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ABSTRACT

This thesis presents an experimental investigaﬁion of
“the fluctuating 1lift (or side force) coefficient on fixed
two dimensional rectangular cylinders for various free
stream turbulence intensities and scales. The measurements
are made using turbulence producing devices‘ such as grids
and circular rods placed upstream of the]stagnatioh line of
the model. Measurements are reported . for three fixed
rectangular prisms with B/H of .5, .67 and 1 where H is the
frontal dimension and B is the streamwise width of the body.

The method of measurement made it possible tb vary the
body span so that the correlation of the fluctuating side
force over the body span could be investigated. It was shown
that for low turbulence intensity, the spanwise correlation
of the fluctuating side force over the square cylinders
decreases by a large amount with increasing span. For higher
turbulence intensity this decrease was reduced, and for
u'/U=10% there was essentially no decrease of fluctuating

lift coefficient with increase of span.
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NOMENCLATURE

:bar width of a grid
:streamwise dimension of rectangular sections
:damping

Cp :drag coefficient

C{, :r.m.s. lift coefficient

Cﬂo

a

without end effects

:rod diameter

dB :decibel

i
f
F
F
F
F

F

n :natural frequency (Hertz)

v 'vortex shedding frequency (Hertz)
:magnitude of the force applied to the 'live'

o tlocal force on a live section

, tlocal force on a iive section

, :local force on a live section

B :total force on the live section

H :frontal dimension of rectangular sections

H(w) :mechanical admittance

Hz :Hertz, cycles/sec.

k

:stiffness

L :span of the live section

L

L

m

' :effective length (L-2A)
x tlongitudinal length scale of turbulence

:mass

M :mesh width of a grid

ix

:local value of Cf, measured over a very short span

section



Re :Reynolds number = U H/v
t stime
T :integral time scale R

1

u' :longitudinal component of fluctuating speed
U :wind speed (mean)

. u'/U :turbulence intensity

x :deflection of the beam (amplitude of motion)

2

Vx? :r.m.s deflection

Y gspanwise distance from the mid span of a
rectangular cylinder

wy, :vortex shedding frequency (radians/sec)

n :natural frequency (radians/sec)

p :air density

v :kinematic viscosity

B :daﬁping as a fraction of critical (i.e. B=C/Cc)

A :length, affected by end condition

-3

:time delay

>

tintegral length scale of the force correlation
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1. INTRODUCTION

Forces induced by vortex shedding on bircular cylinders
have been measured by mnumerous researchers. However, the
phenomenon of fluctuating side forces (fluctuating lift) on
rectangular cylinders in smooth and turbulent flows has
received 1less attention. The fluctuating side force is due
to alternate shedding of vortices from the éides of the
‘cylinders; the variation of -local pressure distribution dué
to shedding of the vortices causes a time varying force on
the cylinder, at a frequency centered around the.vortex
shedding freguency.

The subject is of importance because of the effects of
wind induced vibrations which cause material fatigue and
resonant vibrations of structures (resonant vibrations occur
when the frequency at which the eddies are shedding away
from a cylinder, 1i.e., vortex shedding frequency, matches
the natural frequency of the cylinder). Resonant vibrations
of slender towers, chimney stacks and transmission lines are
possible examples.

This work deals only with the fluctuating lift due to
vortex shedding. Particularly when turbulence is present 1in
the free stream, buffeting forces arise which are spread
over a wide range of frequencies. These are significant for
bodies of rectangular section on which flow separation
followed by permanent reattachment occures, typically bodies
whose streamwise length 1s larger than their frontal

dimension. Such buffeting forces are not expected to be



significant in the present studies since only relatively
short sections are used.

The distinction‘ must be made here between local lift
and lift averaged over a finite span. The 1lift per .unit
length averaged over a finite span includes the imperfect
spanwise correlation of the force, and is always less than
the 1lift per unit length measured locally if end effects do
not enter. Local forces are found either by directly
measuring the force on very short spans or by measuring a
series of pressures (either simultaneously or with suitable
phase correlation) to deduce ﬁhe local force. The use of
pressure measurements is most common since very short span
lengths sense only very low forces which are difficult to
measure directly. Forces on longer span 'live' sections can
be measured directly or deduced from local forces and the
spanwise correlation of force. The former has the difficulty
thaf the 'live' section must be physically separated from
adjacent 'dummy' end sections. Even very narrow gaps (as in
Vickery's' casei may give rise to unwanted fluctuating
pressures or spanwise pressure gradients and hence wunwanted
forces on the 'live' section. Thus end effects enter in a
variable way, proportionally larger effects being present
for shorter spans.

The direct measurement of spanwise force correlation is
difficult because of the need for many presﬁure taps or
complicated force sensor arrangements, and 1is usually

replaced by a spanwise correlation of pressures measured at
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mid chord and assumed to be equivalent to the correlation of
forces. This equivalence is somewhat doubtful although it is
best  when measured as a correlation of pressure difference
on either side of the model as was done by Vickery!'.

A vreview of prominent papers in this field shows that
the measurement of 1local fluctuating forces 1is fairly
common. Of these, Pocha2, Lee3, wilkinson4, Gartshore® and
Bearman & ObasajuG, measured forces on square >2D cylinders
all wusing integratidn of pressures. Fewer writers have used
finite span 'live' sections to measure spanwise éveraged
forces. Vickery! measured the fluctuating side forces on a
6in(15.24cm) by 6in(15.24cm) square cylinder of 3in(7.62cm)
length. The model was mounted on a hollow beam with four
elastic supports and, using a uni-directional strain gauge
dynamometer mounted within the beam, the fluctuating side
forces could be measured. The gap between the 'live' section
and the dummy endslwas set at .01in(.25mm) .

In a similar study, now considering - a circular
cylinder, So & Savkar 7 measured the spanwise correlation of
the fluctuating side forces and drag on circular cylinders,
in smooth and turbulent flows for different Reynolds
numbers, using two three-axis measuring load cells at each
end of their test cylinder. In these tests, the 'live' span
could vary from 1.5in (38.1mm)to 8in(203.2mm), and a rubber
seal was used at the ends of the 'live' section.

In this type of experiment, the natural frequency of

the model is wusually made as high as possible by using a



ligh# '"live' section, stiffly mounted. At most wind speeds,
the vortex shedding ffequency fy, where f;, = SU/H (with
Strouhal number S and frontal dimension H), is then well
below the model natural frequency f,. As wind speed is
increased however, f,, approaches f, and  large resonant
vibrations occur. These largé motions are undesirable, for
reasons which will appear later, and wind speeds are usually
restricted to values for which f,/f, < 1/4. 1In VickerY's
case, for example, the naturél frequency of the model was
about 180HZ and Vickery took meaurements for vortex shedding
frequencies below 50 cycles/sec.

Typical results from all these papers are summarized in
Table 1.

In this thesis, measurements on 'live' lengths of
various spans are used to deduce the forces to which the
section is subjected. This 1is considered most realistic
because actual structures having similar end effects are
subject to forces equivalent to those actually measured
here, so that the present data is most likely to be useful
in design. The work to be described here investigates the
spanwise averaged fluctuating side forces on sharp edged
rectangular prisms of various spans and shapes, in smooth
and turbulent flows. The experimental method uéed is similar
to that used by Vickery1 and So & Savkar’.

| It has been suggested that the fluctuating side force
varies with free stream turbulence in a similar way to that

of the base pressure (see e.g. Gartshore®) . The



experimental study reported here explores the possibility.
It also shows the effect of free stream turbulence -and
aspect ratio (span/frontal dimension) on the vortex induced

fluctuating side force exerted on rectangular sections.



2. EXPERIMENTAL ARRANGEMENTS

2.1 WIND TUNNEL

The experiments were conducted in the U.B.C. low speed,
low turbulence, closed return type wind tunnel in which the
velocity can be varied between 0 and 46m/s with a turbulence
level of less than .1%.

Three screens smooth the flow at the entrance of the
settling chamber and a 7:1 contraction accelerates 1it,
improving its uniformity as it reaches the test section. The
test section‘is 2.74m long with a cross section of 91.4 by
68.6cm. Four 45 degrees fillets, decreasing from 15cm at.the
upstream to 12cm at the downstream end, offset the effect of
boundary layer growth in the test section.

The tunnel is powered by a 15HP'direct current motor,
driving a commercial axial flow fan with a Thyrister system
of speed control. The éressure drop across the contraction
is measured on a Betz micro-manometer with a precision of
.02 mm of water. The air speed in the test section is
calibrated against the pressure drop. Fig 1 shows the

outline of the tunnel,.

2.2 TURBULENCE PRODUCING DEVICES

2.2.1 GRIDS

In the experiment four square mesh grids were

used for producing different 1levels of turbulence



intensity and different turbulence scales. Thfee of
the grids were of rectangular bars with mesh widths
of 9in(228.6mm), 4.5in{(114.3mm) & 2in(50.8mm) and
bar widths of 2.25in(57.15mm); 1.1in(27.94mm) &
0.5in(12,7mm) respectiQely. The fourth grid (the
smallest mesh width grid) had round bars with a mesh
width of 0.256in(6.5mm) and bar diameter of
0.0381(.97mm). Grids were mounted at the upstream
end of the test section, in every case.

The quality of the resultant flow at some
distance downstream of the grid, has been shown to
be nearly isotropic homogeneous turbulence
superimposed on a uniform mean flow (see for example
Bains and Peterson 8). Therefore, grid turbulenqe
appears to be the simplest form of turbulence for
two dimensional tests, having a flat velocity
profile and a uniform turbulence intensity
distribution.

Bains and Peterson® found that if the flow is
to be nearly uniform, the model can be no closer
than 5 to 10 mesh widths from the grid. Thus tﬁe
model position was chosen to be 72in(183cm) (8 times
the largest mesh width) away from the grids to have
a reasonably uniform flow at the model face for all
cases.

The characteristics of the turbulence acheieved

by the grids were measured by a single hot wire with
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linearized response, traversed longitudinally in the
mid span of the tunnel. The wire was of tungsten
with a diameter of 5 microns. The hot wire system
used was a Disa type 55D01 with suitable linearizer.
A low pass filter of the type Disa 55D25 was sét to
remove any frequency higher than 10KHZ. Using
suitable voltmeters the relative turbulence
intensity u'/U was deduced. A typical‘ calibration
curve of the hot wire is shown in Appendix A. For
each grid in position inside the tunnel, the hot
wire was used to calibrate the Betz manometer
readingé against the tunnel speed, so that the Betz
manometer could be used later as a measure of mean
wind speed.

The autocorrelation of the linearized velocity
was measured using a P.A.R. 101 correlator. The
integral time scale was found by integrating the
auto correlation function over various time delays.
Appendix A shows a typical auto correlation curve
and describes the method of obtaining the integral
time scale. Using Taylor's Hypothesis, the integral
length scale Ly = U-7 was deduced. Figure 2 shows
the decay of the longitudinal component of intensity
for the four grids. Data for a wuniplanar grid
obtained by Vickery9 agree very well, while the
results obtained by Campbell énd Etkin'0, and

1

Surry!! depart from the present data slightly.



Data for a similar grid from Baines and
Peterson8 are soméwhat 1ower. Also, the curve
u'/U=1.12(x/b)'5/7 which is a best fit to Bains' and
Peterson's data for different grids 1is lower than
the present values. Data from McLaren et al.'? and
Laneville!3 agree very well. Fig. 3 shows the growth
of the longitudinal scale of turbulence with
downstream distance. The result agrees fairly well
with those of Vickery9 and Laneville'3. The two
lines show the scatter limit for corresponding data

by Van der Hegge Zignen 14,

2.2.2 RODS

As an alternate to the wuse of grids, a
0.5in(12.7mm) diamefer rod was traversed along the
tunnel, upstream of the square prism centre line, to
produce different levels of upstream turbulence. The
rod was placed between 20d and 70d from the front
face of the model where d is the rod diameter. This
produced 1intensities between 12% and 4% on the rod
wake centre line at the model location. Turbulent
intensities were found from the measurements of
Gartshore'®, and integral longitudinal length
scales, again on the rod centre 1line, from the

measurements of Townsend16.
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2.3 MODELS AND MOUNTINGS

For each of the three reétangular sections of B/H=1,
.67 and .5, five models were made with 1lengths L of;
1.5in(38.1mm), 3in(72.6mm), 6in(152.4mm), 12in(304.8mm) and
24in(609.6mm). Each model had a frontal‘ dimension H of
1.5in(38.1mm), so that blockage ratios were always 4.2%
based on frbntal area (see fig. 4 for model details). There
was no blockage correction applied to the data since there
is no secure correction technique for fluctuating gquantities
available. In this kind of test, the trend is more important
than any absolute value in any case.

A 29in(736.6mm) aluminum beam with 1/4in(6.35mm) by
1/2in(12.7mm) cross section, having two strain gauges at
each end, was wused as a uni-directional load céll. This
could sense the cross stream loads on the 'live' measuring
section attached to it (see fig. 5). Two Zin(50.8mm) by
2in(50.8mm) holes were made in the roof and floor of the
tunnel on a vertical 1line perpendicular to the axis of
symmetry of the tunnel at the desired position. A heavy
steel frame, surrounding the tunnel test section was used to
hold the beam 1in position. The frame stood on four
adjustable legs without touching the tunnel, so that
vibrations of the tunnel would not affect the frame. The
load cell beam passed through the holes in the tunnel walls
and was fastened to the frame at .each end, by means of
specially made clamps. Fig. 6 gives more details of the

mounting. Dummy end pieces were screwed to the tunnel walls
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and end plates were mounted on them. The distance from the
end plates to .the floof. and roof of the tunnel was
1.5in(38.1mm), so that they were outside the tunnel wall
boundary layers.

Stansby17 showed that end effects altered the true base
pressure over the whole iength of a 2D circular cylinder
without end plates. He showed that end plates improved the
base pressure to its "true" value.

Obasaju18 concluded that for sharp edged 2D square
cylinders, end plates were again of impbrtance.

In this work, one set of end plates was used for all
models as shown in fig., 7.

For each experiment the 'live' model's span was screwed
to the centre of the load cell beam and the proper dummy end
pieces were fastened to the tunnel roof and floor. The gap
between the 'live' section and adjacent dummy end sections

was always made less than .02in(.5mm).

2.4 FORCE MEASUREMENTS

The average fluctuating side forces caused by vortex
shedding from a two dimensional bluff body at zero incidence
can be measured over a finite span by the methods wused by
Vickery1 and So & Savkar’/. The average fluctuating side
force is altered by having different end conditions for the
'"live' section. In the work to be described here two end
conditions were considered: a simple gap less then

.02in(.5mm) between the 'live' section and dummy end pieces;
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and the same gap but with a set of end plate identical to
those in fig. 7, attached to the ends of the 'live' section.

BEach time a model was mounted on the load cell beam, a
calibration of the load cell was done as load versus strain
gauge voltage output. The <calibration of load versus
deflection was also measured periodiéally; The natural
frequency' and the damping of each model was different
because of different sizes and weights of the models. Using
a spéﬁtrascope the natural frequency of the models was
measured prior to the test. Their damping was always less.
than 1% as a fraction of «critical, as measured on an
oscilloscope. Each model was tested at wind speeds of 2m/s
and higher. The fluctuating signal from the strain gauge
bridge amplifier was fed into a fixed 1 to 100
signal-amplifier and then through a low pass filter to cut
off freguencies near f,, the model natural freqguency. Using
a true r.m.s. voltmeter, the r.m.s. of the fluctuating
signal was read, and from the «calibration, the r.m.s.
deflection of the beam was found. Using a spectrascope the
average vortex shedding freguency at each wind speed was
found.

For one degree of freedom, the equation of motion of

the load cell beam is:
m§+CX+kX=F(t)=F1Sin(w1t)+FZSin(w2t)+...

Assuming the vortex shedding occurs 1in a narrow range
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centered about f;,, this can be solved for a range of

frequencies to give:

Vx2/B k
“L=H(t,) 1/2pU0°L

where Vi? is the r.m.s. of deflection, B the streamwise
dimension of the prism, L length of the 'live' section, k
the stiffness of the load cell beam and H(fy,) mechanical
admittance evaluated at the vortex shedding frequency (see
appendix B for more details of the derivation). Using this
equation and the data obtained from the experiment, Cy at
each wind speed was found. This method assumes that the
force oscillates near a single frequency; the range of
vortex frequencies was not measured in this experiment, but
was limited to values less than 20Hz below f.

To make the assumption that the cylinders are 'rigid' ,
the motion of the live section must be very small compared
to the section size. The r.m.s. amplitude of the 'live'
section was measured, and was found to be less than .1% of H
in all cases. Although it 1is known that <cylinders are
sensitive to small motions, this small motion is assumed
here to be negligible, and the cylinders .are described as

rigid.
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2.5 PRESSURE MEASUREMENTS

Mean base pressure measurements were made on a fixed
1.5in(38.1mm) by 1.5in(38.1mm) square cylinder spanning the
tunnel vertically. The base pressure wés measured to see the
effect of different end conditions and also to compare with
the results of Lee!9 and Obasajuls. The square prism was
prepared with twenty pressure taps on the rear face at the
mid chord, spread over most of the "total span. The base
pressure was measured in smooth and turbulent flows, with
and without end plates mounted on the model. End plates were
1.5in(38.1mm) away from the wallsIOf the tunnel as before.
The base pressures measured in this test are shown in figure

8 and are quite comparable to Obasaju's results.



3. RESULTS AND DISCUSSION FOR SQUARE SECTIONS

3.1 FORM OF RESULTS

In sharp edged bluff bodies like rectangular prisms the
point of separation of the flow is fixed and Cp, drag
coefficient, does not vary for high enough Re. All force
coefficients should therefore be independent of Reynblds
number or of wind speed, provided transition to turbulenée
occurs rapidly in the separation shear layers. This appears
to be thé case.for Re2 104 (see e.qg. Gartshore'®). The range
of Re in this experiment was 0.5 * 104 to 2.2 * 104 based on
frontal dimension. If the flow pattern is independent of Re,
as 1is expected, and if no end effects or difficulties of
measurement occur, the deduced values of Cﬂ should be the
same at all speeds. Measured results of fluctuating lift
coefficient versus wind speed, for one case, are plotted in
fig. 9. Another effect which was observed in some cases, was
resonant motion of the load cell beam at a speed where f, is
a lower harmonic of f, (see e.g. fig. 10). Measurements at
this wind speed were avoided since this effect caused an
undesirable motion of the beam and an increased r.m.s. force
reading. It was not always posssible to remove this effect
by wusing a low pass filter. At high speeds, when the vortex
shedding frequency was close to the natural frequency, the
amplitude of the natural frequency vibrations increaséd.
Again the r.m.s. voltage readings were incorrect, being

higher than the value appropriate for vortex shedding forces

15
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only. This problem wés solved at low speeds by using a low
pass filter to cut out the effect of natural frequency
vibrafions, but for high speeds the low pass filter also cut
out some of the desirable signals from the vortex shedding.
The data was corrected for the effect of filter and
amplifier wused. A calibrétion curve for the filter is shown
in appendix A.

Choosing an average of the most desirable data points,
the Cf, for each model was found (see fig. 9).

When the rod was used as a turbulence producing device,
C{, was measured at just one speed (4m/s) for each 'live'
section at every rod position.

Cf, values obtained for square sections with end plates
(see figs. 11 to 14) are lower than the values obtained with
no end plates. This is probably because of end effects,
since end effects (at least'for Cpb and, by analogy for Cf,)
seem to be more extensive near end plates than near gaps,

(see e.g. fig. 28).

3.2 EFFECT OF ASPECT RATIO

As already mentioned, the average force over a span of
the 'live' section is expected to become smaller as the span
gets longer, becapse the correlation of the force averaged
over the body reduces with span. Fig. 11 shows the measured
results for the square section 1in 1low turbulence. The
expected decrease in Cf, occurs only for larger spans, here

for L/H 2 2, For the lowest span length, L/H = 1, the effect
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of gaps between the 'live' section and the end pieces causes
a significant reduction in the measured C;, an effect much
more important 1in the short sections than in those of larger
span. As the free stream turbulence increases , the decrease
‘in C{, with increasing span bécomes less pronounced. Figs. 11
‘to 14 illustrates this idea. Apparently, turbulence makes
the fluctuating side forces act more evenly over the span.
Put. another way, turbulence improves the spanwise
correlation of the fluctuating side forces on the square
section. One of the reasons for this is that, in turbulence,
the shear layer separating from the front corners of a
square section, interacts significantly with the after body
and causes the forces to act evenly over the span; even when
the sp;n is large this interaction apparently remains quite
uniform, since the averaged coefficient of the fluctuating
side force decreases only very slowly with 1increasing of
span.

An analytical framework for the effect of aspect ratio
on the fluctuating lift coefficients, can be developed from
the rather simple assumption, that the relevant correlation
coefficient has a simple exponential form. With this
assumption, the r.m.s. lift force per unit length averaged
over a span L and non-dimensionalized to produce a iift

coefficient becomes:

C{=C{ vZM/LIL/X\ ~1+exp(-L/A)]1/2
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where A is the integral 1length scale of the force
correlation averaged over the span, L is 1éngth of tﬁe
"live' section, Cio is the fluctuating lift coefficient
measured locally and C{ is the fluctuating lift coefficient
averaged over the span. See appendix C for details of the
derivation. Fig. 15 shows typical measured values of C{ and
the plot of the above equation for selected values of M\/H,
Cﬁo chosen‘to fit the data at large L/H. The end effects
which 1include the definition of A are discussed in section
3.5.

Present results are like those previously reported for
low turbulence, for Cﬁo and A/H (see Tables 1 & 2). For
increasing intensity, however we find that A/H increases, in
contrast to previous reports (e.g. ref. 1). A possible
reason for the difference between the trends in ref. 1 and
those reported here is that, the values reported in ref. 1
are measured using pressure taps while the values reported
here are obtained using the average of the force over the

'live' section.

3.3 EFFECT OF TURBULENCE INTENSITY

When the turbulence intensity increases, it moves the
oscilating shear layers closer to the sides of the body from
which they separate, shortens the unsteady bubble between
the separation and reattachment and so progressively reduces
the fluctuating side force on the body. Figs. 16 to 20 show

the coefficient of fluctuating lift for different levels of
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turbulenée intensity. It is observed that.turbulence always
reduces the averaged r.m.s. 1lift coefficients on square
cylinders (if no end-effects are present), by disturbing the
regularity and spanwise correlation of shedding.

The fluctuating 1lift for the square section shape
varies ‘with free stream turbulence in a similar way to that
of the base pressure. Fig. 21, comparing measurements of the
base pressure 'and the fluctuating' lift coefficient for
different levels of turbulence for one length of the square
section, confifms‘this idea. The similarity appears for all
lengths of the square section.

Figs. 22 to 25 show thé effect of turbulence intensity
produced behind a rod for different aspect ratios. The same
pattern 1is evident as for the case of grid turbulence, but
the values are not the same. This is maybe because of the
different structure of turbulence generated behind a rod
compared to that from a grid, or differences in end effects.
Fig. 26 shows a comparison between Cf, measured using a grid
and Cf measured using a rod as turbulence generating

devices.

3.4 EFFECT OF LENGTH SCALE

Significant effects of turbulence scale on the drag of
bluff bodies have been reported by Lee?0 and ‘Miyata &
Miyazaki 21, However, most authors report no effect of
turbulence scale on mean forces over the range .2<Ly/H<18.

(e.g. see Pety22 and Laneville & Williams?3). Gartshore®
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reports no effect or little effect of turbulence scale on
fluctuating forces, provided Ly < H. A comparison between
measuféd fluctuating 1lift coefficients for two different
integral tUrbulenée scales was made. For two model positions
downstream of the test section, two grids one with mesh size
of M=.256in(6.5mm) and the other with mesh .size of
M=4.5in(114.3mm), were used to produce the same level of
turbulence intensity (4%) and two different length scales of
.179in(4.55mm) (Ly/H=.119) and 1.6in(40.64mm) (L,/H=1.067)
respectively at the front face of the model. No wuniform
trend in the averaged fluctuating 1lift coefficient was
observed for the two different 1integral 1length scales
generated. Fig. 27 shows the effect of integral length scale

on Cr,.

3.5 END EFFECTS

End effects are particularly important in two
dimensional experiments on bluff bodies, since separation
regions are easily altered by slight changes in pressure or
cross flow far from the centre span.

To remove the effect of the tunnel boundary layer, two
end plates were used. Obasaju18 showed the effect of
different end plates on the mean base pressure of a square
section. A set of end plates (see fig. 7) specified by
Obasaju for square sections, was wused without exploring
their effectiveness; again absolute values are unlikely to

be as important as trends in the present context. Boundary
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layers on the end walls confining the cylinder wunder test
may be modified as the frée stream_turbulenne’is changed.
Some of these problems are discussed by Lee'? and many
experimental studies report concern over. the observed
sensitivity to end effects. |

The ~other end effects present in this experiment were
the gaps between the 'live' section of the model and the
adjacent dummy end pieces. The gap was always kept less than
.02in(.5mm) for the main experiments. Fig. 28 shows the
effect of gap size on the mean base pressure coefficient. As
can be seen from the figure, when the gap size gets bigger,
the absolute value of the pressure coefficient decreases. If
there is a similarity between the base pressure coefficient
and the coefficient of fluctuating 1lift, Cf will also
decrease as the gap size increases. This end effect will be
more noticeable in the short span models, so that C{ for the
snallest model (1.5in(38.1mm) length) is lower than for the
3in(76.2mm) model, despite the opposing trend coming from
their different aspect ratios . To investigate the effect of
gaps, end plates similar to those used near the tunnel walls
on the dummy end pieces were tried at both ends of the
'live' section leaving the same gap (<.02in(.5mm)) with the
adjacent dummy pieces. In this case also the end plates on
the 'live' section produced another effect which again is
shown as change of base pressure coefficient near to the end

plates in fig. 8.
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It was noticed that end effects are less present in
high turbulence flows than 1in 1low turbulence flow; this
shows that turbulence reduces the effects of the ends.
Comparing fig. 11 (Cf for low turbulence) to fig. 14 (C{ for
high turbulence) confifms this matter. Also turbulence
reduces effect of gaps on base pressure (see fig. 28).

An - analytical frameworkA for the end effect can be
developed to modify that developed for the effect of aspect
ratio. For this purpose, it 1is assumed that the end
conditions (gaps, end plates, etc.) result in an effective
span (L-2A) slightly 1less than the actual live span L.
Therefore, the r.m.s. lift force per unit length averaged
over a spah L and non-dimensionalized to produce a lift

coefficient becomes:
C{=C{, VZMLIL' /A ~1+exp(-L'/N)11/2 where L'=L-2A

Apendix C has a derivation of this equation.

Measured results can be fitted by an equation of the
above form to infer effective values of A, A and Cﬁo for
each test.

Typical measured values of Cf, are shown 1in fig. 15,
where the above equation is also plotted for selected values
of N /H, Cﬁo and A/H. In this way, values of the three
parametefs for all tests are found. These are summarized in
Table 2. Values of Cr, are shown in fig. 29. These values

are extrapolations of C{, curves (averaged over the span) as
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a function of L/H to a value for L/H~0 (corrected for end
effects). These‘ values are not certain 1in some cases,
because of the scatter of C{ (averaged over the span) for
some 'live' sections. For comparison, local values of Cf
(Cf,,) measured by ~others are _also-bplotted in fig. 29.
Gartshore® used a rod as the turbulence producing device for
the turbulence values presented‘ in fig. 29, while Lee's3
turbulence values and the present data ére measured using
grids as the turbulénce producing devices. As noted earlier,
when the turbulence intensity increases, A/H increases and
the ratio A/H, representing end effects, decreases showing
that end effects become less significant as the intensity
increases. In fig. 29, the present values of Cﬁofor sguare
sections (B/H=1) are quite agreable with the 1literature.
However, fhe values of Cﬁo for other sections (B/H=.67 and
B/H=.50) are different than the values» reported by’
Gartshore® although the trends are similar. The difference
is perhaps because of the different methods of measurements,
different turbulence producing devices, different blockage

ratios and different end effects.



4, RESULTS FOR OTHER SECTION SHAPES

4.1 RECTANGULAR SECTION WITH B/H=.67

For - this rectangular'shape,_ci fo; each live span was
found at various wind speeds and turbulence 1intensities as
was done in the square section case. The values of Cy, found
for this section shape did not show such clear trends as for
the B/H=1 section, and values over a reasonable speed range
were not as constant. In some cases, the wvalues were
scattered between +*.4 of the quoted values. Despite this
uncertainty in the values, some conclusions can be drawn. As
is shown in fig. 30 to 33, C[ decreases very slowly with
aspect ratio. Although the trend is not as clear as for
square sections, it is evident that Cf changes slightly with
turbulence intensity for all spans. The effect of integral
length scale was tested on the longest span of "this
rectangular shape, and as it is shown in fig. 27, there
seems to be no effect of turbulence length scale on the
fluctuatingvlift coefficient over the range tested. Looking
at the results obtained for the base pressure (fig. 34), the
effect of the gap 1is again more present in the 1low
turbulence stream than in higher turbulent flow. It also
shows that £he end effect (because of gaps) may be slightly
changed with Re, since the base pressure coefficient trend
near the gap has changed slightly for the two different Re
used. This 1is perhaps one of the reasons why the values of

Cf,, in some cases, are different for different speeds.

24
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4,2 RECTANGULAR SECTION SHAPES WITH B/H=.5

For this rectangular shape also, C; for each span was
found at different speeds as was done for the other
rectangular sections. Cf for each "live' section  at
different 1levels of free stream turbulence intensity was
deduced as before. Figs. 35 to 38 and fig. 29 show that
there 1is almost no significant change of Cf, with turbulence
intensity for ény of the spans tested. The reason for this
is that, as the turbulence intensity_increases, the rear
corner of the body which was interfering with the'separating
shear layer of the square section interferes in the second
rectangular section (B/H=.67) and has very little effect on
the afterbody of the rectangular section with B/H=.5 in the
range of turbulence levels used. Therefore, the turbulence
level makes very little change to the value of Cj,. However,
figs. 35 to 38 show that C{ decreases as the aspect ratio
gets larger. Although this trend is not as clear as it was
in the case of sqguare sections, it demonstrates again that
Cf, is 1less correlated for longer bodies than for shorter
bodies, as expected. The effect of integral length scale was
tested on the longest span of this rectangular shape, and as
is shown in fig. 27, there seems to be no essential change

in C{, with change in length scale, over the range tested.
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4.3 COMPARISON FOR ALL SECTION SHAPES

Comparing the overall wvariation of ACﬁ with turbulence
intensity -‘in the rectangular sections (ignoring the end
effects), it can  be concluded that as the turbulence
‘intensity 1increases, Cj decreases in square sections. For
sections with B/H=.67 this decrease of Cf with turbulence
intensity 1is lower - than that for the square sections. For
sections with B/H=.5, Cf first rises with incfease of
turbulence 1intensity and then drops as the turbulence
intensity is further increased.

Looking at the variation of Cj with aspect ratio, there
is one trend evident in all the three rectangular sections
and that is: C{ always decreases with an increase of aspect
ratio, L/H (excluding end effects), no matter what the level
of the turbulence intensity is. In any level of turbulence
intensity, the unsteady lift per unit length depends upon

section shape.



5. CLOSING COMMENTS

5.1 CONCLUSIONS

The objectives of this test were:

1- To investigate the effect of turbulence on the
fluctuating lift forces induced by vortex shedding on two

dimensional rectangular cylinders.

2- To investigate the effect of span or aspect ratio (L/H)

on the averaged fluctuating lift forces imposed on the body.

The section shapes used are of importance because they
are particularly sensitive to free stream turbulence
effects. Literature has shown (see e.q. Gartshore®)that
rectangular sections with B/H>1 have a more permanent
reattachment of the separating shear layers to the sides of
the body, in turbulent flow, and the magnitude of Cf is
relatively small.

For square sections, an 1increase in turbulence
intensity decreased Cf, the decrease being greater for the
small span models than for the large ones. For sections with
B/H=.67 this decrease was slower and for sections with
B/H=.5, Cf increased first and then decreased very slightly.
Cf, measured for square sections using a rod as the
turbulence producing 'device, in all cases, showed a lower

value than the C{ measured using a grid as the turbulence

27
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producing device fof the same intensity. This is probably
because of the different structures of turbulence behind a
grid and a rod. See fig. 27 for comparison of grid data and
rod data. The effect of turbulence scale was checked on the
rectangular sections and there was no clear trend observed
for the range of the scales used.

Cr, decreaséd with increasing.spanbof the '"live' section
in all the fectangular shapes except for the small span that
was extensively affected by end conditions. End conditions
were more obvious in the small spans than in large ones. End
effects were less significant in high turbulence intensity
than in low turbulence levels, an effect observed on C; and

mean base pressures,

5.2 COMMENTS ON THE EXPERIMENTAL METHOD USED

The advantage of wusing a single beam as a force
transducer is that the beam is simple to make and to |use,
and 1is very inexpensive, avoiding other force or pressure
transducers. It also measures force directly over a range of
forcing frequencies.

End conditions play an important role in the data, and
gaps must be left at the ends of the 1live section,
necessarily introducing complicated (although realistic) end
effects. 1In addition, because of the increasing mass of the
larger sections, the range of speeds or forcing frequencies
that can be wused 1is progressively decreased. Vibration

amplitude, although always small in these tests, could
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introduce further variables in some cases.

For 'strictly 2D teSts, two related effects must be
investigated: the end plates used must be shown to be
effective so that 2D flow 1is produced and thé end gaps
necessarily present in the present tests must be eliminated.
For the first effect, end plates of various sizes need to be
studied with sections of each geometry, perhaps in
conjunction with wvarious turbulence levels and wvarious
blockage ratios. End gaps might be sealed with a suitable
gasket or sealing ring and could be avoided altogether if
many pressure taps were used, perhaps connected to suitable
manifolds.

Finally, a wide range of B/H could be considered, and
greater accuracy, to be more certain of trends, would

certainly be desireable.
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Author Method | Model;B/H | r.m.s. 1ift coef. L. /Hor L_/2R| Live section span | Blockage
| X X L/H or L/2R
Vickery |fveraged 1 1.32 Tow - 1/2 7.14%
& extrap- 68 10% 1.33
olated to ' *
' local '
Lee Local 1 1.22 Tow -—— --- 3.6%
1.00 4.4% .97
.95 6.5% 1.14
.95 8% .73
58 12.57 .94
Wilkinson]local 1 1,35 oW -——- -
Gartshore}lLocal 2 .41 Tow —--- --- 8.3%
1 1.10 low ———
1 .92 6% .2<Lx/H<2
1 .70 10% .2<LX/H<2
.67 1.74 Tow -=--
.50 1.76 Tow ——--
Bearman &|Local 1 1.20 Tow ———- 5.5%
Obasaju
Pocha Local 1 1.41 Tow -
So & 4 5
Savkar Averaged circular 4*10‘<Ré:4*10 .16 to 1.3 15.9%
' ‘ .254to 1.42 5 10% 1 _
3.8*10 <Re<4*10
.20 to"1.35 10% 2
3.5%10<Re<3.8*105
1to .75 _| 10% 3
3.5+100<R<3.8%105
.08 to .75 10% 5.3
3.2*10%Rg<5*105
.1 to 1.05 Tow -———- 3

Table 1. Unsteady lift coefficients reported

in the literature
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B/H=1 B/H=.67 B/H=.50
¢ | Muo | S R Y ¢ I M | am | wp
Lo Lo Ly
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Vickery] 1.32] 5.6 0
(1967) .68 ] 3.3 .10
Table 2. Values of A/H, :

C/ AND A/H for rectangular sections
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Spanwise distribution of Cp dlong the centreline of base.
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Effect of active span on the variation of CL' for square section '
1.4
1.2 1
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o
O
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Figure 11: C{, as a function of aspect ratio for square cylinders at

u'/U=0 (with and without end plates)
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Figure 12: C{, as a function of aspect ratio for square cylinders at

u'/U=4% (with and without end plates)
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Effect of ‘o_c'rive span on the variation of CL' for square secfion

1.4 -

1.2 1

0.8

cL
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Legend
& w/U=6% NO ENOPLATES | !

Figure 13: Cf, as a function of aspect ratio for square cylinders at

u'/U=6% (with and without end plates)
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Effect of active span on the variation of CL' for square section
1.4 1
1.2 _ '
1.4
0.8 -
o
(&
0.6
0.4
0.2
Legend
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Figure 14: C{, as a function of aspect ratio for square cylinders at

u'/U=10% (with and without end plates)



RM.S. lift coefficient for square section at low turbulence
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Figure 15: C{, for square cylinders at u'/U=0 along

with the analytical models
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Effect of turbulence infensity on the variation of CL' for a square section with L/H=1
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0.2 - Legend
‘ A NO ENDPLATES
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Figure 16: Cf, as a function of intensity for a square
section with L/H=1




Effect of turbulence intensity on the variation of CL' for a square section with L/H=2

cr
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0.2 Legend
A NO ENDPLATES
X ENDPLATES ON

O 1 T T T L}
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Figure 17: Cf, as a function of intensity for a square

section with L/H=2
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Effect of turbulence nfensity on the variation of CL' for a square section with L,/H=4

1.4 5

0.4

0.2 1

Legend
& NO ENDPLATES
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Figure 18:C{, as a function of intensity for a square

section

with L/H=4
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Effect of turbulence intensity on the variation of CL' for a square section with L/H=8

1.4 1

CL

0.4
0.2 4 Legend
A NO ENDPLATES
* ENDPLATES ON
o T T 1 T 1
0.00 0.02 0.04 0.06 0.08 0.10

Figure 19:C{, as a function of intensity for a square

section with L/H=8
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Effect of furbuence infensity on the variation of CL' for a square section with L/H=16
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0.2 Legend
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Figure 20: C{, as a function of intensity for a square

" section with L/H=16
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Base pressure measured in the mid span of a square cylinder

—1.6 C' MEASURED ON A SNUARE "LIVE” SECTION OF L/H=2
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Figure 21: variation of Cf, and Cpb with turbulence intensity.
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Effect of turbulence intensity on the variation of CL' for square seclions using rod as the turbulent generating device

1.4 -

0.8
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0.6

0.4

0.2
Legend

4 L/H=2 NO ENDPLATES
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Figure 22:Cf, as a function of u'/U for a square section

with L/H=2 (rod turbulence)
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Figure 23:C{, as a function of u'/U for a square section

with L/H=4 (rod turbulence)
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Effect of furbuence infensily on the variation of CL' for square sections using rod as the furbulent generating device'

1.4 4

Legend
5 L/M=8 HO ENDPLATES
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Figure 24:Cf, as a function of u'/U for a square section

with L/H=8 (rod turbulence)
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Effect of turbulence infensity on the variation of CL' for square sections using rod as the turbulent generating device
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Legend
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Figure 25:Cf, as a function of u'/U for a square section

with L/H=16 (rod turbulence)
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CL' for a 3in. span square cylinder without end plates
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Figure 26: Comparison between Cf, obtained wusing rod

and grid tﬁrbulence
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Effect of turbulence scale on CL' on sections with L/H=16
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Fiqure 27: E‘-ffect of integral length scale on Cr,
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Spanwise distribution of Cp dlong the centreline of base.

Legend

a8 «/U~0 no gap

X ' /U~0 .02in gop
a « /A0 06in gop
B v /U=10% no gop
T v /U=10% 02N gap

Figure 28: Effect of gap size (between the dummy end pieces and

the 'live' section) on the mean base pressure coefficient.
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Local Fluctuating Lift Coefficient
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Effect of active span on the variation of CL' for rectangular sections with B/H=.67
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Figure 30:C;y, as a function of aspect ratio for cylinders

with B/H=.67 at u'/U=0
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Effect of active span on the variation of CL’ for rectangular sections with B/H=.67
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Figure 31: C{ as a function of aspect ratio for cylinders

with B/H=.67 at u'/U=4%



Effect of active span on the variation of CL' for rectangular sections with B/H=.67
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Figure 32:C;, as a function of aspect ratio for cylinders

with B/H=.67 at u'/U=6%




Effect of active span on the variation of CL' for rectongular sections with B/H=.67
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Figure 33: Cf, as a function of aspect ratio for cylinders

with B/H=.67 at u'/U=10%
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Spanwise distribution of Cp base on a section with B/H=.67
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Figure 34: Base pressurre coefficient in smooth and turbulent flow

for section with B/H=.67
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Effect of active span on the variation of CL' for rectangular sections with B/H=.50
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Figure 35:Cf, as a function of aspect ratio for cylinders

with B/H=.50 at u'/U=0




Effect of active span on the variation of CL’ for rectangulor sections with B/H=.50
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Figure 36: C{ as a function of aspect ratio for cylinders

vith B/H=.50 at u'/U=4%
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Effect of active span on the variation of CL' for rectangulor sections with B/H=.50
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Figure 37:C{, as a function of aspect ratio for cylinders

with B/H=.50 at u'/U=6%
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Effect of active span on the variation of CL' for reclanguor sections with B8/H=.50
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Figure 38: C{, as a function of aspect ratio for cylinders
with B/H=.50 at u'/U=10%
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APPENDIX A

a) Hot Wire Calibration:

The calibration for the hot wire was found to be
DC(volts)=K:U(m/s) where K=.49 for an air temperature of 82
degrees F, which was held approximately constant during the

hot wire test. The following figure shows the calibration
curve for the hot wire.

207

15+

101
5+
5

V  (Volts)



b)Length Scale:

75

A typical auto correlation curve 1is shown below.

Integral time scale T=[% R, (r)dr was found, measuring the
0 = . .

area under the curve. Using Taylor's hypothesis, integral

length scale Ly was deduced: Ly=U-T

AUTO CORRELATION CURVE AT U=10m/s
FOR GRID#2 ; x/M=20

Area under the curve
is equal to T=6.34msec

Lx=U T=63.4 mm

m secC time
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c)Filter calibration:

The filter calibration curve was obtained using a
signal generator. The amplitude (i.e. voltage) of the
generated sinusoidal signal was measured by a true-r.m.s.
voltmeter. Then, this signal having a certain frequency, was
fed into the amplifier, then into the filter with a certain
low pass setting and finally 1into the same true-r.m.s.
voltmeter. The following calibration curves are obtained by
varying the signal frequency for certain filter low pass
settings.
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APPENDIX B

Methods of measuring r.m.s. fluctuating lift coefficient by
using a simple beam as a load cell

Consider a beam clamped at both ends exposed to a
concentrated load at its centre span varying sinuosoidally
with time. The equation for one degree of freedom motion can
be written as :

mX+cx+kx=F(t)=F,;Sin(w,t)+F,Sin(w,t)+...

For one sinusoidal load, the equation of motion is:
m¥+cx=F(t)=F,Sin(w,t)

¥+(c/m)x+(k/m)x= (F,/m)Sinw,t

Defining f=c/(4mk)'/2 as the fraction of critical damping
and wn=(k/m)1/2 as the natural frequency, then the equation
can be written as:

#+2fwpx+wix=(F,;/m)Sinw,t

The solution to the above equation is:
x(t)=(F,;/k)H(w,)Cos(w t-¢,)

where H(w) is the mechanical admittance and is:
H(w)={[1-(w/wy) 212+ (28w/w,) 2} 1/2

and ¢ is the phase angle and is:

¢=tan” ' {28(w/wy)/[1-(w/wy) 2]}

77
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The square of the solution function is:

x2(t)=[(F,/k)H(w,)Cos(w t-¢,) ]2

Time averaging:

x%= (F?/k?)H*(w)

where F2=F2Sin2(wt)=F2/2

For a variety of loading freguencies, this result may be
expressed in the form of spectra, defined as:

x2="S, (w)dw and F? =[Spp(w)dw
o] 0

In both cases the spectra represents the contribution to x?
or F2 from frequencies near w. Hence

Syx (@)=(1/k?)H? () Spp (w)

and x2=[®(1/k?)H*(0) Spp(w)d(w)
0

If Spp(w) is narrow and is in a range not close to wy then
H(w) over this range may be considered approximately
constant and equal to H(w,) where Spp(w,) is the peak of the
force spectrum (i.e. the frequency w, is the vortex shedding
frequency). With this assumption:

VxZ=(1/k)H(w,) VFZ?
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A}

Writing VF? in terms of an r.m.s. lift coefficient C{,, where
V57=1/2pU2LBC£ then:

VX2 /B k
CL= H(wy) 1/2pU%L

This equation was wused to calculate C{ from measured
values of Vx?2, fy,, U, L and B with k known from calibration.



APPENDIX C

Effect of aspect ratio on the fluctuating lift coefficients.
a)- Model with no end effects:

X2 .
L Xy . g
IF [
v v 4
’ .
By definition: H fﬂ

_ Uﬂ‘- '

Fi= jLF dx,f F dxz—f f FoF,dx,dx,

where Fé is the mean square force on the entire body where
as F, and F, are local forces per unit length.

Defining the force correlation coefficient as:

2 where F2= F2= F2

then
F:Fg ILIL RFF d(x1"X2)dX1dX2
0 O

Considering a simple form for Rpp as Rpp= exp(-A|x,-x,|) and
substituting in equation for FE and 1integrating, while
knowing that f Rpp d{x,-x,)=\ and VFﬁ =Cf{, 1/2pU?LB

and Fi= cL 1/2pU2B we get:

CL=CL0/2x/L[L/x ~1+exp(-L/\) 11/2

In this expression,

Ct, — Cﬁo if L/XN <«

and C{ — CﬁO(ZX/L)1/2 if L/X >>1
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b)- Model with end effects:

Assume A is the length representing the loss of 1lift
due to each end. Then:

- -4
fL 4 £L RFF(X1—X2)dX1dx2

o

B A

Making the same assumptions as in part (a) and carrying out
the integrations we find:

Cf=Cf, VZM/LIL' /N ~1+exp(-L'/\)11/2 where L'=L-2A



