Vibration
Tolerance

Attempts have boen made in the past to
astablish tulerances for machinery vibration, none
of which have besn enfirely safisfactory or prac-
tical for it ix not practical to set up arbitrary
crituria to serve as a rigid rule for pasing o
rejecting a given amplitude of vibration for all
cases. Yibration may be clauifisd as smooth,
rough, deghructive and annoying from practical
ahservations, and the concluslons presentad in
the form of charts. Many factors and resarvations
which enter into the problem, however, must be
mada before any such tolerance chart can be
wsed with reasonable aswrance. There are dwo
aspacts to the goneral vibration problem:—Ffird,
the machanical, as it affects the safety or main-
tanance of the maching, and second, the physio-
logical, ax it pertaing to the comfort a&n
chserver.
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AHT EFFORTE to estallish s relationship be-
tween allowable vibration smplitudes on machines
based on theit operating speeds have generally been
founded on faulty premizes. For example, it heg
been assumed that the intensity or seriousness of
vibration depends on the acceleration of the motion
rather than divectly on the amplitude. Thue, the foree
with which a rider iy “‘thrown bheckward’ in & car
depends en how quickly the ear iz ancelerated from
say, zero to ten miles an hour, rather thes on the dis-
tanee traversad,

With aimple harmonic molion, liks that of the
erogshead of an engine with an infinitely long eon-
necting rod, the aepeleration varies divectly with the
amplitude, but with the square of the frequeney or
the speed esusing the vibratory distorbance, Thus,
for two equel vibration amplitudes, one at twice the
frequency of the other, the aceelerstion of one is the
sipuare of two, or four times the other.

This fact, togethey with the guestioned seenmption
that the deleterious effeet ig in direct proportion to
the acceleration, kes given rize to the sc-called “‘in-
verse square'” role in sitempting to estublish vibra-
tion tolerances for warions speeds. By this rule, if
an amplitude of 0002 in. is permissible for an 1800
t.pa meehing, then 0008 in. would be allowed at
4 r.p.m. buot only 05 in. at 36 rpm. Such
a rule i3 inconsigtent with experience and cannct be
#pplied generally for there ara alae cther Factors
whish prevent vigid cemparative values,

YVibration cleesification may be affected ascordmg
ta the porposs of the eriteria. For example, the
manufecturar and the purchager of new aquipment are
interested in whether the operation eomes within what
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higs beon vagualy termed *‘commercial balanee, " while
the insuramce undevwriter s more vitally coneermed
with the extent of vibhration allowable before the oper-
ation becomes bazardous. In this paper, vibration
in ity relation to possible damage will be the major
eonsideration n attempiing to establish toleranees.

Often tha problem is concerned more particularly
with higher spesd machines, such as steam turbine
generators and their ronming balanes, but ihere is
wo reimon why it should be ag confined. Professor
. B. Earelitz of Columbia University, while asso-
eiated with the awtlhor on vibration studies at the
Waatinghouse Houth Phitadelphia Works, tabmlated
the opinioms of several practical engineers and inspec-
tors a3 to the emoothness or ronghness of & number
of turbines while on test, operating mostly st 1800
v.pm., and correlated thiz data with simultenecus
ribration records mpde with the vibrometer. To thic
has been added considerabls data obtained by the
anthor and his present assoviates in their machinery
inspeclion activities on all classes of upparatns  The
whole hag been digested and averaged to arrive at
a tabulation of amplitudes In the various categories
of smonth, fair, rough, and dangeroue, ete., throngh-
ot 4 wide speed range. The resulting data is ussd
by the turbine engineers of the Fidelity & Casuslty
Co, merely ag a guide in their inspection Aetivities.

Mesztemie INsTRUMENTS

Insiruments for measuring machinery vibration
ara now fairly common. They are generally of the
seismumeter type, and customarily are applied at the
bearings. The majority of vibrometers meagure one
eemponent of the motion, sueh a5 the vertical, lataral
(tramsverse} or axial (longitudinal). The Dawvey
photograplic vibrometer indieates and records the
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Fig. 2. Tarhine prdestal braring showing why the vibrabon on the fwa
sldes may not ba equal

actiral paih of vilralory motion in & vertical plane,
vither trumaverse or axial, =0 that both vertieal and
horizontal components are directly observed es the
shape or path of the resultant motion. Eleetrie type
wibrometers indicate vibration welocity, calibrated
i terms of amplifude for given speads.

If the vibration iz simple karmonie at & common
frequency, the figare iy some form of the ellipss. The
figuree are often distorted, however, by the presemce
of two or mwore frequencies, or by impactive forces
such ga pounding at the bearing keys, loose wheels,
veupling or gear dwturances, ete. A common fteure
idue usually to iwpact resembles & motton chop.  Ae-
veleration is no longer propertional to displacement
with smeh distorted motion. This is why two vibra-
thong with the same awmplitede snd frequency may
Ffeel"" guite different, ome smoeth, the other hard
or sharp.

At the left of Fig. 1 s shown a simple barmonie
vibration, of troe elliptic form, with the displacement,
vuloeity and acceleration graphs for the 2 mils vartisal
amplitude at 1506 r.pom. The right hand aide of Fig.
1 reprogents & vibration having o 2 mil vertical com-
ponent, at 1800 fpom,, but this motion, a8 exhibited
by tha vibration flzare, is distorted by impect or other
caukes, The refarenve points on the figure represent
the 4 phase points, 90 deg. apert io rotation. The
velocity and ospecially the aeceleration praph for
thie metion have values far greater than for the simple
motion, the maximum acceleratiom astually cor-
responding to the normwal maximem ecgelocation For
¢ simple harmonic vibration, of over three times the
amplitude, or & wiile.

In estimating the severity of a vibration it is thus
importent to know ils charocter, to make due allow-
anee for any abnormal sonditivn or devistion from
simple harmonie mwotipn, The tolerance Por one com-
poment may not agree with that permissible for the
component in ancther direction. For example, 2 mila
of wertival smplitude may oreate s mwueh greater
peneral disturbancee to the unit a8 a whole than doukle
that amount in the latoral direction. In faet, anch
a eonditionm 38 the rule rather than the exception,
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Individual bearings often require separate con-
sideration, On the larger condensing turbine-gensrator
auts with maseive and rigid supporting of the No. 2
bearing, an amplitude of say 3 mils vertical would
genarally represemt s far more severe disturbance
to the vnit as a whole then an equivalent amplitnde
at the thrugt or outboard bearing. Thus a more
stringent tolerange wauld bw in order at this location,

Crothoard bearing pedestals are usually imdepen-
dent members and theis vibration i3 more or less
loealized, It is oot uneommon t0 Gpd amplitudes as
graat as 3 or 4 mile ut 1300 r.pm, in the lateral and
particolarly the axigl direction, with little disturbanea
to the maizn wmit. "Thus, & groater tolerance may
cftem be permisaible for this bearing.

Amprrmupe AvoNg MesMinoLess

The statement that the vibration at a bearing
lLaz a ecertain amplitude may be meaningless, unless
the location of the vibrometer is definitaly specifed
and compavative readings always referred to that
logation. Almost ovariably the amplitudes ohservad
gimultanecusly at the two sides of the bearing show
some differcnce, and sometimes the amplitade at one
side may be double or more the other. The amplitude
at the top center of the bearing pedestal cap is gen-
erglly greater than at the horizonta! jeint flampes,
partienlarly in the lateral and axiy]l direetiom, This
eondition is due to & common rotary or conical mode
of wibratitm about & oode lecabed ot one side of the
baze of the pedestal, ga illustrated in Fig. 2. Soch a
mode of vibration can resdily he explorad by means
of the gmall hand type vibrometem, and should always
e ageeviained if the wibratiom iz appreeiable. It is
recommended that zll bearing vibration be ohserved
at & definite location, such ag the'top of the pedestal
cup.

Resonanee characterigtics of the strusture as &
whaols mey operate to allow increased toleranees, par-
tieularly if the bodily movement ¢f the rotating and
stafionary parts are in wnison. It is now noderstood
that the amplitude of vibration for a piven unit of
unbalane: at & given speed is largely a matter of
weoident, as it depends on the amplification factor,
which is flxed by the relation between the sporading
apeed and the resonant speeds of the seversl modes
of vibration.

It is net yet possibla to control or predetermine
these resonance oharacteriatics with any degres of
certainty. Although torbine gemerator unite may be
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identically constructed, the foundations, which play
such an important role in determining the respnance
characteristivs, vary greatly. A pound of nnbalance
ut the balance hole radius may cavee a vibration of
10 mils on one unit, but only 2 mils on another nnik
at the seme szpeed. Thus, to reduee the amplitude
on the flrst unit, extrema refinement in balaneing is
necesgary, Jdue to the much greater sensitivity of
rezpomie.  Obviously the destructiveness cannot be
in proportion, a3 the centrifugal forees reeponsible for

the disturbances are roughly the same for relatively

tigid rotora.
ReaoaNcE CURVES

Allowanee may properly he made in applying
tolecraneey with sueh w gitieation, if A large amplificg-
fion factor at the operating speed ie demomstrated
by actual resonance tests. Such a test merely in-
volvas the determination of amplitudes corresponding
to variona apeads, preferably np to 10 per cont over-
apead. Tha plotted resuilts are culled resonanse
curves, and reprerent the inherent characteristics of
the instaflatiom, Sueh am aetuel test ix shown hy
curve A in Fig. 8. This unit had very little residual
unbalanes, but a relatively larpe resonence peak
existed alightly above the operating speed,  Blight
chanpges in speed around 1900 r.pm. or alight shift-
ing of weight réactions due to temperature distortions
in the structure resalted in large differences in vibra-
tion amplitudes, therefore the particular amplitude
ohzerved at 1800 r.p.m. has less signifleance. Curve
E, ¢n the other hand, although having 3 smaller value
at 1500 r.pm. repregents a much more serions die
tarbanee,

These fagts indieaty that a better eriierion might
be. based on the amount of residual unbalance rather
than on the reslting amplitude. With the more
wmodern feld halancing apparatns now svailuble which
determines the phase as well as the amplitnde of
vibration, the residual unbalanes s readily determined
hy the anit vector provess. When unusaal zensitivity
ie emcountered, the residual wnbalance information
aetually should be recognized in egtablishing a toler-
ance.

Resenance, or great sensitivity for small unhelanes
cannot, of eourse, aerve to eondone 2 vibration which
is palpably haeardous to the uynit. Reaonanss of
individual parts and appendages, such as the steam
lines, governor dome, velve chest, cte, unlsss eor-
rectad by stroetural alterations, may regquire more
siringent tolerancas in the bhegring vihration.

The general mode of vibration of the installation
at the operating speed way resolt in & node o dead
proint foourring near one or more bearines. In such @
vaze, the general distorbanee of the unit ss a whole
may be ent of sll proportion to the amplitudes ohserved
at the benrings, and individual treatment again be-
comes necesaary.  The vibratiom or jumping of the
shaft itzelf, apart from the bearing vibration, may
aid in estimating the condition of the uwnit, if the
reference location on the shaft iz kmown to be smooth
and poneenteie with the journals. Where the general
vibration i= great bot the bearing vibration is amall,
the shalt motion itself may disclose an unsatisfactory
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Fig. 4. Machinary vibestion foburance chark

econdition, but large bearing vibration may exiat with
little relative motion between the bearing and shaft.

In estimzting the general disturbanee fo the unit
a4 a whole, the experienced observer will not be de-
ceived by the alatter and chatter sometimes set up by
looae floor plates, hand rails and the like, which may
aceur even with & smocth running unit. He #8 eon-
cerned however, with the vibration of the piping, link-
ages, governor and other appendapges, the pancral
vibration throughont the entire strueture and sur-
roumdings, and the noises heawd in the bhearings ond
evlinder parts with the listening stiek.

Daxngee Pomr

The mognitude of vibration that is almost cartain
to eause damage iz of course problematieal. Cne im-
portont factor ia the elosenesa of the elearance be-
tween the statiomary and rotating parts, and whether
the rotor vibration ia in or out of phase with the
movement of the staticoary parts. The poesibility of
great shaft deformations ag a resnlt of rubbing con-
taet 18 important. The author ance witnessed s vibea-
tion at the No. 1 bearmg of & Iarge 1800 r.p.m. tur-
bing which reached a momentary valoe of 30 mile,
with no enmning damage. This iz excepfiomal, as
blading and packing ruba cavsing damame hava oo-
eurred with vibretion less than 8 or 10 mils, at this
apeed. Continoed large vibration ia of course, more
gericns than momentary peaks such a8 seeur with
audden load ehanges, as fatigue of parts or bearing
damegs may endme.

It iz evident from what hag been said, that cach
installation requires individoal consideration, based
ot, sxperianced jndgment. But with the nnderstand-
ing that many factors prevent the assigning of hard
and fast toleramees to cover all claeses of apparatus,
the chart Fig. 4 is offered to serve ag 4 guids in sati-
mating the comparative severity of the vibration of
machinery.
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It will be notieed at onee that the graphs do nal
follow the imverse square of frequeney law, or any
other fixed index, partienlarly at lhe Iower ranges.
If we held to this law and extrapolated to low fre.
guencies, we would soon reach g situation where an
allowable amplitude would be great enough to disrapt
the parts. For ezample, assuming the inverse fre-
quency squared role, if 2 mils can be allowed at 13
r.p.m., then the tolerance would be 8 miles at 900, 32
mile at 430, 128 mils at 285, aod 512 mils—over half
an insh, on & 112 rpam. engine. This ix obviously
unthinkable. For low speed reciprocating machinery,
with its unaveidabla residual exsternal reactions, it is
comman engineering practice to design tha hase with
sufflciant mase to limit the mazimum rocking to 2
definite amount, snch ae & mils,

It will alas be noticed that the grapbs in the
frequency range from 60 to 3600 r.p.m. roughly fol-
low the elope of the proposed threshold and nuigance
eraphs for eomfort in buildings, whish wers arrived
at independently from phraislogieal considerations.
Lot below 60 p.pom, or 10 per second frequency, the
mackinery tolerance praph: curve downward to
smigller valzes, erossing the physiologieel graphs. Thiy
i= rapsomable, as the sensory perceptiom of low fre-
quoney vibration bears no relation to the stresses
set op hy the movement. Experience heyond 5000
r.p-¥it. ig somewhat meager, bt the slopes extrapolated
with the index af"” appear to be reasonable and
eoneistant .

Summearizing, the chert values charasterizing the
severity of mechinery vibration represent the resolte
of a great number of obeervativne on many types of
muchipes, and are bazad on practical rather than om
theoretical data conforming to some assbmed rela-
tionghip. Variations of 23 per eent or more either
way are to be expected in individual cases. With
peoper recognition of the varions influencing faetors
degeribed, the chart should farmish a ressonable guide
Tor estimating the severity of vibration.

How Much Cas?
By James O. G. Gibbons

ANYBGIJY who may have to design, or make
changes, in hoiler settings, breechings, ete., will And
himaclf in & more gatisfactory positioun, if he has seme
defivite len as to the amatnt of gaces which will Tave
to be handbed.

It is not necessary that this information should be
very exact, indeed; axtreme accuracy i impossible,
Ay therve pre too muny wariables, such a: maximmm
load, exact guality of the foel, sxeess air, ete., whish
ean only be ronghly approximated. Wevertheioss, we
want to be in a pasition to make our estimates in goeh
it wny thal wa may have eonfidenve in the reasonable.
negs of the results, For this porpose, the following
will ba more than sofficiently acenrate. The flguras
are based npen bituminous eoal kaving a heat content
of 14,000 B.tn, per pound, witk a combined efficiency
of approximately 73 per cent, but, as will be shown
later, for purposes of design, the dets can be used for
other grades of eoal or even oil.

T

Air {at 70 deg. F.) required per minute, per hoiler hp.

% Exeegs air, per minnte............. T5 ou ft.
For every 10% excess aiv, add........ 0.9 cu. £t

1004% Excess afr, 75 4+ 80.............. 16.50 cu. ft.

Opbic feet of flne gas at 590 deg. F. per minute, per
boiler bp.

% Excess air, per minute. ............. 4.5 en ft.
For every 10% excess qir, add. ... ... 1.75 en, £t.

100% Exeess air, 145 4 17T5............ 32.00 en., ft.

Waight of lue gas per minute, per boiler hp.
1%, Excess aix
For every 1055 exeess gir, add. . ......... L
100% Execess wir, 5.8 + 7., ... ... 1281
It i conzervative to assumea that there will be 20 1,
of Ane gus per pound of ccal, and 15 Ib. per pound of
ikl
Cubiz feet of gas per minute, per boiler hp. at 2000
der.

WO MR TR | 05 & e e R B om e 2 5 B dd.0 eu. £t
For every 10% excess air, gdd. .. ..... &30, F
1% Exeezs air 355 + 45.............. B0.5 an. fr.

The #ir per minute per boiler horsepower will be
required when estimating the sapacity of air intakes,
foreed draft fams, ete.

The dala relaling t6 Jue gases will be uzeful in
designing breechings. estimatiog the capacity of in-
dueed dratt fans, and stack draft losses,

The wolume of gas at 2000 deg. F. will, in con-
nection with that of the exit gases, be veeful in esti-
mating the volume of gas to be earried in the different
hoiler passes.

Of sourae, in the ckse of & new boiler, it may be
aesumed that the desipn iz such that there will be no
exigsnive draft losses, but very often sfokers or il
burners are installed on old boilers, with the intention
uf increasing the rating, in which case it 18 well to
keep in mind that this inercazes the amount of gas to
be kandled, but does not inereage the area of the spaces
through which it has to pass, ao it is well to aee that
the draft will be adequate under the new condifions.

A miatake 18 often made in assuming that the in-
atallation of oil burnera will decronse the amount of
draft required, and enahble the present stack to carcy
a wmich preater load. ‘This ia troe, in anme cases, &3pe-
rially when the air is taken into the furneee through
a checker floor buf, with register type burners, the
resistence is sometimes so great that they are equipped
with forced draft fans,

Ag the theoretieal number of cubie feet of air re-
quired for any fwel is nearly one per cent of the Bt
value of tha fuel, end the number of B.tu. in & heiler
hirsepnwer honr {or mimute) is a oconstant; when
operating at the samo efflciancy god with the same
per cent of exeess air, the number of cubie feet of air
required 18 the same for any class of fuel, so if the
eflciency is around 75 per cent, the data given will
#pply to any fuel, apd &ll we shall have to estimate is
the pxeesa air, which will probably be abont as follows:

il burnipg, 20 to 25 per cent.
Btoker fired coal, 40 to 80 per cent.
Hand fired ¢osl, 40 to 100 per cent,

It the expacted effieivncy is other then 75 per cent,
a correction can readily be made.
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