Dynamic Vibration Absorbers

Richard Smith, Beloit Corporation, Rochester, New Hampshire

The design and application of dynamic vibration absorbers
to control machinery vibration problems is reviewed. Three
case histories are presented to demonstrate the techniques.

Dynamic vibration absorbers (DVAs) can be a highly effec-
tive way to address resonant frequency problems. However,
they should not be used to mask the effects of machine faults
and they are good for only one frequency. In order to be effec-
tive they must be designed with the proper mass ratio and the
spring must be designed to have sufficient strength to absorb
the energy of the primary system. For addressing resonant fre-
quency problems in existing equipment, a DVA is often the
simplest and most cost effective solution.

Single Degree of Freedom Systems

For vibration control purposes, most systems can be mod-
eled as having a single degree of freedom (DOF). Figure 1 shows
amodel of such a system. In such a system, the undamped natu-
ral frequency can be determined with the following equation:

K
®= \g (1)

where o is the system natural frequency in radians/sec and K
and M are the effective spring constant and mass, respectively.
The natural frequency units can be changed to CPM (Cycles Per
Minute) with the following equation:
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The next question is, “What will be the amplitude of vibra-
tion?” In resonant systems, it is often more convenient and
informative to determine the amplification factor than the ac-
tual vibration amplitude. The amplification factor is a compari-
son between the static and dynamic displacement. The static
displacement is simply the amount the system moves when a
given force is applied to it.
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Figure 2 shows amplification factor versus resonance fre-
quency ratio for systems with several different critical damp-
ing ratios. The amplification factor is the ratio of the dynamic
to the static displacement, and is given by the following equa-
tion:
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So, if you have a resonant frequency problem, what can you
do about it? There is a variety of approaches. The system can
be stiffened, or mass can be added. However, the resonance
frequency is a function of the square root of either of these
parameters, so a significant change in either mass or stiffness
may have to be added in order to effect a significant change in
the resonance frequency. Damping can be added. Although this
can be effective, it is often difficult to add damping to exist-
ing structures. The forcing frequency can be changed. But, in
existing equipment, this is often not an option. The configu-
ration of the restraints can be modified. This is often a simple
and highly effective method to control resonant frequency vi-
bration problems. It is a subject that could and may, in the fu-
ture, have an entire article dedicated to it. At this time it will

Based on a paper presented at the 22nd Annual Meeting of the Vi-
bration Institute, Dearborn, MI, June, 1998.
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not be covered. Another approach is to add a dynamic vibra-
tion absorber (DVA) — which is the subject of this article.

Two Degrees of Freedom Systems

With the addition of a DVA, a single degree of freedom sys-
tem is converted into a two degree of freedom system as shown
in Figure 3. The undamped dynamic motion amplification fac-
tor of each mass M, and M,, respectively, will be defined by
the following equations:
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where:
X,/X, = the amplification factor of the primary system
X,/X, = the amplification factor of the secondary system
oy = the forcing frequency
o, = the resonant frequency of the primary system
o, = the resonant frequency of the secondary system
K., K, = the spring constants of the primary and secondary
systems, respectively.

Now, this is an awesome looking pair of equations and they
will define the undamped amplification factor for any two DOF
system. Something interesting occurs in the special case when
the secondary system is tuned to the forcing frequency. The
numerator of the first equation, which is the amplification fac-
tor of the primary system, goes to zero. Figure 4 shows the un-
damped amplification factor of the primary system after a DVA
has been attached. Note that there are now two resonance fre-
quencies which is characteristic of a two DOF system and that
the amplification factor at the original resonance frequency is
now zero. This will occur when the following equation is sat-

isfied:
K,
D= |2 7
®1 =\, 7

This is the principle of the DVA.

There are some precautions and limitations of a DVA. For
one thing, a DVA is only good for one frequency. Also, I rec-
ommend that DVAs not be used to mask potentially dangerous
machine faults. For example, a properly tuned DVA can mask
the effects of unbalance. The unbalance, however, would still
be beating the bearings and now the bearing supports are much
more rigid which would further increase the load on the bear-
ings. This could lead to decreased bearing life. Still, in spite
of their limitations for controlling the vibration amplitude of
an existing piece of equipment that has a resonant frequency
problem, a DVA is often a simple and cost effective solution.

An important parameter in designing a DVA is the mass ra-
tio. The mass ratio is the ratio of the mass of the secondary
system to that of the primary system. The larger the mass ra-
tio, the farther the two resonance frequency peaks, as seen in
Figure 4, will be apart. In Figure 4, the mass ratio is 20%. It is
possible to make a graph of the two frequencies at which the
resonances will occur as a function of mass ratio. Figure 5 is
such a graph.

From Figure 4, it is apparent that DVAs are most effective
for equipment that has a relatively small range of operating
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Figure 1. Single degree of freedom model consisting of one effective
spring element K, one mass element M and a damping element C. The
forcing function P is a sinusoidal function with peak amplitude P, . The
displacement of the system X is measured from the neutral position.
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Figure 2. Amplification factor for selected critical damping ratios.

speeds. For example, a 1% mass ratio will move the resonance
frequency peaks approximately 5% up and down. If this were
a single speed, 3600 RPM motor that had a nuisance resonance
at running speed, the resonant frequency would be moved ap-
proximately 180 RPM. In most cases, this is more than adequate
to address the resonance. On the other hand, if it is necessary
to move the resonance frequency more than about 30%, the
mass of the secondary system becomes too large to be practi-
cal.

Motor Vibration

Now, let’s consider the following problem. A motor has a
range of operating speeds of 3520-3560 RPM. It weighs 400 lbs
and has a resonance frequency at running speed (3540 RPM)
with an amplitude of approximately 1 in/sec. How do we de-
sign a DVA to address this situation?

First, the spring configuration will be selected. There are a
number of configurations that can be used, but the cantilevered
beam or ‘tuning fork’ arrangement as shown in Figure 6 is more
often than not the best system.

The next item is the mass ratio. Because the range of operat-
ing speeds is so narrow, a 1% mass ratio will be adequate. Thus,
the required effective mass of the DVA is only 4 1bs. The next
item is the spring. The two most important factors to be con-
sidered when designing the spring are the reaction force and
the method of attachment. Force is determined from the mass
and vibration of the primary system. The DVA must absorb the
energy of the primary system. This energy can be determined
by the classic equation:

F = Ma (8)
where:
F = the force generated by the primary system which the
DVA must absorb
M = the effective mass of the primary system
a = the acceleration of the primary system.

In an ideal system, there is a massless spring with a concen-
trated inelastic mass at the end. However, real systems are
generally continuous with no definite point where the spring
stops and the mass begins. In spite of this limitation, it is pos-

SOUND AND VIBRATION/NOVEMBER 1998

— X, —» X,
Ky Kz
4— p-pysinagt

Figure 3. A model of a two degree of freedom system.
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Figure 4. Amplification factor versus frequency ratio for a system with
a DVA attached mass ratio of 20%.
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Figure 5. DVA resonant frequency ratio as a function of mass ratio.
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Figure 6. Schematic representation of a primary system with a cantile-
vered DVA attached.

sible to derive a useful approximation for the effective mass.
In most free standing systems, the effective mass is approxi-
mately 90% of the total mass. Thus, the effective mass M,

would be ‘
Myge = 90% Miqtal (9

M = Weight / Gravity (10)
Mg = 0.9x 400 Ib/ 386 in/sec® = 0.93 in-lb/sec?

The acceleration can be determined from the vibration. The
average acceleration is:

Uavg = dV/dt (11)
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where:
a,., = the average acceleration
dV = the change in velocity, 1 in/sec
dt = the elapsed time.
The elapsed time is the time it takes the velocity to go from 1

to 0 in/sec which is 1/4 of a cycle. Thus:

dim[——2 Y eo2S (18] - 0042 500
3540R / min min /\ 4

and thus,

@, =1 in/sec / 0.0042 sec = 238 in/sec’

The spring has to be designed for the maximum energy not
the average energy. Assuming the vibration is sinusoidal:

Apeak = 15705, = 374 in/sec” (12)
and,

F =093 in-1b/sec? x 374 in/sec? = 348 1b

The next step is to select a design for the spring. Often, it is
better to use more than one spring. This spreads out the load,
and applies the reaction force more symmetrically about the
structure. In this example, two threaded rods 2 in. diameter and
30 in. long will be employed. Each spring weighs approxi-
mately 23.4 1b (46.8 lb total). The effective mass (or weight) of
various types of springs can be found in reference sources. For
a cantilevered beam, the effective mass is 0.23 times the total.
Thus, the effective mass of both springs before any weights are
attached is approximately 10.8 lb. This is well above the 1%
target mass ratio, so the effective frequency range of the DVA
will be wide enough to accommodate the operating range of
the motor.

The next step is to determine the stress in the spring. This
can be done with the following equation:

o =5ME (13)

where: I
o = the maximum stress in the spring
S = a stress riser due to the threads, approximately 4
M = the moment being imparted on the spring
¢ = the distance from the neutral axis to the most extreme
fibers in the cross section
I = the area moment of inertia of the cross section.

The design stress is the fatigue limit of the spring material.
This is the stress level to which the spring material can be
subjected for an infinite number of cycles and not fail. For mild
steel, this is approximately 30,000 Ib/in. The moment M is the
product of the force times the effective length of the spring.
The effective length of the spring is somewhat subjective be-
cause at this point, we do not know exactly where the concen-
trated mass will be located. The effective length of a uniform,
cantilevered beam is 2/3 of its total length. Let’s assume that
the concentrated weight will be located at the same position.
Therefore, the moment on each spring will be:

M =20 in x 348 1b/ 2 springs = 3480 in-1b/ spring

In determining the next two parameters ¢ and I, the diam-
eter of the section must be known. A threaded rod has an out-
side diameter and a root diameter. Which does one use? Of
the two, the root diameter is better. However, the best diam-
eter is the diameter of the stress area. This is slightly larger than
the root diameter. For a 2 in. coarse thread, the diameter of the
stress area is 1.78 in. The ¢ parameter is simply the radius of
the stress area or 0.89 in. For a round cross section, the area
moment of inertia can be determined by the following equa-
tion:

I= %Radiusﬁ = %(0.89 in)* = 0.493 in* (14)
Thus,

3450 in-1b x 0.89 in
c=4

" =24,900 Ib/in?
0.493 in
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Figure 7. Emergency DC lube oil pump motor with two DVAs attached.
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Figure 8. Frequency spectrum of a pump before DVA installation.
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Figure 9. Frequency spectrum of the same pump operating under simi-
lar conditions after DVA installation.

This stress value is within the acceptable limit.
The next step is to tune the DVA. As mentioned earlier, the
DVA will be tuned such that, from Equation (7):

Ky
(l)f: =
V2,

The frequency of the vibration to be absorbed is:

o7 =|3540 B ] e 27tE =371 radians/sec
min /\ 60sec R

The spring constant of a cantilevered beam is:

K= SL—EZ (15)
where:
E = the elastic modulus of the spring material, 30x10°® PSI
for steel

L = the effective length of the spring, 20 in
K =3 x30x 108 Ib/in% x 0.493 in* / (20 in)3 = 5540 1b/in.
Now, the forcing frequency and spring constant are known.
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~ Dynamic Vibration Absorbers —

Figure 10. One of two variable speed, 5000 horsepower induced draft
fans that are part of a 400 MW power plant. Each fan was found to have
a resonance at full speed. As a result, unit output had to be reduced.
The problem was solved by installing four DVAs on each fan. Each has
an effective mass of over one ton.

Figure 11. A 75 horsepower motor. The DVA is simply a threaded rod
inserted into the lifting hole. The motor has a resonance at 2x running
speed. Before the DVA was installed, the vibration amplitude was ap-
proximately 0.40 in/sec. After it was installed, the level of vibration was
approximately 0.14 in/sec. Note that the rod and nut are blurry which
indicates that they are vibrating.

By reafranging terms in the resonance frequency equation, the
effective mass can be determined:

Mg = 52 = 5540 Ib/in / (374 in/sec)* = 0.04 Ib-sec?/in  (16)
(0]

~15.6 lb/DVA:

It was mentioned earlier that the effective mass is a combi-
nation of the mass of the spring and the concentrated mass.
Thus, the effective mass of the DVA can be determined with
the following equation:

Mz = M+023m (17)
where: )
M = the mass of the concentrated weight
m = the mass of the spring (the threaded rod).
By rearranging terms, the size of the concentrated weight can
be determined:

M =M —023m=1561b—(023x2341b)=1031b

The simplest way to fabricate the concentrated weight is to
sandwich a stack of washers between two nuts on the threaded
rod. The DVA can be fine tuned by moving the weight up and
down the threaded rod. The DVA will resonate when it is tuned
and vibrate out of phase with the forcing function. There is,
however, one precaution. If the mass ratio is small, the differ-
ence between the target tuning frequency, the resonant fre-
quency of the primary system and one of the resonant frequen-
cies of the combined system will be small.
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Figure 7 shows two DVAs installed on the pump motor. In
this case the subject pump ran fine under its own power, ~ 1200
RPM. However, when the pump beside it ran, ~ 3600 RPM, it
vibrated severely. The condition was successfully addressed
by installing the DVAs.

The next two illustrations indicate how effective a DVA can
be. Figure 8 shows the frequency spectrum of the pump in Fig-
ure 7 with the 3600 RPM pumps running before the DVAs were
installed. The amplitude of vibration at the forcing frequency
is just under 1 in/sec. Figure 9 shows the same data after the
DVAs were installed. In this frequency spectrum, the ampli-
tude of vibration is less than 0.1 in/sec.

Large and Small DVAs
DVAs come in a variety of sizes. Figure 10 shows a very large
DVA system. It is installed on one of two induced draft fans.

* These fans are part of a 400 MW electric generating plant. Fan

speed is variable with higher speeds occurring at higher loads.
During unit start up testing, a resonance condition was found
in the fans at full load operating speed. As a result, full power
output had to be reduced by approximately 1/3. The condition
was successfully addressed by installing the DVA system.
Figure 11 shows a small DVA installed on a motor. Initially,
this motor was found to have a very high level of vibration,
approximately 2 in/sec, at 2x running speed. As a result, the
motor was a chronic, high maintenance item. Balancing the
rotor had little affect. A resonance condition was subsequently
confirmed. Most of the vibration was eliminated by installing
resilient mountings on one side of the motor. This is an ex-
ample of a restraint configuration modification mentioned in
the first part of this article. This reduced the level of vibration
from approximately 2.0 to 0.4 in/sec. Although this was a dra-
matic drop in vibration, it was desirable to reduce the level of
vibration below 0.15 in/sec. A very simple DVA was designed
and installed. This reduced the vibration to 0.14 in/sec. =i
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