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mmummmmmmm.m
on the balancing of rotating equipment. The subject of rotor
itmm-mhmmmmm It has recently

mmmﬂmmhmwmmdm
and development in Mww Iuve mrud. in many
fundamental arexs. These ch bave from requir

smociated with the rapid development of advanced M-ﬂlﬁﬂ rotating
machinery during the two previous & The d for
mﬁumemm-ﬂuummmehm
scceptance of more flexible rotor balincing techaiques. These techniques and
the asmsociated equipment are now being used to balance sdwvanced, flexible
rotor equipment, and they are also replacing the older, established rigid rotor

Frocedures.

In use, this book is directed towsrd the professional engineer with oo
significant prior experiences in rotor balancing. It is hoped that such engineers
may obtain from it an introduction to the principles of b ing, ¢eTiain basic
balancing procedures, and some acquaintance with the hardware involved in
rotor balancing Sufficient advanced material has been included so that further
in-depth study may be conveniently parsued on specific state-of-the-art topics
using the literature sources specified et the end of each chapter.

The suthor will appreciste advice and comments from readers concerning
other important topics and related material that might be included in future
editions of this monograph. Advice on publications of importance that have
been inadvertently overiooked is also welcome. Careful efforts have besn
made during preparation to eliminate textual errors, but advice will be
apprecisted to any error that may remain, for which the author accepts all
responsibility.

Gratitude iz expressed both to Henry C. Pusey, former Director of the
Shock and Vibration Information Center at NRL and Dr. J. Gordan Showalter,
the acting director for their supportive recognition of the importance of this
subject, and for much encoursgement and friendly advice given during the
preparztion of the maouscript. Special gratitude is also expressed o Sara Curry
for her patient care, editing, and guidance in the preparation of the manuscript,
and to Dr. Ronald L. Eshelman of the Vibration Insttuie and io Shixiang
Zhou, Visiting Scholur, Hapei Province, Peoples Republic of China, for their
helnfulrﬂ'ievdfhemednllum A special note of thanks goes to the
mputerized Technicul Composition Section of NRL's Technical Information
Diwpon.elpachll Mrs. Deborah Blodgeti a=d Mrs. Dora Wilbanks, Without
their patience and help this book would never have been put in the excellent
shape that it is now in.
Rochester, New York

Neville F. Rieger
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Rotor unbalance is a basic concern in the design and operation of
mhmybmueuuumnrwufmﬁm;.

- The classical balancing procedures available todsy are deceptively
simpie: balencing can be difficult due to the number of interacting
phenomena present. The entire area of rotor dynamics plays a role in
msny balancing problems. Critical speeds are influenced by rotor and
bearing fexibilities; the weight, flexibility, and position of couplings as
well as casing and foundation properties are often integral parts of
balancing techniques and strategies. Because critical speeds involve
phase changes—between mass unbalance forces and vibration—they al-
ways affect the sensitivity of the balancing process. Balancing tech-
niques for high-speed equipment are thus intimately involved with ro-
tor dynamics. And because mass unbslance is sensitive to thermal
changes, which cause changes in rotor shape, balancing procedures
must also account for thermal effects. The fact that such phenomens
as misalignment cause once-per-revolution frequency vibration—as
does mass unbalance ~is one reason for the misapplication of balancing
procedures. It is obvious that many factors are involved in applying
balancing procedures {0 rotors.

Balancing techniques and rotor dynamics have evolved with the
development of machinery, particularly as operating speeds have in-
creased. The development of balancing technology began in the indus-
trial revolution of the 19th century; the first balsncing machine was
developed and patented by Martenson in 1870. At that time and in the
early 20th century balancing accuracy was severly limited by the lack of
vibration transducers and analyzers. A chalk mark of the high spot of
the rotor was used to identify the heavy spot (location of mass unbal-
ance). Balancing procedures were not formalized until the 20th cenrury
when Thearle in 1934 developed a two-plane influence cosfficient
method. From that time io the present balancing procedures have
closely followed developments in various aress: the theory of rotor
dynamics, transducers and analyzers for measuring vibration, and com-
puriers. All of these ingredients were essential to the evolution of the
sophisticated flexible-rotor balancing techniques available today.

v. —Onevearly flexible-rotor balancing techaique, traceable to Lynn in
1928, was based on mode shapes (modal method).; In England the
Moqofkmﬂmmﬁwm
Parkinson in the 1960s;5Moore demonstrated the practical application of
the method to heavy rotating equipment~ At the same time in Europe
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BEEJEHHE

JaEEaE MOBROTPRHE EAMHCAHZ ¢ NTHK VIOBISTEOPEHER NOTpelHOCTH BO
BEC2o0REMMONTEM  TpyAe N0 OXIHCHPOEES EBPAMAFMISTOCE  000PVIOBEHHE.
EalsEcHPOEEZ POTOPOE XEIReTCE ofmmpEOE Tewol, KoTopas BETOuzeT B ocels
MEOEECTEQ HEEHECE H ofnacTe sHamm. C HeI2EEMX IOP OH2 IPEEPATHIECH HS TOTO,
OI0 PEERINE OTEOCHIOCh K MANMMEOCTPOSHHIO, B OGIACTh SISKTPOMEXEHHTECHEX
TEXHOTOTHA. 3T0 CTATO PESYIbTATOM HHTERCHEHOTO NPHMEHSHHA MEHH-KOMILIOTEpA
TR EOOPIHESIGE BeofX0IEMED ONepald GaTmeporrs. [JelicTERTTbED, Bed ofepa
DalaHCHPOEKE pPOTOPOE EHENAEHO NEPEEHIA SOOKY POCTA M PasBHINA, KOTIa
TEXENTOTETSCKHS HSMEHSHER NPOHSONLTH B0 MEOTHX QVEIZMEETZTRERT 00I20TEX.
Je msmemsEER  oOVOIOBNSEE Tpe0oBSEEAME K ORXISHCHPOERS, CERSSEHBMME C
GEICTPEDM PaSEHTHEM MNEPEIOERIX ERICOKOCKOPOCTHRIN EPAINAFONNCE MEXIHKIMOE,
OPOECKOTHEIEN E TETEHES IEVX DPelRlIyINER JecATHIeTHE. [locToRMmED copoc Ha
VEETHUSHKS ERNOIEOH MOIIEOCTE H3 THEMITY ESCa EPAIIAFINErock 00OpYIOEaHEA
TpEEST K OPEEATER Gomes EGHEN MeTONOE S2IIBCHPOERH POTOPOE. JTH METOIH
COOTBETCIEVIOmE:  000py B HCTOAMEE BPEMA HCOOTBSYIOTCA TR
DETIECHPOERE COEPSMEHHOTC OCOPVIOBAEHA C THOKMM pOTOPOM, H OHM TIEES
3AMEHANOT CT2PHIE, YCTOAEIIHECH [IPOLSIYPH OAT2HCHPOEKE HECTEOIO poTopa.

JT2 EEET2 pacCUMTEHE E2 OpodiSCCHOHATHERIN HEESHSPOE, HE HMSROIIR
SHETHTSTREOTO OMHITA E 0R12HCHPOEKS POTOPOE. X0Te10ch O HATSRTHCE, UTO TAKHS
HECHEHEPH CMOTYT IOTYIHTD B3 Hee BESISHES B IPHEIHIE! S2T2HCEPOEEE, ESKOTOPHE
OCHOEHBIE [POUSTYPH OXT2HCHDOEEE H I[OSHEKOMETBCE C©  0O0DPYIOESEHEM,
3aIefiCTEOBSRERM B C2I2HCHPOEES POTOPOE. DEDOTWSsHe I0CTAaTowmOS EOMEMECTED
TPOIEHEYTOrC M2TEPHAT2, Y00k MOEEC OBLI0 YIOOHO IPONOIEHTE YIUIyOISHEHOE
ESYyUSHHE KOEKPSTHELN COBPEMEEEEIN TeM, HCIOIbIYA JHTSPATYPHEIS HCTOMEEKE,
VES3IEEEE E KOHIE EXET0H [TEEL

AFTop GyIeT NPESHATETSH YHTATELAM 32 COBSTH H ROMMEHTADHE, KaCaIIHECA
JPYTHE BEEHELX TEM E CONMYTETEVEOIIEN MATSPEATOE, KOTCPRIS MOTYT GRITE BETEOTSER!
B OyOyIEe H3O3EEA JaEmoH MomoTpadkE. Takse NPHBSTCTEVEOTCE  COBETH
OTHOCHTETEED BAEHBIN T OTHEAINH, KOTOPhE OELTE HepeIRaePERHED OCT2EIEHE Be3
BEEMzFEA. B Ipomecce MONTOTOBNE GBUTH NPEINPERATH TIIRTETREHE VCHIHE I0
VCTPRESHEEIC TEKCTOBBIX OMECOE, HO MBL §yIeM IPHIHTSTHHEL 32 COBSTH N0 HOBOIY
MEOOEDR OIIECOE, KOTOPEIS MOTYT OCT2TBCE, 32 EOTOPEIE SB5TOp NPHEEMaST Ha 0204 BCI0
OTESTCTESHEOCTE.

Brpzsastcs  Goarozspeocts [empm K. IIbrose, OHBIEMY IEDEETODY
Hrdopmarmommore Lemrpz mo Vazpaw m Bufpamm 5 Bosmmo-moponol
Hecasaoparetsorof.L pr, B 1-py . Doprary [loyoearepy, HCIOMHEMEMY

00A3EHEOCTH JHPSKTOpa, 33 EX ONEroCEI0EEOS NPHSHAEHE EEEHOCTH STOH TEMEL 2
TaRdEe 32 COMBIIVIO MONIEPHEY H IPYHECKHE COBSTHL N2HHEIE BO EPEMA IOATOTOERH
pyromacs. Ocofan GnaredaprocTs EBnpasmzercs Taome Cape Kappm sz e safoty,
PeISKTHDOEZEEE H PYEOEOICTEC IPH TNOITOTOEKE PYVEOMMCE, 2 T2K&EE IOKTODY
Porameay J1. Smsibeary 23 Hecteryrz Befpamms  eczny Txoy, nperiamessony
VHEHOMY, B3 NpOEREIEE XyOsH Kerafickes Hapommss PecnyOmea, sa modssEvie
PENSEIIED EX MpeTcTIETeEERN Marepmzt. Ocofaz STarolspEOCTE BRIpEEISTCR
Cepinm  KOMIBETEPHSHPOBEHEOTO TeXEEYeckore cocTaEa Otisma Texmmmeckof
Hudopmarmm Bossmo-moperof Hecrenoparemserof JlzSoparopim, ocoSemmo r-me
JeGope Baomastt & r-me Jope VenGsemc. Bes mx Tepnesms B DOMOME 3T2 KERT2
HEEOTI2 Be GriTa Gl IPEESISHA E TY OPSKpacHyI0 Gopuy, B EOTOpoH 0H3 HIXOIHTCR

CEHHAC.

Ponecrep, Hero-Hops Hesmur . Parep

MIPETHC.IOBHE

JucSatapc poTopa AEIASTCR OIEOH M3 OCHOBHREIX MPOSIEM IPH MPOSKTHPOE SHEH
H SECIUTYATAIEE MEIHE, HOCEOIBEY OH ZEIASTCE OCHOBEOE NpHWEEOH UpesMepHOH
EHOPaIEE.

Kazccpmeckme npomeqyph G2TAECHDOEEE, IOCTYIIHEI® CETOTHA, OOMIEUHEOQ
TpOCTE: GATERCHPOEKE MOEET OHTh CI0EHOH H3-32 MEOESCTES E3aHMOTeRCTE VEOIK
#ETerkE. BeR 001a0Th MHEAMERY POTOPA HTP2ST EAHYED POTh BO MEOTHY Npofienax
Ganamceposss. KpeTemeckse cROPOCTH S2EKCAT OT THOKOCTH POTOPSE H IOIIIEIHEROE,
Bec, THOKOCTh H DOT0MSHES MY(DT, 2 TaKCKe CEOHCTER KOPIYCA H QVEIIMERT2 T20T0
FEIAITCA HEOTRSMISMOH T20TBED METONOE H CTparTermd Satmmcmpomrs. [locEommiy
EPHTHUSCKES CEOPOCTH CONPOBQMIAIOTCA HIMSHSHMEME (33 - MEKIY M2CCOERIME
CHIME mHeGaTaEca B BHOpamMeR - OHM BCSTAR2 BAHREOT HR UVECTEHTETREOCT
mpomecca SATEHCHPOBRE. TaKkM 0GDasoM, METOIH GATARCHPOEKE ERC0EOCEOPOCTHIND
oB0PYIOEARHE TECHO CER3ZHEL ¢ JHEAMEROE POTOpPR. A TOCKOTBEY THCOAT2HC Mace
TYECTEHTEIEH K TEILIOBRIM H3M I, EOTOPHE ERSHEAI0T HIMEHSHHA (OpPMED
PpOTOPR, MPOETYPE GATAHCHPOERH TAH0KE JOTEHHl VIHTHEZTE TEUTOBHE S@GEKTEL
Tor daxT. IT0 T2EHS EEISHEA, HaK HECOOCHOCTh, BHISHEZOT BHECDAIRED © TacTOTOH
omEE pas 32 0o00pOT, TEK M IHCOATIEC Mace, FBIASTCH OIHOE HI IPHUEH
HENPEEETHHOTC TPEMEREHEA TPOTeIyp Gatanckposis. OHeRHIH, TT0 B IPEHMEHSHHH
TpomeIyp CATHCHPOBKE K POTOPEM 33MEMIZED MEOHECTED (AKTOPOE.

MeTombl CRT2ECHPOEEH H IHHEMEER DOTOPR PRSEHEATHCH EMECTE C DaSEHTHEM
MAIEE, 0co0SHHC [0 MEpe VESTHYSHHR pafodHr cEopocTeH. PasEHTHE TEREQIOTHE
GRI3ECHPOERH HIYZT0Ch EC EPEMA NPOMBILISEECH pssomom® 19 Beka; nepesdd
GanaBCHpOEOTELE ammzpar GarT paspefoTaE B samaremTosar Mapremcomom B 1870
roxy. B to spenz B B Ezmate 20-ro BeKa TOUEOCTh GRISECHPOBEH ORLTR CHIIBEO
OTP2HHTSHS H3-32 OTCYTCTEHA JaTIHKOE H SHATHIZTOPOE BEOpAmE. [I18 oNpelelsHHR
TAKETOTO MeCT2 (MeCT2 IHOOATEHCZ MACCH) HCTIOIBSOERIECh METOE3A OTMETER
BHICOKOE TOWEE poTopa. [Iponeayprr GaTarcHPORRE Be OhITH dopuamsesarm 1o 20-
ro Beka, koraz Tapas & 1934 roqy paspaGotat meton osddmmenTa BIHAEER B IEVE
mrockocTEx. O TeX IOp H 10 HICTORIIETO EPEMEHH IPONETYPE GATIRCHPOERH TECHD
CIETYEOT 32 PASEHTHEM PESTHIHK 00acTef: TeOPHE THEAMHEKE POTOpE, JATIHECE H
SHATHIZTOPOE [UTA HIMEPEHHR EROPAIHN, 2 T2E0HS KOMIbIOTEpOoE. Boe 5TH KOMIOEEHTEL
OBLTE E200XOIHMEL ALE SECTIOLEE CI0REEIL METOI0E O2IaHCHPOEEE TEOKER POTOPOE,
IOCTYIIHELX CETOIHA.

Omer B3 DEHHEX MeTONOE ORT3HCHDOEEE THOEOTC POTOPR, KOTOPRE GRIT
paspaforar Jlmmons B 1928 romy, Gm11 oceoBzm E2 cobcTRemmmme dopuax mrmfa
(MoTambEEE MeTon). B ARITHE TeopHE MOJRIBHOTC MeToda SHUI2 paspafoTaEa
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