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ABSTRACT

(Gias rbines are used for power generation with units in a
range of sizes. They serve as power plants for both military
and commercial aircraft. Demand is for faster, lighter engines,
utilizing more advanced manufacturing processes. One of the
means of mecting this goal is through use of longer, thinner,
more  flexible shafts  which operate  supercritically.
Supercritical operation was once viewed as impractical,
however, a number of today’s production gas turbines operate
in this mode. The shaft manufacturing process is optimal if the
shaft balance procedure can be conducted at low speeds, rather
than requiring a more expensive and complicated high speed
balance process. The objective of the project described in this
paper is to develop a systematic process for a low speed
balance procedure, which, in conjunction with appropriate
damping, would permit a high speed shaft system to transition
through additional cntical speeds and operate safely above
them. The discussion includes research on analytical modeling
and analysis of representative shaft systems to determine the
optimum locations of the balance plancs and outlines an
analysis approach for predicting shaft responses.
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INTRODUCTION

Gas turbines continue to be an efficient and popular source
of power for a variety of industries. They are used for power
generation  with  units  ranging  from large [1] to
microscopically small [2].  They also continue to be the
mainstay of propulsion systems for acro-transportation, both
military and commercial. Regardless of the application, there
continues to be a move toward faster, lighter engines utilizing
more advanced manufacturing processes [3]. It has long been
recognized that one of the means of achieving these objectives
was through the use of long, thin flexible shafis [4] which
operate above their first flexible bending mode.

Although supercritical operation was once viewed as
impractical, if not impossible, today a number of production
gas turbines operate this way, including the T406 (V-22

Osprey military tilt-rotor aircraft), TT00 (Apache military
helicopter), TREO0 (Westland Lynx Helicopter), AE2100
(SAAB 2000 commercial aircraft), AE1107 (Military
transport aircraft), and the 601K11 (industrial and marine
power applications).  All these engines are able to pass
through, and operate above, their first cnitical speed, using a
combination of rotor balance and system damping.

Traditionally, if a shaft and/or rotor system was to operate
near its critical speed, the balancing approach that would be
used was a high speed technigue, requiring a powerful drive
system, significant safety protection, and instrumentation to
measure shaft deflection.  This required complex and costly
equipment specific to each shaft model. The data from
multiple trial runs would be used to calculate influence
coefficients that could then be wsed to determine balance
comrections for multiple planes [5].

As gas turbine engine designs began to move to longer,
smaller diameter high pressure core compressors, any shafting
which went down the center of the core had to gain length and
losc diameter, a combination destined to make the shafting
more flexible, thus pushing toward supercritical operation.
Supporting the use of long, low diameter rotors, a number of
researchers have studied ways to balance flexible shafts. This
includes a holospectrum approach by Liu [6] and modal
balancing and influence coefficient techniques by Tan and
Wang [7.8].

In order to control costs in production, there was a strong
desire to find a way to perform the balance procedure at low
speeds, where less expensive equipment and less involved
balance procedures are typically used. Such a plan has been
successfully utilized on shafts operating above one critical
speed [9].

BALANCE PROCEDURE

Let us briefly discuss how shafts and rotors are balanced,
and why a low speed balance procedure is preferable to a high
spoed balance procedure.  When a long, thin, flexible shaft
runs at high speeds, it has a natural tendency to bend, or bow.
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This tendency is most prominent at the critical speeds of the
shaft. Critical speeds are the speeds at which a shaft’s running
speed is coincident with its natural frequency, sometimes
called its resonant frequency. The rofating unbalance is an
obvious excitation of that natural frequency, bringing about
large responses. When running at low speeds, well below the
first critical speed, even a very flexible shaft will behave as a
rigid body, and show no signs of bending. Therefore, it is
possible to effectively balance the shaft by making corrections
in any two balance correction planes, which are frequently
located at the two ends of the shaft. The inherent unbalance of
the shaft, as it comes from manufactunng, is likely 1o be
distributed along the length of the shaft. However, so long as
the shaft operates mt low speeds where it remains rigid,
corrections at the two ends will sufficiently balance the shaft.
This is shown in Fig. 1.
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Figure 1. Balance corrections al two locations can effectively
balance a shafl that remains rigid.

The fact that a shaft can be balanced at low speed means
that standard, readily available balance machines can be used
to rotate the shaft and caleulate its needed unbalance
corrections.  These machines may not run any faster than
1000 rpm.  Howewer, if the shaft operates above its first
critical speed, then it has to pass through a point of significant
bending, during which the aforementioned two plane balance
correction will be inadequate.  This is represented in Fig. 2.
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Figure 2. Once a shall approaches ils first critical speed,
balance corrections at the ends will not adequately balance the
shaft.

In order to effectively balance a shaft that must run at or
above its first critical speed, the most effective approach is to
add a third correction plane, in the center of the shaft. In order
to determine how much of a balance correction to make at
cach of the three balance planes, the shaft should be rotated
fast cmough that it begins to assume the modal shape
associated with the first critical speed. Trial balance weights
must be added to the shaft during this high speed running, and
from that, appropriate balance corrections can be calculated.
The problem with this procedure is that it requires a much
more complicated balance machine. For one thing, the
machine must now be powerful enough to spin the shaft up to

the critical speed, which may be many thousand pm.
Additionally, the balance equipment will have to provide
adequate protection for the surroundings, since a shaft
spinning at such speeds has a tremendous amount of energy if
anything goes wrong. Thus a full enclosure is probably a
necessity, whereas the low speed machine requires much less
in the way of protection. Instrumentation adequate to monitor
how the shaft 1s moving and to assure that the shaft is not
whirling at unsafc amplitudes is also required. By the time all
of these considerations are taken into account, the high speed
balance machine is considerably larger and more complicated,
as well as much more expensive, than the low speed machine.
In addition, it takes longer to spin the shaft to higher speeds.
Time must also be added for securing the shaft and adjusting
the instrumentation before runs. So in the end. a high speed
balance procedure not only requires more expensive
cquipment, it requires considerably more time to operate,
further increasing the cost of the balancing procedure.

For this reason, it was desired to develop a balancing
procedure that not only could be executed entirely at low
speed, but would alse permit corrections to be made in a third
plane, thus better correcting for operation at the first critical
speed.  Experience in the gas turbine industry has shown that
it 15 possible to modify the low speed balance procedure by
making certain assumptions about the shaft [9].  Using a
basic assumption for the type of distribution the unbalance
takes along the length of the shaft, and that the shape that the
shaft will take during operation is a simple sinuseidal (0 to )
distribution, it was possible to derive a low speed balance
process wherein the balance machine determines the amount
of unbalance that should have been made at the two ends for a
standard low speed procedure. By using half of the total value
of the calculated corrections at the end planes, and instead
applying this amount of correction at the center plane, it was
possible to approximate a third balance correction plane. A
second run was then made on the balance machine, again
using it to calculate corrections at the two end planes. This
time the comrections were, i fact, made at those plancs, and
the shaft is then considered balanced. Repeated use of this
procedure has proven successful on a number of shafts for
production gas turbines currently in use in the acrospace
industry.

Even if the distribution of unbalance along the shaft is not
uniformly distributed as was shown m Fig. 1, this procedure
will permit a satisfactory balance to be achieved for other
common unbalance distributions that are likely to be found as
a result of manufacturing imperfections, as shown in Fig. 3.

These figures do not take into account phase differences of
other than zero and 180 degrees. But study will show that for
other phase variations, the procedure for calculating a center
shaft unbalance correction will, in fact, vield a far more
accurately balanced shaft than would a standard two plane low
speed balance procedure. And in most cascs, it will approach
the accuracy of a high speed balance procedure, but at far less
cost and time, which is imperative in the production
environment.  Only if the unbalance distribution begins to
“corkscrew™ along the length of the shaft does the procedure
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HWIKOYACTOTHAAR BANAHCHPOBEA ONA CBEPXKPHTHHECKMX BANOB B FAZ0BLIX TYPEHHAX
Murep 0O, XunToH
WH®EeHEpHEA W TEXHONOTH4ECKSA WEoNa MNepao
YHuee pcuTeT MHgHaHe - Yauee pouteT Nepgon Meguadanonuc

AHHOTALMA

la3oebie TypOHMHE MCNONLIYIOTCR ANA NPOWIEOALCTES
BNEHTPOFHEPrMM © YCTSHOEKSMW PE3NWHHBN PIIMEPOE.
OHMW CAYHET CHNDEDIMH YCTAHOEKAMY, KEK ANA BOEHHB,
TEK M [NR KOMME PHECHUX CamoneToe. CyleoeyeT cnpoc
Ha Oonee OwcTpeie W NErKME  JEMFETEAM  C
MCNONbIOBIHHEM Bonee COBEPLUEHHbIX
NpoMIEDACTEEHHEN Npousccoe. OgHMM M3 CpeacTe
AOCTHHEHWA 3TON LEAW RENRETCA MCNONb30EEHHE Gones
ANWHHBE, TOHEMX W rubkwx eanoe, paboTswmwm: B
CEE PXKOHTHYE CHOM PEHHME. Korpa-To
CER PHEPHTHSE CHHUA pEBUM CHWTRNCA
HELENEeCo00pE3HEIM, 0HEKD PRI COBPEMEHHBX FE30EbK
TypiuH  pafotseT B 3Tom  pemume.  [lpoyscc
M3roTOBNEHWA Bana ABNRETCRA ONTHMANbHBIM, ECH
npouggypa GENaHCMDOBKH BRNE MOMET NPOBOGMTECR HE
HMIHMX CHOPOCTRY, 2 He Tpebyet Donee popororo W
CAOMHOrD Npougcca GENSHOMPOEKW HE  BhICOKOW
cKopoCTH. Llenbis NpoeKTa, ONUCAHHOTO B 3TOH CTaTbe,
RENRETCA pa3peboTHa CMCTEMHOTO NpoOUECCE  AnA
Npousgype G2NaHCUPOEKH HE HHKOR CHOPOCTH, KOTOPER
B COYETEHWMH C COOTEETCTEYIOWHM AEMNDHPOESHHEM
NO3EQAMT CHCTEME BHICOKOCKOPOCTHLEE B3NOE NPEOAWTD
HEPE3  SONOAHWTENDHBIE KPWTHYECKWE CHOPOCTH M
Ge3aonzscHo pafioraTe epiwe Hee. DOCYHOEHUE BRI ONSET
MCCAEA0BIHHA ND IHANHTHYE CHOMY MOAENMPOBIHHID H
BHEAM3Y PENPE3IEHTETHBHDLIY CHCTEM EB&NOE ANA
OnpegeneHHA ONTHMENBHBD NonOMEHHH
B2N3HCHPOBOMHEL NAOCKOCTER W ONMCBIESET NOGX0A K
BHENM3Y ANA NPOTHOIMPOEIHMA PESKLUMH Bana.
Hnwosesnie cnoea: BanaHCMPOBKS, CBR OXKPMTHHYECKHA B2N

BEBEOEHMWE

Mzagemie  TypOMHE OCTEKTCR  SOEEHTHEHDIM M
NONYAAPHEIM WCTOMHHEOM 3HEPTHH GNA PEIAHHHBX
OTpaCcNel NPOMBILAEHHOCTH. OHKM WCNOABIYIOTCR gNA
NpOM3ABOACTES INSKTPOSHEPIUW C© YCTESHOBHEMW  OT
kpynuec [1] go mukpockonnseckn mano [2]. OHM Tacse
NpOSOAKSI0T OCTAEETECA OCHOBOW CHAOBBE YCTIHOBODK
AR EDIQYWHOTD TPEHCNOPTE, KEK BOEHHOMD, TEK W

KOMME PY8CHOTO HE3Ha%eHHA, Heazeucumo ot oBnactu
NPHMEHEHHA NPO4OMHSETCR EMMEHHME B CTOPOHY Banss
BLICTpB W ABTKMX AEWMIETENSH, HENoAbayowmx Gonee
COEEPWEHHBIE NPOHIBOACTESHHEE Npouscoe [3]. ¥me
AZEHO NPHIHEHO, 4TO OAHMM M3 CNocoboE AOCTHHEHHA
ITHX L2 N2 i RENRETCA HINONbIDESHHE AAHHHBE, TOHKHXY
rubkux eanoe [4], koTopee pafoTaoT Ebiwe WX NepEOro
pexumz rubroro Maruba.

XOTR CEEPXKPHTHYECHMH pemWm pafoTm korgs-To
CHHWTZNCA HENPEKTHHHBIM, 2CAM HE HEEDIMOMHBIM,
CETOAHR PRI C& PHAHLE r230en TYpOuH paioTaioT TakHm
ofpaaom, exnoxzs TA0G (V-22 Osprey), T700 [eoeHHbMA
epepToneT Apache), T800 [eepronetr Westa), TS00
[eeproner Westland Lynx), AEZ100 (kowmepweckdi
camoneT SAAR 2000, AE1107 [e0eHHEBIR TPEHCNOPTHRIA
camoneT), atacee 601K11 [npombiuieHHBE W MOpCKHe
NPOMEILAEHHBIE H MOPCHHE CHNOEBBIE YCTaHoekH). Boe
3TH AEMrETENH CcnocobHbl NpoxoauTs W paboTath Bbiue
cepefl Nepeoid KPWTMYECKON CHOPOCTH, WCNOAbaYA
KOMBOMHEL MM DENSHCHPOBKH POTOPE W gEMNBHDDEIHHA
CHCTEMBEL  TPROQHUWOHHD, BCAW CHCTEM2 E3N3 WM
poTopa gon#Ha Bowna pafoTaTo BONHIM KDHTHSECKOH
CEOPOCTH, Nogxog k GanaHcupoEke, B KOTOPGIA Gol
HCNONEI0ERN R BHCOKOMMOPOCTHOW METOS, TREOYIoWHA
MOWHOTD MPHEOAA CHCTEMB], IHAHHMTENLCHOW 3IZWMTHI
Ge3onacHoCTH W NpUOOPOE BNA W3IMEPEHHA Nporwda u
cmelWeHUR eana. faR 3Toro TpefoBaN0Ch CAOMHOE M
AoporocToRWwes obopygoeaHWe, CneyMdMHecKoe gnA
kE#a0d  mogenw eana. JaHoe, NOAYyEeHHDIE B
PE3YALTETE  MHOTOHMCAEHHEH NPOOHBE  33MYCHOE,
MCNONBI0EANHED AR DECHETE KOMPDULHEHTOE BENHAHKA,
KOTOpBIE 33TeMm MOryT ObMb  WCNOAB3IOESHBL ANA
ONpEASNeHHR KOPPEKTHRYIOWMX gWcOansHCoE anA
HECKONbEKE NAoCKoCTER [5].

Mockon by KOHCTRYHUMH rE30TypEMHHEN SEHTaTE Ned
HE42MN W CTEHOBMTBCA GONEE ANHHHBIMK, KOMI PeCcopamu
EBLICOKOTD G3ENSHHR MEHBWErD gWameTps, nwboi san
KOTOPBIA NPOXOGWUA NO UEHTDY AEMTATENA, gonxeH Gown
YEEAWHHESTE AAHHY H YMEHBLLETE QHAMETP, 4T0 SONHHO
Goino cgenate ean Gonee rufkum, ¥TO NOOTANKHERND K

CEEpXHpUTHSECKOMY pemusvy pabfotm. MNopaspsuvess
HCNONLIDEIHHE AAWHHBE POTOPOE MINOMD SHAMETPS,
PRO, MCCAEA0ESTENM M3y<$an cnocobol GanaHoMpoERM
rubkux eanoe. OHM BKNIOHSHT B €8 GR rONOCNE KTPEN bH b
nogxog Mo [6] v meToam moganbHoR BaNEHCHPOBKH H
METOAE HOSPEHUHEHTS ENHAHHA, NPEaAoHaHHEE TaHM
u Bavrom [7,8].

Anr Toro wTofbl KOHTPOAWPOESTD 33TPETHI Ha
NPOWMIE0ACTED, BOSHWKND CHADHOE MENaHHE HEATH
cnocof BMNOAHEHWA NPoUsaypel G3NSHCHPOEKH Ha
HH3KMX CHOPOCTRX, rae ofoMHO MCNONLIYETCA MEHEE
noporoe o0opyaoEsHHE W MEHEE CADKHDE NPOUSAYPLI
BanaHcHpoekd. TaKoH NA2H Bewn YCNe WHO HONONBI0ESH
Ha eanax, paoTECWMX C 43CTOTON BPAEHHA Boiwe
KpWTHSRCKOH [9].

NPOUEOYPA BANAHCHPOBKH

MNozeoncTe expaTue obCygWTe, kSK GENSHCMPYHOTCR
E3MbI W POTOPL], H NO4EMY NPOUEAYPa G2N3HCHPOEKK Ha
HHIKOH CHKOPOCTH NPeANOMTHTENGHEE NPOUEAYPEI
GanaHCMpPOEKM Ha BEMCOKON ckopocTi. Korga gavHubi,
ToHKHH, rHOKHA B2 paB0T2ET HE BHICOKHY CHOPOCTRX, OH
HMEET SCTECTEEHHYHD TEHASHUMID W3rMBSToCA, WAM
HEHKAOHRTBCR.

373 TEHARHUMA HEME0N2 2 3IMETHS NPH HPHTHHE CKHX
CHOPOCTAX EPSLWEHHR BRN3. HPHTHHE CHHE CHOPOCTH — 3T0
CHOPOCTH, TMPM  HOTOPBEX 43CTOTE  EPSWEHMA  Bana
coenagzeT © ero cobCTEEHHOW 4aCTOTOH, WHOTgE
HE3IDIE22MOA DE3IOHEHCHOW “acToTod. Bpawswwuics
LWCONZHC RENRETCA 048 EMIHEM B03 Gy A HHEM 3TO
coBCTER HHOA 42CTOTh, Eb3LIEER BonbwMe peakuMd. NpH
paboTe HE HHIKHY CHOPOCTRY, SHFHHTRNEHD HH3E Nap o
HPHTH4ECKOW CHOPOCTH, AZHe O04eHb rHOKHA Ban ByaeT
B2CTH C2fA k2K TEEpA0E TENO W HE NPOREMT NPUIHIKOE
Warkba. No3Tomy MOMHO 3qMPEKTHEHD CO2NaHCHpOEST
B3, EBHECA M3IMEHEHMR B awlme gse naockocTM
HOpPEHLMM GENSHCS, KOTOPBIE “30T0 PECNOADHEHE HE
AEyX  KOHUEX Banz.  [pucylwyui  sany  aucbanawe,
EOIHHESHLWKA NPH HIrOTORNEHHHK, CHOpeS BCaro, ByaeT
pacnpegensH noeced gnuae sana. OaHako go Tex nop,
noka ean pa00T2ET HE HUIKWMX CHOPOCTRX, 148 OH
OCT2ETCA  TESPAbIM, HOPPEHUMA H3  JEYH  HOHLUEX
nocTaTosHo cianaHoupyeT Ban. 3o nokaasHo Ha puc. 1.
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PucyHok 1. Hoppekuur GanaHca B gy MECTEX MOMET
aduperTHEHD COANaHCMPOEaTE BAN, KOTODBIH OCTRETCA
Herubm.

ToT dawT, 970 ean moxeT Gomb oTOaNEHCMPOESH Ha
HHIKOH CHODOCTH, O3HEHSET, Y10 CTEHA3PTHBIE,
NErkoAoCTyNHbie BaNaHCMPOBOHHDIZ CTaHKW MoryT Bomb
HCNONB3OEIHE ANR  EPSWEHWR EBaN3 W pacsaTa
Heo0x0 MM KO D PEKTMPOEDK gMCOanaHCa. 3T CTEHHM
moryT paboTats He Seictpee 1000 of/muH. OaHako, ecnu
Ban pafoTzeT Boiwe NEpPEOH KPUTHYECKOW CHOPOCTH, TO
OH JON%EH NPORTH 42 DE3 TOMKY IHEYHTRNBHOMD Harnba,
B0 EPEMA HOTOPOrD ELIWSYNOMAHYTER HOPPEHUMA
GanaHca B AEYX NAOCHOCTRX  KOpPEKUMR  GygeT
HEQOCTETOSHOA. 3T0 NOKEIEHO HE pHC. 2.
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Pucynon 2. Hak TONbKO Ban NpWBAMMESTCA K NEpEOH
KPWTHS2CKOH CHOPOCTH, KOPPEKLMA BEN3HCE HE KOHLUEX
HE CMOMET A0CTaTo4Ho cO3n3HCHPOESTE BRA.

B uensx b2 kTHEHOH BANZHCHDOBKH BaNa, KOTOPBIA
fon#eH pafoTaTs Ha Ne PEOH KPUTHHECKOW CHOPOCTH MKW
Epiwe, Havbones 3ppesTHEHDIM NOSXOO00M RENRETCR
gofsEnsHHe TPETEEA NAOCKOCTH HODPEKLHH B UEHTRE
eana. fnR Toro yTofbl ONpEAEAMTE, HECHOALHD
Heo0xX04MM0 CHOPPEKTHROESTD BENSHE B KEHA0H H3 ToEX
nAockocTel DanaHoa, Ban CAeqyeT BPAWATD JOCTETOMHD
BricTpO, 4TO0 B OH HE43N NPHHMMETD MOSEN BHYH SOpaY,
XBEPAKTEQHYID ANA NepBOA KDHTHHECHOA CHODOCTH.
MNpobHewe OanaHCHMPOBOYHBIE TPY3IR gOAHHD Obme
LoBEENEHDI HE BN B0 EPEMA 3TOH EBICOKOCKOPOCTHON
pafoTe, M HE OCHOBZHWMM 3ITOTD MOMHO PEOCHHTETE
COOTEETCTEYHIUME KOPPEKTHROEKK BanaHca. MNpofnema
3ITOH NPOUSAYPE J2KMIDNIETCA B TOM, YTO OHa TpebyeT
ropa3go Gonee cnosHoro DaNSHCMPOBONHOTD CTEHKS.
Bo-nepes, CTEHOK g0n#eH GbMb OCTET0MHO MOWHbBIM,
yTobbl PaCKPYTHTE Ban A0 KPWTHYECKOHW CHOPOCTH,
KOTOP3A MOMET COCTIENATD MHOTD ThicR4 obopoToE B
wmuHyTY. Baoofzeowr, GansHcupoeosHoe o0opygoEsHHE
A0AEHD ofiecnesuesTs HEgnesalyo  33WuTy
OHPYHIIDWER CPeas, NOCHONGKY BN, BPaWSIDWHACA ©
T2KOW CROPOCTEID, O00N3A28T OrPOMHEIM KOHYECTEOM
IHEPIHM, B CAYHSE, BCOH 4TO-TO NORZeT He Tak. MoaTomy,
EEpORTHO, NOTpefyeToA NONHO: OrpEkgEHHE, B OTAHSHE
OT HH3KOCKOPOCTHOND CTEHKE, kOoTopos TpebyeT ropazgo
MEHDWEH 33WWTe. Takwe Heobxogumbl npuBopol,
NOZEQNRICWHE OTCASHWEITE  AEMMEHHE EINa M
FEPSHTHPOESTE  TO, 470 B30  HE EPSWSSTCR
HebezonaHoi aMnaAnTy4oM. ECAM NPUHATD BO BHUMEH e
Bce  3TH  cooOpaMeHWR, TO  EbICOKOCKOPOCTHOMW
GanaHCMpoBoMHBIA CT2HOK Dy 4eT 3HasuTan bHo Gonbwe 1
CADMHES, & TSHHME  HIMHOMD  A0POMHE, 4EM
HHIKOCKOPOCTHOW CTaHOH. Hpome Toro, 4NA PaCKDYTHM
EaNa A0 ELICOKHX CHOpOCTER TpefyeTcR Gonbwe



