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Abstract

The fluctuating pressures on the surfaces of two circular cylinders of the same diameter in
a tandem arrangement were measured in the subcritical region in order to obtain the distribu-
tions of their r.m.s. values of lift and drag coefficient as a function of the spacing between the
two cylinders. The spacing ranged from 2.0 to 6.0 diameters. Also, the time historys of the
fluctuating lift and drag coefficients could be obtained by a conditional sampling technique. The
results strongly suggested that the r.m.s. pressure and the r.m.s. lift force incaeased in a ste-
plike manner at the critical spacing where vortex shedding will just occur from the upstream
cylinder. The r.m.s. value of the fluctuating lift coefficient was much larger than that of the
drag coefficient for the upstream and downstream cylinders.

1. Introduction

The interference of flow around two circular cylinders has been extensively
studied by many investigators. However, there is very little reported to show
the surface-pressure fluctuations and fluctuating fluid forces. Authors have
already reported the r. m.s. pressure distributions on the surface of cylinders and
the spanwise and circumferential pressure correlations between two points?. They
yielded information about the spanwise coherence of the fluctuating drag and lift
forces and properties of r.m.s. fluctuating forces.

In this paper, the properties of the fluctuating pressure on the surface of
two circular cylinders in a tandem arrangement are presented in some detail for
various different spacings between the cylinders. Measurements are mainly made
of fluctuating fluid forces acting on the cylinders, and the fluctuating fluid forces
are evaluated using the conditional sampling technique.

2. Experimental apparatus and procedure

The experimental work was carried out in a closed-circuit wind tunnel
which has 0.5m x0.5m cross section and a 2.5 m long rectangular test section.
Time-mean velocity distributions were measured at several cross sections ahead
of the upstream cylinder by means of a Pitot-static tube. Flow two-dimensionality
at the test section was well maintained with 6.2d (d: diameter of the circular
cylinder) from the center plane of the wind tunnel and the nonuniformity was
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less than 1%. The free-stream velocity in this experiment was maintained con-
stant at U,=20+0.2m/s and the r.m.s. longitudinal velocity fluctuation was
about 0.4% of the approch velocity.

The downstream and upstream cylinders tested were machied brass and
aluminum respectively with 49 mm diameter, d, with a smooth surface finish.
The cylinders were placed at the test section at right angles to the approach
flow, and the clearance between the cylinders and the wind tunnel walls was
sealed with “0” rings. The flow blockage due to the presence of the cylinder
is 9.8% in area. A 0.8 mm diameter pressure tap was located at the center of
the span to measure the time-mean pressure on the surface of the cylinder by
Betz type manometer ‘with its accuracy of 0.2 mmAq. And time-mean pressure
distribution was obtained by rotating the cylinder every 10 defrees from 0 to 180
degrees.

Also the fluctuating pressure on the surface of the cylinder was measured
by a semiconductor pressure transducer. The pressure sensing element was
installed inside the cylinder with a small cavity between the opening of the tap
and the diaphram of the transducer. The pressure transducer responded to
pressure fluctuation up to 500 Hz with a gain factor of 1+0.06, the phase lag
being negligible. This frequency was well above the frequencies of vortex shed-
ding from the upstream and downstream cylinders.

In order to evaluate the fluctuating forces, first ensemble averaging of the
fluctuating pressure on the circumference of the cylinder for each angular position
was conducted. Then the ensemble-averaged time variation of pressure along
the circumference on the surface of the cylinder was obtained from each phase.
The fluctuating forces can be calculated from integration of the ensemble-averaged
time variation of pressure along the circumference.

3. Results and Discussion

A defitive sketch of two cylinders in a tandem arrangement is shown in
Fig. 1. The diameter of the cylinders is denoted by d and the distance between
their centers by 1. The angle measured from the front stagnation point is
written as @ for the upstream and downstream cylinders. The Reynolds number
R (=U.d/v) was maintained at 9.0 X 10* throughout the present experiment.

Upstream Downstream
cylinder cylinder

Fig. 1. Two circular cylinders in a tandem arrangement.

3.1 Time-mean pressure, drag and Strouhal number

The time-mean pressure ditributions on the surface of the upstream and
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downstream cylinders are presented in Fig. 2 for several nondimentional spacings
1/d. These results are seen to agree fairly well with other investigators?.

The time-mean drag coefficients C), for the upstream and downstream cylin-
ders versus l/d are plotted in Fig. 3 together with those obtained by Arie et al.”
and Okajima® respectively at approximately the same Reynolds number.
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The vortex shedding frequency was determined on the basis of the power
spectrum of the surface-pressure fluctuation, i.e. the frequency corresponding to
a spectrum peak. The results are shown in Fig. 4 in the form of the Strouhal
number S, versus 1/d. The Strouhal number are seen to be almost the same.
Also, the results of the present experiment agree with Arie’s’ and Okajima’s?
data taken at Reynolds number R=1.57x10° and 1.7 X107, respectively. It is
well established that the sudden change in the flow pattern in the gap between
the cylinders occurs when the spacing is increased beyond the critical spacing
(Zdravkovich?). Previous measurements®® indicated that the critical spacing will
range from 3.5 to 3.8 diameters. This change in the gap flow produces a dis-
continuous jump of the drag coefficients and Strouhal numbers of both cylinders.
They are also in good agreement with the present measurements.

3.2 R.m.s. surface pressure

The r. m.s. pressure distributions around the circumference of both cylinders
are shown in Fig. 5. A maximum of the fluctuating pressure appears in the
vicinity of the separation point, and similar results for a single cylinder were
measured by Surry®, Batham® and Bruun and Davies”. Then the r. m.s. pres-
sure distributions for a single cylinder were plotted in Fig. 5(a) at the range
R—4.42%10* 1.57 x10° and clear dependence on Reynolds number can be rec-
ognised within this range.

The r. m.s. pressure distributions around the circumference of the upstream
cylinder are shown in Fig. 5(b). The level of the fluctuating pressure was much
lower than that of a single cylinder and decreased with increased 1/d before vortex
shedding from the upstream cylinder occurred, i. e. for 1/d 3.5. Immediately after
the occurrence of the vortex shedding (I/d=4.0), however, the r. m.s. pressures
sharply increased to a level much higher than in the case of a single cylinder.
For spacings greater than 1/d=4.0, the surface-pressure fiuctuations seem to
decrease monotonically to approach those for a single cylinder.

Fig. 5(c) shows the results for the downstream cylinder. The level of the
r.m.s. value was much higher than that of the upstream cylinder for all the
spacings tested. The r. m.s. pressure decrsased in the order of 1/d=2.0 and 3.0
and showed a sharp increase when the jump of the flow pattern occurred.

3.3 Ensemble-averaged pressure

Fig. 6 shows two cycles of ensemble-averaged fluctuating pressure distributions
for each angular position together with that of a single cylinder. Two cycles
time trace of ensemble-averaged pressure was obtained by the fluctuating velocity
on the basis of the vortex shedding from the upstream cylinder. The fluctuating
pressure acting on the downstream cylinder is very large and is often about four
times as large as that acting on the upstream cylinder at the same angle (#=90°,
270°). At #=180°, this time trace shows twice the fundamental frequency of
vortex shedding, and also the phase turn over at #=90° and 270° for both
cylinders.
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Fig. 6. An example of the two cycle time trace of ensemble-averaged pressure.

The pressure distributions obtained from the ensemble-averaging of both
cylinders are presented in Fig. 7. Fig. 7(a) shows an example of the ensemble-
averaged phase variation of pressure of the upstream cylinder at several spacings
1/d together with that of a single cylinder. The level of ensemble-averaged
pressure fluctuation is fairly small but that of 1/d=4.0~5.0 has the same tendency
as a single cylinder. The phase of the ensemble-averaged pressure distributions
of the downstream cylinder differ for each spacing. This is understood to be
because an ensemble-averaging of the fluctuating pressure was performed on the
basis of the fluctuating velocity of vortex shedding from the upstream cylinder.
The level of fluctuating pressure is also very large at #=40"~50" and in the
vicinity of #=270° as predicted from the distributions of the r. m.s. fluctuation.

The fluctuating drag and lift forces are defined as

2 |
(c,, C,) :;S {Cl cos 0, sin 6} db

0

C’. is the ensemble-averaged pressure coefficient for each angle ¢. Fig. 8 shows
the time history of the instantaneous drag and lift coefficients for one period of
vortex shedding. The time history, C), of the upstream cylinder indicated the
clear periodicity for 1/d=5.0, 6.0 and for a single cylinder. On the ohter hand
the C) time history of the downstream cylinder is recognised with the change
of those amplitudes for each spacing. It is worth noting that the amplitude of
the C, time history of the downstream cylinder attains a magnitude about seven
times as large as that of the upstream cylinder.

The r.m.s. drag and lift coefficients evaluated from the time history of 7,
and C), are presented in Fig. 9. These experimental measurements are compared
with Arie’s measurements” obtained from the circumferential correlation of sur-
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Fig. 7. [Ensemble-averaged phase variation of the upstream cylinder for
a) 1/d=2.0, 4.0, 6.0 and the downstream cylinder for (b) 1/d=

face-pressure fluctuations, and Batham’s data® for a single cylinder.

2.0, 4.0.

360

In the case

of a single cylinder, Batham® and Surry” found that the fluctuating drag varied
with the turbulent stream whereas the fluctuating lift was affected very little by

the turbulent stream in comparison with the fluuctuating drag force.

This was

interpreted to mean that the major part of the fluctuating lift force was generated
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by the large vortex and not influenced by the turbulence of stream and wake.
In the present measurements, C, (rms) of the upstream cylinder and a single
cylinder are seen to agree well with Arie’s data®
to the reason mentioned above.
is generally smaller than Arie’s data.

But C (rms) of the present
large scale vortex.

ments are smaller than Arie’s data.

the present measurements.
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This should be attributed
(%, (rms) of the downstream cylinder, however,
Arie’s fluctuating lift force involves the
force created by vortices of all scale of frequency, i.e. large scale and others.
measurements was obtained only on the basis of a
Accordingly, it is understandable that the pressure measure-
Similar comments apply to the C’ (rms) of
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