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1 Introduciacn

* The datrowacluon of coatra-rotating propellers with single and
coupied vngipe Lastallations and of axuel [los compressor turbines with
high rotatoon .ol speedl and complex structure has brought the old problem

shalt winrling oo agean into praaip.nce, Not only has it become
necessary to catwmate eriticel spocds of individual power plants wath
preat accuracy, but reaard has $o be pwld {0 the flexibility of the mount-
rag structure ard the effect cven momeotary or incipient whirls may have
on the anreralt svructurc.

bxamioaticn of the lonp history of the study cf shaft whirlios shows
that altnou b there has been much effort given to rolving the many whicling
problems theoretically, the experamsnicl approach has been, by mcdern
stapdanrds, neglected, and i1n particulac full advantzge has not beea 1 .ken
of modern slcetronie ard photographic equipment.,  The result 15 that
many diuff'creat theoretical methods are ot pressat in use for calcoulating
cratical whirling sieeds which have never boen conlirmed experimentally
and vhilch $ake 1ilile account o the constrainvs veculiar wo specitio
rastallation:.

The mweJor recurroncnhts for the solution of shaft whirlin: probloms

are drgeussed w0 the report.  The {irst and most wmportant ws to cotub-
11ch experimentally an accurate moethod of calculating ceritieal whairllay
specds oo complex sysbom. having regard to the constraints 1n a carticular

astallalion. In many of the installations (e.z. soutro-propeller cystems)
it is possible to have o number of critical whnrling speuds coverify, &
wide rangs of specds often zib the reglon of the operating speed rnge.
deme of these craticalsn hove beon Cound bto Le of luttic dmporiéance as

the resonnt amplidtudes are small. Tt 18 deoiroble thesrolore to e abklo
to make an souvouce Lstumete of die severity of (uch whisiing condition
wull ws Yo caloulabe the spucd at whicn 14 cocurs.

small model riog rre considerced to bhe swrtible for toeting theorics
o1 ushaf't o hlrllnb, but do not reproduce :l: %iv. conditlons ococurring in
practio. vhlok coutred to boe known i1 oony theory is to be off use.

Those VarLw. 'unu1t1onu, ol which ceprscs of constrimnt are most s1zniii-
cant, neod tc Do lavoptisoted by mennc of actnel lnstollations or large
model rege whoeh cloocl; represent than.,

A sugpcoted gregramne of iavestr.alions ie included in the report,

covering the moot mmportwnt problems viieh awe bucn met with to date.

A mcdel rig b boen bullt for the wxperimental vericicatlcn of the bazize
theorics relating Lo tio sregle ghars Lyotom, The whirlang chalt ws
supperted cn the cunlilover principle witn provision Ior an cutrigger
bearing of cmwtrice oo unsymmetrie rluxibilitiooe w required. A rotor
ad yjuetable t2 ocover tFe two bliade or Twer Llade prope.ler croclems ig
orevided. o rag way e medificd o cover the contr retatann proveller
CasSes. Volesariplaon Lo ogiven of lbas rug topother wioth o discussion orf
the desiya requirceento oocooclated with models of this form.

ht,

Finally the photogrighic recoruing technicue developed Tor the
meagurement ol whirl and shaf't defleotion forms 23 doseribed. The shalt
Loece 15 mueatured cleotroninecldly o ensure accuraie plotting of the whirl
amplitude frogacacy curved.

2 Historieal bBckground

Since 1869 when nankinel publzehed one of fthe earliest th.ocvles
on the whiciing of rotating shalts, many cxplenations of thio phunomcnon
have buen propounced by varicus investigoators, In 13835 Grecnhil 1 in
o paper conpmunzeated to the Institute of wechanmical hnginecrs, . nvesil~
cabed the stabrlily of a shaft betwen buorings when tranummttlnE
thrust and o couple,  Licven years later 1n 189 Dunkrerl.y” provaded
an wmportant contribusion to the subjeet Lu his papur publiched in the
rhelosoptocal Transactions of the Royal Scorcty. Ia this poper he
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dcscribes cxporiments carricd out with varicus arroogemeats of shafds,
bearings and pullcys,  The resulfs of these experiments were applicd

to o theory suggested by Profussor Csborne Roeyneolds, -ad an empiriecl
formula was derived for the caloulation of eritreal whirling specds of
shafte carrying ° nunber of leads.  Although Donk rley observed eritic L
whirling spceds on modcl shalfts ond using Lrofcssor Ruynolds theory woo
able to cstimatc iwarly accuratcely the valaes of theso criticals, his
bagie concepbion of the physics of onalt revolublen 1o now roegardod as
Crroneous.

The next waportant contributzon to the subject wes wnde by Chruch
in 1904 wn o bthecretical investigoaton coneerncd nainly with the behaviour
of o rotating sift acar 1ts eritre~d whirling speed, Although Chrec'r
theory enabled hin to cnlculate whiriing speeds which agrced with those of
Dunkerloey he farled to explain the otbility oo o chaft above its critical
whirling specd. vhecets bosic theory whieh 1s cssentially the seme 2
Rankines nas siaee veca shown to be 14il clous. Subsequent writers on lhe
sub,ject were numercus but therr contritutions were of less import-nce
untrl 1919 when o ratilcnal theory of shalt revolution was presented by
Jeffcotto. None of the investigators previous to Jeffcott had realised,
what has siace beol ruvcosmsed as n fundynental principle, that a true
running shaf't suppcried on bearings does not necessariiy rotate about the
axts of the bonricge, cad that if the shaft whilst staticnary deflects
pnder s ovn woish. then 1t will rofate atout 1ts statically dellected
axls. This phenimenn wes first observed by Dufficld, a professor of
physics t Umversisy College, Reading, tho 1n about 1915 noticed that,
when o siralght pleee of wire w.s rotoated wn the chuck of a lathe and
was disturbed by plucking or strikwag, it could vibrate in the plane
containing b elft wd the line of ~pplicotlon of the disturbing forece.
It wvas bhe todeovcadent cppreczaticon of thiz phencmona which peompted
Jeffeott to subtmit hae theory of shol't rovolution, Pe showea thot 2a
conscoucnee of' o Foreced vibration, couscd by lack of balance, a shaflt
whirls 1n g% cdy mofion about 1ts olastic 2xie ond not about the axas
of' it8 benrirgo

Follovany the Jeffeott theory Lic prineiples of shaft whirling
began to be appruverated to o fuller degrec and 1o the sarly 1920's
Stodola6 published an weount o hes xpsrimental 1mvestigntions of the
critical rhirling spoecds of o shoart with 2 aunber of discs umiommly
distributed 2long the snaft, the oIfeet of lcosely mounted disecs arnd
also secondary disturbnnces occurriag Jdurinp shalt rot-tion. This g
one of the farst serics of expuriments Jnere actual whirl amplitudes and
patlerns wore recorded.  This was dowe Ly avtnchiog a lever to $he shaft
supported by & linkngc at some intermediate point and carrying & pencil
at the ond.

further cxperimental vork was carrica cut by Robertscn’s8 iy the
1930's whe, by means of optreal methods, made visunl cbservations of ~rh -]
amplitudes «nd patteras mainly with repord to transient whirls.

apart from the work of 3todola rnd Robertson, very liitle fundomenta:
cxperuncheal work has been carried out on shaft whuirlihe. csocerally with
regrd to the canplex shat't systems in usc at the prescnt tume where such
factors ag the Laertin «ffuclts of rototing masses, flexibility of beariap.,
ard masses, and comlra-roteting systems have tc be considerced, There 1s,
however, no lack of theeorctical mattcr on the subject. Probably the most
comprehonsive treatment of the subject at vhe oresent time is due to
worr1s?, 10,

4 The experimontnl Approach

Shuft whuarliag presents o canplex dynamilce problem and although the
fundamentals are sow understood, the theoretical approach to the whirling
of complex systoms has never beoa cunfr med cxperimentally.  The first
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requirement, therefore, for a complete urderstanding of whirling problem.,
is for plamned oxporaments to check the theory rcelating to shaft systoms
supported in smell Cloexdible bearings ard corrying rotors of appreciunhle
momenhts of Llnertisz, It ag considercd that this reguirement coan be mot
by . series ol expiriments on small model shart systens, deeigned to
present the least svesible number of wnkoown constroants, so that the
ciffoet ol any dmpo.ud consgtraint ain the systun ean be readily asscssod.

Wiith the theorchical approach to the subjuet cutablished it in
necessary to debvmmine the offecte of the eonstralnts vhich are to hoe
found in practical installations wd whach arc nostly rgnered in the
gonoral theorctiocal trcatmont, The cost wmportant to bo considered
is that dmpuscd hy Leardngs for sangle and oudti spen shaft systoms.
Prescnt day whirdang calculations 2 Lased on the assumption $that a
bearing has oither 0o ochotraint or woxinw. constraint depending on lios
length and congtoucticn. Accurate csleulations e not possible until!

a elescr cotimale of boaring constrainbt. con bo nndo, The une of

arall medels ln the oxperdmental approach to this problem is impracticable
as bearing cliarances connct be mude resrescntative, Valuable infortio-
tion e he obdained fros cxperimonts on larger models but it 15 Cosential
that the results of such cxperiments Lo correlated with confimatory fHeots
oh full 3ozl installations.  ITfence, although the majority of the

work 1s dore ca the 1o pger model togt rigs the results obtoaned moy Lo
applicd with ¢ ofidenee to the full seale installaticn.

Iy Dotarls of fthe Sroblom arnd Creposcd Frogramme of Bxpoerdments

The problews o he dlmvesdigated may be davided dnto two main
growps (1) those reloting to oingle ohaft systems ond (4.2) those
relating to contra Tototing shaft systoms. Under thoese hondings the
particuley problems wn o coch proap sre as Lollowsi=

L. Hinde Shott syatous

(n)  The offects of nyuaetric and unsyruetric bearing flexibilitacs
on oritical whirlins spe.ds.

(b) The oflects of pymactric and unsypactric rctor ineriins on
critieal whirling cpeeds and frec vibr divns (two blade and four
Tlade propeller analogics).

(c) The el'fcet of propeller blade Llexibilitics on the criticul
wherling s.ccds and [ree vibraticns.

(4)  The whirling o o phaft carrying o nusber of rotors and support.d
by aore than two boarings.

(¢) The whirling of shafts of unsymnctric scchion.

L.2  Cewbra~rotating Shodlt Bystems

(2) The offects of symmetric rotor incriins on the aritieal
whirling speedo.

'

(p) The clffects ov symictric ood yneyootric buaring flexibilatics
on eritical widrlin, speods with roter < apprecinble ineriil..

.3 Searlng Constuadnto

The noour-te ealoulation of the deflcection ccoeffucicnts constitutes
the greatest dilfzoulty vhen cstimotang oritical whirluing spuecds, au dn
nost cns.s the offcet of the bearangs on the shaft stlilfnoss oou oply
he assumiod,
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The constraints in plain bearings ean be iavestlgated by experionte
on nedels which riwst, however, tc larger than these used for theoretical
confurintions in oxder that more practieal sizoed bearings can be 1wvestli-
gated. Valuable wnTormation cun be cbtuined by zeovesitigating the criti~
cal whirling spucds and trarsverse frec vitrations of a shaft in bearings
or varying length/loaoeter ratios and varying clearances. To be of
groatest value, howvoer, such rosults would have to be applied to full
scale ilnstallations., This way be achieved by earrylog out simple
experinents on cxigting systors.

The effeetive coastraint provided by ball beariags can best be
assessed by cxpoerdnients on actual inmstcllotions or on test rigs of nuch
larger sizes where the tonrings nre of the smme order of size as those
used in practice.

The vuggeotions so fur are qainly applicable to an engine~propeller
installatzon, There 2re still te be considersd the probluns assccornted
with the gas turbine in which caiplex nxinl flow cmpressors are being
used. The caleul . iicy of defleetion cocfficicnts and squivalent inertins
for such rystems hoy proved to be oxtrencly difficult. The oalculated
critioal whirling sreods Tor sone such installations howve been found to
be nore thon BO: bove the netunl critiocal with subscquent failurcs on
test.

for such choos o odel experiments nre of little value and cach
1nstallat:on st be treated soporately untal sufficicnt practical
1nloraticn is warlable on the choracteristics of these complex systems.
By carrying out uodel and full senle experinents it may be possible to
dovisc © guuple cxperbwnial tochalque for investignting the whirling
characturistics of thege canplex inatallations without actually running
through the eriticil spocds, thercby avoiding possible desiruction of the
particular ingtalliion oa tost,

5 Dotadls ol lodel axperinental Rig

5.1  Baszce Requirdnents

In order to corry out *the cxperuascats o rig hog hecen constructed to
fulfill the Following busic reduircments for work of this kind noaely:—

(1) The shaf't on whrch measurunents arc to be taken shall be of
sufficient flexibllity to pernit lorge amplitudes of whirl te be forced
witheut 1ts beang otrawned beycod the elastac lumit. The systoa 1s
then arranged so thot the moximum whirl amplitude wall occur at the ond
of the shalt thes foculitating the development of o photograghic bechnidu.
for recording purposcs.  Using o magnufying camers, 1t 1s thus possiblo
to obtain photographs of whirl paths, large onough to enable ~coarntke
neasurenents to be made.  When neeessory, visual cbservaticns of “he
whirl paths can be nade using strobescoplc light,  Fullwlhaent of

those conditions cnapled an efficlient experimental tochnidque to be
developed by msans of which the accuracy of the fundamental physical
theory could be i1nvestigated.

(2) it wan considered to be most inportaat thot the initial conditions
of shalt support ard bolance should rrosent the least number of unkhown
parameters, An ottenpt was therefore nade to start with & bruc runmn,
shait, tccurately bolancen. By oxercising groatd care in the inltial
fitting of the shafis used this wns achiceved to such a degree thot it
was possibl.e in woss cases to run the loaded shalt at its critical
whirling speed without wbs strikivg the guard ring.
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5.2 The kcdcel Sholt Syeten

FPhotogrmphs ¢of the rie are shown in Fig. P.l. The basic systen
consiste of o cantilever shaft 12" long .nde frem 2" disveter silver
steel rod The saaftes usced were seclected fron standord rods, with
particular carc os to their straightuess. Lhe tost proce is fatted by
ucans of o splait scllet into the ond of o 1" duccter driving shaft,
This draving shaft 15 carried by fve daper rollor beacungs sct 6"
apart I the main bearing block. Ly makiar the clearances in the
taper rcller tearings as szmall as practicoble & condision was reached
whereby it was possitle to assume the end conditions for the cantilever
to be perfcetly encastrs,

Frovislon s made to support the frec end of the shaft by meano
of a flexible outrrgger bearing 10" fram thoe Tace of the collet. The
outrigger bearing coasists of a ~" self alipgnin, bearing supported
by four springs disposed at 90° about the axis of the shaft. The
springs could ve arranged to provide cither cqual or uncyuwl olidTacoio
in the fwo princaipal plancs.

A 3cheags mofor as used to drave the test rig through 2 ton to
one ratic step up gear box giving o speed range of O - 20,000 r.p.m.
af desared. 4 fioc spoeed control iz obtazsed by means of a friction
broks fitted to the moin bearing bleck botween the two taper rollor
bearings. 32y setiing the motor specd contrel to give o shalt spoea
slightly higher than the oratical speed buing investlgated and then
gontrolling the spced by menns of the brake it is rogsible tc cxulore
whirl amplitudes ama patterns at shaf't speeds very cluse to the
critical, where the wharl amplitude s very scnsitive to sh £4% spocd.

The ccourncy L this method 1s ovidenced by the small degreo of
soatter of 1w cxpesinental points vlotted ncar the eritical cpoods.

Prelininary loveobtrpations deal with the eficeots of unbalance of
o rotor of ownll nionwntas of rnertia. The rotor uscd 13 made from
alwaznrr, it 1o 2% diometer and coumposed of twe eccentric rings,
ons wnolde the cohes no adjusted that by rolating the ocuter ring the
Gege o The cxplete 1otor ean by offect froan the centre of the shalt,
on whilch the roter 7s frawed by s uuch os 0.2", The actusl position
ol the c.g, =an oo dily boe fixed by wmoung of o praduntced seale cngraved
on the wnucr ring, od corresponding to o Casum line on the outer ring.

3.3  Reecrding Baolmoent

The whird pobhs ot the froe ond of bne shelt are recorded own f1lm,
This zs done by ..oums of standard £.20 eerial comern caxrying o K.24
lens on the wnd of an exfension tube. This arrangement gives an
opbreal enlargement of 5.6 tames.  The whirl amolitudes at the end of
the shaft are kept Lo withun approximately 42" by wmeons of o guard
ring behind the ovbrigror bearing, roorded amplitudes are thorefore of
the order of 1.25" mixinum.,  For modcroate amounts of rotor unbalance,
at %“ wivirl amplitade, the slopss of the resonance curve above and below
the eritzenl specd arce practically .ne same, It is thercfore considcred
reasonable to ~gsume that the critical spewd Iiee midway between the
values given by the two curves ot this amplaitude.

The roeoording tochnigue Tound o b most sultable for the opbical
system deserited above wos one whoereby the rlg was nomally opirated in
subducd lightivg and 2 small highly polished 'pip' or the ceutre of the
shaft ot the free cad was wntensely illuminated for o controlled period
of time with an open shutter on the caunora,

5.



For this purpose the nermal froller blind! shuocser ia the couera
was removed ord reploced by a solenord cperated shutter of the "Wenction
Blind? type.

The 1light souroc is controlled by ~ rclay systenn opurated by
slicang contacts oa the moter skaft in such - vy thot, icdepondent of
shaft spued, the cnl ~f the shaft ocan be illuninated for ony desired
number of sh.ft revelutions up to fave by cperatiag the rocording
switch,

lo facilit fe g opurati-n off the riy, the comers is nlso fitied
with on ~utortace filn winding wech.onisi cowrated Cfrar the contrel pancl.
To cunpore taoe shaft defleetion fornis Tor the sbatie, tronsverse vibraticn
cnd crhirling ensce oo sceond light scurce hes been designed 4o illuainnte
the whole length ci the shaft clong the $cp cdpe, Using o hoalf plate
comera & photograiph s ftrken thcd to anclude nh least one vibroticn
cycle.  an calorganent four ¥ires shaft siuzc 1s then cbinined by
progecting the platc neenfive onto o white screen, anplitudes ot differ-
cnt polnts nlong the shoft beding aensured dircet apd pletfed on on on=
larged scale, The results thus chiained are found to he very satisf-ctory.

When gloibtang nmapiitude frecucney curves 1t is cssentianl to record
she speed of the shatt sinultanccusly with the rceording of the whirl
aplitude. thas 1s dend by reans of ra doduwotinee proxxavty prekup,
piaceéd bchiad the mawn beardng block ncar o clip which rotntes with tho
shaf't. Tne plckup is cconected to o ginpgle channel CLR.40. recording
trolley, spocd regords beunz taken ab the snwe thie, as the wharl
reocrds, The shoft spocd can then bo avwsured atcinast o lty cyele
per sccond tindhg mark.

6 Conclusions

Prolininary tests have ~Zreody booa ude on the nedel rig describod
wish ootisfactory results. These prelualnery tosts are to be published
in & loter roport. The obgeet of the sroposced peoprnuie of experincate
is %o establish the thecry of shndt whirling ~ad pive soae Ldea of prie-
treel desisgn effccts but it is consitdersed thig, ~poré froil supplyilng
valunble 1ofor aficn on the wharling of cowplex shoft systoms, o siaple
technioue s1oy be duviscd for dnvestigatiog She whirling charccteristics
of existing full scale instollaticns ~mthout letually cousing such
systons to shirl, < process whicn 1 cften w.possible due to the reacte-
ness of critucol shacling opocde Tre ocpurating specd rangus, In this
way mocel ang full seale dnstellvticas sould be correlated and the final

1
resultoc safely ~pplied za the ceesdnn sta e of future Zoetallotlons.
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