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ABSTRACT

The paper describes the experimental study of shielding effects of the disk placed coaxially upstream of a
cylinder. It not only reduces the drag of the cylinder. The disk changes the dynamic characteristics of the cylinder. Without
a disk, an elastically fixed cylinder in the airflow performs rotational oscillations with constant amplitude. A disk of small
diameter, located near the cylinder, reduces the amplitude of rotational oscillation. Increasing the distance between the disk
and the cylinder causes the damped rotational oscillations. The influence of the aerodynamic force on the damping of the
oscillations depends on the disk diameter and the gap between disk and cylinder. A mathematical model is proposed for

describing the rotational steady and damped oscillation of a cylinder with a disk.
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INTRODUCTION

It was obtained that the drag force of the cylinder
of circular cross-section can be reduced with a disk
attached to cylinder coaxially upstream [1, 2]. But
dynamical characteristics of the cylinder with coaxial disk
were not studied. A rotational oscillation of the
configuration presented in the Figure-1 is the main subject
of the present investigation.

Figure-1. The scheme of the cylinder with coaxial disk.

If the aerodynamic forces acting on the body
depend only on the instant angles of attack and sideslip, it
has been proven that the quasi-steady approximation can
be used to describe the oscillations of elastically fixed
bodies [3, 4]. However, the quasi-steady approximation is
inapplicable to rotational oscillations of bluff bodies,
because the aerodynamic forces depend not only on the
instant angles of attack and sideslip, but also on the
derivatives of these angles with respect to time [5 - 8].

Mathematical model for rotational oscillation of
the cylinder without coaxial disk was suggested in the
paper [8]. Experimental study of cylinder rotational
oscillations was described in [6, 7].

EXPERIMENTAL METHOD

The experiments were carried out in the subsonic
wind tunnel AT-12 of Saint-Petersburg State University.
The wind tunnel has open test section. The diameter of the
outlet circular cross section of the nozzle is 1.5 m. The
flow velocity in the test section varies from 0 to 40 m/s.
Cylinder is fixed with the wire suspension. It could rotate

around the horizontal axis that is perpendicular to the
mean velocity vector of the oncoming stream. A steel tail
holder is fixed to the downstream end of the cylinder. Two
steel springs are attached to the holder (Figure-2). A
semiconductor strain gauge registers the tension of one of
the springs.

o
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Figure-2. The scheme of experimental setup. 1- cylinder,
2- steel tail holder, 3 - nozzle, 4 - springs, 5 -
semiconductor strain gauge, 6 - PC-oscilloscope, 7 -
computer, 8 - rotational axis, 9 - wires.

PC-oscilloscope Velleman-PCS500A transferred
the signal from strain gauge to the computer. The
frequency of the records was equal to 100 Hz.

A typical sample of signal record of steady
oscillation of the cylinder is shown in Figure-3.
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Figure-3. Record of the signal at steady oscillations.

A typical sample of signal record of damped
oscillation of the cylinder is shown in Figure-4.
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Figure-4. Record of the signal at damped oscillations.

The signal is proportional to the tension of the
lower spring. It turned out that the oscillation frequency
does not depend on the velocity of the air. In the absence
of flow in the test section, the oscillations of the cylinders
on the elastic suspension were damped, and the oscillation
frequency remained the same as in the oscillations due to
the airflow. This fact confirms the smallness of the
aerodynamic forces in comparison with the elastic forces.
We suggested that the tension of the springs in the
extremes of the dependence of the signal on time is equal
to the tension of the springs under the action of a constant
load, causing a deviation equal to the amplitude of the
oscillations. This assumption made it possible to relate the
amplitude of the oscillations to the maximum or minimum
tension force of the lower spring detected by the
instrument. Two calibration experiments were carried out.
In one experiment, during the recording of the readings of
the strain gauge a load of a known mass was hung to the
point of attachment of the tail holder to the wire. Based on
the measurement results, a change in the readings of the
device, caused by a known force, was determined. In
another calibration experiment, the displacement of the
end of the tail holder was determined under the influence
of suspending a load of known mass.

Based on the results of two calibration
experiments, the coefficient relating the amplitude of the
tension oscillations of the lower spring with the amplitude
of the cylinder's rotational oscillations was determined.

PROCESSING OF EXPERIMENTAL RESULTS

As the basis of signal processing, it was
suggested that the measured rotational angle of the
cylinder f, at time ¢ is the sum of the harmonic function B
cos af; + C sin at;, constant E and a random variable &
with zero expectation, which is an experimental error:

B; =Bcosat; +Csinax; + E+&; (1

The period of oscillations 7 and the angular
frequency of oscillations @w = 2 w/T are determined from
the results of calculating the number of oscillations over a
known time interval containing dozens of oscillation
periods. Let n be the number of readings in one period, i =
1, 2, 3, ..., n. Then, multiplying formula (1) sequentially
by cos af; and sin at; and calculating the arithmetic
average over all readings in the period, we get

12 1z 12 .
— . cosar; =B—Y cos” wr, + C— cos wt; sinwr; +
ni=| ni=| ni=

12 1z
E—Y cosat; +— . & cos o, (2
n =1 n =1

12 . 12 . 1z .,
—> B;sinawt; =B—) cos at; sinwt; + C— ) sin” wt; +
n =1 n =1 n =1

ElZSina)t,- +lZ§i sin ot . 3
n = nj=

The sums in equations (2) and (3), which contain
only trigonometric functions, can be calculated. The
parameter E is determined in the experiment in the
absence of oscillations. If » is larger then

1.
cos? or; ~0.5, —Y sin? wr, ~0.5,
n =

M-

. 1
cos ot; sinat; =0, - > cos at; =0,
i=1
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Thus, from the equations (2) and (3) we can find
the parameters B, C and calculate the amplitude of

rotational oscillation A=+ B? +C?.
MATHEMATICAL MODEL OF ROTATIONAL
OSCILLATIONS

The equation of motion of a cylinder elastically
fixed in a flow has the form:
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IB=L, +L,, (4)

where [ is the moment of inertia, L, - moment of
aerodynamic force, L; - moment of the elastic force and
frictional force. The dot above the symbol denotes
differentiation with respect to time.

The components of the force moment can be
represented in the form

2 . .
L ='0VTLS mr Ll | L =gk, B (5)

a
v

In formula (5), p is the air density; v is the
velocity of the incoming flow; L is the length of the
cylinder;

S is the characteristic area that is equal to the area of
the base of the cylinder; m is the coefficient of the

aerodynamic force moment; m? is the coefficient of the
aerodynamic derivative; k is the spring rate; [ is the
distance from the axis of rotation to the end of the tail
holder; k; is the coefficient corresponding to the viscous
friction.

The coefficient of the moment is proportional
tof, and the rotational derivative coefficient is described
by the formula:

m=-Czp, mb=C.(1—§b’2) (6)
B

Expressions (6) include the dimensionless

parameters Cs, C, and 6. After substituting expressions
B

(5, 6) into the equation of motion (4), we obtain
L 1] v L] L]
P p+ Q= -85 ) -k . ™

where

2 3
k
0 =k 11,9 =2 1sc, u=PE3c, k=1L
21 21

B
If »*is much greater than Q° then
(1] 2 v 2 L]
B+ o ﬂ:y[z(l—dﬂ )—kz},b’, ®)

Assuming u to be a small parameter, the equation
(8) can be solved by the Krylov-Bogolyubov method [9].
As a result, we obtain equations for the slowly varying
amplitudes A and the phase ¢ of oscillation:

* Aul(v vV 20 °
A=—|| ==k, |-—A"—|, @=0. 9
> KL 2} 4} ® ©)

In the case of steady oscillation with constant

amplitude the derivative of the amplitude A is equal to
zero and

A2 =i_4k_2Ll.

10
6 O v (19)

Therefore, A is linear function of 1/v.
The first equation (9) can be transformed to the

form
dinA  u|(v vV 20
= ==||——k, |-—A"—| 11
T="a T2 KL ZJ L 4 b
EXPERIMENTAL RESULTS

Cylinder has the length L = 0.28 m, diameter D =
0.14 m (see Figure-1). Aspect ratio A = L/D = 2.
Experiments were performed without the coaxial disk and
with the disk. The ratio of the disk diameter and cylinder
diameter d/D was 0.536, 0.714 and 0.893. The ratio of the
gap between disk and cylinder and cylinder diameter g/D
was 0.5, 0.607 and 0.714.

Figure-5 shows the dependence of the square of
oscillation amplitude of the cylinder without coaxial disk
on 1/v. Marks in the Figure-5 are near the straight line.
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Figure-5. Dependence of square of amplitude A*on 1/v.
Steady oscillation of the cylinder without coaxial disk.

This fact is in accordance with the predictions of
the mathematical model. It is possible to determine the
parameters J and k, in the equation (10) using the method
of least squares.

The steady oscillation exists in the case of the
cylinder with the small disk and the small gap between
disk and cylinder. The dependence of A* on 1/v is
presented in the Figure-6. However, the amplitude of
oscillation in less than the amplitude in the case of the
cylinder without disk.
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Figure-6. Dependence of square of amplitude A* on
1/v. Steady oscillation of the cylinder with disk.
d/D =0.536, g/D = 0.5.
Two cases mentioned above confirm the
predictions of the mathematical model (10).

Others  configurations of the geometry
demonstrate the damped oscillations at different velocity
of inlet flow. In the Figure-7 there is the dependence of the
logarithm of amplitude of oscillation on time.
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Figure-7. Dependence of the logarithm of amplitude of
oscillation on time: 1 - flow velocity v is equal to zero,
2-v=125m/s,d/D =0.893, g/D = 0.607.

Dependence of In (A) on time at v = 0 is a linear
function. Parameter # does not depend on amplitude of
oscillations. Another dependence in the Figure-7 at v =
12.5 m/s is not a linear function. If amplitude decreases
then parameter # reduces. This type of damped oscillation
exists if d/D = 0.714 or d/D = 0.893. If d/D = 0.536 and
g/D > 0.5 then another type of damped oscillation is
realized. Dependence of In (A) on time for this type of
oscillations is presented in the Figure-8. If amplitude of
oscillation A decreases then parameter 7 increases.
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Figure-8. Dependence of the logarithm of amplitude of
oscillation on time: v = 19.1 m/s, d/D = 0.536, g/D =
0.714.

Equation (11) can be presented in the form:

p =Py e ey O 42 (12)

2 2L ' 2 4L

The time range was divided into sections, each of
which contained 7 periods of oscillation. For each section,
a straight segment approximated the dependence of
logarithm of the amplitude on time at velocity v;. The
slope of segment 7; and average values of the amplitudes
A; were determined. The method of least squares can be
used to calculate the parameters of equation (12) gk, /2,
#/Q2L), ud/(8L).

Data with a small amplitude of oscillations were
excluded from the consideration due to the large error in
determining the logarithm of the amplitude. Results of the
data processing are presented in the Figure-9, Figure-10,
Figure-11 and Figures-12.
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Figure-9. Dependence of 7 on amplitude of oscillation:
d/D =0.536, g/D =0.607;1,5-v=0, 2; 6-v=9.8 m/s; 3,
7-v=152m/s; 4, 8- v=20.9 m/s; 1, 2, 3, 4- experiment;

5,6, 7, 8 - approximation.

Solid line in the figures corresponds to the
approximation (12).
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For d/D = 0.536 and g/D = 0.607 (Figure-9) the
damping of oscillations is provided by viscous friction. If
the amplitude of oscillations is small then aerodynamic
force reduces damping. Parameter 7 is growing.
Increasing of g/D up to 0.714 (Figure-10) leads to the
elimination of the influence of aerodynamic forces on the
damping of oscillations.
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Figure-10. Dependence of 770n amplitude of oscillation:
d/D =0.536,g/D=0.714;1,5-v=0,2;6 - v=10.2 m/s;
3,7-v=152m/s;4,8-v=21.0m/s; 1,2, 3,4 -
experiment; 5, 6, 7, 8 — approximation.

If d/D = 0.893 (Figure-11) then there is reducing
of parameter 77 due to aerodynamic force at small
amplitude of oscillation.
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Figure-11. Dependence of 77on amplitude of oscillation:
d/D =0.893, ¢/D=0.607;1,5-v=0,2;6 -v=10.2 m/s;
3,7-v=152m/s; 4, 8-v=21.1 m/s; 1, 2, 3, 4- experiment;

5, 6, 7, 8- approximation.
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Figure-12. Dependence of 77on amplitude of oscillation:

d/D=0.893,¢/D=0.714;1,5-v=0, 2; 6- v=9.8 m/s; 3,

7-v=154m/s; 4, 8-v=21.0m/s; 1, 2, 3, 4- experiment;
5, 6, 7, 8- approximation.

Figure-12 shows that at g/D = 0.714 the influence
of the aerodynamic force on oscillation damping increases.

CONCLUSIONS

A coaxial disk in front of the cylinder not only
reduces the drag of the cylinder, but also changes the
dynamic characteristics of the cylinder. Without a disk, an
elastically fixed cylinder in the flow performs rotational
oscillations with constant amplitude. A disk of small
diameter, located close to the cylinder, reduces the
amplitude of rotational oscillation. Increasing of the
distance between the disk and the cylinder causes the
damped rotational oscillations. The influence of the
aerodynamic force on the damping of the oscillations
depends on the disk diameter and the gap between disk
and cylinder. The damping increases with the increasing of
disk diameter and the distance between the disk and the
cylinder. A mathematical model is proposed for describing
the rotational oscillation of a cylinder with a disk.
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