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the flat plate.

4,9 Fluctuating Side Force

The fluctuating side force due to vortex shedding on a
circular cylinder alone has 1its frequency and intensity
changing with Reynolds number. However in the range of
Reynolds numbers investigated the non-dimensional frequency,
the Strouhal number S=(£fD)/U,, 1is constant. This was
verified experimentally and the results are presented in
Fig.41(a), giving S = 0.195, This result well agrees with
the value of S = 0.20 generally accepted.

The intensity Cl', given by the RMS value of the
fluctuating force, was measured by the method described in
Chapter 1II. The results (Fig 41(b)) are shown in two sets
of data points: one is corrected for frequency distortion by
the transfer function (Fig.10), the second is left
uncorrected. Other curves by Keefe (18) and Gerrard (19)
are also shown. None of the results seem to agree, probably
because of different turbulence levels. It has been shown
by Gerrard (20) that in this range of Reynolds numbers the
oscillating side force is remarkably sensitive to turbulence

level,

4.10 Side Force On Model With Front Rod

The fluctuating side force was investigated to make
sure that no problem was created by the front rod. Fig.42
shows the fluctuating side force on the <cylinder with the

rod d/D = 0.17 at different spacings. Similar results for
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d/D = 0.33 and d/D = 0.50 are shown in Figs.43 and 44
respectively. The measured values of Cl' were not as
accurate as the other results because of the method of
measurement. Therefore these values should not be
considered as definitive. |

For the small rod (a/D = 0.17) the result at
Re = 1.0x10* shows considerable scatter and is difficult to
interpret. The reason is probably a sampling time too small
(10 sec.) for the 1low freguency involved(~20 Hz). This
result is therefore discarded as well as results at the same
Re for the other rod diameters.

The behaviors of the six remaining curves (Figs.42 to
44) are different but there are some common characteristics
to all of them. 1In all cases, there are two flow regimes
observed, corresponding to regimes A and B described
previously. Regime A corresponds to spacings where the side
force 1is almost constant. Regime B corresponds to spacings

where the side force varies rapidly.

4.10.1 Front Rod 4/D = 0,17

The two sets of data points of interest in Fig.42
(Re = 3.3x10* and 6.5x10%) have the same shapé with a
minimum side force near the critical spacing. The minimum
value of Cl' was always smaller than the reference at the
same Re (the reference is Cl' for the cylinder alone); the
maximum reduction of Cl' is 67% for Re = 6.5x10% and 25% for
Re = 3.3x10%, Any spacing in regime A gave a side force

reduction. In regime B, where the side force varied
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rapidly, the maximum side force wés not significantly larger
than the reference.

Fig.45 shows the effect of rod spacing on Strouhal
number for the rod 4/D = 0.17; the Strouhal number increases

with Reynolds number.

4.10.2 Front Rod d/D = 0.33

Fig.46 shows the effect of rod spacing on Strouhal
number for Re = 3.3x10%, There was not a well defined
dominant frequency for Re = 6.5x10%,

For each configuration tested at Re = 3.3x10%, the
spectral density of the fluctuation showed two frequency
peaks corresponding to the Strouhal numbers of Fig.46. The
total area under the spectral density curve being
proportional to (Cl')2?, it was assumed that the height of
each frequency peak was an estimate of the contribution of
that frequency to (Cl')2. The contributions to (Cl')2? in
percentage are shown in Fig.46.

The two frequencies were assumed to be the vortex
shedding frequencies of both bodies, the circular cylinder
producing the low frequency and the front rod producing the
high frequency.

The values of Cl' were corrected for frequency
distortion using the transfer function (Fig.10) and
considering the contribution of each of the two frequencies
to Cl'. The result is presented in Fig.43 for Re = 3.3x10%.
For Re = 6.5x10% it was not possible to correct the data

because no dominant frequencies were noticeable; these
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results are plotted as if the frequency response was flat.
The trends  of the two curves (Fig.43) differ
significantly. This may be due to one curve not being
~corrected. Another possible cause of the difference is the
presence of two dominant frequencies in one case.
Nevertheless, the side force 1is relatively 1low, not

significantly higher than the reference.

4.10.3 Fronf Rod d4/D = 0.50

Fig.47 shows the effect of rod spacing on Strouhal
number at Re = 3.3x10°%, Two dominant frequencies were
noticed again, but this time the intensity due to the high
frequency (front rod) was dominant as shown by the
percentage values. Again at Re = 6.5x10*% there was no
dominant frequency noticeable.

The values of Cl' (Fig.44) at Re = 3.3x10% were
corrected for frequency distortion but not the values at
Re = 6.5x10%, Again, the trends of the two curves differ
significantly for the same reasons as mentioned in section
4.10.2. |

The maximum Cl', obtained here in regime A, is about
50% more than the reference but the frequency 1is also
higher. A low Cl' 1is wuseful 1in practice but a high
frequency is also of practical wuse since it <can prevent
synchronisation of the shedding frequency with the natural

frequency of the structure.
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4.10.4 General Remarks

The side force results show different trends varying
with Re and rod size. They also are, in some cases, the
superposition of results happening at different frequencies.
It is therefore difficult to draw general conclusions on the
effect of the front rod on the fluctuating side force.

In all cases, the shedding frequency was increased from
that of the cylinder alone. An increase in frequency or the
suppression of the dominant frequency 1is suitable for
practical purposes because it prevents the side force from
matching the natural frequency of the structure.

If the device investigated here (front rod) is used
primarily as a drag reduction device, it should not increase
the fluctuating side force if the spacing is properly chosen
and may in fact decrease it somewhat.

If the device is to be used primarily as a fluctuating
side force reduction device, further investigation should be
undertaken to find the optimum configuration. From the
present results, it seemé that the small rod 4/D = 0.17 used

in regime A would be the most efficient.
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V. CONCLUSIONS

5.1 Conclusions

The objective of this project was to investigate the
effect bf placing a small rod in front of a bluff body for
fluid force reduction. Two bluff bodies were studied: a
flat plate and a circular cylinder. The conclusions drawn
are:

(1) - Experiments on the two types of bluff body with
different sizes of front rod and different Reynolds numbers
always showed, at some spacing, a significant drag reduction
from that of the single body. For the flat plate, a drag
reduction of 36% was found for rod d4/D = 0.33 at spacing
L/D = 1.81 and the results were independent of Reynolds
number in the range studied. For the <circular cylinder a
'drag reduction of 58% was found for rod 4/D = 0.33 at
spacing L/D = 1.73 and Re = 6.5x10"%.

(2) - In all cases, two flow regimes were observed,
depending on the rod spacing. The switch in flow regime
occurred at a '"critical" spacing, depending on the rod
diameter and the Reynolds number. The minimum drag always
occurred around this spacing. Regime A was observed for
spacings larger than critical while regime B was observed
for spacings smaller than critical. Typical values of the
critical spacing were around L/D = 2,

(3) - Regime A was observed for large rod spacings.
The effect of the rod consisted first, in reducing the rear

body stagnation pressure by slowing down {(on average) the
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fluid reaching it and secondly, in creating turbulence which
permitted, in the case of the circular cylinder, a better
base pressure recovery. The overall effect of decreasing
rod spacing in this regime was to reduce drag, especially
for the circular cylinder where the drag reduction was
significant mainly due to turbulence.

(4) - For smaller spacings than critical, a different
flow regime (regime B) was observed; the strong interaction
between the two bodies created a closed region 1in the gap
where the pressure was essentially constant. The switch
made the drag drop sharply. For smaller spaciﬁgs the drag
increased back again.

(5) - The drag of the front rod itself was always
smaller than the drag of the same rod in a uniform flow.

(6) - In the case of the flat plate, the base pressure
was essentially constant for all rod sizes and positions
(regime A and B).

(7) - In the case of the circular cylinder, increasing
Reynolds number reduced the overall drag due to an increase
in base pressure.

(8) - An optimum rod size was determined but it changed
with Re (circular cylinder only); a larger rod diameter was
required for lower Re.

(9) - Yaw was found to be important for drag reduction.
A yaw of 5° cancels 50% of the flaf plate drag reduction in
the tandem configuration.

(10) - The fluctuating side force (circular cylinder
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only) was not significantly increased by the use of the
front rod and was reduced in most cases. A small rod such
as d4d/D = 0.17 seemed to be more effective for Cl' reduction
than a larger rod such as d4/D = 0.50. The side force
reductioQ was betteg at 1larger spacings (regime A). The
side force frequency was increased by placing a rod upstream
and, for large rods, the frequency produced by the rod
itself (high frequency) became 'very important on the
cylinder. The optimum configuration for least side force
(position and size of the front rod) was not precisely

determined in this work.

5.2 Areas Of Further Work

(1) - A more extensive study of the fluctuating side
force on the circular cylinder would precisely determine the
optimum configuration for a fluctuating side force reduction
device.

(2) - Many applications of this fluid force reduction
device are at higher Reynolds numbers than the maximum

studied here (7.0x10%). It would therefore be useful to
| carry out similar experiments at higher Re, if the
experimental apparatus permits.

(3) - Similar experiments should be carried out on
different shapes of bluff body, such as a square cylinder.

(4) - The effect of turbulent flow instead of smooth
flow should be tested.

(5) - Further work could include testing a bluff body

model with two rods, one at the front and the second at the
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back. A preliminary study of this model showed that adding
a rod at the back (in the wake) of the present model (with
front rod) did not change substantially the overall drag;
the drag reduction when the two rods were located
symmetrically at the critical spacing was about the same as
with the front rod only. 1If this device is successful, it
would be a bidirectional device and would find many

practical applications.
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L/D d/D Cp(centre) Ug/U L/d lo/D
7.00 0.17 721 .151 41.2 .436
2.32 0.17 .548 .260 13.6 .251
1.98 0.17 .516 .280 11.6 .232
1.81 0.17 .540 .290 10.6 .221
7.17 0.33 .621 .212 21.7 .615
3.15 0.33 .467 .317 9.5 .408
2.78 0.33 .431 .343 8.4 .383
2.44 0.33 .401 .367 7.4 .359
2.13 0.33 .384 .380 6.5 .335

Table I - Calculated wake velocity deficit(UO) and characteristic wake width(]o)

LY
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Figure 19 - Flow visualisation at Re = 5x10° for front
rod /D = 0.21; (a) L/D = 1.36 (regime A); (b) L/D = 0.79
(regime B)
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APPENDIX A - PRESSURE TAP LOCATION FOR SIDE FORCE
MEASUREMENT

Consider a circular cylinder submitted to a pressure
distribution:

Y

. — Lo

Now divide the Y axis into eight elements and consider each
. element as being subjected to a uniform pressure equal to
the actual pressure at the centre of the element.

Y Hy

AA

+

fov
The uniformly distributed pressure can be replaced by a
point force F:

F = pAA = pAy/sin®

We are interested only in the side force, or the Y component
of F:

Fy = Fsing = pAy
where Fy is the side force on the element considered. The

total side force on the cylinder is the sum over all
elements:

Fy; = Fy; + Fy, *+ =77 *Fyg

P18y, * PpAY;*t --- +pglyg

If the elements have the same length, then:

Fyr = (py + ppt === + pglhy

(P] + Pot --- *F pg) X 8Ay
o

n

(average pressure) x (diameter)
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If the elements are of equal length, only the average
pressure has to be measured to obtain the side force. For
elements of the same length, this is the location of
pressure taps:

Cl' is calculated in the following way:

Cl' = 2 x manifold pressure(RMS) x D
0.5pU12 x D

The factor 2 is there to include the side force from the
other side of the cylinder. By doing that it is assumed
that the fluctuating side force is out of phase by 180° from
one side to the other. This assumption was not verified
here however, but, if anything, Cl' will be overestimated.



