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ABSTRACT

The damping characterisitcs of a cylindrical structure containing oil and bearing balls is investigated
for external bending forces. The experimental data obtained through the use of bearing balls with
viscous oil in a column is given and analyzed. The viscous action of the oil and inertia effects of the
balls on the inside of column create a drag force. The drag force dampens the vibration of the column.

This study aims to search for an optimum combination of oil and balls which would produce
maximum damping. Machining oils of various viscosities along with ball bearings of various sizes place
inside cantilevered aluminium tubes of various diameters to create a rig on which the damping
properties of the oil and balls can be studied. The cantileved tubes are studied in both horizontal and
vertical positions in order to gauge the effect of gravity on the system.

The actions of the ball in the column and damping characteristics are investigated according to the
dimensionless terms. The Buckingham theorem is used to reduce the variables and to predict the
damping of an oil ball column. Though the damping ratio remains fairly constant in the horizontal
position of column, the damping ratio begins to increase as the ratio of the number of balls and column
length rise above 0.28 in the vertical position of oil ball column. The ratio of the ball diameter to column
diameter influences the damping ratio with an optimum diameter ratio. Slenderness ratio and gravity
effects on the damping ratio are investigated.
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Nomenclature

Ce . Critical damping coefficient, c.=2VEm=2mw,
c, ¢, cz: Damping coefficients

C, : Drag coefficient

Dp  : Ball diameter

D¢ : Cylinder diameter

Fy : Drag force between oil ball mixture and piston

F, : Froude number, Fr=0v/J/gh

g : Gravitational acceleration

| G 1, | Govls | Gaal: Auto spectral density function of
the force, velocity and acceleration, respectively.

h : Oil ball mixture height

{ : Length of the cantilevered cylinder

Re : Reynolds number, Re=povDs/ x

RDF : Ratio of oil ball weight(gravity force-buoyancy
force) to the oil viscous force, defined in Eq. (3)

St : Strouhal number, St=v/(wDs) =v(t)/Ds

v(t), y(¢): Vibrational velocity and displacement
of the cylinder

do  : Density difference between ball and oil, =pz—po

¢ : Damping ratio, fraction of critical damping, =¢/cc
u : Dynamic viscosity of oil

v : Kinematic viscosity of oil, =u/p0

08 : Ball density

00 : Oil density

w : Angular frequency, =2xf[rad/sec)

Wa : Damped natural frequency, =w, v@

Wn : Natural frequency of the oil ball damper

1. Introduction

Many vibration absorbers use a viscous damping
mechanism to reduce vibration amplitudes. The lit-
erature related to viscous dampers is extensive,
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however, no investigators have studied the oil ball
damper examined here. Generally, the related work
focussed on a particular aspect of viscous or struc-
tural damping in a fluid, porous or a granular type
material.

Asami® presented the dynamic characteristics of
an oil damper and applied these results to the vari-
able oil damper, where the damping coefficient is
regulated continuously by using a variable damping
mechanism. In the fluid damper, air or gas can be
used to create a frictional damping force instead of
oil and there are many investigations and applica-
tions of pneumatic dampers®*#. Granular type
damping material has been used to give a large
reduction of impact force, noise and resonant dis-
placement®®. A combined type of damping treat-
ment was suggested by using porous material to
increase the oil viscosity”.

Among the various damping treatments using
visous fluid, granular damping materials, etc., the
choice of a damping treatment for a particular
machine component depends on many factors such
as its effectiveness, the cost and the hospitality of
the surrounding environment. For practicality and
effectiveness, a damping mechanism should provide
a required level of damping, and preferably have
easily adjustable characteristics. Fluid dampers and
granular type damping treatnments have advantages
of high damping values but the magnitude of damp-
ing cannot be changed in a simple manner. This
study aims to search for an optimum combination of
oil and balls which would produce maximum damp-
ing. Machining oils of various viscosities along with
ball bearings of various sizes place inside cantilever-
ed aluminium tubes of various diameters to create a
rig on which the damping properties of the oil and
balls can be studied. The cantilevered tubes are
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studied in both horizontal and vertical positions in
order to gauge the effect of gravity on the system.

The viscous action of the oil and inertia effects of
the balls on the inside of column create a drag force.
The drag force dampens the vibration of the column.
The Buckingham theorem is used to reduce the
variables and to predict the damping of an oil ball
column.

2. Theoretical Modelling

The oil ball damper exhibits a viscous force just as
the case of the oil damper, the damping force is
proportional to the vibrational velocity. The velocity
profile for an oil damper can be determined by its
geometry. It is very difficult, however, for the case
of an oil ball damper to calculate either the velocity
profile or the amount of damping by analytic
methods because of the complex geometry that
exists. In this motion, some disturbances are gener-
ated by unsteadiness in the flow or fluctuation of the
solid boundaries. Fig. 1 shows the simplified model
of a column with oil and balls.

2.1 Reduction of Variables

The damping ratio of an oil ball damper is depen-
dent upon many parameters, for example, oil ball
mixture hight, oil viscosity, ball diameter, ball
material density, inner diameter of the column, gap
between the ball and column, gravity, velocity of
vibration and frequency of vibration, etc. To derive
a certain functional relationships without recourse
to complex theory, the classical te-chnique, dimen-
sional analysis, was applied to the experiement.

Using the Buckingham, 7 theorem® the damping
ratio ¢ of the damper can be found as a function of
the following dimensionless terms.

F 3
¥

Fig. 1 Simplified model of a column containing oil and
ball shot.
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where the first term is known as the inverse of the
Reynolds number, Re, the second term is the drag

coefficient, Cp, the third is the inverse of the Froude

number, Fy, the fourth is the inverse of the Strouhal
number, S¢, and is a ratio of ball diameter to trans-
verse movement of column, and the remaining terms
are an oil ball density ratio, and length ratios in that
order. These dimensionless terms can be divided into
two groups, force related terms and material related
terms. The familiar Reynolds number of fluid
dynamics, given by Re=p.vDs/p, for a sphere
moving steadily through a viscous fluid, expresses
the ratio of an inertia force to a viscous force. The
Froude number, Fr=y/J/gh, is the ratio of a
convective inertia force to gravitational force.

The Strouhal number, given by St=u/(wDs),
characterizes the relative importance of purely time
-dependent inertia terms with respect to convective
terms, however, in this case it is a ratio of cylinder
movement to ball diameter, y(¢)/Ds.

Form experiments, the Reynolds number was
found to be less than 1 for movement of the column
containing the oil ball mixture®. Thus, the inertia
forces are much less than the visous forces. Also, it
is noted that greater damping exists for a greater
height of oil ball mixture. Thus gravity forces are
deemed to be important. The ratio of Reynolds
number to Froude number squared is

Re _ povDs gh _ pogDsh __ pog (2)
Fr? o vt “y pv/Dgh
Equation (2) is a ratio of gravity force to viscous
force. By using the density difference between ball
and oil, ps— po, insted of the oil density, p,, a dimen-
sionless term, RDF, is obtained
_los—po)g _  dog
RDFE ,UU/DB/l - ﬂU/DBh

_ gravity force—buoyancy force
viscous force

(3)

The RDF number is a ratio of oil ball weight
(gravity force—buoyancy force) to the oil viscous
force.
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2.2 Calculation of the Damping Coefficient

The damping coefficient, ¢, can be calculated
from experimental results by two different methods.
The first method uses the measured auto spectral
density functions of force and velocity and the sec-
ond method consists of multiplying the measured
damping ratio, ¢, by the critical damping value, c..
Damping coefficient ¢, is calculated from“®

|G| |Gyl
Cl_lGuv[*lGaa/Q)zl (4)

where G, is the auto spectral density function of the
force, G,, is the auto spectral density function of the
velocity, and G, is the auto spectral density func-
tion of the acceleration. The critical damping value
is cc=2/km =2muw, and the damping coefficient ¢, is

Ce=Cce=2LVEm=2Emwn (5)

3. Experiments

3.1 Experimental Rig

The experimental set-ups involving the alumin-
ium tubes are shown in Fig. 2. Prior to carrying out
tests on the tubes, the diameters of all the balls to be
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Fig. 2 Schematic diagram of experimental rig.

Table 1 Measured oil viscosity

Viscosity
0Oil Density (centi Stokes,
(Kg/m?) 10~% N's/m)
1 852.7 59
2 868 122
3 901.6 156.5
4 879.2 467.5
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used were measured and also the viscosities of four
different oils were measured using a viscometer.
The density of the oils were measured as well by
weighing a known volume of oil. Table 1 shows the
viscosity and density values of these oils.

Two different sizes of tube with rubber stoppers
on the end (8mm 1[.D., 25.7mm I.D.) were taken and
the impact tests were performed on them to find the
amount of damping present in each. Placing the
accelerometer at 0.81, which is at the nodal point of
the second mode of vibration, eliminates the effects
of the second mode.

All experiments were undertaken using this con-
crete block which was resiliently mounted on a
concrete base block. By taking such precautions, it
was possible to measure low levels of beam struc-
tural damping, which were subtracted from damping
values of the oil ball damper.

The outputs from transducers were amplified by
signal conditioning amplifiers. The signals from
which were analyzed by a dual channel' FFT anal-
yzer to estimate the frequency response function
between force and acceleration.

3.2 Measurement of the Damping Ratio

Prior to measuring the damping ratio from the
accelerance function, the frequencies of bending
modes of the cantilever beam were measured and
compared with classical beam theory. The percent-
age differences between the measured and predicted
values of the frequency were within £59 and it was
shown that the tube and seismic block behaved as if
they were rigidly terminated, at least in the modes of
vibration considered here. From a baseband mea-
surement with an analysis bandwidth of 1 kHz, the
measured accelerance function was curve fitted for
three modes using a single degree of freedom
(SDOF) and a multi degree of freedom (MDOF)
polynomial curve fit.

The resulting damping values (percentages of
critical damping) from SDOF and MDOF fits had
very similar values so that this experimental rig
contained almost no coupling between the modes. As
the value of damping ratio of the first mode was
more than 4 to 10 times that of the second and third
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modes respectively, only the first mode was consid-
ered for analysis. The first modal frequency of the
different tubes analyzed ranged between 10 and 50
Hz. Thus the baseband measurement of a frequency
span of 50Hz, without zooming, ensured sufficient
frequency lines within the 3dB bandwidth of the
resonance, and the auto spectral density functions of
the force and the acceleration could be used for
calculating a damping coefficient of good quality.

By varying the height of the oil ball mixture, ball
size, ball diameter, oil density, and cylinder inner
diameter, each damping ratio was calculated from a
SDOF curve fit from 16 averaged raw accelerance
functions. The damping force is the sum of the
forces due to the oil ball mixture and that due to the
structural damping of aluminium tube. The damping
due to the latter force was subtracted from the
results of the measurements.

4. Damping of the Oil Ball Column

4.1 Damping of the 0il Ball Damper

It can be seen from Fig. 3 and Fig. 4 that the effect
of the ratio /i// is minimal in the horizontal posti-
tion. It should be noted that in the horizontal posi-
tion just filling the tube with oil alone is enough to
produce a damping ratio of approximately 0.589%,
while adding enough copper ball bearings to give an
h/! value of approximately 0.5, only raises the
damping ratio to approx. 0.65%. However, when the
tube was tested in the vertical position, Fig. 3 shows
that the damping ratio is strongly influenced by the
ratio ///.

Fig. 3 also shows that for an /4// ratio of less than
approximately 0.28 the damping ratio remains rea-
sonably constant. Above an /// value of approxi-
mately 0.3 the curve begins to rise sharply.

It should be noted that by putting the tube in the
vertical position and just filling it with oil produced
a damping ratio of 0.95%, indicating that gravity has
a significant effect on the damping ratio in the
vertical position. The damping ratio is small below
an /[ value of 0.28, probably because at the fixed
end of the tube, the tube displacement is very small,
therefore there is not much opportunity for shearing

of the oil and hence the damping is small.

As the ratio increases beyond 0.28 the tube dis-
placement increases and therefore more shearing of
the oil can take place thereby increasing the damp-
ing ratio. For Figures 3 and 4, the experiments were
carried out with the tube full of oil, regardless of the
number of balls in the tube. It was than decided to
study the effect of only putting enough oil in the tube
to just cover the top of the balls. This effect was
only studied with the tube in the vertical position
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Fig. 3 Experimentally determined damping ratios ¢ %
vs length ratio of ball layer to column 4//; 22.
23mm steel ball in 25.4mm inner diameter col-
umn.
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and the results are shown in Fig. 5, which shows that
the damping ratio is substantially higher when the
tube is full of oil.

4.2 Influence of Diameter Ratio

In order to examine the effect of the ratio, Ds/Dc,
four different ball sizes were used with the tube in
the vertical position and an 4// ratio of 0.3. The oil
viscosity used was 156.5 centi Stokes. The tube was
placed in the vertical position because it was thought
that this would show more clearly the effect of Dg/
D¢ than the horizontal position. The ball sizes used
were : 25.4mm, 22.23mm, 18.0mm, and 3.1lmm.

It can be seen from Fig. 5 that the optimum ball
dia. to tube dia. ratio is approximately 0.54. This
result is supported by Fig. 6 which shows the curves
for different ball sizes with diameter ratios ranging
from 0.99 to 0.70. The diameter ratio of 0.54 prob-
ably gives the highest damping ratio because it
allows the greatest amount of relative motion
between the tube and the ball thus creating the
opportunity for a large amount of shearing to take
place between the oil and balls, and, the oil and tube
wall. When the diameter ratio drops below 0.5 there
would be a tendency for the system to lock up and
therefore very little shearing of oil could take place.
As the diameter ratio increases above 0.54 there is
less relative motion between the tube and the balls
because there is less clearance and therefore there is
less shearing of the oil, leading to lower damping
ratios.

4.3 Slenderness Ratio Effect

It should be noted that the curves in Fig. 4 showing
the damping ratios produced with the tube in the
vertical position show no upward trend as was the
case in Fig. 3 or Fig. 6. A possible explanation for
this phenomena may be that a gravity effect is only
significant for certain slenderness ratios. Where the
slenderness ratio is defined as of tube length to tube
diameter, Dz//. Therefore it may be tentatively
proposed that slender tubes will not show a gravity
effect and therefore placing them in a vertical posi-
tion will not enhance the damping properties of the
oil, ball and tube system.

1M2/3x2ZTSSHA A 6, #135, 19964
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4.4 Gravity Effect

As gravity seems to play an important part in
damping when the tube is in the vertical position, it
was included in the dimensional analysis. All figures
show a strong dependance on the parameter /4, and
diameter ratio of the ball and tube. The effect that
gravity has on the system may be related to the fact
that when the tube is vertical and full of balls, the
force acting on the balls towards the bottom of the
tube is much greater than when the tube is vertical
and full of balls, the force acting on the balls
towards the bottom of the tube is much greater than
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Fig. 5 Dynamic effect on damping ratio
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Fig. 6 Experimentally determined damping ratios ¢ %

vs length ratio of ball layer to column #//;
18mm steel ball and 25.4mm copper ball in 25.
4mm inner diameter column.
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Fig. 7 Experimentally determined damping ratios ¢ % vs RDF number with length ratio #//.

when the tube is horizontal. Therefore the force
between adjacent balls is large and this produces a
large shear stress as the balls move relative to one
another, thereby producing a large damping ratio.

4.5 Damping with RDF Number

The damping ratio relation to the density ratio is
investigated by using the combined forms, i.e.,, RDF
number. This dimensionless variable was formed to
present the damping of an oil ball damper by dimen-
sionless terms which possess physical meaning. The
RDF number is defined by equation (3) and is a
ratio of Reynolds number to Froude number multi-
plied by the density ratio of ball to oil. Shown in Fig.
7 is the experimentally determined damping ratios
versus the RDF number and length ratio. Though
the amount of variance is too large to obtain a linear
dependence, it can be used to investigate the damp-
ing characteristics of an oil damper. It is shown from
this figure that the damping ratio of the oil ball
damper has a dependence on RDF number. As the
RDF number has a physical interpretation of the
ratio of gravity force to viscous force, the higher the
oil viscosity the smaller the RDF number and the
larger the damping ratio, the larger the ball diame-
ter the larger the RDF number and the smaller the

damping ratio as shown in this figure.
5. Concluding Remarks

It was found that when the tube was placed in the
horizontal position the damping ratio remained fair-
ly constant. However, when the tube was placed in
the vertical position it was found that the damping
ratio began to increase as the /// ratio rose above 0.
28. The ratio of the ball dia. to tube dia. was also
found to influence the damping ratio with an opti-
mum diameter ratio between 0.55 and 0.6. For tubes
with a slenderness ratio greater than 70 (i.e. /D¢ >
70), no increase in damping was observed when they
were placed in the verical position. Because the
damping ratio increased for tubes with a slenderness
ratio less than 40 in the vertical position, gravity
must play an important part in determining the
damping ratio.

As one of the objectives of this report was to find
an optimum combination of oil and balls to give
maximum damping we would recommend that a
tube with a slenderness ratio less than or equal to 40
be used, a ball dia. to tube dia. ratio between 0.55 and
0.6 be used, the tube should be in the vertical posi-
tion, an j// ratio equal to approximately 0.6 could

SBREZTUSSHEX A6 A, A1 F, 19963113
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be used to reduce the cost of ball bearings, a light oil
with a viscosity of approximately 156 ¢.S. could be
used, and the tube should be full of oil.
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