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Rotor Dynamics= 18693 o] Rankine©] & 2} 7}2] &2 % v} 2 = % & Z Rotor
Dynamics©l] ¥ 3+ ¥=F2 The Engineerol] 2R 3t o] g}, T 58 713 4 2 3
a1, g ol = of ok =EEo] ddd 7] 4 I HIUY A%
A3t oA & v d B =R E0] HHEFH I A2, o] Fofof A <]
A7t &shAl K13 11 9okl 2o} Rotor Dynamics #-°F2] =& E0] U F
ol ofn}E o] Hopof A o] FHAES AR RN Ersol 71EA
%}%7} A7} ghe}. 2L X Rotor Dynamicsoll tial 2 7] sl 5 5 o] g H A 3]
B B ax}, o] Bokeo] A A3 27 qua S A3 A A& 1 = )
%kour: ol digel 2 et ok o] A @ <k 2ok of 1301de] 2 A
XY B EgAEe] Foite A& AFEE Bokk 18 B

goeletal gztE

oA Wofg 4o T/ATI FAH ] WEAA = EaFq o,
Q2 = ol A] vk op e} 3] A 7R &, “Rotor Dynamicsoll = # 9]
EE Ao Eu QoA EE A7 A7} ‘31‘:}”_’ AN J)rt"'xl—‘: S
7}8 A kA @k o] A o] Al st e ARG EAYFIA S TFE, S
o] 77 & F = At

g 2} 7} o] presentation/A~ Z(/NE)NA] <. 2] H B} FA ol A title S
WAJA At ol n G F A A3 AR S AE o - glo]
HL?\—!—X]’ g EZolya, i dAY FES 5E N g AHoEZNE
Vet dolgta s AR et ek o] A(hE)ol A e REshat
Ao AAAGR Ryl Azt g Aok, T3] FRAN AN R A E
ol Fol, 2 @39 FAAES A A Fsta EEFoEZAN AL ARE

A A8k T} 7o) 2pA 9 7]§] E e dolA I Y-S Atz gk

o] M &) et &FAMIZ E A REY, aks A2 ot ok 2, YHo]
FAJMARE B8 FAL A& A Aol A dA2 oy o]l 23(1hH)E
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A4g = ol AR (HN)Y] A ZE Yt =8P &S AT
Az ¥ 33 92 Rotor Dynamics &= (24£)E©| _»}71 EFEL B3
225}, SUEA FR/lslaa o, E o2 guh2 Al Aveli
dFeige g Al A Y LAERole
b

@ %%z%ﬂ%ﬁwydlﬂﬂéai sadsE sk @ 2 2
= gErk Qo § 1ﬂ°4%ﬁ%ﬂﬂaﬁ%&%

2379 QAR HAS R ANELE st A el
H@QAmﬂH%z%%ﬂvﬂﬁmhﬂﬂmievmaﬂ%ﬁ;

II. Rotor Dynamies®l 4] 2] Quotes & Misquotes /G A} HF =2 A]-$-7)

Fzpo] BF Ao & 127} Q1thH, o}nl = Rankine7HE Rotor Dynamics
A A F)E T AT <2 A A A §lo] misquoteH =AM floE et
4280,

ok 6~7d Aol AU O‘O]E]— frgoll A o] 5 %2 Rotor Dynamics®] g+
st} 7} EzF7F 253131 90 NRC(National Research Council Canada)E:

2 gich vl 217} UBC(University of British Columbia)2] 7] A& 8} 1}
20T E FA L 8 JJ OB 2, 15 NRC9HUBC 35 A7 1] FAL=R
zofafA 29 oﬂ‘—r”‘}ﬁ d%'o“ E712 Aok 2 &g elA 1 shAst

«_ Rankine®} 18693 =l Coriolis acceleration W 2] 11 o] & A 7| & 37|
UH—E"‘Oﬂ IR/t AR E. eta BEEA A S s, UFol =83
AL o A7 dA A 29 71] 23k A o] 9lt}. “G W, Y= Rankine®| paperE
FR8NA ZHA 3] o] Bi=d G471 23 Coriolis accelerations

““Hi‘:}f A, ZL a8 Ak Zol B 4 AL, A7 At &
A2 E 7 B analysisE W23, # 2ol £9E LA E 1 &9
Aol & ZE F2 7} vt ‘ilGE]‘:}. 2 A] Rankine®| paper7} o 2] 7}3] 214
U7} 18 Rankine®] paper®} G4=7} $1- Rankine®] paper/} 4| & Th&
Torolu, 1Py Gﬂv’}‘—ﬂ 7}A 71 Rankine 2] paper2] EALE & 3l
AFAT Aol Do 48, $UE, 5. YA A E AT

gy, gk @tk 280y :L G4 7} 8k Fol “Paul, W RF3LE. A= A
Rankine2) paperZ 20} £ o] §laolt}, H 7o), Paulo] 7}A] 1L 1= 1 paper
3 copyE F E3 Atk ek A 2 Ae] ol A B3 Rankine ] paperE copy3i
Fo] Bl Ho} 9l

o} ] & Rankine2 4 B2 225 2hof] A3 F2 HHA R A A
misquote S “45}-1‘ T %2 blame 31 QT A, HAT HERI =9
Rotor Dynamics St E(B1£)E2 A7t 31| &+ misquote &l F& =
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o] 91712 78 vlEts Bt oA T @ 71| W) 24} AT E
BhR) A B
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&1/4 A o} Ve misquotett blame®] ol & % 7l E0] Eohd:

Gunter [1965]: “... The concept of indifferent equilibrium was formulated by
Rankine in 1869 in the first recorded article on rotor dynamics and
has persisted to this date. Rankine examined ... and concluded that
the motlon 1s stable below the ﬁrst crltlcal speed neutral or in

this speed.”

Rieger and Crofoot [1977]: “The critical speeds of a uniform elastic shaft were first
investigated by Rankine [1] in 1869, who devised the term ‘critical
speed’ ...”

Rieger [1986]: “... Rankine (1). He used the term critical speed to describe the large
buildup in amplitude predicted by his theory when ...”

Vance [1988]: “... This two-degrees-of-freedom model was used by Rankine in
1869 . Rankine used Newton’s second law incorrectly in a rotating

be able to exceedrthelr first critical speed...”

Rankine ] paper”} 3+ 2 Rotor Dynamicsol| 4] o] x| £ UA o} HAE
A =93 2L ¢ A7 Rankine2 19] 1869 papercll “2t7] Al 9] &) 4] 1}

H)| 23 U] 89 =88 o) Qe thg3 go] &t 9l

«_..a mathematical investigation of the action of the centrifugal force in long lines of
shafting ; an action of which no similar investigation has, to my knowledge, been
hitherto published; ...”

ukQ] o] statement”} A} o] o} A THA T 7}7} 0] statementE Z refute TS
glold], 22]3k whut 7] Z o] o} 3 74A = EhEA] o ok T 8k opy el
1 A) 9] A}2He] Rankine AHAlo] £ 2=, 1303 0] Ad 25 ol

FgolWzl e A Erlsolgta 2.

IE, Rankine 1 A}A1-2 indifferent equilibrium©] & &-& AM-&-gF A o] ¢l 11,
Rankine 9] paper©ll A1 indifferent equilibrium®] N'd-& AHH o2& 35
%00, ™z} 2 A = indifferent equilibrium©] & & Stodola [1927]] A A4l 4]
Lo 2 Aok 7 Bk o}y 2}, critical speedE AT =2 A stable, neutral

£ 2 unstabledtth= A e ™ & Rankined] 1869 paperol] &) 312) &&=t

Rankine 4+7] papercll A “critical speed” @ term& A}-& 3 2 o] 11 “centrifugal
whirling”©] & term< A}§3F 1T Rankine©] 12} th2 A A ol A “critical
speed” & L& 250 7 “devise” W= A = 2 AR T 47| paperoll A &
AL A 5, TrEo] WA X erokeh. Hxe) ZAL} vl A= g, “critical speed” ¥
S 3] & 0 2 AFE-3F AFZHE Dunkerley[1894] 3 T,
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Rankine©] A}-8 3} model two-degrees-of-freedom model©] ©}14 i1, continuous
beam model 241 I degree of freedom< WA ApH F-ghojjojc}, 287 o}y 2}
1%= Newton’s second lawS 25 2 £-317] 9k kvhil ALE 5™, rotating
coordinate system< explicit3} Al AF8- 3R & 22 ™, “.. rotating machines
would never be able to exceed their first critical speed...” 2} 3 “7] paper®ll

71 sHA &gkt

Rankine-& Coriolis accelerationS FA| o 24 “12] o] 2 A 7] o

QFE WY L= AAEES 7HE Ty 3H=1, Rankined] /7]

paper°l] = Coriolis acceleration®] explicitdh Al Y Etd B o % q1glo, =7}
AAts] B A3 E = Thomson [1993]2] 2349} & x| gth. =, Thomson< simple
beam} cantileverol] A “(n))*” 3t-& 22} “9.877(=3.14%), “3.527(=1.87HZ 7| &3+
B} H  Rankined “Ub”#r2 ZHZ <3147, “1. 872 7] &S ot 7| A &A}9]
notation}©] = n=1/b &2 nb=1 °|t}).

2] Eo] A A QY E “critical speed” T TS Rankine> 1303 & o)
“centrifugal whirling” o] 2} & 3] 31, o] “centrifugal whirling”&d 4l o] 23] ¢ &=
(8715 3 shafte] doji} A ol Aafj A A= hE ¥, 1T “centrifugal
whirling” 9 o] A & & “centrifugal whirling” & %3} 3-& wol] BaljA = LA
AFshx| ok Ha2 19 AES AL v Zoh

“ .. if for an indefinitely small deflection the centrifugal force is equal to or greater
than the stiffness, the shaft must go on permanently whirling round in a bent form ...

: a kind of motion which may be called centrifugal whirling. On the other hand, if for
an indefinitely small deflection the stiffness is greater than the centrifugal force,
centrifugal whirling is impossible. ... For a shaft of a given length, diameter, and
material, there is a limit of speed, and for a shaft of a given diameter and material,
turning at a given speed, there is a limit of length, below which centrifugal whirling is
impossible.”

IIIl. Rotor Dynamics= o] & FL&71?

I11.1. Rotor Dynamics®} Balancing

@& A}l2hg-o] BalancingS Rotor Dynamics®] g branch™ Rotor Dynamics &
ol 5} Balancing™ 2 Sl A} (f##7) T4 Foll AH 2 masterdts AOo2
A zZyat 11 9lth. &, Balancing- Rotor Dynamicsoll -3 L3 5= Ao 2
AAA & Aot AMd 33 @71

Balancing 2] % A}9} Rotor Dynamics ] GAML 2 et 2 A o] H] 523k Al 7] o
=gd o2 B %5 ¢ 2™ [Rankine 1869, Martinson 1870], 1 22 33 /31 A
bl So] AE FyH o), o] YAt AR FAA/EAL AH AL R
BAEATHoZ 2L FHo| A glohe AP & ot AR ES FAe T
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£ o] glt}. o}zl <] Table 12 E A7} Rotor Dynamics 2} Balancing 9]
development} A F3 Fo| A HF e T3 o]H Fo|t). o] tableo] A B
Rotor DynamicsAl & 3} Balancing Al B o] o] & A|E Alole] AAME FHE
qE3HOE FoM AR o|EF 02 TFd o] Ylrte AMd ol

Table 1. Rotor Dynamics®} Balancing®] 2 o] A &

Rotor Dynamics Balancing
1860 p- 1860 —
| Rankine (1869) . Martinson(1870)
B B
Dunkerley(1894)
1900 [~ 1900 |-
L Jeffcott(1919) L
= | Rathbone(1929)
Thearle(1934)
Prohl(1944)
1950 |- 1950 -
| Urban(1958) | Bishop(1959)
Goodman(1964)
Lund(1967) ‘
" Ruhl(1972) i
- —~ Darlow(1980)
NRC(1987)
1990 - 1990 L

71 ¥k ol 2}, Balancingoll £ ©] &2 91 “mathematical modeling”©] 2 3]

o] Foj x| 2] Aokt AME S A3 AFE L o] Aol 2ol A-A|?
[Childs 1993]. & ] TA A oAl & €} A T}, engineering drawing Tt
A =) A critical speedE A4S @ = ATk k3 critical speed calculation 9
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mathematical modeling®] 43 =0} 217] W& olt}. 1 ¥FH ol engineering
drawingo] A H AT} el gt E o] & A2t 2 H 3 bearingol £ ¥, E
2] A 3 trial weightS 43 718l A], A A JAEE R S = trial weight
rung At A A3 2 F signal & A # g Fof| of Balancing©] 7Hs 3 Aot}
Z, Balancing®] mathematical modeling®] H3& o] 312 Xatth= Aot
[Thearle 1934, Goodman 1964].

II1.2. Balancing< ultra-precision process

B 2& 118} 2} engineerS ©] trial weight run §1©] @A ol balancing S 3} &
A= WS ueks) Wz} A| =3 vkt 9Lt} [Palazzolo and Gunter 1982].
gy a2 AdEo] FNA A AEHA G A A S FEe

2 A 3hod o 3} 7T 2} F 0 2 BE 82'd Aol = Balancing A A rotor T # 9} <
W 2. 0] o percent (1/100 %)°ll 3Bt 229 WA FFS AA s d
) 2+ ol th [Wheeler 1915]. H A /A A A HH 02 & 7t 01739 rotorE
oF 3l 4] 240g0)5He] AT WA FFH O balancingS & Hol At} o=
A A rotor 9] 0.0035% ©) 3}oll | FEH= Aolt}. o] 4 ¥ BalancingS A ¥
=73 A AL AE Y-S Q3= ultra-precision process®] T}, ©] &

2 0 2 4388 4 9) = mathematical modeling©] o}3] 7HA] itk RS
52l = 71 0] o} e}, o] 2 3 modeling®] HA @A=AF W3 7A| 1A

2l o] obd 7} &= ol Rotor Dynamics®] dF471 ke H&

o]:]-
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II1.3. Unbalance Responsed] & 33 A A
4~ 59 A Canada®l A Y& olok7)th. H A7} Executive Secretary = 1%
o1 ¥} A B Machinery Dynamics 2 9 9 3] ol A =343k Al mjutel] 5 ol A
8273} Rotor Dynamics A ¥ 7} N2 Z keynote speaker® 2 g+ 2 o] AUt}
) 2 8hxp7F Sl A 7] & 5e i 8 Rotor Dynamics Project®l] Canada’=
27}4a oAz} Qli=7) 8F3 €8 $hTh Objective, goal, parameter, budget 3l
&) A2} discussionS T3 W =35, D27} 2o Al “$-2] Rotor
DynamicsE ¢ 73} E& AFHE 2 Unbalance Response Analysisoll /] 2
Gojg 2y ok n Aoy <o w oulol N 28 A Aztsterteeta oot
A S A7 e “Unbalance Response Analysis2] 2 3} 7} o] = A Ervbolgt
reasonable 3} THH 9f Balancing®@ ) A o] £& £3l=717 I olwrE
Balancing®ll 23 ¢, 338 237} ol A8 2L v 3HA] 38H7] wiEol
ol 7k st iR aPY I S AT R O/ We] AU
233 SHA TAE T AY T 22 O A R vkro] MR
Y= ) ZA4] “o}dl, o] AFgh2 Balancingd Al £ 0.2 A3 B 2ol A
=d, & dgle] AEw &8 A7vheta 39

o}u} & Rotor Dynamics 3= (#44£)E X] 31 Unbalance Response S FEEA &S
Al 918 ZAo]t}h I Unbalance ResponseZ Al4Hs U= computer programS:
WRA ge ABE A Q1S Aot} 28ld o] Unbalance Response®]
F2HQ BEAA/goal 3 T output2 F QU7 o™ YA =] UnbalanceE
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Rotor®] o1 location®ll 23S whell, 30} 2l operational conditionl] A o] ®
<] amplitude$} phase angle©] Y- Tt}i= A 0] Unbalance Response Analysis2]
outputd I o, 2} A
i) ¥% Balancingol A= oW A& SAst 1 A4S T Y=AE
SYES sA 3L A7
ii) ¥ % Balancingol| A Q2 3}= A2 amplitude 9} phase angle©] 1,
Unbalance Response Analysis2] output©] ¥}2 t}E opd amplitude 9} phase
angle?) ], sil ©] A5 3H?) output®] g Balancingoll A& A& A& 5 %]
X8t =7t
iii) ¥ 7 Balancing®l] A& AR5 11 Q12| E3tohe AMY, O AAE 2 ELS
G Y=
iv) &7 Balancingol| AH&-E = Qlojolgt gttiE o] 4 A

L

NEERES

it
flo

Aol A7 AFES AE X3S W Al A9 EE Rotor Dynamics

St (BfE)Eol ATAEE s Rotofvt & Al et A zhgic) ol $-g
oA FHT HA o] FAE ARt =¥ E T3, Ry gt
RAMAM F2 AFE YA 7S BA §8, 719, 3T F AV & vlEkE
FAANA A& FA TN A HA o] FAHES VYA g Ro|g,
A7} 23} A} 8= 2 H 2 “Unbalance Response Analysis®] 238 @&+
Balancing®| 2402 & 75 LR Seor gt e Holg. EE 9]
PA = 4R Eoh F B2 NE dolok & Aot} A7 G A o]
HAE AL AA FHAS off, HAF 71 FE79HF -2 §3 9 Rotor Dynamics
FFol Fo 2 AAA S g1 & Aol FAlF.

II1.4. Jeffcott Rotor [Jeffcott 1919]

1978l A A olok7]t}. vl = Philadelphia®l 4] B # ™ ] = Rotor Dynamics
2ol FAM S uf, 7 BFA] o] v] up/st At Ao A 2 E g Tu 7}

«.. Jeffcott Rotor 22 AL . LT 7IA T vt o] FAl YREFE
AFAE u), = T2 GRT7F A& ol “Jeffeott modelo] H| F H A A §-&
7HA & At} 83 24 Rotor Dynamics & ©] 3l 3F& 7+ & model 24 & 7HA 7}
o} 3 3 Aol 9t b= Jeffeott rotoro| A o2 22 AS wj$32 &
r7oH, 53] Ao A= 1 AEE EHES SVt sl AR E
FEZ o] Jeffeott model & o}71 Al H AT QAo 71A F & TAFoR

& 5} undergraduate A E XA E W-¢-31 A YIHES, cF 29
undergraduate & 7] Al X1 & n Aol LFHE] o] 9l & S35 2E A< Rotor
model©] ¥}2 Jeffeott model©] Th. o] A H % B A 2 modeloll A A 9] model &2
ety o AR E7E? SN T AT oJEA L] B F Y A E
bR o] Aok AL, E AL AFY AL HAAM F o

A& A/F A A /7 %A Q] Datal} informationS E & F 3} engineerE 2 o} &
DE e FFo o2 W 7vE stvka Az Aot BAE £}
&3t} ol A2 vk Qe o9} o] 7t RotorE 240g A = = Balancing &
ok st Al AP A o2 FEstr] 9] 8|4 = Rotor Dynamic modeling i
gt 8§ alo] A olgkal op & = Ut
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A2 BAZG A, 12} modeE U} original Jeffeott modelo] X 2| &
703 0] 2=, 22k moded] EAHES X H WA BHE F A= AH
expanded Jeffcott model©] o} & LrE}LER] @3l QlTh. Darlow (1983)7} Jeffcott
rotor2] conical mode®l] 3} Unbalance ResponsedfiA} & 7| =R o1}, 19

A oM 2= (angle) B vector ¥ o2 HF e LFE WA= FE

o 7)o dralth 1009 Aol @ ¥ 9 Dunkerley (1894)2] Critical Speed Analysis
(case VIIL, p.301)= 7| =375 Fd gt

IIL.5. National Rotor Dynamics Test Facility®] ¥ 8.4

& A o 5 & 9] Rotor Dynamic Analysis= computer simulation®)| 47 X| 5 =] o]
3L, Test 232 7 F8h o7} A ¥thil =7 A 11, &3] Rotor Dynamics$}
Balancing 2] G Ao @3k & ol 3 Aol F= XA vteha )t &

o) 25 9] analysis7F 7FE5 271 QL E €A% 3 A& 5, 5 steady state analysis©ll
Z3+5) = A 8Fo] 91, system damping?] SR/ Tl BT A+ =
Balancing®l| 29] & &, 50] T&A ¥ 7ol 0k

Consistent, repeatable 3+ 2% 235 & 4 931, T o8] AF &, st &

Z 2714 50] AAEA 2+ Computer Simulation®] Y Balancing 2 75 3 53l
B 5 952 opend o] QE FF B4 A9 9+ 32 Vacuum Test Bed 2]

Az} 7} g el = flu) o] 23k & 3 7F Wl 3hstell {1 National
Facility7} A% £ 82024 BE AAA, w873, AF2olA FAIZ A S
4 QX2 open @ G Au| 7} 3HF w3k Yol AXE AL vlEke vk
7+ 3}t}. o] 2] g+ National Facility:= Balancing graded 5 2 Q15X A9
AlgE 4 glon oy 73 A9 fvhd Balancingdll #3 #7F EFE AHA,
Calibration”] 5 7%, 5ol & 54 2 F A o] glog et Fald.

@ A 1SO (International Organization for Standardization)ol| A &7+ = ISO
StandardS o & EPAY FH A3 R Eo] &F Fu7t obd ¥ek oy}, o=
9] ¢] A 3} Balancing machine | 2 3 A} 7} ©] (Balancing®ll &3+ &) ISO
Standard & Lol AU A A ujshs Fidel WY FREA Ve QL
ole]gt 0 F i RAAHY REE HFE BA Xt Tt E “Rotor
Dynamics/Balancing A #7152 ¢t B4 T3 Al2ka Ao}, o] ¢
2o ZAHQ Foll A 2 ZBEES o2 L ARH R FH/A A HY

% 2= 3} National Rotor Dynamics Test Facility 7} % 2 & 3}t} 31 A 2t=] 0], o] 2] &
National Facility®ll 7]8F2 531 th g7 = 2} Rotor Dynamics/Balancing 4T 2.9,
A7 AZ QA AEAEC] AR 2o & FEta A A ERE 5 e
National Forumo] 8 Q38}31, It ol 714 ¥ 744 Q1 $47] A7 7, 44,
AF Q% 59 A8 o] Hesirpy 2
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Iv. #HE

okol 4} & A gl uke} ZHo] Rotor Dynamicse] & AL7}F 1303 o] L H S1A| |, o]
Fofo gtolgt = Al FFE & dAA L, T 252 A U Aol A=
S8/719387] AaiM e FElEol T T dEo] olA & F-H Fo] o}
A& ertoluet, i ojo] Frte U A Analysis, 25, A5 JLEE &%
EolAok st 2pAlol, A% o} &7 =] Rotor Dynamics SHE(2 ) E-2
2 A7 A& G E misquoteE o HEATIETF Ew A S FA4A QA
modeloll ¢FF3HE Qo] §1715 A 3] vlgth. & 3| National Rotor Dynamics
Test Facility 2] 44 2] ¢} Rotor Dynamics & =.(E4k), 7| 2} ¢ |, AL&AHE <
National Forum 7+l 2 7| & At}
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