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J v
fﬁﬁmmmudmaan : Disk :ﬁ\j?:‘l‘ﬁlﬂu dial contactor

[]
wadeuiien L frey ¢ 1440 rpm

v
Run Bearing TrUg1Y Bearing 7<uU119791
No. Condd tion Amplitude [Phase Angle Amplitude [Phase Angle
(am) (degree) (pm) (degree)
&
! o e
1 | bpiskMida 19 90 20 90
- - - . T
2 %I‘rial Weight 10 340 11 34¢
5.6n74 un 180
3 1’&!.Correction 4 - 4 &
Weight 4,45 il
y 158

v

iy v v !
AN lW;! ¢ Condition ﬁﬁumutm‘lna ﬁ‘mﬂ AYDNNAT balance LLC‘?’)‘?:Q
‘ 4

v v v
Phase Angle (AA7U7D 013UUTINTT Balance BUNAUY T

¢ v
(ideal caseP:UBY Phase Angle vllﬂ.ﬂlﬂﬂ



| & i
ATl Il =2 ﬂ'\Tﬁ@ﬁﬂ?ﬂ?\ﬁﬂﬂ'ﬂiﬁ?ﬁﬂﬂ’TTZ‘TU@'@ULLHUTSU"IUL%?J'J

I v
ﬁjﬂﬂﬂidﬁum4ﬂﬁﬁh : Disk  H99:lqiy dial contactor

mwaanﬁnawu&farau: 1440 rpm

i v
Bearing fzunimag Bearing yeyqu9n4
Run Condition f—
Nos Amplitude |Phase Angle | Amplitude | Phase Angle
(yam) (degree) (pam) - (degree)
1 DlSkﬁQ Bee 4 - 4 -
lhnce LL"%
2 |Unbalance-" 28 320 20 320
«695 1in-qgz
NUUNUI250
'3 | Unbalance 28 340 30 340
06695 1in-oz
iy 200

i
!1naﬁya High spot flign Heavy spot nﬁaﬁﬁ 320=250%
7o #ra )40-2,o= 7o uaﬂqﬁﬁlnraqﬁ Lag Angle 7o Mﬂwtuaq%aounbalanee

o i
Ay 28 (Fovan 258 waidy 270) hwmaﬂ1ﬂﬂ%ﬁqtﬂutmutﬁyTﬂu Phase
v

K A
angle §ulamly 28 my

OQutput - 30 um
Input 0.695 in-oz

Sensitivity = = 43416 pm/ineoz.
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ﬂﬁ?ﬂﬂﬁ N=3 nﬁiﬁdﬁﬂ%@ﬂﬂ?%ﬂﬁﬂﬂﬂ?ﬁﬂﬁhﬂﬁﬂuﬂﬁizuﬁh

' 1
lna999WAnngan CENTRIFUGAL BLOWER ¢A¥l 1
i
wadouitmautfasoy : 1440 RPM
Run : Near End Far End
No. Gondition Amplitude|Phase Angle|Amplitude|Phase Angle
pm deg pm deg
1 Blowerﬁ?: balancenyu 4o 0 54 330
UT1199N Trial Weight
2 Bloweriin Tqial Weight 30 - 320 58 310
1.8 N%g10 ANear End
3 Blower 1NTrial Weight| 38 330 24 300
4,1 074,70 ¥ Far End
L Blower UIN Trial Weight 13 - 12 2
2.286 nfﬁ,h1. Near End |
3.375074,33 §  Far End
L

v
WN?HLMQ ﬂﬁﬁﬂﬂiﬂ?:uﬁﬂ%?ﬂﬁﬂ Near End

Y oog
TulimvuAn Far End




] ¢
AT ﬂ-4 ﬂﬁ?ﬁdﬁﬂ%ﬁﬂﬁiﬂﬂﬂﬂﬂﬂﬁ1Mﬂﬂﬂﬂﬂﬂﬂﬁ?SUﬂﬂ

v

1
f
¥

] ]
‘Eaﬂ‘ﬂﬂ\N’IUﬂVlﬁﬁﬂﬁ ¢ CENTRIFUGAL BLOWER ﬁt)ﬁ P
i
unaotimauiron : 1440 rPM
Rum Near End Far End
No. Condition ik
Amplitude |Phase Angle Amplitude |Phase Angle
pm deg pm deg
1 Blowerﬁ'v: Balance 34 160 24 270
uyuﬂrﬁﬁeﬁn Trial
Weight
2 Blower 190 Prial 20 240 26 250
°
Weight3e4 N1'%,260
ﬁ Near End
3 Blower N Trial . 32 30 18 330
Weight 2.3 NFiL,oN
Far Ind
b Blower 190 Trial 14 - 15 -

deight 5,6 N, 280
giNe r End1.90n7%,
25 Far End

v
auasLug NULR T EU2IRE Near End

v
TIUAEUY Far End
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ig‘l -7 ay "51
M = mass of rotor
Jo = moment of inertia of rotor
W = rotational speed

small unbalance mr acts at an axial distance

bfrom C.G.

7/’7fll/]//////"/I,—
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Equation of motion; in X,0 coordinate

From F = MX

MR =k (X-L,0)wky(X4L,0) -uri? sinWt ---nmm- ---£1)
From STC.Gf J

o - 2y o4 _—

P . a k,l(XoL19)L1-k2(X+L20)L2+mrw b sinwt -- --@

Rearrange Eq.c:),(g}

8 - B
MX+(k1+k2)X-(k1L1-k Lg Q. PPN BLBIIE oo i oo i s i 6:)
.0 2 =
To0 g "kpL,70 = CleiLyvisly )X = mrw®h sinwt ~mmmmn(F)
Complementary;
MX+(k+k 2)X=Ue LA NARE = O\ Fommm e m e ae -£5)
J0°+(k1L +k L )O ~ (k L -k L ) X - 0 ek b Rl L —— -@

Assume Solution

X = A sin (W) get X = -aw’sin (w4

L
fl

e

B sin (wt+l) get ©

-BWsin (Wil
Substitute in g.(5(6)

-M°A sin (ote)+ (ke vk,) A 81n(w'c+‘r) (k L,k L,)B sin(wt+y) =
- WB sin(utsle)s( kL kzx.f;sm(wu'r) (k,Ly=k;L,) A sin Wts4)= 0

get;
(k +k2"Mw ) A - (k L "'k L2)B = O ---------------- ——t-—@

2 2
(kL-kL)A+(kL+k2L2-Jow)B=o--- ............ £8).

The freguency equation, obtained by equating to zero the determinant
of the coefficients A and B, is

(k +k -Mw )(k L +k2L2-J wa)-(k L1-k L )2 =0

K2L2+k k.12 ~k.J w2+k1k2L +k2L2-k J wa

20l
e 272" 2% 0 "kL 'kLMwZ

+MJJM#-R$L2+2k k,L,L L

22 = 0
B b 2 2
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I
(e}

4 2 - S 2 _2 ‘
MJow -(k1JO+k2JO+k1L1I~‘I+k2L2M)W +k1k2(L1+L2+2L1L2) =

4 2 2 2 2
I W' - -(Jo(k1+k2)+(k1L1+k2L2) MW sk ke, (L, +1L,) =0

2 2 2 ‘ & e\ 12
Wiy =[Jo(k1+k2)+(k1L,‘+k2L2)M] -j[Jo(k1+k2)+M(k1L1+k1L2)] =43 k ko (LpL

Ol T gl et T T @

= P e e -..----

From Eg. @ i =
1bq=koL,

A
B 2
k1+k2-MbU

The principal modes of vibration are found from amplitudes ratio

A, _ kqLy-koL, ey
! &
1 2 F
ke g+ =MotS
%2 T
B. oe
2 kytky=MWS

Where wf ’ wg is Eg. @*@

Then, solution for complementary is

Xe

%

i}

A4sin “"1" + ’r‘l) + Aesin(W2t+¢’-2)

1

PqA, sin (W1t+'1-1) + PoAssin (w2t+‘r2)

Particular Solution;

IVI.)E+(k1+k2)X-(k1L1-k2L2) 0 =-mre® SNt cevdcnivsenn -@

Job'+(k1Lf+k2L§) © -(k L -k,L )X = mreb sin@wt mmee-o 2
Assume Solution

X = A sinwt X enufA sinwt

@ =B sinwt ©=- W’B sinwt
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Substitute in Bq. (1) 31D
-MwZA sinw t+(k +k ) A sinwt -(k L ‘ksz) B sinwt = -mrwasinf»t

2 2
-Jdn B s:.nwt+(k1L1+k2L2) B sinwt-(k L -k L JA sinwt = mru b sinwt

or

(kprky=Muf) A =(k L <k L)B = -mry
-(k L,' L JA + (k L +k2L§-Jw )JB = mrwab
Determinant \
2
(k1+k2-mw ) -(k 4Ligok La)
Lw) =
2
-(k L=k LZ) (k +k2L2-Jw )
2 2
= (k,|+k2-Mw )(k1L1+k2L2-Jow )-(k1L1-k2L2)
Using Cramer's Rule
- ~(k, L~k ,L)
mrufb (k. Lok Lowd w °)
i v i M 2
2 2 2 3
(k +k2-M.ﬂf2)(k1L1+k2L2-J W) =(k; L kL))
~mrw®(k, Lo+ k. Lowd W) rmrufo(k, L -k, L)
A N AP R R 1”1 @
(k+k -uu@)(kL+kL -Ju) )~ (kL -k, L )2
2 ps 2
(k +k2-mw2) --mrw2
2
5 N 5 S5 3% A% mr Wb
Anw)
> 2
mro bk, +k. -Ma )-mrw (k L ~k,L )
2 .
g N §g 6D

S ) 2
(et o )(k1L1+k2L -J utz) (L, =k, L)
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X _ -mrwa(k L2 k LS-J ) +mraf’ b(k,lL,I-k L))
p - 5 5 sinwt
(k +k2-Mw )(k 12 +k2L2-J W ) (k L,‘-k L2)

mruy b(k +k M )-mrw (k L,-k Sk )
o) = sinwt
)2

(k +k -Mul)(k L +k LZ-J(M )-(k Lq'ksz

General Solution are s

— X ~mr (k L2+k LZ-Juu )+mrf.u b(k L

i

A1sin(w1 t+‘r1)+A2.sin(ubt+‘*2)+ 2 2 1° )'

2
(k1+k ~Maf )(k 1. +k2L2-Jw )-(k L, -k LZ)

sinwt

©
n

PiA, sin(w,I 1:+‘1—1 )*‘PaA;gSin(mgt*lfa)*

mrufb(k +k2-Mw2)-mrw2(k L =k, L)

sinwt

M ) (k, L vk Lowg WP )=(k L=k, L, ye

(k +k2 Sl

For longer times;
mr @ b(k L -k, L, ) =mrud (k L TR L2-J m )

X = R s:ant --------f--_---@

2
(k +k2-Mw )(k L2 +k2L2-J W ) (k L,,-k )

mrwb(k +k2-Mw )= mrw (k L -k 1 )

0 = 8inwt eccannccaa.

2
(k +k2-Mm )(k L1+k2L2-J w ) -(k L,~k LZ)

y o Few’ b(k,L, ~k,L )-mrw (k, 1.2 “+k L2-Jw )

2 2 > sinwt-'LiO -—-—-@
(k,+k -Mwe)(k L +k2L2-J uf)- (k)L =k, L)
mru b(k L=k, L) ~mra® (kL +k2Lg-Jw )
X,= Sinuts 1,0 —mmomm &)
(k,+k -sz)(k L +k2L2-Jw )=k, L =k L )

Where © is Dd. 16)
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¢ . V. ‘¢ 4 9 i
FANAITNAADUANNGUULUT :u’mq ﬂ’Mlm‘l‘M luaL 7 LnauUT \lv’. uﬁuq ay
1

50""inox20222 X 2.20“‘ lb = 0.0‘6 in-lb
1000

fULFTa = w = 1440 rpm
L, = 6.0 in. L, = 6.5 in. b = 0.25 in.
k, = 2x10.87 = 21.74 1b/in k2 = 21.74 1b/in.
Assume the blower is thin hollow circular cylinder

Jo = Mr2 = 10 1b x 62 inz = 0.93 1b-in-sec2
386in/sec2
3 7099MM = MeP= 8.25 1b (0.5)2 in® = 0.00267 1lb-in-sec®
” % S 2
J 1M - 0.93263°%1 %E{nsgec

o

2 T 447 e -2 <
mrw b = 0.04 in-1b |27(1440)!“ sec = (0.25)in. = 0.589 in-1b
Q.04 ‘—_35"'21

386 in/sec2 y,

k1L1-k2L2 = -10.87 1b

mrw2 = 24356 1b

2 2 2
k1L1+k2L2-J w = «19506.8 in-1b

= ¥/ e = -
k1+k2-H' = 43,48 = 1%.25 [2”“3“°2) 1b/in 1031.6 1b/in

X, = 0.589(=10.87)=2.356(=19506.8)

5 sinwt - 60
(=1031.6) (=19506.8)=(~10.87)
= (0.589)(=1031.6)=2.356(-10.87) sk nint
(-1031.6)(-19506.8)-(-10.87)2
Assume at t = 5.7 sec
= «0.95

sinwt = sin 27 (1440)(5.7)
60
@ = 0.000027475

X1 = —0.0021—0.00016 = =0.00226 in. = 2. 26 mill = 57 pm

lﬂTﬂQWNﬁUﬂU lHUQuﬂuﬁﬂQWﬁWﬁﬂ 1} ﬂmvlﬁﬁﬁuulﬂﬂuu



] v v [
49un1In Natural Frequency n"ﬂnTnumrﬂ%:mmnr’ﬁmqmq

4 1/32"
7.8 *
be— £=3/25%wl el ,
traezln k= 3EI

: 13
where I = Moment of Inertia of Cross-sectional Area

E = Modulus of Elasticity
= 29:106 psi for stainless steel

3x29x10° (1 .5) (1/3223

k=
(3.125)3(12)

= 10.87 1b/in

Kigray = 4k = 43.5 1b/in

v -F
0, - ’
vwihreeluaies = 10 1b

. 0' - ‘ ‘

Wmin e s min =8.25 1b
v ’
UMINIIMUTY = 2x11.55 1b = 23.1 1b

v
wminsu = 41,35 1b

v. ol ' Fﬁ.s 1b/in x 386 in/sec”
ols 41.35 1b
i ;

=20.15 rad/sec

| J

£ =60 (20.15) = 202
n =59 ) rpm
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MMALUIN A

ﬂﬂ?ﬁﬂ% f~1 Guide to Reguisite Balancing Quality (Fedren78)

;
Quality i
group

(Residual unbalance)

Type of rotor rotor body weight)

mmg/kg

Center-of—grayity
displacement,~ in

A

High-speed gyrosj;armatures,
shafts,and wheel of fine
grinding machines

Armatures of very-high-speed
small motors,small and
medium gas turbines,high-
speed supercharger blowers,
grinding machine drives

Rigid small-motor armatures,
supercharger blowers,
turbines, turbogenerators

Armatures of commercial
electric motors, fans,maching
components,and machine tool
components,high-speed gear
parts, crankshafts of four-
¢ylinder or more engines,

high-speed parts of process-
ing techniques

Propeller shafts,one,two,
and three-cylinder crankshaflt
(with reciprocating mass
forces which cannot be
balanced) ,motorcycles,tiwes,
wheels,slow=-moving parts of
crushing machines,textile
machines, threshing drums,
etc,

0.2-1.0

0e5-2.5

2=10

5«25

20-100

0.008-0.039X15°

0.020~0.073

0.078~0.390

0.197=0.985

04780~3,90

1 mmg/kg
of 00001

is equivalent to a displacement of the center-of-gravity

mm = 1 micron = 39 microinches.



: " Fraquency“gps
5 2 3. 45@. BQ 15

100 s o s 55
80 - . ".‘ i ‘. - 1 Y'; ':1‘{‘."‘“’; ¥ J ; ;
60— 111 111" Any vibration in this orea indicates
40 pren 3 LT 1% g condition too rouah for ooeration id
{ - e A STy S e e R Tt %

o

i
2 2
8 3
2 4
g 3
o
g 2t
S 15F
89
=08
“ 06
04
03
02
0.l :

@ ¢ ("Q, \'b?q,“gib(‘p °§ 69. QQ\'@

VIBRATION TOLERANCES, above. are for bearing: measurement.
This chart i« only a goide, but will help put you on the right track

pf -1

1 i1l = 307 Yk



RALANCE TOLERANCE NOMOGRAIM ] y

Based on lSO/ 7C 108 DR 1940, and Proposed ANSI Balancing Quality Recommendation

v
£
o

ROTOR MASS

RECOMMENDED TOLERANCE
IN LB

MAX SERVICE SPEED

OF ROTOR IN RPM IN GRAM-INCHES
: 5 5 QUALITY GRADE QUALITY GRADE t
T G-2.5 .002 G-6.3 4
+ S e 3 :: 15
'j:' Parts of process plant machines. 1
S0 000 -+ Gas and steam turbines, including o005 Marine main turbine gears (mer- + .2
4 'marine main turbines (merchant 3 chant service),
4. service), Centrifuge drums, G §
Rigid turbo-generator rotors, Fans,
t TMuH;‘q-conpr't;:ftr:s. .0l  Assembled aircraft gas T -3
ine (] W ‘ A
i M::ium and large electrical .005 ; Iateine. catucy, :
1 armatures with special requirements, Fly wheels, : L
SRy %mai{ elec‘t’rical armatures, A .02  Pump impellers, 1
urbine - driven pumps. Machi ~+
ZO Qoo 4:‘ e > m::h.i":er'yo“p:vnt‘s,""”‘ 4 -3
’\ : 3 Normal electrical armatures, + . 6
v 3 Q& Individual compopents of engines I
I for special requirements. . R
% | .
10000 - .05 R - 1
3 + s 1
+ 4 R g + 1.5
=+ I
5000 + 5 + 2
-+ L, (
T — vy l % 3 E
—— T .5
\
e & S
| SOV, " e
2000 + T —— %
; e teve
3 EXAMPLE: 6 Ib rotor with 5 +
I service speed of 3600  rpm 4+ 8
: - ilnguality grade 6-6.3 , has AdNETael 3 e
Ay _t 1.6 gram-inch tolerance, (or 10 i3 . ol . SRl o
000 + .8 gram-inches an each of -1 ¥
1 tvo correction planes). ]
E 20 1
s r 'O i o '5
g X +
|| NOTE 1: For disc-shaped 31_
500 + ‘ rotors, use full recommend- 50 ] i
_ |} ed value for one plane. For - 1
'l rigid rotors with 2 correc- i ¥ a0
3 tion planes, use cne-half 50 - 100 1
t.e recommended value for R SEEAT R
] each plane. 200 3
200 + : 100 A S0
¥ NOTE 2: For additional i en
% || instructions, see IS0 or 500 1
Lo ANS! documents. . {1 so
100 —- 1000 X 100 ¢
; 500 For heavier rotors (
Figure 2-15 *“ see Figure 216 ]
: - ')
1g-in = .03530z-in cac/t
(5 1o0z-in = 78.35¢g-in [15‘1 h-2 (d & s
214 Avw
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nTuInN au qm T LInLADT
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mraunauuumm*n.muuuuﬁmnnm Amplitude LAz Phase Angle 1AUNAT

vy v
iU Amplitude LAY Phase Angle mummﬂmmuuq mmunnmﬂuﬂwﬂm'muwnm

Phase Angle Launwunln N,F,A,B, tuaniaes waze, B,0,9 viuianueas Tmuﬂf—
$ iy ¢ ¥ ¢ ¥ id 4 Ak
LTLABT  MNLIALATUAZLIALABT 1BLUaTLTLaaT 920409 Dimension f@ INQAUAN

v v ¢ '

' ¢
(Magnitude) WATHANIN (Angle)  MTLA0UIBLUBTLTLADT & PWMUNLIALABTA | TU XA
v L} ] ]
:m’ﬂlvnﬁm'mmm‘lnu Fallaun (magnitude)lVI’]iTUUﬁqm'ﬁﬂsl‘Hu’m (magnitude)

| ]
o 1 >
409 A AT X ua:’-;:Lﬁnqn‘luu%umnuum MBI EDY

oA

¢ 3¢

X =0.6,0°

P24

TIJVI J=1 ﬂ'\fﬁﬂll’)ﬂl%fﬂ’)ﬂl’]ﬂlﬂﬂ? 1’!:]11]?]?”1?1’0?

unﬁ"m:ﬁwn'u LnLARTA Hauan 12 vn;m et 30 L duada q:ﬂﬂ?: N=1
* L Auudu o ‘;’1 w12 m:w,so' ll‘iﬂu'ﬂﬂlﬂm‘lﬂﬂﬂ;o( %eﬁmmmwlqﬁu 0.6 vn;'m,m'
Qmﬁ‘un.nmm‘;\ wzlﬁm'z.nmﬂr*lm;om%qﬁ‘amﬁ (magnitude)V:"ﬁU 0.6/ 12 vn;'m -
7.2 WY ua:tﬁnqn‘luumm = 10 B4f1+30 BNAY = 40 BIAN FathuLanLABT X A=
T2 m;m,4o 29f7 AT Tt R 1anLaes fdwnsowrrmelates LT Lmes
m‘lmnmqmm:‘lnﬂn vz;u A/ =C =12/0.6 = 20 ml*m ua:ﬁqmv:qﬁu 30 BNFN -
10 B9F1 = 20 BNAY AQMU C = 20 m;m,zomm l‘z;ut?mﬁ’u L2ALADS AT D
'

v ¥ a¥ e ¢ ' a
'M’]Tﬂ')ﬂl’)ﬂlﬂﬂi‘llﬂ m‘lmnﬂmﬂmlumﬁuu l194 A/C == 12/20 =0.6 ua:mgn
]

]
LAl 30 89K =20 BIAY =10 BIAY AINUX= 0.6 WUIL,10 BIAY

-
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AL 92 6y A = 12 WAY,30 BNAY B . 9 WNIE,120 BNFN A3
¢ ¢ ¢ e
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' v
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