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g ‘Understanding and Solving

Mechanical Instabilities

Paul A. Zaffiro, Procter & Gamble Company, Cincinnati, Ohio

Mechanicnl instabjlities are self-excited vibration phenom-
#na thatl eccur in the machine tool, manufacturing, and pro-
cezs industries. Though not commen, instabilities can lead to
destructive vibration levels and costly repairs. This artlele re-
views the eharacteristics of unstable vibration phenomana,
and explains the cause of instabilitins. It compares instabili-
lics lo resonant excilalion problems to highlight the similari-
ties and diffevances. It then presents methods for colving in-
stability problems, along with two examples from the anthor's
experience.

Mosl enginecrs and techmicians are aware of the Tacoma
Marrows bridge disaster. This suspansion bridge failed cata-
strophieslly in November 1940, five months afier complation,
due te high amplitude cecillations eaured by the wind! Though
most balieve this disester was due to resonant excitation, the
root cause was a mechanical instability.

Mechanical instabilities are a class of self-excited vibration
phenomena.* Self-excited vibration problems bagin to vibrate
of their own accord spentaneously. The distinguishing feature
of mechanical instabdlitias is the presence of a fesdback mecha-
aism between the structural vibration and the oscillation of
some kay componsol of the process or structure. When this
"feedback loop” becomes unstable, the vibration amplitude
increases with time, sometimes to destructive lovels.

For the Tacoma Narrows bridgs, an unstable fasdback loop
existed between the bridge Iateral (Le., crosswind) vibration
and the aeradynamic forces axarted on the bridge by the wind.
That is, the asrodynamic forces varied a3 a function of the
bridge vibration and vice versa, As the vibration velocity graw
in amplitude, so did the arrodynamic forces. Tha feedback loop
was unstable in thet the serodynemic forces and the bridge
oseillation roinforced one another over time. Finally, the am-
plitude of oscillation became so large that the centar section
of the bridge disintegrated.

Instabilities, while relatively rave compared to resonance,
must bo understood by the practicing vibration specialist.
These problems give rise to potentially destruciive lavels of
vibration. The purposes of this article are the following: (1] to
present tha characteristics of mechanical instabilities so that
they can be identified in the Held: (2] to explain the nature and
causes of instabilitivs; and (2] Lo present practical methods for
solving instabillties. The article concludes with two sxamples.

How to Identify an Instabllity .

Mechanical ingtabilitios aro identifind through careful analy-
sis of the operating vibration characteristics of a structure in
conjunction with knowledge of the structuzal dynamics. Me-
chanical instabilitias generate the follawing unusual vibration
characteristics:

Intermittant High Vibration. Instabilities geoarate apisodas
of very high vibration relative to “normal” levels. In the un-
elable regime, operating vibration can be hupdreds of times
highar than in the stable regime. It oftan appescs sz if the vi-
bration is either "on’ or ‘aff.”

Absence of a Periodic Excitation Source. Since instabilities
are self-generated, they oftan develop in the absence of a peris

*Dither classes of sall-axcited vibration prablems include seromech-
anigal ((ulter), sorodynemics (atall, separstinn, musical instruments),
serothermodynamics (Mame insiekility), and foedback networks (elec-
tromechanicsl, hydraulic, pnsumntic).

odic vibration source. The alternating forces which sustain the
instability are generated by the instability itself, External forces
sre not required, The absence of a periodic excitation source
ie an indicaror thmt the problem may be an instability.

Substantial Vibration Amplitude Variation With Time. In-
stabilities often give rise to large variations in vibration am-
plitude, Vibration amplitudes can incredse or decrease by an
order of magnitude relatively quickly. For example, vibration
in on system grew from 0.05 ips-pk to 3 ips-pk in less than 5
sec when operating in an unstable regime.

Nonsynchronous Purs Tane Vibration Frequency. Instabili-
ties often oucur at frequencios which axe aet integer multiples
of speads of the rotating elements in the systes. While this is
not always true [calender barring for example), non-zynchro-
nous vibration may be an indicator that tha problem iz not resa-
nant axcitation.

Vibralion Sensitive to Spaed, Loading, or Other Process Pa-
rmatc* Instabilities are axtramely sansitive to process con-
ditions, including machine spaed. Instabllities can be Initiated
or terminated with a changs of only a few percent in a procace
varisbla.

Dominant Vibration Frequency Near a Natural Frequency-
of the Structure. Instabilities are often associated with struc-
tural natural frequencies, This is because instabilities are most
likely to ooour whero the structure is dynamically compliant
to the primary forcing function in the system, Since natural fre-
quencies cause dynamic compliance, instebilities develop at
neurby frequencies.

Presence of a Mechanical Feedback Mechunism. Instabili-
ties require feedback. All mechanicnl instabilities have an in-
harent feedback mechanism between the vibration of the struc-
ture and variation in come key component of the process.
Sometimes the mechanism will not bo immadiataly apparent,
and will require in-depth investigation of the process and
sguipment. If such a mechanism is present, an instahﬂ:ﬁw
should ba strongly suspected.

Several of the sbove chemeteristics ars unique to instabili-
tiss, such as the presence of a feedback mechanism and tha
presanca of high pura-tone vibration in the absence of an ex-
citation source, Howevar, somn characteristics are equally true
of rezonance. In the next section, we'll compare thess two
phenomena, and find that they are vastly different.

Inatabllitles vs. Resonance

Wea saw in the last section that instabilities and resonance
thara gome common charscteristice. For mxample, both are
sumsitive to process conditions {i.e., speed) and both occur in
tha vicinily of structural nutural frequencies. Desplie these
similaritins, instabilities and resopanca are vastly diffecent
phenomena. In this section, we'll compare and contrast these
iwo phanomens.

Resonance is high vibration resulting from operation al or
near & naiural fraquancy of a structure, [ is a forcad vibration
problem and cun be represented by the block disgram shown
In Figure 1.

The amplitude of viliration ia diractly proportional 1o the
amplitude of the excitation force, nssuming the system iz lin-
ear. Thus, if the force doubles, the amplitude of vibratlon
doubles. Similarly, the amplitude of vibration is directly pro-
portional ta the magnimde of the compliznce function at the
excilation [requency, If the compliance of the system doubles
(i-e., the system stiffness is reduced by half), the smplitude of
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Figure 1, Block diogrom of resonant excitalion.

vibration doubles.

By contrast, while instabililies are often associsted with
nalural frequencies, they are not caused by tham. The root
cause of an instability Ix the presence of a fecdbock mechanism
which sats up an unstable feedback loop within the system,
Instabilities will always contain feedback mechanisms. They
can ba represented by the block disgram shown in Figure 2,

For instabilitiss, the amplitude of vibration s primarily a
funetion of the stability of the system. The ampiitude of vibra-
tion is nol necessarily impacted by the precence or magnitude
of the excitation farce, ar the compliance of the structure. The
jssue is whather the system is stable. Vibretion amplitude can
ba hundreds of times higher in the unsiable regine than the
atable regime.

Resonunce is a forced-vibration problem. Rasonance requires
an alternating force with significant energy neas the natural
fraquency of the structure. The force is independent of the
motion and persists when the motion is stopped. Resonance
can be eliminuted if tha fraquencias of the excitation sourca
and the natural can be sufficiently separated.

Instabilities are self-excited. The slternating force that sus-
teins the motivo is created and controlled by the motion itsalf.
Whan the molion stops, the force dicappears. Instabilities re-
quire energy, but the frequency content of the energy is not
significant. Reducing or eliminating excitation sources will
have little impact on the problem, since instabilities are not
caused by externel altemating focces,

Table 1 summarizas the similaritiss and differences batwam
resonsnca and instabilities, "

Contralliing Mechanical instabilities

Controlling (or aliminating) insiabilities requires meking the
faedback Ioop stable. In this section, we'll develop a simple
dynamic model for o commen mechanical instability: machine
tool chatler in o turning oparation [e.g., a lathe). We'll use this
madal to learn the following: (1) that instabilitisz involve posi-
tive feadback loops that make the system unstable: and (2) that
threse methods nre avatlable for stabllizing these systams.

Model Development

Singla-point cutting, a class of machine tool chatier prob-
lems, has bean extensively studied and modeled using the feed-
back paradigm. Appronching chetter as a feedback loop was
first dona by Merritt.? His modal accursisly predicted the sia-
bility envelope for turning operations, Laler résearchers en-
hanced the theory, but continuad 1o approach the problem
using tha feedback paradigm. In the following paragraphs, we'll
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Figure 2. Block diagram of an instobility.

Figura 3. Single point eulting oparation,

develop the model and see that it includes feedback loops.

Pollowing Merritt's development of the chetter loop, a single-
point ool performing erthoganal cutting is showna in Figurs 3.
Assume that the tool is rigidly mounted. The fosd rate is ad-
jusied to obtain an average, or steady-state depth of cut. uyltl
In the steady-state condition, the structure maintains a certain
daflection, y{f}, causad by the steady-state culting force. All
equations will be written about this point of equilibrium.

Referring to Figure 3, the instantaneous depth of cut, uli), is
decreased as the structure {workpieon) moves oway from the
tool, that is, as y{f} increages. If this oocurs, a lump of material
will be left on the workpiece. This lump increases the uncut
chip thickneee one revolution, or T teconde later. Thus, tha
uncul chip thickness can be written as:

ulf) = u, (f) - y{t} + yit - T] (1)

Maole jn pertivuler that the uncut chip thickoess is a func-
tion of the position of the workpleus, This is the feedbock tiv.
The instantaneouz uncut chip thickness, along with the

Tuble 1. Comparisen of resenance ond insiobililies.

ltem Resonance Instabilities

Vibrution Amplituda Function of Exciiulion Function of Systam Stability
Relationship tg Structurel Malum! Freguencios Primary Cavee Associated With
Excitation - Nol Requimed

Presance of Feedback Mechanism Yos

Vibration Sensitive lo Process Pacameters® Typically No Yoz

Vibration Amplitude a Function of Frequenacy Yes Foeeibly. Function of Instability Severly
Dominant Vibratian Freqoancy Synchronous Pure Tone Typleally Nansynchranous Pore Tons
Vibratiom Amplitude Varies Significantly With Time Mo Yna

*(iiher than equipment speed
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:~;m.ni:hlﬂiﬂl‘l properiies of the workpicce material, deterning the

resultant cutting force exerted on the system. Undar stoady-
stnte conditions. the machining process can be represented ax
& single stiffness, k_, called the cutting stiffness. The culting
stiffnoss is directly praportional to the width of cut, the
waoerkpisce material. and the tool guomatry. Tha cutting force.
F(1), can be given as:

Flt] = k.- vlt) fz)

The cutting force acts to displace the workpisce and struc-
ture of the machine. Therafore, the dynatmic compliance of the
slructure is critical to the chater problem. Assuming that the
struclural dynamics can be representod adequately as a
lurnped-parameter model with one degras of freadom, and that
the ;uﬂ.in; force is applied in the direction of mechine motion,
We lave]

Flth=my + oy + k¥ (3

whete m, e, snd k_ ore the lumped mass, damping. and stiff-
ness of the structure.

This equation can be transformed into tha Lapiace domain
and rearranged to give:

1
ylg)= ot Cmls) (s
il
whara
2
Cle)= 5 —=0— (5)

5+ 28w, + @},

_[(#] s the normalized dypemic compliance of the structure
and &% = k_/m and § = a/[2(k_m)*).

Equntion (4) Is the rclative dynamic compliance between the
tool and workpiece. In mast structurass, including machine
toals, this fanction is determined experimentally.

Eguations (1), (2), and [4) define the dynamics of the system.
These equations can be combined 1o create the block diagram
shown in Figure 4. The feedhack tie is provided by the inter
dependence between the uncut chip thickness, ult), and the
structural vibration, y{t). When the loop i unstahle, variation
in the uneut chip thickness gonorates elternating evtting forces
which cause the structure ta vibrate. As the structure vibrates,
the uncui chip thickness variatlon indreases, causing granter
alternating cutting forces, which cause grester oscillation of the
structure, and so on. This unstable condition is called regen-
erative machine teol chatter. Chatter continues to build untj)
limitad by nonlinear response.

Making the Chatter Loop Stable

Since muechanical instabilities involve faadback mecha-
nizme, feadback contro] theory provides o sullable Emmawork
from which to study their stability. However, a rigorous math-
ematical treatment of system stability is oulside the scope of
this article. The approach taken hete will be practical and heu-
ristic rather than mathematical. The abjective is ta gain insight
into solving instabilitlas.

First. note the presence of two feedback loops in Figure 4.
The inner loop, or primary feedback path, provides negotive
fredback. Negative fesdback increases systom stability. The
outer loop, or regenerative path, provides positive feedback.
Positive feedback tends 1o destabilize the system and allows
for tha enset of unstable vibration behavior. All instabilities
have inherent feadback loops similar 1o thoss depicied in Figs
ure 4,

Stabllizing these systemes requires either eliminating the
feedback Ioaps oc modifying the system such that the positive,
rainforcing (i.e.. regenerative feedback) does not accur. The
following wre three methods for eliminsting or controlling in-
elabiliting:

1. Eliminating the Feedback Path. Eliminating the feadback
pathis) precludes the possibility of regencrative feedback. It
dacouples the structural vibration fram variations in process
paramaters, and prevenis the onset of an instahility.

1a
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Figure 4. Block diggram nf ;rnﬂir !nnp."-

In eome ayereme, this approach is not feasible, For example.
in the mechining operation above, eliminaling the feadback
poth would mean that the workpiece and (ool can not come in
contact. Clearly, this is impractical for conventional machin-
Ing.

To apply this approach to machining, non-contast machin-
ing methods must be employed. Waler-jet. EDM, and laser
machining are just thres examples of chatter-free, non-contact
machining methods.

In other systems. the key process quantity which provides
the feedback tis must be identified and studied to determine
whaether the tie can be broken. Oncu the lie is identified, po-
tential modifications 1o the process can ba considered,

2. Reducing the Cutting Stiffness.” "Softer” warkpioce ma-
terials (e.g., aluminum] are less likely to chatter than “harder”
materizls (e.2.. 4140 alloy steel). Let's look at the block disgram
of the chatter loop (Figure 4) 10 s2e why.

The hardness of Lhe workpiece material is representad by tha
“cutting stiffness” block, k_ Softer materials have a lower value
of k_than harder materials, For the same depth and width of
cut, a softer material raquiras lese cutting force than a hardar
material. Less cutting forca ganerates less structural vibration.
Less structural vibration means that the tendency for regenera-
tive feedback is reduced, apd thus the wneut chip thickness
variation is reduced, Cloarly, softer workpiece materials, which
have lowar “cutting stiffnesses,” move the system 1oward sin-
bility.

lﬂ'l.ha: systems, the “culting stifiness” represents the fead-
back tie that converts structural vibration into an alternating
fores that scis on the structure. For the Tacomas Narrows bridge,
the “cutting stiffness™ was the effect of the shape of the bridge
on the aerodynamic forces acling on the bridge. This effect
could hava bean reduced by changing the bridge geaomairy. Tha
case histories in the next section provide other examples of the
“eulling stiffoess” and ways to meduce it.

3. Incraasing the Dynamic Stiffness of the Structure. Increas-
ing the dypemic stiffness of the machine tool structure is an
effective meane of reducing chatter. To this end, the use of
stoadies, rigid tools and clamps, and the optimum positioning
of wiachine tool sxes have been used to good effect. The use of
tunad mass ahsorbers and other damping davices hava alzo mal
with good success.®

The effegtiveness of increasing the dynamjc stiffness can be
szen in Figure 4. Incraaging &k and ndum‘n; G_(s], bath of
which increase tha dynamic stiffneas, tend to reduce the vi-
bration of the structure for a given alternating input force. If
k., were infinite, the siructural vibration would ba xero, and
the feedback loops would be open. Thus, incressing the dy-
namic stiffness lands to stabjlize the loop by reducing feedback
to the process.

Increasing the dynemic stiffness is perhaps the most practi-
cal myans of controlling instabilitivs. Dynamio stiffness is a
function of tha mass, static stiffmess, and damping in the struc-
ture. While increasing the s{atic siiffness may be helpful, the
averall impact on the dynamic stiffness must be avaluatad.
Often, adding damping is a more effective and practical means
of increasing the dynamic stiffness.

The balence of this article will detail two instabilities and
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the process used to identify and salve them.

Roll Stack Instabliity

High vibration in roll stacks has been a recurring problem
in the paper and ¢1eel industries. Many of these problems are
due ta reganerative feedback.?

Consider the two-roll stack shown in Figure 5. Both rolls are
stual, and the top roll has a thick rubbsr cover. The roll set is
usad to compress a thin, compliant web to a specified thick-
ness in a high-speed process. Type 1 Sound

A stock from ane particular process had the following char- Leowc! IWirtors TN
ncteristics: I !
= Normal running vibralion helow 0.05 ips-pk.

* Episodes of high smplitude vibration [up to0.75 ips-pk) at

41.25 Hz (Figure 6).
¢ Vibration st an Integer multiple of the rotation rate of the rub-

bar-coversd foll.

* Dut of phase motlon of the rolls In the vertlcal direction {1.e.,
bouncing of the rolls].

* Amplitude variation from 0.05 ips-pk to 0.75 ips-pk over a
relatively chort time pariod (70 min).

* High sensitivity to machine speed.

» Pru:imily low “miw -'!'[I'llclll'l‘ﬂj resanance of the rall zet at ni?l Exect l’l1|I'E IJ:., 51* 400 nd-laﬂl‘, ”. Eﬂ”ﬂ :' Eljﬂ ';'2?‘.”?#
43 He.
) CF-1200, Circle 109  CF-5200, Circle 110 LA-5110, Cirele 111
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Anelysis of the operaling and nonoperaling characteristics

" the stack was used to identify the instability. Key indicatoms

wiere the intermittent nature of the vibration, the vaciation In
smplitude with time, and the proximity of a major system reso-
nance, Further, no source of excitation al 41.2% Hz was found.
However, unlike most instabilitiss, the vibration frequency was
synchronous with a harmonic of the roll rotation rate.

The mext task was to identify the feedback mechanism, The
roll stack instability was associated with feedback between the
relative vibration of the rolls and a compressive set pattern in
the surface of the rubber-covered rall. AL certain speeds and
loads, this feadback loop became unstabla, resulting in regen-
erative feedback.

In o regeneralive feedback scensrio, variation in the compres-
siva zet in the rubber cover (due 10 deformation in the pip)
generates alternating saparation forces between the rolls. The
altmnaling separation forces cause the rolls to vibrate oul of
phase (due ta the proximity of the structural regonanca). As the
roll stack vibrates, the compressive set pattern is reinforced,
genarating greater alternating eeparation forces, which cause
more oscillation of the roll stack, and so on. The vibration con-
tinues to build until limited by nonlinear response.

Unstable vibration eccurs only when an integer multiple of
the roll rotation rate §5 cloce to the esonance requency asso-
ciated with the inatability. An integer numbsr of hills/valleys
i& nacassary for the compressive set pattern lo reinforce itself
with aach successive roll roration, Whaen the speed is such thet
the frequency of vibration (number of hillefvalleys x roll rate)
in near the resonant frequency of the roll sel, the stack vibratas
dup to its dynamic compliance. The lack of dynamic stiffness
promaotes the onsel of the instability.

A block diagram model similar to the chatter mode! (Figure
4) could be devaloped. The “cutting stiffness™ block becomes
thu roll cover stiffness. The structorl dynamics block contains
the relative dynamics of the two rolls. The regenarativa foed-
back path would include a time delay associated with one roll
tevolulion as well as o term describing the relaxation of the
rubbar cover. Such a model has been used to simulate roll stack
inslubilitles with sume success.

Two solutions were consideced: (1) controlling the instabil-
ity by controlling process conditions; and (2) modifying the
dynamigs of the stack to sliminate the instability.

Controlling the instability through process conditions was
partially successful initially. The stability of the stack was sen-
sitive to nip lond and speed. Higher nip loads increased the
comprassive set in the rubber eover and stiffened the portion

of the cover in the nip, thus I‘.nl:raulug the “cutting stiffoess”
‘madsvry wast

and mdl.u:m; the systom stab
stuck with Tower ni;

"“Tha rotational speed of the rolls also impaoted the stabilivy
of the stack. The instability was most likely to aceur when
harmonics of the rw
mode of the roll set. +if xibration
eﬁlitl of the stack (and the process) TI1I.: ap
proach was evoniually shandoned becauas it pru'url to ba im-
practical for the wide rangs of speeds and loads that the pro-
ceas requirad.

Modifying the steck Lo eliminate the instability was deemed
to be a more robust salution. Each of the three aptions mens
tionod carlier was considered. Eliminating the feedback loop
wags impossible given the physics of the process. Decreacing
the “cutting stiffness.” which ipvolved using a softer rubber
caver, would have nogatively impacted the process. Further,
the resulting decrease in the system natural frequency may
hava besn detrimantal. lncressing the dynamic stiffness was
the only feasible alternativa for thiz process.

Saveral options for idcreasing the dyowmic stilfness were
considured. As with all mechenical syetams, the dynumio stilf-
ness is controlled by the mass, static stiffness, and damping of
the roll stack. While increesing static stiffness and mass in-
creasa the dynamic stiffness (and the resonance frequencyl.
thase approaches would have required substantial modifica-
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Figure 8, t_‘:'pq-mt:'ng vibration measured on the rubber-covered rofl in
the vertical direction after damper engogement.

tion of the stack structure. Additions] damping could ba added
W would prov. ubuhqﬂal benefit,

‘of-damping eliniinated thi.instability. The
dynamic stiffness of the roll sat was increased by a factor of
thres, as shown in Figure 7. Vibration was reduced by u fector
of fifty. An operaling spectrum taken following damper engage-
mant is shown in Figura 8.

The factor of fifiy reduction in vibration is not unusual when
an instability is eliminated. Instabilities, by nature, generste
large amplitudes due to positive, reinforcing feedback. When
tha loop is stabilized, vibration :.mp!itudﬂ return 1o "normal”
lavels.

Finally, note that the rurlurhnn in vihration is not propor-
tional to the increase in dynamic stiffness. In this example, the
dynamic stiffaess was increased by a factor of only thres, whils
the vibration was reduced by a faclor of fifty! The issue with
instabilities is system stability, not system stiffness.

Mixing Tank Instabifity

Figure 8 depicts a sectional view of a large mixing tank, Al-
tached to the center shaft are several arms which terminate in
sorapars. Thera iz o small gap between the scrapers and the
thell of the mixer. The shaft rotates at a relatively slow spred.
In operation, material is fed into the mixer, creating v celatively
suff coating on the interior of the shell. This coating is ma-
chined by the scrapers, which craatas the final product.

High vibralion was noted immediately following start-up of
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Figure 8. Cross section of mixing tank,

the mixer. A typical time history snd corresponding spectrum
ure shown in Figure 10. A modal analysis was performed on
the shaft and shell to detarmine the dynamics of the machine,
The driving point FRF on the shaft in the vertical direction i
shown in Figura 11.

The unique character of the vibration time hislory (Figure
10} indicated that this was not a typical retaling equipmaent
problem. Notice how the vibration builds very quickly to »
meximum and then faills off abruptly. Thase bursts of snergy
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Figure 10. Tima history (upper) and comrespending spectrum [lower)
measvred an mixer frame during unstobla operotion.

accurred every 15 lo 60 sec depending on process conditions.
Amplitudes often exceeded § ipe-pk.
Further investigation revealed that the dominant vibration
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Frgure 11. Driving-painl frequency response funclion measured on mixer
centler shaft in the verticol direction,

Eraquency was a fractional multipls of shalt RPM. The mode
shape revealed that the shaft natural frequancies wera in the
snnge of the dominant opersting vibrstion frequencies (com-
pare Figures 10 and 11), Finally, it was noted that bigh vibra-
ticn only occurred whon the product coating was present on
the interior of the shall.

After two months of testing under a veriety of process con-
ditiong, il wes concluded that the mixer vibration was dus to
amechanical instability, Once the process was understood, the
feedback mechanism was identified. Feedback existed batwesn
the coating on the shell and the shaft vibration. Once parturbsd,
tha shaft vibration cansed an eseillatory pattern Lo be machined
in the shell coatiog. Thickness variations in the couting gener-
ated alternating forces which increased the shalt vibration. The
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feedback process continuad. Increasing the vibration until the
forces became so large thel the material coating could not sus-
tain the pattern. Ar this point, the scrapars stripped the pat-
tarn away, resulting in a rapid decrasse in vibration.

Once again, this system can be represented by a block dia-
gram like the onc shown in Figure 4. Tha “eutting stiffness” iz
tha stiffness of Lthe material coating. The machine dynamics are
the relalive dynamics befween the shaft and shell. Regenera-
tiva feadback occurred due to the time delay associated with
oo shall ravolution, While an eccurate representation of the
dynamics would be exceadingly difficull to develop due to the
numbar of scrapers and the complexity of the costing material,
the feadback paradigm provides helpful direstional informa.
tion.

Once the instability was identified and understacd, the fal-
lowing solutions were considered:

1. Eliminating the material coating.

2. Instelling a larger diameter shaft.

3. Changing the scruper guomaelry and/or modifying the prop-
erties of the coating.

4. Installing tunad dampers on the shaft.

Eliminating the material coating on the shell interior proved
to be imprectical. If this could have been accomplished, the
feedback tie between the structural vibration and the costing
thickness varistion would have besn broken. Howeves, testiog
revealed thal the oaterdal coating was required to adequately
machine the fiosl product.

Installing a larger shaft was seriously pursued, but found to
involve many process risks. Caloulations indicated thal the
shaft diameter would have 1o double to gain adequate protec-
tion sgeinst the instability. The resulting increase in shaft
wadght, and the effect on product flow within the mixer, made
thiz option unattractive. Further, there was no gusrantee that
the instability would be aliminated.

Changing tha scraping tools involved too many process risks
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Figure 12. Time hiztory measured on the mizer frome [following instel
lation ef tuned dompers.

and unknowns. The abjective of this investigation was (o re-
duce the “culting stiffnese” by choosing more efficient scrap-
ers.

Option No. 4, installing tuned dampers on the shaft, was the
only practical solution path consistent with process con-
straints. Tuned dampers increase the dynamic stiffness of the
shafl and shetl, resulting in less vibration for a given input
force. This solution was considered Jow risk in that the damp-
ers could be removed if they provided litthe or no benciit

Tuned dampers were installed on the mixer shah, which
increased the shaft stiffness by o [actor of four. The result was

XCITE SYSTEMS COR

that vibration was reduced by an order of magnitude and the
instability was aliminated for 95% of process candilions.
Flgure 12 shows s time history recorded after the dampers
were installed. Mot: that the character of the vibration is sub-
stantially differeni than that shown in Figure 10. Once the
instability was eliminatad, the vibration buildup [due to posi-
tive reinforcemant of tho pattern in the material coating) no
longer aceurred. The vibration was much more uniform.

Summary

Mechanical instabilities, while relelively rare, do arise in
process indusirics. Instabilities and resonance 4re similer in
that both are associated with natural frequencies: atharwise,
they are vastly different phanomena. Instabilities develop
spontangausly due to the prasence of a feedback mechanism
batwean structural vibralion and the oscillation of a process
variable. Several methods are avpilable for eliminating insta-
hilities including: (1) eliminating the feedback path; (2] reduc-
ing the “catting stiffness;” and (3) increasing the dynamic stiff-
nesa of the structure, Increasing the dynamic etilfnacs is often
the most prectical alternative. Dramatic raductions in vibration
amplitude ore possible once the instability is eliminated,
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