www.FluidMechanics.ir

Chapter 9

Vibration Control

3L

1¢{ v= sreea( of the autemebile in ‘km/{-r’
W= 2= 270 {V_(ﬁf_).} -;— = 0:3491 v Y‘aaﬂl/s

3600
r: ___(A’_ - 0‘349| v
Wn ~ g 3299 = 9192138 v
If X = displacement of mass (passengers), we have
X . 4 1
T {- ¢ 1—4.5693:((5" vt
X = '0—3 = 0

- 2
|- 4.5693 x10 1 v? o4 — 4.5693 v

10000 +
= oo ok vy= (m)z = 46.7816 k""’/‘fn*
Thus pessengers will perceive vibration in the

neighLorAanf ajl 4¢6.78 16 km/{,r- S‘Ioeeal-
Possible methods of improving the design:

1. Ckange the stiffness of the system By c_ka.ngu‘nj
tire pressure, or springs of the suspension.

2. clv.a.nge. the mass of the system by a-olclu'nj more
mass (Jea.cl wel‘aht).

3. Aala( o‘a.\m(oina to the System ‘pj uil‘nj bCHCT
shock absorbers. :
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x(t): X cos wt , ®¥*(£) = X* cos?oot
y T S U S
fxz(-l:)aufzf xzuszwfét:x{-z+4w5n2wT
° )
’ T

2 { . 2
x = fim {—— KE(£) di }

= Liem {_l_ + 1 sin 269 T

I 2

= x {3+0} = X

For static balance :
2 F‘ = 0o , Z' F} =0

Here
ZFx= ™7 s 6+ myn, of 0,

+M3r; W5 O3+ M T, f 6, =0
2 35 (ite) wf 46°+ IS(?o) s 220"
+25(130) <5 290"+ m. v, wf @, = O

P 2949t = 10341+ I1-5 4 m V. S B =0
> meTe B3B8, = - 3026.-5

ZFy= onqr, Aine + M1y Sin 8+ MyTySin 83 + M. 1. Sin Bc = O

2> 35(110) sin 40° + 15(90) sin 220" + 25 (130) s'n 290" + ™ T Sing = O
D 2474.72 — 86778 - 3054025 + McTe Sin ©, = ©

= MeYe SN @, = 1447. 025

1
mere = [ (3026.5) %+ (047-025) 2] * 2 3354, 361 gram

-1 14 47.025 )
8. = tam ( ) = - - 5925
< -3026-5 25
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Mass removed from holes 1 and 2 is 100 grams, and from 3 and 4 is 150 grams,
radius for holes 1 to 4 is 0.1 m, 5 hole at a radius of 0.12 m.

Solution:

Unbalance due to hole is proportional to (r.m)

Let m, = mass removed from 5t hole
r; = radius at which 5% hole is drilled = 0.12 m.
5 = angle at which 5% hole is drilled.

5
ZF = zrimicosei=0
i=1
= 0.1 (0.1) cos 0° + 0.1 (0.1) cos 60° + 0.1 (0.15) cos 120°
+ 0.1 (0.15) cos 180° + ry; m, cos 0, =0
= 0.01 + 0.005 - 0.0075 — 0.015 + 0.12 m, cos 6, = 0
0.12 m, cos 6, = 0.0075

5
LF = 2 rm, sin 6, =0
i=1
= 0.1 (0.1) sin 0° + 0.1 (0.1) sin 60° + 0.1 (0.15) sin 120°
+ 0.1 (0.15) sin 180° + r; m, sin 6, = 0
= 0+ 0.00866 + 0.01299 + 0 + r, m, sin 6, = 0
0.12 m, sin 6, = —0.02165

1
T \f(0.0075)2 + (= 0.02165)% = 0.1909 (kg)

—0.02165

0.0075 J = —70.8929°

— 4
0, = tan

4
ZF = Zmiricosei=0
i=1

since all r, are same, we have

0.5 cos 10° + 0.7 cos 100° + 1.2 cos 190° + m, cos 6, = 0
= 0.4924 - 0.12152 - 1.18176 + m,cos 6, = 0

= m, cos 6, =0.81088

4
ZFy= Zmiri sin 6, = 0

i=1
= 0.5 sin 10° + 0.7 sin 100° + 1.2 sin 190° + m, sin 6, = 0
= 0.0868 + 0.6894 — 0.2083 + m, sin 6, = 0
= m, sin 6, = — 0.56788

1
m, = [(0.81088)* + (- 0.56788)°]* = 0.98996 kg.

0, = tan™! — 056788 _ _ 35 0045°
0.81088
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Amplitude of unbalance 0.2 mm, /T
@ phase angle of unbalance 40°. 9,
trial weight M = 0.2 kg, at a radius 0.065 m.,

new amplitude of unbalance 0.5 mm.,
new phase angle 150°, 3,
balancing weight to be located at a radial distance of 0.065 m.

utw Aw

Solution:

%
A, = (0.2, 40° ccw)

4

A, = (0.5, 150° cew) X
A, =[AZ+AL,, —2A,A,,, cos(p— O)
1
= (0.2% + 0.5% — 2(0.2) (0.5) cos 110°)2 = 0.5987

A
M, = original unbalance = | —+|M = 0.2 0.2 = 0.06681 kg.
A 0.5987

w

o = cos ! A‘Z‘ + Afv — Ai+w = cos! 0.92 + 0.59872 — (.52
2A Ay 2 (0.2) (0.5987)

= 51.6912° ccw

Grinding wheel will be balanced if a weight of 0.06681 kg is added at 51.6912°
clockwise from the position of the trial weight or (65 + 51.6912°) = 116.6912°
clockwise from the phase mark.

] = cos! (0.6199)

Unbalance amplitude 0.15 mm, trial weight of mass 50 grams, new unbalance
amplitude 0.22 mm.

Solution:

_)

A, = (0.15, 15° cw)

_)

A, =(0.22, 35° ccw) )

A, =[AZ+A%,  —2A A, ,cos(0-0) |
= [0.15% + 0.222 — 2 (0.15) (0.22) cos (50°)]

0.1687 mm

M, = original unbalance = Ay M= 0.15 0.05 = 0.0444 kg.
A 0.1687

w

o AL+AL AL | _, |0.15% +0.1687" — 0.22°
o= cos 2A, A, cos 2 (0.15) (0.1687)
= cos~! (0.05058) = 87.1009° ccw

Flywheel will be balanced if a mass of 0.0444 kg is added at 87.1009° cw from the
position of the trial mass or (—45 + 87.1009) = 42.1009° cw from the phase mark.
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Original unbalance amplitude 0.1 mm, trial weight of mass M = 100 grams,
amplitude 0.2 mm.

Solution:

_)
4 = (0.1, 45° ccw)

_)
+w = (0.2, 145° ccw)

A,
A, =[AZ+AL,, —2A,A,., cos (0 -0

u+w

1
= (0.12 + 0.2% — 2 (0.1) (0.2) cos 100°)? = 0.2386 mm.

M, = original unbalance = Ay M= 0.1 0.1 = 0.0419 kg.
A 0.2386

w

_ . |ar+az —Aﬁw} o (o.ﬁ +0.23867 — 0.22}
O = CcOos = COS

2A A, 2 x 0.1 x 0.2386

= cos™! (0.5643) = 55.6440° ccw

Grinding wheel will be balanced if a mass of 0.0419 kg is added at 55.6440° cw from
the position of trial weight or (20° + 55.6440°) = 75.6440° cw from the phase mark.

Figure 3.11 (b) shows that the phate amgle Mummw
and the driving ficr s 90° of o freppamoy valo of r=1. The
uhbmwm%mmw,the
Juucﬁnot—fh urdolomced mass 4 90° alead o‘{—fkgw
Hence The moss has 5 Le rnemoved ot 229%°+ 90" = 319° o4

M%mﬁm_
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| For static balance, sum of all inertia forces must be zero:
- -> -> g R g o
My T4 maly + M3+ My Ty T Mp Ty = 0 E)D
which can be written in scalar form a3

mY, wse, + m,T2 wi e, + my T3 wf O3 + My, Ty <3 ei’l T mbz_rbzcg,ebz?' o
(&)
m ri sin e'+ mzr‘z sin ez+ m; rg S!h 634- mb' by Sin 95'+ mbz rbzgl" ebz =0

(E3)

For dynamic balance , sum of moments due to inertia forces
must be Zzero about any Fom{ The moments about tke Pocn'L‘,
degcch bj the intersection of z-axis era Pla.ne A, 9ave$

{m 6" r, + om0, + fymw” r’, + 11."‘5,&9 rb'.f. szmhw ry,=0
or (B

2|m r, Sin 9'-1' lz‘ml l"z s‘n 621- 13 mz rg sin eg <+ szYhLz r‘Lz sin 6“1 =0 (EGB
Egs. (E5) ond (E5) 9ive
2

™Mbz T = {(Qr"’lﬁ wof 0+ Lamyry f 0, + l3myry of 6,>

(I MY Am O+ lamar, S 0, + R3myry Him 93) }' (E7>

8
‘,‘mﬂ,(.de,-{- lzm,_rz 5 B+ Igms r; &t 63
Once my,r, amd 6, are fund, Eps: (E;) and (E;) am be

useJ to determine

ebz =

2
my, Ty, = {(mlrl WO+ MyTy WO+ M3 T3 Wf O3 + ™M, T, &f 9[,,)

. . . YA
+(m,r,$in 8+ M1, -‘Vﬂez-i' ™4 r; Mhe_g + mlz rb:."""‘ 6‘2) } (ES)

-1 Tn,r‘, Sin o,+ ™, Y i €49 + m, L) Sin 93 + mLz rbz sin Gy
O, = (EIOB

m TGl @+ My, b e,+ m; N A6 + mhrharf Opa
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M, = M, = 0.1 kg, radius 0.08 m.
M, =M, = 0.1 kg., holes drilled at 0.1 m radius.

Solution:

Let My and M, be the amount (masses) of the material removed in planes B and C
at angular locations 6 and 0, respectively. The material removed must balance the
masses added (temporarily) in planes A and D. Measuring angles counter clockwise
from the horizontal (x-axis), we need to satisfy the following equations for static
balancing of the rotor:

4
Z M, 1; cos O, + My ry cos 6 + M r cos 6 =0 E)

i=1

4
2 M; 1 sin 6, + My ry sin 05 + M ro sin 8, =0 (Ey)
i=1
Since M, =M, =M, =M, =0.1 kg, 6, = 90°, 6, = - 60°, 6, = 120°, 6, = — 120°.
r,=r,=ry;=r,=0.08m, rg=r,=0.1m.
Egs. (E)) and (E,) yield:
0.1 (0.08) cos 90° + 0.1 (0.08) cos (— 60°) + 0.1 (0.08) cos (120°)
+ 0.1 (0.08) cos (— 120°) + 0.1 My cos 65 + 0.1 M, cos 0, =0
= Mj, cos 65 + M, cos 6 = 0.04 (E,)

0.1 (0.08) sin 90° + 0.1 (0.08) sin (- 60°) + 0.1 (0.08) sin (120°)
+ 0.1 (0.08) sin (— 120°) + 0.1 My, sin 85 + 0.1 M, sin 6, =0

= Mj, sin 6 + M, sin 6, = — 0.0107 (E)
For dynamic balancing (taking moments from plane A),

M, r; S;cos 65+ M, r, S, cos 6, + My ry Sy cos 65 + M, 1 Sgcos 6,=0
M, r, S3 sin 0, + M, r, S,sin 6, + My rg SB sin 8 + M, rg SC sin 6, =0

le.,

0.1 (0.08) (0.6) cos 120° + 0.1 (0.08) (0.6) cos (—120°) + My (0.1) (0.1) cos 0y
+ M (0.1) (0.5) cos 6 =0

0.1 (0.08) (0.6) sin 120° + 0.1 (0.08) (0.6) sin (—120°) + My, (0.1) (0.1) sin 6y
+ M (0.1) (0.5) sin 6, =0

1.e.,
0.01 M cos 05 + 0.05 M, cos 6, = 0.0048 (Ey)
0.01 My sin 65 + 0.05 M sin 6, =0 (Ep)

Egs. (E,) and (E;) give
4M,, cos 0, = 0.44 or M cos 6 =0.11 (E)
Egs. (E) and (Ey) give
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4 M, sin 0, = 0.0107 or Mg sin 6, = 0.002675 (Ep)
Egs. (E;) and (Ey) yield

1
Mg = [0.11% + 0.002675%]> = 0.1100 (kg)

Oc = tan™ 0-002675 1 _ 4 39310 (Ey)
0.11

(Eqp)

Egs. (E;) and (Ey) give My cos 0 = —0.06997
Egs. (E,) and (Ey) give Mg sin 65 = —0.01337

L
M = [(=0.06997)* + (-0.01337)*]2= 0.07124 (kg)

—-0.01337
bp = tan™ | T "ieo0s | = 10.8178°

Amount of material to be removed:

0.07124 kg at 10.8178° ccw at radius 0.1 m in plane B and 0.11 kg at 1.3931° ccw at
radius 0.1 m in plane C.

Masses 1 kg, 2 kg, 1.5 kg are located at radii 0.5 m, 0.8 m and 0.3 m.

Solution:

M. =1kg, Mj=2kg, Mg = 1.5 kg.
ro=05m, r,=0.8m,r;=03m.
0, = 90°, 6, = 220°, B = — 30°.

Let M, r,, 6, and M, rg, 65 denote the masses added in planes A and G,
respectively.

For static balancing,

Mg r. cos O + M,, ry, cos O + M, rp cos O + M, r, cos 0, + MG r;cos 0, =0

= M, r, cos 8, + M, r, cos 0, = 0.8360 (E)
M r. sin 6, + My, rpy sin 6 + M g sin 6p + M, r, sin 6, + M;r;sin6;=0

= M, r, sin 0, + M, r;, sin 6, = 0.2465 (E,)
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For dynamic balancing, we take moments about the left bearing (plane B):

M r S cos 8 + My 1y S cos Op + My rg S cos O
+M,r, S, cos 8, + M rq Sg cos 6 =0

= —0.4 M, r, cos 6, +2.2 M rg cos 6 = 0.6021 (Ey)

M rs S sin 6 + M, rp, Sy sin 0y + My, ry S sin B
+MArASAsin9A+MGrGr S sin 6, =0

= 0.4 M, r, sin 6, + 2.2 M, r, sin 6, = 1.0885 (Ep
Egs. (E,) and (E,) yield

6.5 Mg r cos 0 = 2.3413 or Mg rg cos 6 = 0.3602 (Ep)
Egs. (E,) and (E,) give
6.5 Mg r sin 6 = 2.4748 or Mg rg sin 65 = 0.3807 (Eg

Egs. (E;) and (E/) give

1
Mg 15 = [(0.3602)* + (0.3807)°]2 = 0.5241kg'm

0g = tan™ [8'2807] = 46.5849° (E7)

602
Egs. (E,), (E,) and (E,) yield

M, 1, cos 0, = 0.8360 — (0.5241) cos 46.5849° = 0.4758 }

M, r, sin 0, = —0.2465 — (0.5241) sin 46.5849° = —0.6272 (Ey

Eq. (Ep) provides

M, r, = [(0.4758)* + (- 0.6272)2]§ = 0.7873

05 = tan-l[ﬂ] = — 52.8157° )
0.4758

If the balancing weights are placed at a radial distance of 0.05 m in planes A and G,
we have r, = r, = 0.5 m, and hence

M, = 1.5746 (kg), 6, = — 52.8157°
M, = 1.0482 (kg), 6, = 46.5849°
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ﬁ
v, = 5/100° N ?A B —\})A
| Ry = ~2—2
=—0.8682 +1 4.9240

_>
MR
v, = 4/180° = 0.6913/51.0984°
=_4.0-i0.0
- -
_)1 = [e] _) — VB - VB
v, = 6.5/120 Ky = =t
= _ 3.25 +1 5.6292 L
= 4.2315/-49.7058°
vV, = 4.5/140°
= 3.4472 + 1 2.8925 . {,2 _ \7;
N ABR -
V. = 6.0/90° Mg
= 2.1217/-39.2682°
=0.0+i6.0
Ang Vi —Agn V
2. _ o =2 _ BR YA — AR VB
V. = 7.0/60 U= i
= 3.5 +1 6.0622 Apr Aar — Aar ApL
A Va —Ax V.
- 7 — _4\BL YA — A1 VB
= 2.0/ 30° =
M O R Ko
= 1.7321 +1 1.0 BL AR ~ AL ABR
— -
=_ U, = 4.2315/-49.7058°
K)/IR — 20& BL L L—
=2.0+10.0 B, =- Uy = 2.1217/-39.2682°
- -
A
A= A4
ML
= 1.2420/ -46.4914°
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(a) (3= 1000 x % o4-72 rad/g

Centrifugal forces due to rotating masses (a.u, Pa.ra.u.cl to
Y3 - P‘a.ne) Qxe
F= mn W= (50/000)(3/100)(104—-72)" = 43.8651 N
= mry 655 = (26/600) (Vioo) (104-72)° = 10:9663 N
Fp= min @ = (49/l00) (6/i00) (104-72)" = 26:319\ N
These can be writter n vector form as

=F [or = 43-8651 £9° = g3.3651 §
E=F [6: = 109663 (120" =-5.4832 7 + 5.4971 =

—

, = B /91 = 263191 (200" = —24.7319 T — 90017 &
The moments of these forces taken aboul e ,b-c.a.?wn-j at A meatd
&M@ﬁM%&WM@BHE&C&

zm = OZL X 43-8651 j + 03¢ x(—54—332;+?4?7|1‘ )

+097 x(-24-7319 § = 1.0017 % )+ 11 { x Rp = 0

where ]_2; = veaction at bearing B and ‘%' denotes the Cross
product. This gives

151307 % +5:2524 7 + {1 < X Rpg = o --- (€)
Let R;:(a,,', 4-1:1:.) Then |.|E.x(a.;+b;.>_||a,*_'.b}
(€)) amd (€, 9ive 2137552 , b= 4.7749 --- (&2

—y

. Rg= 13-7552 3 + 4.7749 g
Similarly, by taking moments about B,
-o.zf'x(.zq-ﬂﬁ £—9.0017 % )-o0-6 l".x(-s-4-?32;+9-4-974 x)

L

—0-97 x (43851 3 ) — 1l x R, = &
where R, = reaction at bearing A= cj +d ¥ .
-30-2423 % + 3.898 ] - tic = 4+ md j =5
c= —29.4021 , d= —3:5436

o E; = -28-40121 ; - 3.5436 %
Note that these are rotating vectors.

(b) Since the P'a.nes Lawd R pass through the bearings A and B,
the balancing forces are given by

— — — — 2 e . -
Bg = — Rg = -13.7552 J' - 47749 4 = \"\RTB (Qﬂ GR ) +4n 6, t)
e. Mg (0-25) (104-72)" os 6 = -13.7552
me (0:25) (f04.72)* Ain Op = — 4.7749
vEr mp 8 Og = — 0°0050(T, W™, Ain Og =~ 0-001T42
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> .
Me= \[(‘0'005017) +(—o-oo|‘74-z)2' = 0:00531l %9 = 5.31 %
O = t““-i(_o'oon‘f'%o-usow) = l?-l480°+lso°= 199 1430°
5, = — R, = 28-402I PF+3s436 X = om rw (wte, 5 +4ine, %)
o 28-4021
e m ot G = — = 0-01036
©-25) (104-72)
m gin @ = 43¢ = 0:001293
(0-25 ) (10 4-72)*
2‘ L}
m = \/EO'O‘O-;G) + (o.ool?.sa)z = 0-01044 *g = 10-44 -3

o = tan' (0°90129%6.01036) = 7-u41®
Note: Angles are measured clockwise From 3 -axis while loo:-‘nj
from A towards B:

. . 48 E 1 ﬂ
Stiffness of steel shaft between bearings = k = 3 - —
£ - U -
o { e 1 |
= $8@0x107) 7 (0.02)4} = 178.722 x 10° N/m |*_ A M
(0.75)° 64
. k . 3
(a) Critical seep =w_ = — = \/178 72425x 107 63.0206 rad/sec
m

(b) Vibration amplitude of the rotor (steady state value):
E (9.39) gives the amplitude of the rotor in x-direction as

2
X =D m w? e when damping is zero = moe
’k -m mzl
27
Here @ = 1200 rpm = 1200 [_60—] = 125.664 rad/sec

e =0.01 m, m o? = (45) (125.664)% = 710.615 x 103

1

=13.3601 x 10 m
‘178.722 x 10° — 710.615 x 103‘

X = (45) (125.664)2 (0.01)

Similarly the amplitude in y-direction is given by
Y =X=13.3601x 103 m
Resultant amplitude of the flywheel = R = yX% + Y2 =18.894 x 10® m

(¢) Force transmitted to the bearing supports

= kR = 178.722 x 103 x 18.894 x 103 = 3376.782 N
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@ ConS(JE\"fnj Lea.r-'ngs ad Sl'mPle supports, the »SPr:nj constant o; the
'€ k= LRLTEE where 1= distance between bearings.
Let r= variable Pos:'fl'on oj: cen‘ezr
of ma.ss , a.rtcl
8 e = static rn.d-a.l dv-spla,c_ement
! of center cf mass.

Then etuoifon of wmotion s
mr 8 = % (r- 8¢t)

e s e

p,-na.mn'c force = F= wr @0 =

* - m*
Since F acts at the wmiddle of the beam, 45— = M. Frmax - f_g_ 4
where d= diameter of ghaft. e * 4 ez
d;\a,x = E.I_i = '"‘(‘91« S,ﬂ: i"
8I 8$T (ﬁ" mdl)
Sul:shi:uh'ng the expression for «k,
o = me® §q¢ 1 d 49 EI)g 1 _
03 §IEL o2
ST (—-———l3 m )

mass 20 k3
\“' 2:5 em /

| ! T/“ §l7
. L .
Stiffness of a simply supported beam:
48 (207 (10°)) | — (0.025%)
=485 i = 19.0521 (10*) N/m
£ 13 ’

Natural frequency of the system:

4
Wy = VI= v 19.0521 (107) _ 97.6014 rad /sec
m 20

Frequency of rotor (speed of shsft): w= -6—% (2 7) = 628.32 rad /sec

2
Whirl amplitude of the disc: A = ar

V(1 =2 + (2 ¢r)
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(a) At operating speed:

r= W 52832 . 1376
o 97.6014
2
A= (0.005) (6.43767) = 0.005124 m
\/(1 — 6.4376%)2 + (2 (0.01) (6.4376))?
(b) At critical speed (Eq. 9.41)::
Critical speed:
Wn 97.6014
W= Wey = —= — = 101.7565 rad /sec

1,¢ |2 1 ,39.0406 ., |2
1~ — (— — (=
{ 2(%)} {1 2(97.6014)}
where ¢ =2 Vk m ¢ =2 V/(19.0521 (10*)) (20) (0.01) = 39.0406 N—s/m.

v _ 1017565 _ . o
w,  97.6014

(0.005) (1.0426%)
V(1 — 1.04262)* + (2 (0.01) (1.0426))2
(¢) At 1.5 times critical speed:

1.5 Wep
P = i 152.6347 — 1.5638
Wy 97.6014

A=

= 0.06074 m

A= (0.005) (1.5638%)
(1 — 1.5638%)% + (2 (0.01) (1.5638))?

= 0.008457 m

(a) At operating speed:
r = 6.4376 ; w = 628.32 rad/sec. Deflection of mass center:

1

R = 14+(2¢1) }—2-
e =R + @y

~ (0.005) 1 + (2 (0.01) (6.4376))°
e (1 — 6.4376%)% -+ (2 (0.01) (6.4376))*
Centrifugal force: m «? R = (20) (628.32%) (1.2465 (107*)) = 984.2015 N

m«? R
Bearing reactions: R} =R, = - = 492.1007 N

1
7
} = 1.2465 (10™*) m

= dt= -614- (0.025%) = 1.9175 (10™%) m*
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Maximum bending stress:

R, g) % 192.1007 (3) (232
= = 1.6040 (10®) N/m?
I 1.9175 (107°)
(b) At critical speed:
r = 1.0426 ; w = 101.7565 rad/sec
1
2 2
R = (0.005) 14 (f 2(0'01) (1.0426)) ~t =0.05589 m
(1 — 1.04262)? + (2 (0.01) (1.0426))

Centrifugal force: m «? R = (20) (101.7565%) (0.05589) = 11574.1319 N

Maximum bending stress:

0.025

R, (g) (%) 5787.0659 (1) (202>
= = < = 18.8627 (10®) N/m?
, I 1.9175 (107°)
(¢) At 1.5 times critical speed: m f’ R
= 1.5638 ; w = 152.6347 rad/sec '
Ry Rz

1

1 + (2 (0.01) (1.5638))" }? = 0.003460 m

(1 — 1.5638%)% + (2 (0.01) (1.5638))>

R = (0.005) {

Centrifugal force:
m «* R = (20) (152.6347%) (0.003460) = 1612.1767 N

R, =R, = 806.0884 N
Maximum bending stress:

(806.0884) (%) ( 0'225 )

= = 2.6274 (10%) N/m?
1.9175 (1078) (107 N/

Stiffness of beam (k):
@ = 18 El _ 48 (7 (10%)) (;.9175 (107%)) _ §5347.7344 N/m
63

1
Natural frequency:

- = k _A /83T 571611 rad fsec
“n - 20

583




www.FluidMechanics.ir

(a) At operating speed:

w = -m (2 7) = 628.32 rad fsec; r = - = 22832 _ 14 9991

wy,  57.1611

3.1'2

Whirl amplitude of rotor: A =

{(1 —r*)? +(2¢ r)”}?

2
- (0.005) (10.9921%) — =0.005041 m

{(1 —10.9921%)% + (2 (0.01) (10.9921))2}?

(b) At critical speed:

c=2Vkm¢=2 \/ (65347.7344) (20) (0.01) = 22.8644 N—s/m

7.16
W = W = — = 57.1611 — = 59.5946 rad /sec
2{2 ’ 2|2
(1< L _ L [22:8644

2 | W 2 | 57.1611

r= 2 = 39598 ) 0426
o 57.1811

0. .0426*

A= (0.005) (1.0426%) = 0.06074 m

{(1 —1.0426%)% + (2 (0.01) (1.0426))2}?

(c) At 1.5 times critical speed:

1.5 We
= i 89.3919 —1.5638
Wy 57.1611

2
Ao (0.005) (1.5638%) — =0.008457 m

{(1 — 1.5638%)? + (2 (0.01) (1.5638))2}2

@ (a) At operating speed:

r = 10.9921 ; . = 628.32 rad/sec. Deflection of mass center of disc:
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W1

(0.005) {1 + (2 (0.01) (10.9921))2]_

R=

=0.4272 (107*) m

{(1 —10.9921%)? + (2 (0.01) (10.9921))2}2

Centrifugal force: m «? R = 20 (628.32%) (0.4272 (10™*)) = 337.3052 N

Bearing reactions: R; =R, = E—z—R- = 168.6526 N
¢, d 1,,0.025
Ri(5) () (1088526)(3) (27
Maximum bending stress: = 3 = 0.5497 (10®) N/m?®
I 1.8175 (107°)
(b) At critical speed:
= 1.0426 ; w = 59.5946 rad/sec
L
2
(0.005) {1 + (2 (0.01) (1.0426))2}
R= = 0.05589 m

’ 2
{(1 —1.0426%)% + (2 (0.01) (1.0425))’}
Centrifugal force: m «? R = (20) (59.59467) (0.05589) = 3969.8850 N

R, =R, =1984.9425 N

Maximum bending stress:

0.025

¢, d 1
Ry (5)(5)  (1984.0425) (3) () |
= : = 6.4698 (10%) N/m?
I 1.9175 (107°)
(¢) At 1.5 times critical speed:
r = 1.5638 ; w = 89.3919 rad/sec
1
) 2
(0.005) {1 + (2 (0.01) (1.5538))2}

R = ' = 0.003460 m

2

{(1 —1.56382) + (2 (0.01) (1.5638))2}

Centrifugal force: m «? R = (20) (89.3919%) (0.003460) = 552.9711 N

Rl = R2 = 276.4855 N
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Maximum bending stress:

R (£)(3)  (276.4855) (3) (222
- = o178 (10 = 0.9012 (10®) N/m?

k = 3.75 (10°) N/m ; ¢ = 0.05 ; w = %‘2 (2 7) = 376.992 rad/sec
m = 60 kg ; a = 2000 (10%) m

8
wy = '\/..-_i__r. Vﬂs-s%u = 250.0 rad/sec

w  376.992
=Y - 200992 _ 1 5080
fT e 2500

(a) Steady state whirl amplitude:

a.r2

A= ' (1)

1
{(1 — @ et
(2000 (10~%)) (1.5080%)

= 0.003545 m

{(1 — 1.5080%)% + (2 (0.05) (1.5080))’}z

(b) During start-up and stopping conditionss, rotor passes through the natural frequency
of the system. Thus, using r = 1 in Eq. (1), we obtain the whirl amplitude as

a _ 0.005
2¢ 2 (0.05)

@ Lett=0
Unbalanced forces:

— 2
Fxp =m r w? (cos 0 + cos O, + cos Ol5 + COS Oy)

=m r ®? (cos 0° + cos 180° + cos 180° + cos 0°)
=0

A'r-l =

=0.05m (2)

r’ o < m r? @?
F_=m 2 cos 20 = J (cos 0° + cos 360° + cos 360° + cos 0°)
i=1

X8 f

2 .2 4 2
_ 4mr°® — (1) (0'1)2 M =15791.37T N
/ 0.25 60
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Unbalanced moments:

1 P 3 4
1 i N [] ]
| | )
3s S s 3s : \ ' -
M_=F | +F —|-F —|-F — : | 4
=[5 5] ) (3] =
2 r—'g TZ 1 _‘_A‘A 4 )
MZp:%M@ cos 0° + cos 180° — cos 180° — 3 cos 0°) e
3s s S 3s
Mzstxsl [7} +Fxsz [EJ_FXSS (EJ_FXS,l (?)
mr?o’s
:2—6(3 cos 0° + cos 360° — cos 360° — 3 cos 0°) =0

|
R nce —_ :
et T |

Y R

2 z

Let the cylinders be separated axially by o distance 5.
FxP = mrc.sz (C"s a4 + of dz) = mr(dz ((‘.p‘f O.+ (] l80°) = O

2.2 . 2.2 . o 1‘.92
mr-a (Cp'S2°(|+ c,{zo(,_)-_-'_"LlQ.(cgso +cafg¢o>=7-""'

£

Fx.l'—'

Moments about the reference plane :

R
My = Fop -3 LA _Amrw ° oy _ 2
7P Xpi Fxpz 2 —___2__<c.cr$o —<.ar1'480>-/3mrw
M, = F 2 _F 3 - Amrrel o600 Y ) =
3‘_ x4y T — 'xs2° T = ____—( fo) —MBGo) - O

21
Se.conola.rj forces and primary couple are unbalanced.

587



www.FluidMechanics.ir

r=0.075 m, m=1.5 kg, £ =0.25 m, ® = 1500 rpm = 157.08 rad/sec,
o, =0°% o, = 180° oy = 90°, o, = 270°

Assume m, = 0 and m,=m=15 kg

Consider the vertical and horizontal components of the inertia forces at t = 0.
This gives

4
Fxp = (mp +m) r o? Z cos 0O
i=1
=(m,+m)r ®? (cos 0° + cos 180° + cos 90° + cos 270°)
=0

4
F_ =-m ro? 2 sinoy = _ m, r ©? (sin 0° + sin 180° + sin 90° + sin 270°) = 0
i=1

2

2 2 4 2

r’ o m_ r°o

F=m, 7 2 cos 2oy = —pg— (cos 0° + cos 360° + cos 180° + cos 540°) = 0
i=1

Primary and secondary forces are balanced.

Moments about the reference plane:

sz = Fxpl (0.15) + Fxp2 (0.05) — Fxp3 (0.05) — Fqu (0.15)
= (mp +m)r w2 [0.15 cos 0° + 0.05 cos 180° — 0.05 cos 90° — 0.15 cos 270°]
=0.1r ®? (mp +m) = 0.1 (0.075) (157.08)? (1.5) = 277.584 N'm
= unbalanced primary couple

M, = Fxsl (0.15) + FXSZ (0.05) - Fxs3 (0.05) — FKS‘1 (0.15)

m_ r? w?
= —pf— [0.15 cos 2 o, + 0.05 cos 2 o, — 0.05 cos 2 0,3 — 0.15 cos 2 a]

mr22

® .5 (0.075)? .08)?
pf 0.4) = 1.5 (0.075) (157.08)

0.25
FYP1 (0.15) + pr2 (0.05) — pr3 (0.05) — pr4 (0.15)
=-m_r ®? (0.15 sin o, + 0.05 sin o, — 0.05 sin o, — 0.15 sin o)

x 0.4 =333.101 N-m

M

Xp

=-m, rw?(0.1)=0 since m, =0

Pn'ma.rg unbalanced forces are given by

6

Fxr = Z (F,‘) P‘: =2.("'lr+ T"'c); \"(.32 ws (wi’ + °(;') (El)
A=l

TR N P -
izt
Seconala-rj unbalanced force s 9iven "5

Fxs = ._é':(ﬁD,“ =2 (mﬂ; r—z-;f— wf (2wt + 2x0) (E;)

Pr«'ma.rij and z!e.v..oncfn.rj unbalanced moments are given 55
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()r = = (Fedya & =)
(M) 4= z GV (&)
M)p= = Z (G)fz L (&)
E3-(E)) gives

(rp +me) T Z‘uéex —(mp+m)r09 (2 &5 0 +2 s 120°
=1
+ zwz:;o):

Eg. (E2) gn'ves
6

-mcrw ZSI" d‘ =
(=t

PR ° N o o
—m T W (246»0 4 2 A 120 +2 £Cn 240

(@]

EZ»'(Eﬂ gives

myrlt 6 | m, rre" o . o

P = s2x; = Lz__(zwo +2 8240 + 25490 )= o
=i _

Ep- (E4) gn‘ves

(mr+m¢)r(.9 Ef WS x¥{ = (T"'Pi—m)rc.ﬁ a,(@s 120° + 2¢f 240°

‘_

+ 3 k240 + 4 HSI(20 + 5 wr,o)
Eg. (Es) gives
2.9 &
Mt Y = [ ws X =
f c=2

+3 08480 +4 5240 +5 £0 ] = o

2 Z [ ] [-]
mrrlw %[5 240"+ 2 f 450

Ey-(Es) 3n've$
cmer@® 3L sin ;= —merato (41.. 120" + 2 Sim 240°
=2

+ 3 Aun 240 + 4 Atn 1200 +-5'Ao.,o):o
" Enginc (S comrle{‘c(j ;Force and moment balanced.

.(0-) @, = I.':_ ~2 O ; (3 =600 TPM = 600:7&‘2‘ - c2-932 \'a.J/l

~00 , €=0

Bn ~
F= ™ r—(zs)(ezggz)(loo = 740 2238 N
E&-(S-QO): X = F; = Fo =0 chf @D
(=mw®) (- 2y 77 ©p =%
can?.
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B Wp=0, L -0
n

R % Fo .
EZ'(9'93) = F, = = - F, = 740-223%

-t gy

(_3: 25 Hz to 35 Hz = {57.08 raJ/Se,; to  219-912 rad/sec
m= 85/9.81 = 8.6646 %9 |

Transmissibility of an undamped isclater s given by Eg.(9-94):

i
T, = ' (E)
r Ii _ (Q,/wnf.‘ !
For 80/, vibration isolation, €. (E) gives
i .
. - O ') .-c‘-’—- z -
T T (ofamy | © |-(G) | = s
or % =Je = 2:4495
At = 25 Hz2, Wn= 157.08/2.4495 = c4-1274 vad [sec

At w= 35 Hz, WO,=219.%2/2.4495 = §9:7783 rad/sec

Bt wos (Y = U = [T, = )7 A

or - ?.81
By = —
Gr,
At w= 25 Hz, Ss¢ = 9'9|/((4.|27q,>7‘ = 0:002385 m
At w=35 Hz, 8g = 9-94/(9?-77:;)’- = o0-00l2({7 wm

Select static deflection of isolator a2 0-002385 m.
cf-.ec_k\'nj the Performa.nc.e ok 9= 35 Hz:

O = 641274 vad fsec . At w= 35 Mz,
1

Tr = ’1 —(2(?-9!2/64,,274>7'l

> 9i.5 / isolation , better than the rezu(reol amount.
SSL— of isolator = 6.2385 mm

= 00850

mg = 800 N, (5, = 600 Tpm = opera-{'fns speed = 62.832 r‘au!/sec
@ Ty = 2:5 at W= o,

Ep. (9.94_).9|'ve:
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) ,
T;z _ 1+ (2xr) with r= % ()
(-rD*+ (2yr) "
= z ! T
At r=1, ‘_rz - L+ 45 ; 625 = %— > T=0:2182
4%

At operating speed, T, = 0-1 and T= o0-2182 ; Ep. (E\) gives
(o-|>z =

1t 4 (0. 2192)" r*
( —r) 44 (o-2182)" re
which , uPon Su'mPlff:'ca,t(on, becomes

r4 - 20-595 r¥-99 =0 = T

= 248443

= Wo _
o¥ Y= . = 49844

Since W, = 62:832 m.J/sec, W,= 12+ 6057 ra_a‘/sgc_ = ‘,_Yk?_
. z
* = (.9“7—~m = QZ-GOS’7> (—g%) = |2958-5054 N/m
Isolator S c'effneA l’j

%= 12 958.5054 N/m

C= 2mw, T =2 (%%>(az-eo§7>@-zisf—)=4-48-613? ‘M_;i

S00 X9, wme= 50 kg-cm, W= 300 Tpm= 3. 4l¢ rad [sec

M
Fo

= S{:ea.dy state j:orce ‘ma.gm'fude = e 032 N W, = k/M
S'ta:h'c ACFICC'E!‘O“ of C.omPreSSor = gst_—_- _Fo_ - mewz. (El)
*k x

Transmission ra_{'.'o = T‘_ = _F_f_ ?{ | + (zzT r)z 1} V2 (Ez)
with r= 9% . d-r*)"+ (27r)
Amplitude of vibration of compressor 2 &
= X = F/ _ % 2 272 = me - Esz
Y [(k mw?) r@c M \/(l—r")z+(23'r)1

T, must be small. Also X should be
small for smaller c‘gna.ml'c stress.

For o 3oaJ c!es-'jn,
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Isolator with % T Shock absorber with Y ond «

- - — o — - -————————-r ————————————————————————

Eg(Ez) 1 ' E7- (E) fer Tr—O‘amA T=o0-1:
e o= [ 1t (o2r)? }yz
ZQ-Y")Z+ (o2 7)?

Rr small T, r:g should

»

be large or (3, small 4 _5.9 % -99 =0
Let T,= 0.1 se that or v = 13-3665
(l_rz.l: ovr Y= Cl’/(‘gv‘:'. 3. 6560

r= o = J =3-3166

Wn= "’/3-'31“ = 31-416/3.34¢
= 9:472¢4 m.n'/scc

= [X
Soo

]
I
}
[}
[}
]
]
}
]
!
{
]
'
[l .,
| Wn= 3l"+“/3.5;;
|
)

]
|
t
)
!
z . )
*=(9:4724) (500) "
i
)
i
]
]
)
t
]
1
l
2|
'
|
|
:
|
|
i
]
)
1

= 8+ 5929 rad/sec
%= (3.5929) (500)
= 36992174 N/m

Sep = mew ( )(u 446)

362174
= 0+:0i34 m

z
r¥=13.3¢65, (1-r%) =i52.9703

=44 %63. 1809 N/m

8y = me*wl= wo)(y 4:‘)

44863-1809 Gaxr)'= (0-2x 3.¢56)*
= 0-0ll0 ™ = 0- 5347
r¥=11, ()- F . 100 = (E;)
(z‘rr) = (o-2v)” = (002 x 3- -3166) x= (22 13- 3665

= o0- 44
Eg (E;)'

) "

s‘oo J1eo +0:44

500 \(152.9363+0:5347

0:- 001079 ™

.. 09001038 ™ __________ e e e e e e e e e e e e

Snce X is smaller n the case of shock absorber, it is to be

preferred. In this case, a smaller value of % will be

sufficient; this leads L, o cheaper design.
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@ m =200 %9, £=10000 N/m, T= o015, 5,= [1% _ 5.59 m_d/,,-

(@) E_ > 4 zuo
Fo 1+03 ) ‘11;.' W
Frem %.(9*9‘!), {(i-r")z-i-(l‘r")z} > 1 ; e
ie. 1+ (2% r)z > (1_r’->" + (7 r)z
e 1> @ _rz)z
This gives 1 > g+vt_2r* ; rt_2r* < o

r"(rt—z) <0
r’<o or r* <2

Physicall Possible solution is < 7 o, -
1 J < JZ (1011) = 10 ra.c’/t
< 95.4927 Tpm

(k) .EL < 0-1:
" From Eg. (9.94), L+(2.TY)2 < o-01 {(l—r’-)?’+(zrr)z}
1 +0.09v% < o001 4+ 0.0l r4— 0:02 rl+ 0-0009 r?
0-014 vt -0i691 r*-g.99 > o
(r2-ig-%021)(r*+ 5.8920) > o

. 2
re. r*- 16.802Y >0, v*+58920 >0 or T —16-8021<0,r"+5%92<0

e y*>16.9021,r% >-5.892 or v < 16.8021, r*< —5.892
2 (not possible)
r->16.-8021 , v > 4.099%0

W > 4.0990(7.071) = 28:9844 vrad /g =276-7803 Tpm

.. .. F. k
For undamped system, transmission ratio is T = gL =
F() k—m (.02

. Since isolation is 60%, we have

k

=04=¢% Hlog| &
I k_(ﬁg)(@(zn)] "k - 671133
60

or 0.4k-268453=—-k or k=19175.23 N/m
Thus k has to be less than 19175.23 N/m to provide more than 60% isolation.

= M8 (6,).. = mg _ (68) (981)
8, k 19175.23

max

=0.034786 m
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- 1200
m=>50kg;w= 50 (2 ™) = 125.664 rad/sec ; ¢ = 0.07
1

_Fr _ 1+(2¢r)? )
Tr = {(1 —r?)? +(2 gr)z} @

For 75% isolation, Eq. (1) gives
0.95% — 1 + (2 (0.07) r)?
(1 —r?)? + (2 (0.07) (r))?
The solution of Eq. (2) is given by:

or 0.0625 r* —0.143375 r* — 0.9375 =0 (2)

r? = 5.186255 (positive value) or r= ?:-’; =2.2773

w _ 125.664
2.2773 22773

Maximum stiffness: k =m w2 = (50) (55.1803%) = 152,243.1865 N/m

:n =80kg;w= 1—23-3 (2 7) = 104.72 rad/sec
Fr

2000 _ k -t k
10000 k —m of k — (80) (104.72%)
Using the negative sign in Eq. (1), we find '
0.2 k —17.5460 (10*) = —k

_ 17.5460 (10%)
1.2

This gives w, = = 55.1803 rad /sec

(1)

Maximum stiffness = kg, = 146217.0453 N/m

(b) Steady state amplitude:
Fo | _ 10000

X =
146217.0453 — 87.7302 (10%)

_— = 0.01368 m
k —mu?

(¢) Maximum amplitude of fan during sta.ft—up:

Fo

= uf
1 — —
k "

where w, = vl{——= »\/LW%M_S?._ = 42.7518 rad /sec
m

Using w = wy, X — oc. Hence an undamped isolator must pass through resonance very
quickly to avoid damage. '

Fo

X=|————
k —m ?
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' m = 300kg; w= % (2 ©) = 314.16 rad/sec ; Fy = 30,000 N

Requirements:
1. b4 = %- =small — k =large (1)
2. X= Fo <2510 m 2)
i —
2
{(k — u?)? + P cz}
Fo _
3. Xl = T | =1 <2(1072) m (3)
2
2 W c?
k [1 - rz] + & ]
where r = ——
Wn

1
Fp k? +uf c? 2 _ 10000
Fo (k —m «?)? +u?
5. For achieving isolation, r > V2. Hence

m o?

< 1 (4)
= 30000 3

k<

or k < 14.8045 (10°) N/m (5)
Since four inequalities, Egs. (2) to (5), are to be satisfied, in general, we need to use an
iterative process. From Eq. (3), we obtain:

Fo  Fo 30000
we we 314.16 ¢
k(25

<0.02 or c>4774.6371 N—s/m (8)

We assume ¢ = 5000.0 N-s/m and k = 6 (10%°) N/m as trial values. These values
satisfy Eqs. (5) and (6) and give:

1 ‘ 1
{(k —m W) +o? cz} . {(s (10%) — (300) (314.16%))% + (314.16 (5000))’} :
= 23.6611 (10°%)
and the left hand side of Eq. (2) becomes: v

30000.0
23.6611 (10°%)
and hence Eq. (2) is satisfied. The numerator on the left hand side of Eq. (4) is:
1 1
2

{k’ + of cz}— = {36 (10'%) + (314.16 (sooo.o))z}2 = 6.1844 (10°)

= 0.001268 m < 0.0025 m
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and the left hand side of Eq. (4) thus becomes:

6. 8
1844 (106) — 0.2614
23.6611 (10°)

which is less than the value on the right hand side. Thus Eq. (4) is satisfied. The final
design is given by k = 6.0 (10°) N/m and ¢ = 5000.0 N-s/m.

m = 120 kg ; me = 0.2 kg-m ; k = 0.5 (10%) N/m ; ¢ = 0.06
1 1

R
wy = {L}’ - {&5_(121}’ — 64.5497 radsec ; Fp <2500 N

m 120
Eq. (9.104) gives:

1
1 + (2 (0.06) (r))? 2z _ Fr 2500
i {(1 —r?)? + (2 (0.06) (r))z} me w? < (0.2) (64.5497%) <3
1 4 0.0144 r? 9 |

or < — (1
1+rf—2¢2 + 0.0144 r? rd ( )

Setting the left hand side of Eq. (1) equal to %, we obtain
r

r8 — 486.1111 r* + 1103.1111 r? — 555.5555 =0 (2)

The roots of this cubic equation are given by

r} =0.751358 ; r, = 0.866809 ; w; = 55.9523 rad/sec
r3 =1.52760 ; r, =1.23596 ; w, = 79.7808 rad/sec
r3 =483.834 ; r3 =21.0962 ; w; = 1410.8481 rad/sec

From Fig. 3.16, the values of wy, wy and wy can be interpreted as shown in the following
figure. It can be seen that the force transmitted to the foundation will be less than 2500
N (actually, less than 2500 '\/E/3 = 2357.0226 N) over the frequency range wy, — w3
(i.e., 79.7808 rad/sec - 1419.8481 rad/sec).

X

b - o ———— g

e = - - -
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me = 1.0 kg-m ; w = 800 to 2000 rpm = 83.776 to 209.44 rad/sec
Fo = 7018 N at 800 rpm and 43865 N at 2000 rpm
Ft <6000 N over the speed range ; ¢ = 0.08

To find k.

1

F 2 27
Relation be satisfied: T _= 1+(2¢r) 2 < 6000 _
m e uf (1—r®)? +(2¢r)? T med?

1
[ 1 + 0.0256 r? 2 _ 6000
or <

= 0.8549 at w = 800 rpm
(1 —r?)? +0.0256¢2| = 7018 P
d < = 0.1368 at w = 2000
e > 13865 ab e rPm (1)
Equating the lest side of Eq. (1) to 0.85 at w = 800 rpm, we obtain
1 + 0.0256 r2
y 5 5 = 0.7225
1+rf—2r? +0.0256 r?
or r{ —2.00983 r} —0.3841 =0 or r? =2.1856 (positive root)
or r; = 1.4784
Equating the left side of Eq. (1) to 0.135 at w == 2000 rpm, we obtain
1 + 0.0256 r3
= 0.018225
1+r$ —2r} +0.0256 r}
or rj3 —3.3791r3 —53.8697 =0 or r3 = 0.2211 (positive root)
or rp =3.0366
By selecting ry, = 3.0366, we obtain w, = Y- 20044 = 68.9713 rad/sec. If r; =
r,  3.0366
1.4784 is selected, we obtain w, = ri - -ﬁ% = 56.6667 rad/sec. Thus w, = 56.6667
l . .
rad/sec satisfies the transmitted force requirement at both ends of the operating speed.
Verification:
At the speed 2000 rpm , the valueof r = —u% iss r= %’%‘;’— = 3.6960
This gives r> = 13.6604 and
1
14 0.3497 2
+ 2 = 0.09166 < 0.1368 of Eq. (1).
(1 — 13.6604)% + 0.3497

Stiffness of the isolator:

k =M ui =(200) (56.6667%) = 64.2223 (10*) N/m

/
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m=100kg;w= 560—00 (2 ) = 62.832 rad/sec ; Isolation = 90%
Fr

k k
k —m o k — 100 (62.832?%)

or 0.1k —39478.6022 =—k or k = _394718. -15022

Static deflection of isolator: & = mg _ 100 (9.81) =0.02733 m
k 35889.6384

. m =300 kg ; w= 1§g° (2 m) = 188.496 rad/sec. Unbalance = m e = 1 kg-m

Fr = maximum permissible force transmitted to floor = 8000 N

Fr _ 8000
mew?  1(188.406%)

_ 1+(2¢r)? |2
’{(1 B cr)’} )

Frequency ratio (r) that satisfies Eq. (1) can be found as

2 1 + (2 (0.05) (r))?
(0.22517) = (1 —r?)® + (2 (0.05) (r))*

= 35889.6384 N/m

Force transmissibility: T, = = 0.2251

or r* —2.1872 % —18.7239 = Oor r* = 5.5568 (positive root)
or r=- — 2.3573
Uhy

Necessary natural frequency: wy = — = 188.496

r 2.3573

= 79.9633 rad /sec

Possible solutions:

(a) If the available isolator is used,

wy = '\/_ V1(10°) = 57.7350 rad /sec

(smaller than the necessary value of 79.9633 rad/sec).

If two identical isolators are used in parallel, k; =2 (10°) N/m and

keq 2 (108)
wy = = _ LV ) 81.6496 :
Wy v — 300 81.6496 rad /sec

(approximately equal to the necessary value of 79.9633 rad/see).

(b) If the isolator is available in the form of a helical spring, it can be cut into two

halves and one of them can be used for isolation to achieve a value of w, = 81.6496
rad/sec.
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Mass of engine = m = 500 kg
Force transmitted with out isolator = Ft = (18000 cos 300 t + 3600 cos 600 t) N
Maximum magnitude of force transmitted:

Fg, = 18000 N at «. = 300 rad/sec
Fop2 = 3600 N at w = 600 rad /sec

The maximum possible force transmitted will be the sum of the magnitudes of the two
harmonics:

Fo = FOI + Foz = 18000 + 3600 = 21600 N
Since Fp = 12000 N, we use the relation

Fr 12000 1 1
= = or 0.5556 = or r=1.6733
Fo 21600 1 —r? P —1
At w = 300 rad/sec:
w 300 k
=2 = 2 _179.2843 rad/sec = —
“a =T~ 16733 ad fsec 500

or k =m (w?)=(500) (179.2843%) = 16.0714 (10°) N/m

F
With this value of k, the value of FTI
o1

at 300 rad/sec is:

1

F 1 r

F—T‘ === L _|__300 = 0.5556
01 ! 179.2843

or Fr; =0.5556 (Fg,) = 0.5556 (18000) = 10000 N

F
T2 2t w = 600 rad/sec is:

The value of
02
F 1 1
<
F—T’ === =1, _|_sw = 0.0980
02 2 179.2843

or Fpp =0.0980 (Fyz) = 0.0980 (3600) = 352.8 N

Since Fr; + Fre. = 10000 + 352.8 = 10352.8 N < 12000 N (permitted value), the
stiffness of the isolator can be taken as k = 16.0714 (10%) N/m.

At w = 600 rad/sec:

w 600
Wy = — = ——— = 358.5729 rad
“h =T = Tgrsg T 0085729 rad/sec
k = m w? = (500) (358.5729%) = 64.2872 (10°) N/m (1)

. Fr
With this value of k, the value of
01

at w = 300 rad/sec is:
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1
F 1 3
_FTI =77 =, _| 300 =3.3331
01 1 358.5729

This corresponds to a larger value of F; than Fy, and hence the value of k given by Eq.
(1) is not suitable for isolation.

@ Speed range: 65 to 130 kph (18.0556 to 36.1112 m/s)
Road surface is given by y (u) = 0.15 sin 0.6 u m (1)

()
o5
L/f“*\\‘ j,r"“\\\» R

v \—ju
4
!

| A

where u = horizontal distance (m) = v t, v = velocity (m/s) and t = time (sec).

2TV

g

s = one wave length (m), Eq. (1) can be expressed as

Sincew=2np = where w = frequency of road waviness in rad/sec and
y (t) =0.15sin 0.6 u =Y sin Qt (2)
where Y =0.15m and Q = 7v.

Steady state response of the system subjected to the base excitation, y (t) =Y sin Qt,
is given by Eq. (3.67):

X, (t) = X sin (Qt — ¢) (3

B 1+ (2r)?
where X=Y 122 + 2L (4)

Maximum acceleration of mass (driver) is given by

1

1+@Cr?  |?
(1 -1 +@2¢r)°
=2 g=2(9.81) = 19.62 m/sec? (5)

£ (0] e = |- Q2x1 =Q2Y {

At 65 kph:
Q=6.7v=6.7(18.0556) = 120.973 rad/sec, Eq. (5) gives

1+ (Q2¢r)?
(1 -1")* + (2>

Q4Y? { } =19.622
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1+ (2 (0.05) 1)
1 - r?)? + (2 (0.05) r)?
or r*—127.171r%-12517.1=0 (6)

or (120.973)* (0.15)2 } =19.622

The solution of Eq. (6) gives (with positive value or r?)

Q
r = 13.8662 = ﬁ, W, = = 8.7243 rad/sec = E
o, " 13.8662 \'m

Stiffness of isolator (suspension) = k = m mﬁ = (680) (8.7243)2 = 65.4575 kN/m
Check for acceleration at 130 kph:
Q, =6.7v, = 6.7 (36.1112) = 241.945 rad/sec, o, = 8.7243 rad/sec, and

Q
r,= % =27.7323, 12 = 769.081, and (2 { r,)’= 7.69081

n
1

1+@Cn)? |?
1 -13)? + 2¢1)>

xp (t) I max = (92)2 Y {

1

1+ 7.69081 2
(1 — 769.081)% + 7.69081

= (241.945)2 (0.15) {

=33.701159 m/s? > 2 g
Hence k = 65.4575 kN/m is not acceptable.
At 130 kph:
Q=6.7v=6.7(36.1112) = 241.945 m/s, and Eq. (5) gives:

1+ (@2¢r)°
Q-r*)?+@Q¢r)’

Q4 (Y?2) { } =19.622

1+ 0.01r2
(r* - 1.99¢% + 1)

or (241.945)* (0.15)2 ! } = 19.622

or rt—2004.852 r2 — 200285.24 7)

The Eq. (7) gives (with positive value of r?): r = 45.828. Hence,

W = Q = 5.2794 rad/sec = JE
n 45.828 m

Stiffness of the isolator (suspension) is: k = m m;zl = 18.9530 kN/m
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Check for acceleration at 130 kph:

Q,
Q, = 6.7 v, =120.973 rad/sec, ®, = 5.2794 rad/sec, and r, = u)— = 22.9142

r? = 525.059, (2 {r)?=5.25058, (1 — r’)2 = 274637.4 and hence,

1

X,y = QY

max

1+ (284
1 - 1) +(2¢r)?

Hence k = 18.9530 kN/m is acceptable.

2
} =10.4724 m/sec?< 2 g

Force transmitted to base in case of Coulomb damping can be found using the
equivalent viscous damping constant:

1 1

Fr = {(k x)? + (ceq i)z}? =X {k2 + WP cgq}?

4uN|" |2
i F 1- TFFQ
2 2 |2 Yo
wy
. 4N el (4uNE (1 —i2)2
with ceq ToX and =z 2 F2 :
4uN
1- 7TFO
N et TS 3 1
+ . 4 uN )
Thus Fp =Fy { 2p2ly 4;1.N > TFo
° Tl’Fo (1-2)
\ N 1
2
~F, 1 +r? (¢ —2) ’;,
(1—r?)?
Thus the foree transmissibility is given by
suN) L
F 22 K1 2
T, = 2T _ 1+r°(r 2)[7I'Fo
0
(1 —r?)?
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@ Under base excitation, the dlsplacement transmissibility is given by (similar to-that of a

viscously damped system, Eq. 3.68):

1+

, 1
wzc;] Wz
| K?

A
-] (5

2
But “chq =[4p.N] 1

X
Y

k2 kn XZ

Substituting Eq. (2) into (1), we obtain
( s )1
4uN
1+ kX

(1—r%)? + 4#N]2
L

—

X
Y

kX

Relative displacement transmissibility is given by (similar to Eq. 3.77):
2

m «* W

—_— J

1

z
Y 1 v
{(k—mwz)2+wzcﬁq}2 [l_aw; o c&y

Using Eq. (2), (4) can be written as

z_ 3
Y

0|

(1—-r%)? +

4 uN 2
kX

(3)

(4)

M=200kg;me=0.02kg—m;6,t=M—kg-=0.005m

Mg _ (200) (9.81) _ 5994 (10%) N/m

~ 0.005 0.005

- ﬂ (2 7) = 125.664 rad/sec

4
39. 24 (10 3024 (107) _ 40044 rad/sec
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(a) Assume ¢ = 0 for the isolator.

r= 1230888, 370
Wy 44.2044
Amplitude of washing machine (from Eq. 3.82):
2 2
X = [D;Ae] r _ - 0.02  (2.8370°) 11.4188 (10-%) m

3 200 |1 — 2.8370%
(1 —r?)y

(b) Force transmitted to foundation (given by Eq.9.104):

.8370?
Fr=meufr? — 1 = (0.02) (44.20447) —B870)__ _ 10050 N
1 -2 |1 —2.83707 |
3000
M = 60 kg ; me = 0.002 kg-m ; w =~ (2 7) = 314.16 rad/sec
Fr
T, = <0.25
' meu?
Let ¢ = O for the isolator. From the relation:
Fr 1
T, = - <0.25
" mer? wf, | 1—r? |
weobtain |1 —r?| >4 or r>2.2361
Let r = 0.25
(a) r = %— = 25;w = 3124.'516 = 125.664 rad/sec.
k =M w; =(60) (125.664%) = 9.4749 (10°) N/m.
2
(b) X= me R d 7] (given by Eq. 3.82)
— 7T
0.002 2.52 -5
= = 39.6825 (107%) m
80 | T1—25°] (107)
2
= 2 _ T 25.6647) 2> _ 37.5087 N
(¢) Fr=meuw? T (0.002) (1 ) ot
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Using N=3000 rpm and 8, =o0.01 m, Eg.(9-101) yields
N = zS-soszJ 2-R

' 0.0l (1-R)
or 2-R _ ,lo.o\ (3000)
TR = = 100304
29:9%092
or 2-R
|- R = (00-608)

or R=10:9899¢
Thus the reduction in the transmitted force is 98.996/,

m'—' 30 kg, ©=10-75Hz = 62.832 ~ 471-240 Tad/s
X = .25 X
°0:25 , — = 15 015

Y © leo ~
Us'“j the du‘s'alacement- fra.nSmfss.‘L.‘l.'tj as 5=o-15,we
Ob‘ta.l'n 2 - 1
il
o: |85 :% 1+(23r) }Z
2 :
A-r*)* + (25 )
Sguaring {his eZu.a.‘l'n'on, we fp'no‘
0-0225 = 1+ 025 r?
(-v2)* 4+ 0.25 r?
or 2
0:0225 (H 4 _2r*i 025 rl) = {4025 7T
or 4 2
0:0225 r' —~0°289375 I - 0.9775 =0
Solutron of thes ezu.a;l'u‘on IS
r‘= 1563905¢; ~2.777945
Tlms
r= 3.954¢25 = CC:: = G’J_i;
n *
T w = 8w = Vo gc0is o
3:954625 3.954¢25
or k= 1-918274 (9%

Thus 4= 7,573 0776 N/fyy when W= €2:-832 ra.oQ/s
{425, 985:6163 N/yyy When w5 = 471: 240 WJ/S
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Arnalysis:

When 4= 7.573-077¢ N/m
when w=¢2.53; rad/s:

wn=‘{—1‘:—_’ =15-8882 ra-J/s
since m= 30 1<3
r= 3.9546

When 4= 425,985.6163 N/p,
When W= 62.¢832 rad/s:

By = 1‘; = (19+1617 rad /s
Since m= 30 kg

r=0:-52713

(2*;r>2: 3.909 8

[—rl' = - “-f' 6389

(2 }'r)z = 006 95|

l—v2= ¢ 7219

]
]
i
'
]
]
[
]
L]
|
]
1
]
|
|
1
|
T o § At 319090 i:_r _ { |+ 0:0695 }-,:
{(C-6389) +3-9093f | T (o.vz|'9)2+o-o635|
|
]
|
|
[}
1
]
|
|
]
]
1
\
|
]
|
|
!
]
!
|

= 0:15 > Acceptable = 1.3455 = Not a.cce,ota.ble

when w=471-240 Ya-J/s: When w= 471240 "“—A/S’

= 296597 = 3.9546
2
(Z‘gr)z= 2(9-9251 @3r) = 3.9098
z- 1]
l-y*=z -879.6978 -y~ =-14.6385

ni=

{+ 3.9098
T - }
.
{(-“f-6389)2+3'30 98

= 015 => Acceptable

(+ 219-9251 3
.- ,
(-878'6173) + 211-925|

stiffness of the Suspension = 4¢ = 7,573.0776 N/m.

W= %ﬁ?m = 62.832 rad/sec

F=mro?=(30) (%J (62.832)2 = 22502.80 N
6
@ o = % = 18X _ 40908 radisec
m 1200
o
p= — - 62832 . cieis
®,  38.7298
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Since w > w_, force transmitted to the foundation (Fp) is given by

22502.8
Fp= —1 = 2200280 _ 415575

Y2 _1 1.64814% — 1

'k /4.4 x 108
0 =.,— = ,/— =60.553 rad/sec
®) n m 1200

62.832
60.553

= 1.03764

®
r=-—
wl’l

F, is given by Fy, = —~ = _ 226028 _ 995 109N
T T 9 2
-1 1.03764% - 1

For harmonic base moh‘oﬁ,%é ol.'spla.cemenf transmissibility

is given by
2 \

_2(__{ | + CQTV') }-z '(‘)

YO l-r) 4 (27r)?
For an una‘a.mpecl isola torx, Ez-(l) becomes

_)_4_ _ |

1 —l {-¢2
In the Present ca.s€,

X _ i 2 2 _

Y= 257 li-rz or lL—rl:zo or r = 2|
Thus yr={21" = 4:582¢ = c‘:’; = 2(2m)

n wn
4
or S, — . = .
" Assze - 27422 rad/s

W

Sk = (2-7427.)2 = 7.5197 rym = stiffness of isolator,

Let the shock isolator be unda,mPe,cl.
X ax = X W (M

* max T =X wnz (2)
where X is the amplitude of the displacement of the mass.
Since the maximum step velocity is sPecn‘fn'eo( as ool m/s, the
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maximum allowable value of X is given B‘y Eg.(1):

X = :L"x < 00}
wn
o W, > Ioex 2% - 1 rad/s (3)

S.‘m‘.larly. using the maximum slpec.‘f.'ec] value of 5"max

&S 209 = 196.2 \-n/sz > Eg-(2) gives

X 2 < 196:2  or ["max

or Wy, £ 40-0714 raJ/s (4)
Egs-(3) and (4) give:

1 rad/s = W, = (40.0714 rad/s

,‘f se(ech‘nj the VaLu.e Of 0-’ in the mlolo“e of H-.e Y‘a.nje;
we f£rnd H\e stiffness of the isolator pad (%) as

k=m’ = 10 (70- 5357) 49,752:¢570 N/m

m= los kg , mMaximum Je}lect:‘on: 0:5 m :
From the response spectrum , the peak value of (&"__

can be seen to be a,ffroxlma,telj 1: 7S at a value of

A
Usi x = Xmax K
") Xmax= 05, ——/—— =175 gives
(-]
- ||75 Fb 175 !
k= e % (to000) _ 70,000-0 N/m
max 0:5

m= 200 -k: s C"iz IZOO(ZW/‘O)-_- 40 T m,;[/)s = E"_"
x, = Y ; bk

eeuwu-len{: »!Prmj constant of— a.ir Com?rgssor - (.9'7'm,=3-l583 MN/M

-l

Let the absorber be tuned o that &2

-_ =1,
Naturel freguencies of the combined Aystem are qiven by the
‘“OO*S Of EZ(9'|39)) W"'II.C}\ :For (G’Vwi) =1 beComes
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(8)° - Go BEY + -

or. vt -G+ '—"l) t*+1 =0 --- (&)
Now v, = %;__o? E . (€1) Jives
et - (2+ Y4120 > = 0-2025
g {
A *‘" = ——-—(—z,%' = ;,—: %, = 4%, (0.2025) = 0- 6396 MN/m

I we use rz= 1.2, Ez.(E,) 9ives

Gyt -@+ ) (D) r=0 > ZE= 01344
Since this v:a_lue of :—:'L! mlﬁm,mwtm‘fﬁ
Valies of ™2 amd %, Given ,6} Y,=0-%.

. - - 20\ _ .
Beam: 9, = (9, = 1500(2LY = (57.08 rad/sec
m=M = 300 kg = mass of motor
2
%= K = w,"rn. :(,57.03) (300) = 7-4022 xao‘ N/m

J‘k/ml =\/"}/m,_

} ‘k,__. MW = 14 674.1264 m, ED

(@) Beam with absorber
1= 07505, or =2/ = 6.75

For o tuned absorber, 03./0 =1, ond
2,
(+ ’i‘f)-\/(w-/%)’-_
4
or M= h +‘> = 03164+ - Mz
( r? 2= o- G625 2 T ©°3403= 7w

Ratio of absorber mass ko the mass of the motor
=M= 0 3403
(b) Mass of the absorber - my= = (o a4oa)(aao)_ i02: 0% k9
Stiffness of the absorber = 4, = m,_(,_g from E5. (€D
k2= 24674-1264 (02:09) = 2-519 x0° N/m

€) Amplitude of vibration of the absorber mass (X,):
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Eg - (9:136) gives X, = - Fo - me@:_ T%‘)(lsv-cjs)z

k2 ke

2:519 x (0

- 01959 mm

Forcing freguency = 800 (2T) /o = §3.77¢ rad fsec = W, = w9,
m,/:: 1 k}

For wl/wl = 1, rlz’ r7-2= Q-‘- z ) :\/Q+ /:‘i)z —T‘

z

W}’le\'e r. '—'-‘“"/(Jz » r1= 'n‘f-/wz > /Un: m;/ml
Here a, =750 rpm = 75.54 rad/sec , ;21000 rpm = (04-72 rad/sec,
Y= 756/300 = 0.9375 , amd Ty = 1000/800 = |-2500.

S G B S e R DR (G DR s

> |+ /‘—;: = (’+rl4)/27‘"l
> p= @40/ 2
, = 0.7725%) ., _ 4.0167

5 0067 = 59.88f61 1(3.

New repuired value of a, & 700 rpm= 73.304 rad/sec
which ‘er“l’”"“ B = 100/p00 = 0375
p= L0 sser

- - = . 2
r_l)_ 0.765¢ 2 o-071%

Me= prmy = 0.07122 (59:8§61) = 4- 3010 kg
With ftkese values, s, can be feund a4
r, = ot
2= (1t }%\)+\/(l+ AN - (1+0:03590) + 0. 2704 = |- 3063

2= Wy = 1.3063 (93.776) = 109-437 rad fsec = 1045. 04 Tpm

This is larger than the desired upper value of 1040 TPm.
Spring  stiffness of the absorber = ko= m, 69,5
= (4:301)(83.776 ) = 301%- 2166 Mo/in.
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Original system: m, = 900 kg, o, = 600 rpm = 62.832 rad/sec = El—
m,

k, = m, o} = 900 (62.832)% = 3.55307 x 106 N/m
(a) Absorber
For tuned absorber, 0, = w, = 62.832 rad/sec, k, =900 x 10% N/m,
k, _ (900 x 10%)
2 62.832°
Weight of absorber = 2236.40 N

m, = = 227.972 kg.

(b) New system

Natural frequencies of the new system, Q, and Q,, are given by (for 0, /w, = 1):

2
rZ, r;=(1+%]¢ [1+%J -1

where r = &,r2= &andu= b}
®9 Wy m,

here u = 0.25330 and hence

r{ = 0.60767, r, = 0.77953

1y = 1.64563, r = 1.28282

Q, =r, 0, =(0.77953) (62.832) = 48.979 rad/sec = 467.7191 rpm

Q, =1, 0, = (1.28282) (62.832) = 80.602 rad/sec = 769.6938 rpm

Natural frequencies of the combined systems are
Q, =0.7 0, = 0.7 (62.832) = 43.9824 rad/sec

Q, =1.3 w, = 1.3 (62.832) = 81.6816 rad/sec

)

k
r,=07,r,=13 =2 = W, = 0, = 62.832 rad/sec (for tuned absorber)
m,
k, = m, o) = (62.832)? m, E)
2 441
r12=(1+ﬂ]— (1+E) —1 or p=2 -2
2 2 r2
4
. +
SO *1 o os308= Bz m, = 0.5308 (900) = 477.72 kg
0.7)% m;

From Eq. (E,), k, = (62.832)2 (477.72) = 1.885972 x 106 N/m
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Verification of ry:

2 2
r22=(1+%)+ (1+%] —1=[1+0'52308J+\/(1+0'52308J -1

= 2.0408 or r,=1.4286 > 1.3 (desired value)

Hence m, = 477.72 kg (weight of absorber = m, g = 4686.4332 N)
k, = 1.885972 x 106 N/m

2
G =80 x 10°Pa, J = m8d Shagt

S Shaft 2
For shaft 1: 7 S AT
—— ':l_  — — b . .
n G y ST e
k, = — (D* - d% 4 "
A >
1 39¢ kin J‘l
9
= M (0.054 _ 0.0384)
32 (0.75)

= 48.6144 x 103 N-m/rad

2
J, = (45) [0'38 ] = 0.81225 N-m-sec?
k 3
O, =0, = |~ = \/43‘6144 X107~ 931.7235 rad/sec
n J, 0.81225
For shaft 2:
9
L= 7 (80 x 10°) D _
32 (0.75)

Assuming % = % (D and d in metres)

9 4
= T@OX 10D 4o 14} 4l 596246 x 101 a4 N-m/rad
2~ " 39(0.75) 3

2
J, =9 (0‘185 J = 0.0253125 N-m-sec?
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k

— —  [2t2
For 0, = w, and o, = J, , we get

8.14487 x 10° d*
0.0253125

= 945416.8d?2

231.7235 = \/

d =0.015656 m and D = 0.0208743 m
Ty= 15 ky-wmt, k= 0-¢xi N-m/rad
W, = ka\/J; = O'GXIO‘/lg = 200 \“n-t-'l/:ec
Absorber:
[k '
k,&z » J.g, > Q’z = *"/.Tg

For the coembimed system with tuned absor ber, the natural
;Frgzuenc-‘es n, amd 2y are 9i/ven Bj an E_Zua-tu'ovt similar

to EZ. (9'”"0) ab

Let a, be 257  les Bar ). Then 1= 152 _ .95
o % (E|7 SI‘VCS
(0.75)1. = G-{- }.;) - \/(H’ /_J£>z_" > M= 0-3403

Jz: f‘l J] = 5. |o4.§ ks _-n..z

Since @, = ,/k,n_/‘,-z = 200, K= 4x0t 5

= 0:2042 xlo‘ N-""/“““’l
Since . has to be at least 207, greater than w,,

=
S — > .
2 W, - 12

Eg. (E\) 9ives, for p= o0:-3403,

2 - 0-3403 . z
T, = Q+ )+ \/(H- L?:’—"’) -1 = 17779 > r,=).3333

2
Hence  T3= 5.1045 #9-m?  ond ki, = 0.2042 MN-m/rad
are acceptable.
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‘ ( -(7-"‘}*)( ) +{ =o0 where p= 1:,—"

— (2 {=0 Where r= & - 2y 22
(2+4) T* + 1 5 "G "
Sort= {(“‘/“) + J@tp) "‘f}
2
M n= =t n= 2z
S
e T Plot :
Q 'oo l'o
0.1 0:8543 11705 -7 S
. . _(L,—- —'“"’"——‘
0.2 o-80 11 12483 >, e X A,
0-3 0:7630 13107 7 03,
0-4 07326 13¢50 -0
05 0-707I 14142 -"-__(5._'
06 06351 14597 :
0:7 0-665¢ 1:5023 P L 1 L
0-8 0- 6482 1-5427 0-0 0:25 05 075 o
0.9 0-6325 1-5811 —‘;’f
10 0-6180 1-6180
X
1£o.5,—w,'=1., I“—"-01-
Sft 609' m) 2
. e _ wmy _ . kg  wma Wi\ _ 4
B (5:13%) gives, for T =1, Trzo amd B ZR(ZR) =ot,
1~ (L )2
L +0-4 - rw\2 1 - (L. .
[ (&)Y I (&Y -
But @ _ w9 w,
Uv'@iﬁ:’%;:fz(’h’)
2
For + 05, we 3et r:’... 2+ r,_".;.|= 2-2 r:‘
i.e. r,_" = 1-05125 (+ va.lue) ;= 1.0253
- 0. z
For 05) w set rzlr_ 2.1 rz +.=_z+zrzz
2
€. f, = 0-9534, 3.14¢6¢
rp= 0:9764, 17739 (above the upper
P L resonance f'o'n’k)
operating range ;s
9 9 0-9764 < WY L 05025

W, -
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k, 108 |
wl ;1 = H = 50 rad/sec
k,

Assuming that wp = w; , we obtain Wy ={—}2 ={L]>2 =50

my

L
~
Il

75000 N/m , and

Fo - Fo 300
Xe =— ~— =— = —0.004 m
mp w? m, o} 30 (502)

, P
_ 4

L A
4 3
fe——— fzi5m —
(x=tm at A)

Motor: m; = 20 kg, w = 1350 rpm = 141.372 rad/sec, me = 0.1 kg-m.
From Appendix B, we have

- P b? a? (3a¢—a(3a+b))

y
IA , SEI e
where I = =" d = 1z (0.15) (0.012%) = 2.16 (107%) m*
Hence k, = £ — (207 (10%)) (2.16 (107%)) (1.5°)

A (05 (1) B (1) (15) — 13 (1) Fog) T N/m

Natural frequency of the motor on the beam:

k
wy = E:l_ = EE;S—”- = 134.5678 rad /sec
Natural frequency of the absorber:
ky
Wy = —— = w = 141.372 rad /sec
my
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Selecting my = 10 kg, we obtain

k, =10 (141.372?) = 19.9860 (10*) N/m
Amplitude of the absorber at forcing frequency w-

Xy = — —0
: ms (dz
where Fg is the amplitude of the forcing function = m e w?. Hence
m e u? me 0.1
x == - ] == e = - 0.
2 g o =, 0 0l m

m; = 15,000 kg; k; =2 (10°) N/m; F, (t) = 600 cos wt
Assume that the forcing frequency coincides with the natural frequency of the bridge.

[/ k, '\/ 2 (10°)
Wy = = <5000 = 115470 rad /sec

. k
For a tuned absorber, wy, = —n—:- = wy = 11.5470 rad /sec
2

Choose my; = 10 kg. This gives

k; = m, wj =10 (11.5470%) = 1333.3333 N/m
Amplitude of bridge will be zero at the forcing frequency, w = 11.5470 rad/sec.

®, = 100 rad/sec. To suppress the vibration of the motor, the absorber should have the
natural frequency:

W, = fﬁ = 80 rad/sec (operating frequency)
my

or k,=m, (80% =5 (80% = 32 kN/m
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Equations of motion: .
@ 2F=mii'mii+ci+(k+K2)x—K2R9=Fos'mwt (1)

SMy=I16 I+MR)§+(K; +K,)R? 0 —K, Rx =0 (2)

Treating the forcing function as the imaginary component of F, emt, we assume the
solution as:

x=Xelwt=9) (3)
f=6¢lvt=79) (4)

Substitution of Egs. (3) and (4) into (1) and (2) gives
[-—mwz +(k+K2)+icw]X-(KzR)6==Fo (5)
--(1«:2R)X+[—(I+MR’)m2+R2 (K,+K2)]6=0 (6)

Solution of Egs. (5) and (6) yields:

~K,RF,
= 7
(—K,R)z—lmw’+(k+Kz)+iwc]FIOJ+R2(K1+K2)] (@)
[— I, f +R? (K; + K,)] Fo -
X =

l—mw’ + (k + K,) +iwc] l—Io «? +R? (K, +K,)] —(—K, R)?

where Iy =1+ MR? (9)
Equation (8) shows that the steady state displacement of mass m (X) will be zero if

L o =R? (K; +K,) (10)

$Ex9_65.m
for 3 =1:5
zeta = (j-1 )* 0.25;

for 1 =1 : 1001
r(i) =3 * (i - 1)/1000;
Tr(i) = sqrt( (1 + (2 * zeta * r(i))*2)/((1 - £(i)*2) ~ 2 ...
+ (2 * zeta * r(i)) * 2));
end; .
plot(r, Tr);:
hold on;
end
axis([0 3 0 8]):
xlabel(’'r’};
ylabel('Tr’)
gtext (‘zeta=0.0"');
gtext (’zeta=0.25");
gtext (’'zeta=0.50");
gtext (‘zeta=0.75"});
gtext(’zeta=1.0"); % Click to put the text beside the curve you like
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1 L )
7F )
6 zeta=0.0 4
5t B
=af 1
3F 4
zeta=0.25
2r z6ta=0.50 .
zeta=0.75
3
o L 1 1 1 1
0 0.5 1 15 2 25 3
r
% program name: PR966.m
@ f - 1 ’
$-—m—- zeta = 0.2, mu=0.2 --=-----eeemmm e e
zeta = 0.2;
mu = 0.2;

g=0.6: 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--- tzg2 = (2*zeta*g)”"2
g2_f£f2_2 = (g.72-£.72).72 ;% g2_f2_2 = (gr2-f*2)"2
g2_1lmug2_2 = (g.”2-1l+mu.*g."”2)."2 ;

muf2g2 = mu.*£.%2*g.”2 ;

g2_1=g.72-1 ;

g2_f2 = g.”2-f£.72 ;

x1r =sqgrt{(tzg2+g2_£2_2)./(tzg2.*g2_lmug2_2+(muf2g2-g2_1.*g2_£2).72)};
x2r =sqrt((tzg2+£.74)./(tzg2.*g2_lmug2_2+ (muf2g2-g2_1.*g2_£2).72));
plot(g,xlr)

hold on

plot (g, x2r);

hold on

= 0.6 : 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--- tzg2 = (2*zeta*g)"2
g2_£f2_2 = (g.”2-£.72).72 ;% g2_f2_2 = (g~2-f~2)"2
g2_1lmug2_2 = (g.”2-1l+mu.*g.”2).”2 ;

muf2g2 = mu.*£.72*g."2 ;
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g2_1 = g.”2-1 ;
g2_£f2 = g.”2-£.72 ;

x1lr =sqrt((tng+gZ_f2_2)./(tzgz.*g2_1mug2_2+(muf2g2-gz_1.*§2_f2).*2));
x2r =sqrt((tzg2+f.74)./(tzg2.*g2_1lmug2_2+ (muf2g2-g2_1.*g2_£2)."2));
plot(g,xlr,’'-.");

hold on

plot(g,x2r,'-.");

hold on

F-m-m-- zeta = 0.3, mu=0.2 ---~---memmm e
zeta = 0.3;

mi = 0.2;

g=20.6 : 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--~- tzg2 = (2*zeta*g)"2
g2_£f2_2 = (g.”2-£.72).72 ;% g2_f£2_2 = (g"2-f72)"2
g2_1mug2_2 = (g.”2-1+mu.*g.~2).~2 ;

muf2g2 = mu.*£.72*g.~2 ;

g2_1 = g.”*2-1 ;

g2_f£f2 = g.”2-f.~2 ;

x1lr =sqrt((tzgz+92_f2_2)./(tng.*gZ_lmugZ_2+(mufZgZ-g2_1.;gZ_f2).“2));
x2r =sqrt((tzg2+£.74)./(tzg2.*g2_1lmug2_2+ (muf2g2-g2_1.*g2_£f2).~2));
plot(g,xlr,’'--");

hold on

plot(g,x2r,’'--*);

hold on

Fmmm——- zeta = 0.3, mu=0.5 e
zeta = 0.5;

ma = 0.1;

g=0.6 : 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--- tzg2 = (2*zeta*g)~”2
g2_f2_2 = (g.”2-f.72).72 ;% g2_f2_2 = (g~2-f~2)"2
g2_1lmg2_2 = (g.”2-1l+mu.*g.”2).~2";

muf2g2 = mu.*£.42*g.~2 ;

g2_1 = g.*2-1 ;

g2_f2 = g.”2-£.72 ;.

x1lr =sqrt((tzg2+g2_£2_2)./(tzg2.*g2_lmug2_2+(muf2g2-g2_1.*g2_f£2)."2));
x2r =sqrt((tzg2+f.”~4)./(tzg2.*g2_lmug2_2+{muf2g2-g2_1.*g2_£f2).~2));

plot(g,xlr,’:’);
hold on
plot(g,x2r,’:");
hold on

= 0.6 : 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--- tzg2 = (2*zeta*g)"2
g2_f£f2_2 = (g.”~2-£.72).72 ;% g2_f2_2 = (g~2-f~2)"2
g2_1mug2_2 = (g.”2-1l+mu.*g.”2).”2 ;

mif2g2 = mu.*£.72*g.”*2 ; :

g2_1l = g.”"2-1 ; '

g2_f2 = g.~2-£.72 ;
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x1lr =sqrt((tzg2+g2_£2_2)./(tzg2.*g2_lmug2_2+ (muf2g2-g2_1.*g2_£2).72));
x2r =sqrt((tzg2+£.74)./(tzg2.*g2_lmug2_2+(muf2g2-g2_1.*g2_£2)."2));
plot(g,xlr, :’); '

hold on

plot(g,x2xr,’:');

hold on

= 0.6 : 0.001 : 1.3;

tzg2 = (2.*zeta.*g).”2 ;%--- tzg2 = (2*zeta*g)”"2
g2_f2_2 = (g.”2~-£.72).%2 ;% g2_£f2_2 = (g"2-£~2)"2
g2_lmug2_2 = (g.”2-1l+mu.*g.”2).72 ;

mif2g2 = mu.*£.72*g."2 ;

g2_1 = g."2-1 ;

g2_f2 = g.”2-£.72 ;

xlr =sqrt((tzg2+g2_£2_2)./(tzg2.*g2_1lmug2_2+(muf2g2-g2_1.*g2_£f2).72));
x2r =sqrt{(tzg2+£.74)./(tzg2.*g2_lmug2_2+(muf2g2-g2_1.*g2_£2).72));
plotig,xlr,'-.");

hold on

plot{g,x2r,’'-.");

xlabel(’g’)
ylabel (‘Xlr and X2r’)
axis([0.6 1.3 0 16])

16 T ] ¥ T ] T
X2r X2r
Fat P, 8 X2r
Zeta=0.2 Zeta=0.2: : Zota=0.3
mu=0.5 / : =0.5
14 \" \ mu=0. » -
i

12

10

X1r and X2r

N

Zota=0.2

Zeta=0.2
mu=0.2 mu=0.5 Zeta=0.4
0 1 fmu=0.5 1 ' 1 1
0.6 - 07 0.8 0.9 1 11 12 1.3
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15 T T T T T T I T ——=
’ w, =3-0- OMQ /w ____-"—‘-_— ___:===:
w,/w,=1.5, Omg_/w, A T2 " e

- .-
- Pt ide
- P

- ==
-
—‘—
—
_—
-
-

A

Omg'/w . Omgz/w2

wz/w1=1 .5, C)I‘l‘\g1/W2

e
[

“““**—-—~________________¥ MQMH=3D.Omggw2 \\‘
N W, W =4.5,0mg W,

0 1 L l L 1 1 1 L 1 .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

m,jm,
$ Ex9_67.m
w2_1 = 1.5;
for i = 1: 101
m2_1(i) = (i-1)/100;

Omgl_w2(i) = sqgrt( ( (1+{(1+m2_1(i))*w2_1"2)
sqre( ( 1+(1+m2_1(i))*w2_172 )*2 =~ 4*w2_1"2

~ 4 o~ )

Omg2_w2 (i) = sqrt( ( (1+(1+m2_1(i))*w2_1-2)
-osgri( ( 1+(1+m2_1(i))*w2_172 )"2 - 4*w2_1"2
end
w2_1 = 3.0;
for i = 1: 101
m2_1(i) = (i-1)/100;
Omgl_w2_b(i) = sqrt( ( (1+(1+m2_1(i))*w2_1~2)
sqre( ( 1+(1+m2_1(i))*w2_142 )*2 - 4*w2_1"2 )
Omg2_w2_b(i) = sqgrt( ( (1+(1+m2_1(i))*w2_1~2)
sqrt( ( 1+(1+m2_1(1))*w2_1"2 }~2 - 4*w2_1~2 )
end :
w2_1 = 4.5;
for i = 1: 101
m2_1(i) = (i-1)/100;
Omgl_w2_c(i) = sgrt( ( (1+(1+m2_1(i))*w2_1~2)
sqre{ ( 1+(1+m2_1(i))*w2_172 )~2 - 4*w2_1"2 )
Omg2_w2_c(i) = sgrt( ( (1+(1+m2_1(i))*w2_1~2)
sgre( ( I+(1+m2_1(i))*w2_12 )*2 - 4*w2_1~2 )
end
plot(m2_1, Omgl_w2);
hold on;

plot({m2_1, Omg2_w2,'--');
gtext(‘w_2/w_1=1.5, Omg_1/w_2');
gtext(’w_2/w_1=1.5, Omg_2/w_2');
hold on;

plot{m2_1, Omgl_w2_b);
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hold on;

plot(m2_1, Omg2_w2_b,’'--");
gtext('w_2/w_1=3.0, Omg_1/w_2');
gtext('w_2/w_1=3.0, Omg_2/w_2');
plot(m2_1, Omgl_w2_c);

hold on;

plot (m2_1, Omg2_w2_c,’'--");
gtext(’'w_2/w_1=4.5, Omg_1/w_2');
gtext('w_2/w_1=4.5, Omg_2/w_2');
xlabel('m_2/m_1');
ylabel(‘Omg_1/w_2, Omg_2/w_2');

Results of Ex9_68
de e % g de e de de de dr ok ek ke k K ok
9'68 >> programl3

Results of two-plane balancing

Left-plane balancing weight Right-plane balancing weight
Magnitude=4.231537 Magnitude=2.121730
Angel=130.294244 | Angel=140.731862
Results of Ex9_69
ke e e ek ek Xk

@ ' RESULTS OF TWO-PLANE BALANCING
LEFT-PLANE BALANCING WEIGHT RIGHT-PLANE BALANCING WEIGHT
MAGNITUDE = 4.23153662 MAGNITUDE = 2.12172985
ANGLE = 130.29424410 ANGLE = 140.73186247
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T’i-.e main program and output are given below :

C - 2+ 5 3+ + 1 A 4t 5 === —1— 13

c

C PROGRAM |3.F

C TWO-PLANE BALANGING

c

C M+ - 1+ S+ 3 3+ + >+ + - -+ + 2 4+ 3+ T+ -1 T 1]
DIMENSION VA{2),VB(2),VAP(2;, VEP(2), VAPP (2}, VEPP(2), WL(2), WR(Z’),

2 BL(2),BR(2)
C FOLLOWING 8 LINES CONTAIMN PROBLEM-DEPENDENT DATA

DATA VA/S5.0,100. 0/

DATA VB/4.0, 180. 0/

DATA WL/2.0,30.0/

DATA VAP/6. 5,120. 0/

DATA VBP/4. 35, 140.0/

DATA WR/2.0,0. 0/

DATA VAPP/6. 0, 90. 0/

DATA VBPP/7. 0, &0. 0/

C END OF PRDBLEM-DEPENDENT DATA '

CALL BALAN (VA, VB, VAP, VBP, VAPP, VBPP, WL. WR, BL, BR)

PRINT 10
10 FORMAT (//,31H RESULTS OF TWO-PLANE BALANCING)
PRINT 20, BL(1),BL(2)
20 FORMAT (//,28H LEFT-PLANE BALANCING WEIGHT, //, 11H MAGNITUDF-,

2 E13.8,/,7H ANGLE=, 4X,E15. 8)
PRINT 30, BR(1),BR(2)

30 FORMAT (//,29H RIGHT-PLANE BALANCING WEIGHT.//,
2 11H MAGNITUDE=, E15.8, 7/, 7H ANGLE=, 4X, E1S. 8)
STOP
END

RESULTS OF TWO-PLANE BALANCING

LEFT-PLANE BALANCING WEIGHT
MAGNITUDE= 0. 423152%92E+01
ANGLE= =0. 4970S841E+02
RIGHT-PLANE BALANCING WEIGHT

MAGNITUDE= 0. 21217260E+01
ANGLE= -0. 392481 73E+02
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From Eg. (9-145),
X2 |  Kr+iwC: { K+ ey }1/2
.exi *g—"‘l:wz"’i&’ Cy (tz’ mlwl)z_'. ngc:
] )+ Gre) }‘/1
st Ss¢ (}"— sz)z + (ZT 7')2
%L is given by %.(9-“}6).
st
The program for generating the values of é;'; and :—; for
%’T'-’l‘“" 1ho» £=1, T= 01,0,0 as _:’3--.;3. varies between
06 and I-3 is 9given below. "

DIY4ENSIUN X(2)
KEAL MU
MU=0,05
DO lvo 11=1,3
G=0.4
DL 90 JJ=1,15
G=Gr0,.1
F=1.9
IF (Il .EQ. 1) ZETA=0.V
IF (1I .EQ. 2) ZFTA=0.1l
1F (J1I ,EQ. 3) ZETaA=10.0
AN=(2.0%ZETASRG) 2 ¥ 2+ (GI*2=F*%2)%¥2
XDS((2.0%ZETARG ) $¥2)%((G*#2-] ,0+MUFG*G)**2)+
2 (MURFSF¥GSG=(G¥G=1,0) % (GEG-F*F) ) **2
X(1)=SQRT(XN/XD) .
XNS(F¥*4)+(2.0%ZETA*G)*32
XDS(F¥F=G*G)*22+ (2. 0% ZETA*G) £¥)
X(2)=X(1)*SQRT(XN/XD)
PRINT 50, nU,Z2EIA,G,¢
50 FORHAL (/,2X,7H MU =,E15.8,2X,7H ZETA =,E15.8,/,
2 2X,7H G =,E15.8,2X,7H F =,E15.8)
PRINT 60, X(1),X(2)
o0 FURMAT (2X,7H X(1) =,E15.8,2X,7H X(2) =,E1S5.8)
90 CONTI1HUE
100 CUNTINUE

sSTuP

END
MU = 0,50009001E=01 ZETA = v,00000000E+00
G = 0,5000000VE+00 F = 0.,19000000E+01
X(1) = 0.13636304E+V1 X(2) = 0.18181319E+01
My = 0.5000U001E~0Q1 ZETA = V.00000000E+00
G = 0.60000002E+00 F = 0,10000000E+01
X(1) = 0,16343209E+01 X(2) = 0.25530263E+01
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My = U.500000ulr =21 oFly = O.JOQQUOOOEQOO
G = 0,7700000SE ¢+ s = GL.1J900000E+01
(1) = v.21040M802E+01 {(2) = 2,342443835+01
U = 0.500NY0V1E=1 ZETA = U,1000u00VE+(Q2
G = 0.,17906003L+01} 3 = ¢LINO0U0DO0E+VL
¥(1) = 0,19107000L+90 X(2) = 5,49113098E+00
gy = 0,%5000)0U1E=21 ZELA = y,1U000000E+02
G = 0,180900)3E 4901 4 = D,10000000+01
AU1) = 0.3163n836E4VD X(2) = €. 1158250 4E+09
]V = V50000001 E=u ] ZETA = 0,10330UJ0E+02
G = 0,1904U903E+01 F S U 1UN00YA0OED L
X(1) = Go39535%uU232E+00v Xle) = 0,3571743359E+00
R < -

@ Crane location: x ()= A_ e cFet i ot (€y)

Forging press location: x{_(t)= Ap sin W t (€2

Air compressor focation: x (£) = A, sinwt (£3)

Ac-‘- 20 ol (ﬂc: 0o Rz , YC = Ol
Attenuation low:
—0-005 r

Ar= AO

Ac = 20pm reduces to 20 € , =
Ag =30 pm reduces to 30 e—o'oosfﬂ’) -
—00005
Aa,= 25 rl"‘ reoluce: to 25 e 0¢00 (4‘)
Disturbances at site of mi“fnj machine are
-2t
%e (t) = 14-8164 e sin 20wt pm
:;(t) = 20°1096 sin 3ot pm
za..(t) = 20-4683 sin 4ot pm
500 k9=
Fnd m;, &; and c:
Lo v , 480 *N/'m = %
such that ey Lrl
I‘xcu.iterlmu < 2-5 /urn ™y, = (000 kg > m‘+lnl;
When  Xground = ZeT Egt 2o of
all octt n;' I-'mu.LEa.neouS‘:’

where Ag=

am pl:‘éu&e ot source

(Eq)

and r= distance from source

Application of By.(E4) gives

- 0400 5(60)

14-8164 1™
20- 1096 pm

= 20-4—61‘3 g™
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Ezua.i'a’an: of motion :

(my+ m;) x _ ki (%g= X)) + Key (%= %) — cz(%g- %)

+ Cep (F4 - %) =0 (&s)
""ez;L' keg (%= %) - ‘ez("‘x.-"‘f.)= o (8s5)
e
eemy o |[R), [sre -] fx
o 'l"'le1 ;-‘ —Cct C.‘b iA

. kit key - ke, *) ki Xg + o xg

(&)

. —*ez *‘z 24. [e)
" The right hand side of Ey- (Epp) 9iver, for each type of

disturbance,

When %= %, (t) -

~arct

1:: xg + C; z} = 4(; 4. 2164 e sin 20Tt xao.‘ )
. -2mt -2t
+ ¢ {lq.ucq (-2m) e Sin 26Tt 4+ 4316y (20 ) € uzom:}ﬁf
when 1’ = % (¢) - En)

*; I,-g- C; i} = %K; (20'107‘ sim 30Tt)

+ € (200109 s30T < B T0TEY E1)
when Xg= %o (6):
% Xg + C; is = 4 (2_0-4"3 Adn 40ﬂ't)

+ C; (zonqc.?! X 40T x o 407!"(:) (Eu)
FTO cedure:

Let ¥;= —E< € m’ ¢

_— eee——— .

2M{WOn 2m: = - #\f‘—*;' =01  or c;zoaym
(1) Assuwe wn; :

(2) Assume %

(3) Find ¢: = o2 m :

@) Solve Ep- (Ew) numerically with xg= =, (+). Fnd max 5{.‘:“:)‘

(5) Solve Eg. (Ep) numerically with %q = 2O . Find max Eﬁf(t).
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¢) Solve EZ-(Efo) nurnen'ca.l.'.j with x5= x_(t). Find max Z““Aa..('t)'

(M Find max ‘X“(‘ﬂ max ( ‘fﬁ‘ U:)I + max lz‘f(t) )+ max l 'Z_'{m-“:)l

(8) If max xf‘(_t) < 2-5 /um, current values of wm;, %k; cmd C¢
constitute the desired Jcsian.

() Otferwise, increment m; a_m(/of k:, and 90 to s+er (3).
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