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Chapter 1

Fundamentals of Vibration
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(1)

Vertical force QD_J,[:'Ln‘um from Fig.(b) :

F = Fl T Fz (2>
MomenT ezuil{bn‘um okout ¢’ (Fig.hdD :
Fg 22 = F, Q| (3)
Solution o:F Ezs‘- (2> and (3): f
=l , Fo= il (4)
l["' 'Q?. z £!+ ﬂ2
DI‘SF‘G—Cemeﬂ‘frs of SFrinjs ) a.ma‘ %k, are 3iv2h Lj
Xy = 2. F 2 x-.E’;-: F A (s)
T R T Gty 2T Tk (Mt

DfSI’kﬂ-ﬁszn'l' of force F can be :f'ounct using Ezs’-CE)

in Ee.(1):
| Zﬂz Fiz 1 Q\)___‘. FQI
= 14l w () htla 4 (7,442

= F ((,Z K + E; “2> (6)
Q’I+ Q2>z &, K2

The epuivalemk Apning constant of the Ayslom in the
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e x 2 2
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Egu.waalem’.e O_F PO‘EE\‘!'}:!G’[ e.nerjte,s gives

2
"ktia +1 % © *"L*‘;L(Q 1)+J-1‘z(9£>+zk3(921) eﬁe
2
- ‘keﬂ: 1‘1‘:1"' ‘k,&z -+ k'l f.ll -+ ‘kz £, — kB "EZ
g L a 43 3
1‘!2.3: for SEries SP'rangS 1:1_> LS e 3 g ks
| = 1: * k7_+ kg Kizz = K kot #oHa T Fa K
Kz ' [ _
Using €nergy e,au_ww ence, ) | .
% keﬂe = 5 Ky © +"'k1239 * 1(5.<6R> + 7 g (GR>
-kaaz Ky + K23 + r” *p + R ke
k) Ky K3 ) %
=k + R(ks + Kg)
4+\1‘tkz+ o k3 + K3 K (
@ For simply Squorfec! beam, l am
§0‘r ioo,d Q.-'L' ‘l‘nlC‘Cl e, '_A / ;/}'_im
48 EX qS(Zosxm )(io ) e
i = [E g 4 2
- 1236 <io! Nfm  where I= J—(l 2 (o= I) ]
: _ 500 x 3-81 ) 5w
By = orig;‘na,l deflection = Ek% = v el 396 -8447 X
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4 m
(@) New deglection = 3 _ 81 t,, = T% = 4 4,
e 4 /4 |
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ey 2 7 5,
7 —
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For a bar with fength L, Young's modulus E and
@ o chicn A the amial stiffness(k) is given Lj

CcyrosSs-S
(1)

_ AE
®= T

when cross -section
d'}
area=A;= A;
_section is sguare with side d s

% (3)

llow cireular with mean 6_{"0-’- d and

o solid circular with diameter d,
(2>

when cross
ovea = Ag = 4
when Ccross -sedicm 18 l\o

wall thickness t=o-1d,» N
G-rYegs = Tdt :’WJ(G‘IA): o1 v A

For SFECE:F:'QOI Va-!-ue 0’6— % = '.f:; craS‘S-*Sech'oﬁ ore as

CY,

rEZU—?reA IS A= 1‘%_1_'_ . (u‘mS‘l'a-ht§ €D,
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with selid ct‘rzc:ula.r section: | o‘z_ G -

W;: Trd L = c L thl'\ = ————-\
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Stiffness of o cankilever beam under « ber\i?nﬁ
@ forcea.t'gﬁ-ﬂnemal: 3EI (s

— 02
I-= 4‘-—-—-—& = £ = '.:.orad:??‘-"“'t (2)
3E 4
For o SoL‘J c.‘rc_u.!a.r section wi{'k al:'a.mefer 3

a\"l_ e l{: G4 € ’-___ 64 C ('37
I,:ZFT—C = 4 = or d = [——

& v
2
we,‘sh‘l' of beawm = Wt = TTl:l ﬂ = "% 64 C
=
= 3.5449 L JC (4)

For & Lollow cireular seetion with mean diameter d

and woll thickness t=o:1d, weight of beam (wy))is:
Wy = 1—: (oloq—d;"> L= 7_‘% {(‘44-%5‘2 (ol—w%)"]'
8 (4dt) = wdtl = whGd D

—

7 | -
:o.["'ﬁﬂ\},é—-q—a- -..::f-'—“gdﬂJ—Cd

v
For o Agpehs gecion wWAR Aide d, weight of the
beam (WwWg) 4:

wp= d*L = R L L 4.5135 LV ()

By un-aooﬂun-ﬁ Eps- Gl ¥ 050 ok (6), The minimum welght
beam COrresFonAs te the !\ouaw &)Lr_u.ﬂa)t cyoSS— S’gc.'l:l'on,
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SFI’l'nj {wca IS 9iven ;’:{ F=- 800 x + 4o xa u>
static eva...hbfuim GJC the rubber moun‘l‘fnj (9(*> under

the weight of the elecfmomic instrument is given by

F1
E= 200 = 8o % + 40 x*
or 46 x*g + F0o0 . 200 =0© (23
The roots of the cubic E’_Ua_n-flcn (2 cam be fr~d From
MATLAB o4 ' -
x*= 02492, —orl24e X 447734 3

Thus the statie eguilfl:rt'urn PosH::'on of— the rubbey rnoun‘h'nj
is given by the reel root of g5.(2):
x* = 02492 in (4

(e Ezu“vde\«i_ linear Afpring constant of vubber moun'f‘.-nj
o ibs Ateiic egu-‘“‘:rt‘um FoSH-,-on , using Eﬁ' ((-7)){5:

Kep = aF = 860-+ 26 x*z = 800 + 12060 (ofzq??-)z
] 9% | =¥ T
= go7 452t b/in L

(.bN) D%;IEC.{W‘OW og TUHQELY‘ mOUanj COFrESlﬂcnoll'nj *‘o
the %VM K,s'r\.za.h ﬁé’”""j constant is:

F 200 .
= - = = = 0:2477 )
= ’kez o7 4521 " "
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@ F(x)= 200x+ 50 x® 4 10 %7 (t)

When the sSpring anergoes a s"ea.&j deflection of
x* =e*5 in Gl‘-lfl'nj +he opera+tbn of the 8!‘\5 l‘ﬂEJ the
force exerted on the Apring can be found «s

E= 200(e'5)+ 5o (o-s)’+|o (0-5)3 = nz.75 Lb (2D
Ezuiva,l.a_mi' “ﬂ&-@ur Spkring constant of ilf A{'aa;QJj
deflection is given Lj Eg.(;-'?) :

_ 4aF
keﬁ— dx

-
* 3
*:g_oc:-i-loo‘x'i'?OI

b Pl 4

il

=
200 + 0o (¢°5) +30 (o:5)
= 253.75 Ib/in
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@J %= down wa.‘ro!

deflection
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% = reSuH:u'nf]
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gives

i e & x>
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Lo N2
«gg—.'"k(_x_é_ ‘ . -
N =y N

1 (b X5 N\ 12 i

2 B ) ~ ]

=1, af-_(_l_:z_) [ { C‘b‘!— = 1
B z x i

=2 af—-f; [{(J:—%-—_"f_ﬁ- 1J>}/2 —i]

(e— &
,_.x-l'"" ) L Xg 17/2
IS e
- &4 (GL" "'4") 4
Usm? the re[a.Jmon (i + 9) 1+ -92- , we obtain

x

12
z(a—_) [+ af' %3 -1]= Z(az__%)i/,_

(b) Here x = %3 (ABpring Jeﬂeah’on)
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Let x= vertical
ala‘spia.—cemenf

of wass M,

Xy = -resu.U:n'nj
deformation of
ea'ch melined

SPY‘IV\? .

From eau{vaim-uce of ioc{:em{:\‘a..l. energy,

Xg 2
‘7':4‘33"&1:365*“})-; keﬁzg‘k(?>
o Z 2 _,f0x cos &
o gty (s B A
(e x5 - ")s /2 E
So]vn’ng (Ej_>, x = fceosof [1 {1 22 cos*e } —.l ( 2)

Usinj ‘H‘\E re‘.a,{:(oﬂ \li-"e ~ 4- -—- (EZ) can be rewritten as

. = £caso<[i,t{1-("’€x”"" )}] (Es)

?.fz s

1)
ASS’ummg x 'L’o be small, we wuse minus 9[3n and neslec{' Xg
C.ornPo..red to 2L Le tn (Eg) This Sw‘eS'

xs

s e o5 of

r B
4<¢z= 3« ws &

)
i = cos
In o Aim:!a:r manner, Ce@ = 3 C ¢cos &
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lF e, =2k '
A Y e = -
I -

Ezu;valwti' Apring constant of the systewm (’keg) ok
Foinf A cen be determined by chs[cl-erl'nﬂ the wowment
Q_Zui“bffum of fovces ghout the pivet peint O :

F(.g.)_ F, (-é)——h(-%) =0

= Fa Fio — 4= k»x _ 3
P23 +5 7 1t 5 =4 &~
— 4‘3275

- 'kef/-'-zl-‘k
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@ F CSPrinj force an mafs)
A

N (kff‘ kz)(xﬁwo> -+ k‘f (X_CA‘!

N

F= (f+ %2) (%0 =) + feg (x - x —d2)
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B pd——— kg(sfnel)

MOmen": wtaou+ 'HTE
P:'VO{' Pal'hf O
T = moment
= m9 _.f_ Sin © —(‘kl.é. Sme)-f%
~ (1, 1 sing) £
mg f {*
2

6

i

8

()
Denoi:mj the ef/uwaiwi fors’loncd Sd”‘nj consStant

of the system ot ki, the moment T can be

ex_laresse.ol ab
T = ’k{__ e (2)

Bj ezua;h‘nj Ezs-(l) ond (2), we obtain

k:mgﬂ__klfqz_ ?

t 2 16

(2)

e,
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)

When me reury (8 a(:'sta._ceJ bj an amount x n one
leg of the manometer (Fig. 177D, the mercury
column will underge a total A:'Sf-’la—ce_menf: of 2%.
The wma.cjni{-ucle of the Force , due fo the weight of the
A-‘Sp‘o-c.eo\ wmercury , acts on the rest of the flucd.
The ;—eslrorinj force is given Ej

F= 2 'Ax (1
whers ¥ # The specific weight of mercury amd A s
the cross-sec{'s'onwp- area of the manometer tube.
Ig keﬁ devotes the Spring constant aggocictzd
wiltk the restorfnj force > the re_S{'cr:'nj force Can
be e:cl:resseol as

F = keﬁ x (2)

Ezua-h‘oﬂs (1> ard (29 31‘elo\ the eco/uiva.(ehf Apring
constant as

*@g'_' 2 VA (3D
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- Wlmen the druwm (s c\-‘s]pfa_c,eaf Lj an awmount x Jom its
static ezui[fbrt‘um pesition , the weight of the

$luid (sea water) dt‘spfa_cec! ‘s given by

W = fwc}(%{_?')x | ({.l)
where ¢ s the density of sea water omd g (s the
accelonadion due T gravity- The weight, W, given by
Eg- (1) olto denctes the restoring force F . By expressing
the restoring force os

Fo e #* (2)
whevre #gz denstes the czuEVa.(en{: Apring constant
ossociated with the restoring Jorce: EZua.‘-{'s'ns (1) and
(2 >, we obtain

Td (3)
o= fw |
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L I >l f
- kg K3 | r—f; — 3 l
S my (ézj Lf?

_ _ wd” ke -
‘k4.- AJ’} = Tf?’ y B ZZ':J
From kinetic energy ’ (ma.ss/.:ssj

. (2 .2
(L 8) + £(matm) (£6)" 2 L J;Zéz
From Fa’f:en't’:u'ai energy» m
. 2 2 s 2
4

2 2 2
= &, 8+ kps Uy + o+ R, L3

t

®
o
7
D

1

4

AN

TEDJ

or}
T

¥
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@ (@) 9}”"“3 consStant (Sf.‘ffn&:f) of Ai’éF ¢ v the axial

direction :

Ke = A}Ec = i-E— y & = h2sB (1D

4
Ce éi 2 +3 }q—wf"
4

The reaction ak any point a.ﬁm'ﬁ the S":eP[aecf Shaft due
an axiad force (F) applied af point 4 will be same ax F.

Hence +he A?r:njs(sfiff nesses) c.orres/:ohcfi'nj te The
three X‘i’eps 12,2% amd 34 avxe o be C@\"S‘(Jﬁl’&ﬂl cd Sevies

Springs: Im view of Ep.(1), the ef/ui\fa.ﬂﬂfrj Apring
Consta-h't 3€V8h Lj Eg- (1' 7)) becomes

i {
L -+_t_+._=L_(ﬂ*+h+ b)

Z& , ke kg B \TA Ay Az
= LN (E\A2A3+ng1A3+£3 A,A2>
: Al Ay Az
o E A AL A
ke - (A AN (2>
g Liashz + L2AAs + 03 AA,

G Sl.'e.las behave as series Aprings .
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kg F 2K
@ i=2 "—-W/%/V\/_' 3 Ezu;‘va—leh'i' Spring constants

usinj Egs. (t-10) and (1-167.
1_'\/\/\/\/\/\7_ 3 &

AN
¢:i—e» F=
[ K =
"
5 T AVAA— £
keg, = 2%
Ean VAVAVAVAVAVAVAY ey | ¢
{ ¢ "5_—\(WW""—"—‘
i R Nt 1:28=21<
3
- %k
keZz' 2
{ 5 é
k= 5% %o, =
e, 2 0p,= 2%
¢ J
% 5 = L 5 i = _%._. + A
X/ &5 T‘e ke 5 2%
g4 53
(O
e C 5 B
Ra \/\/W\/\N\f\r"———"—;—h’ =
‘ke = k = E.tk
7 .
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@ N e SFrmj constant or stiffness of stepi is
& T = 152,58 (1

- _— —— e s s 2

Q. 32 .

A

(b The reactive i‘orgue ok amy Pom{- Ql.c‘f\-j H.e Sféﬁveal

SAD.._-F\‘: due & am a-d—:r«&-e.a\ tﬂ_&ue T ot Ge ;f’reeerui
will be T. Hence the torsional S’cff{nesses(szn‘nﬁ/f)

cOrresFonAfnj T the three Af‘eps (2,23 amd 34

a.xe 1‘0 be cor\st‘alerea‘ as feyxyies Spra‘njs- I'm View

og E%.[l); the e.au.l'vaier;t for?a'onal /Srr'fnﬁ (gngiwi
gl‘ven bj Eﬁ (i'&’?j becomes (Eg- (M-,) 's To be
+ErPreJFecl or ’for;&‘@naj Slarfnjs> .

& L3
T SO SR S _%_’3(& + —;)
7{:‘3 T oK, ke, iz TG \ D, Py F
b 4 X DL!
*31(£|D2D3+£2D1p3+3pf 2
TG 'D,L’ D; ng
oY
lf
“ep h A4 VI
82(52!92" pf 4+ f, D, Py + A3 D' D,

) steps behave as series Aprings.
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~ 1100 = — 4000

G-'J ok x= 9 mm: :
}Exa,c‘f-'—' F, = 500x9+2(3) = 5558 N
g
5900 N

T

1S

APFY‘OXl‘ma..t'E F9 = {{o0 X9 -— 4000 =
Exraor =-o-9735z

(C> ok x= [t mm: 4
Exact F, = 500 xil+ 2 (1Y = glez N

APprox{maia Fi = 110 x il — 4000 = gloo N
Evror =+ 0:7596 /.

o bl E :
pv” = comstant - (80 Differentiation of Eo) ives

dp v+ g v dv = o
dp=— L v (&)
Clna,nﬁe in volume when mass moves by dx, dv= —A.dx --- (533

Egs.(Ezj and (Eg> give c{‘};-_: ?fA 4 z
1%
Force due to pressure cl-.a.nje = dF = clf-A = t{;e‘t A
spring constant of air spring = k= 5{_5 -___([}/LA,_).
12

Epuivalent spring constants in diffent directions ove
ks kg Kq kg ko
e =( =) tac(are)
€2 "\ ks kg + ks k7 + Kgkq |’ g+ Ko

ky %

— kl Wy 4 - 3 4

k83 P( 'k1 + kz ) ’ ks ( k3 + "klf
If the force P moves by x, spring located ot @; undergoes o
AL‘SP‘G—CEY“E-“{: of x. = x cos 8; (cferiva.fi'on as in FroHern iz
) ; 1 1 3
Ezu.»'v:vlence of pojcen%(a,l energy gives % ‘Kez x =4 2 ke; X;

+=1

4
ey = S (ke; @5 0;)

=1
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‘kax< C—r-'

Let the Aink OABC uhdergo o /irnau axn.i,ulﬂ-"t

ob‘é,ﬁ;),a.a_mu‘-t e at Ahown in above frgure: The

Spring reaction Forces are olss indicoked in the Figure.
Ezu'\ll'brt'urn of moments about {‘ke FI'VOt }oo{nf O 35\/85:

-h"(—g‘) —#gx (1) - kzx(zé) + F()y=o0

% 2
or F = __3_'+,§~1¢2+4¢3>x (1>

If keZ denctes the e@ua'v@hwi' ApPring consbond
of the Lok a.i.mg the direction of F ox Fo.‘nff' e

we "1.0-\(2

= (2)
E = keﬁ x
Ezuaﬂ_m«s (1) omd (2) 9ive

feq 2 ke %k 2 3 %
keg = 3 T 5 + ¥ = —E—-—f—.-a-(z'k)—-i-( )
ke kg = -l-li t (3)
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Spring constant of = felical Apring (s
K = __@_ﬂi__ ()
g N D’
Assuming the shear modulus of steel as G=7%3 GPa,
EE.(s) gives , for pzo'2m, 4= 0c.005 m and N = (0,
A = (793 x16” ) (e 00 '5)"'

g (10) (0-2)3

= 774414 N/m
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@ (@) D and d: sawme for both helical Springs
WEl.ai\t 95 oY) {‘!EhCOJ\ /SPY\'n.S i$
W = TFD(EZ,EI' ) NY (1

where ¥ = sFem‘g’.'c weijh’f of meterial of spring .
For e sleel Apring  with ); = 765 &k N/m?, The
wé ijlﬁ‘{' is ((for N/g = e s

W,= 71D (Td )N :TD‘A )(7@5&:0)

A (T) A Y:S —7 (10

2 ’
= 19125 x 10? W™ D d (2)

For an alieminum Apring with Y; = 266 “kN/ma: the
u.rEij!n't 45 (for number O;S: turns Nm))

Wa_,'—_- WD(Egz) NO-' )/;_; — WZ'Z‘AZNW (26-6 )cma)

- 665 x0T DA N, (3)
E(o/uoifnj D) omd (3), . .
19.12 5 XIOL' T\"Q'Ddz"-‘— 665 %xlo T D d N,

11
oY NGJ = 13125 % '03 = 28'75?4 G:f)
665 %x1p

(b Spring ;ons{‘a.wl' of o felicad Apring i's ;
= Gd'/GND?)
B & Ateel /spn'ng with ¢ = 7933 G Pa >
ke = (733 %0 )"\/{ 8 (1o) D }
= 0:99125 x10 41/ p3 (5
For v aliiminum APTing with G= 2¢6.2 G Pe,

'sz(zaleog)o\q/{ g (29.75%4) D?}'
= o139 xi0 &1 /p7 (6)
Egs: () Q"""’l (6 indicetr that the Aprics benvubAmah ol
steel Apring 48 °‘99‘25/.”39 = 8.7046 times /ECM‘jEF
fhan thet of olicrminum Apring .
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F
% F= rklx—f-Q’kz(Z—aJ)
= dx+ 2k (x—a)
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©

2 .

From P\’Ogle"‘ 1:29, *® = ‘P I’ A with =14 Ffor air

; v

Let p = 200 pst s )
(200)(4) A™ A - 5.2679

1% 4 - 2 2

Let diameter of pisten=d =2 inch 5 A= Z (2)=314l6 M

= 15 U-/Fn =

v= A*/0.2675 = 36-8408 in

Let h= 2inch ; T p*(2)= v => D= 4:8429 inch
4.

Feax+bx® =2(10%)x+4(107)%°

¥ * dF ¥
Around x : F(x) =F(x )+ Elx x—x)
When x* = 102 m, F(x’) =2 (10%) (107%) + 4 (107) (107°) =240 N

%i; | =a+3bx® =2 (10*) + 3 (4) (107) (10™*) = 32000

Hence F(x) = 240 + 32000 (x - 0.01) = (32000 x - 80 )N

Since the linearized spring constant is given by F(x) = keq %, We have kg = 32,000
N/m.
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F:=za; x; + b; x? s b= 12
Springs n series: .
W= a8 + b § (1)
W= a,8,+ b, 8 (2) —%
W= kep Bst (3) R S
SS.E = § + & 4)
selve Eps- (1) and (2) for § and §,, S,
rE‘.SPEc{'f\fefj. Substitute the result 8y "[;2—
in Eg.(4) ond them in  Ep. (3> to

$ind 1“-’—8' —U

SFrings n pa.rmLLef.:

////////I//IIIIJ ‘
W = Fl = FZ ‘
3 53
= Ssp + by Sep + 0,8k + by Ost
= Keg Sst
g S TS“

2 2
?eﬁ= @\+L’185b+°-'9_+!=2 Bt ‘l’}
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4
k= ol >gxio N/m -5—?.5 ; Nz 1o
8 D} N

W= TCDN f (1_1:_5_") where p= weight per unit volume

2 13
:Fiz_ti_ff_i -_—_.LJ Gd?; 'Zo.q.Hg,
ENTW ZVam2 d* NS £
2
Using  g= 73.ix10° N/m? , f = 7600C N/m? , 2= 981 m/sec*,

: =iips o By v values of
-a}?*-_- G, 8,10 ; N=10,15,20 : d =0:4,0-6,:--, a

% and §; are ccmf;u%e,cf.

Combination D;F f— = &, N=I0 and d=20 m, Lorres[:onc’inj
' : be
to % = §-4¢06 XIOE N/ m ‘CLﬂ‘( -5—1: 04801 Hz , can PE

'ﬁ;‘ut&h a’ an a,c,cejn'tc:u“e cl&S‘fg‘n-

Total elongation (strain) is same in each material:

2 1
== (1)
where ¥ is the total elongation. Equation (1) can be expressed as
a_% _x .
B E, 4
B x 3)
or Uy =E 7
a X 4
Ja = £ ( )
Total axial force is: 5
F=F5+Fa=gsAs+GaA-a (5)

where F. and F, denote the axial forces acting on steel and alumilfum, rei?ectgily,kani
] a . o
i f the two materials. Lquating eq
A, and A, re resent the cross-sectional areas o : . B :
Wh:i k ELd(—‘:Eontes the equivalent spring constant of the bimetallic bar, we obtain from
€q

Egs. (3) to (5): ]
e (o B

E, A B, A, 5
or ke = 86, + af (8)
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Let the length of fhe
Spring be 4. Springis 5
undeformed ok 6:=0"
when tke end A of :
the spring is -tch‘s;ala..ca& B T OF
bj i oumeunl o &4

Ahown in the Figure, l———— 2 .__;.‘

the Apring is s‘{-rei‘chtd

by the awmount (hP+x —h ) sothat the force

in the spring () is given by

Fi= kW—"’) (D

The compenent of the Apring force [ Q,Q_cr\j the
direction oﬁ ~® iS 9given J::j

- E, gn® =F o x k(\“\z-ﬁxa —h) "
F’X - A An - A J,-.2'+Xz - - .
o x

= % (i - h ) % (2D
s

E@;miacm (2) Ahows +Hhat tke force — W
LE (in the =- diredEon) (s nenlinear - TF
the ceteSGen is linear, ave Qou.[é\ Wri’re

F‘X: ,lf/ x (3>

A Woamﬁhc/g Egs- (2D ond (3) ghows That
the Afning Corttbnt X S not @ comalomt, but

sﬂe-d?En-abS on tke &IW x«-
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From the 3given data, The force - defsrmation
relation of fhe sSpring com be oblained a3 :

Tensile foree (FI >N © oo 250 330 pygo 570
Defdwodian s AP

3 4h 6 76
(%), mm o & 3 4

((J\.M?ﬂ in W)

FTl-\e force - de formation relation is P[o‘H‘En ‘n The
:Fx'ﬁure
neoxly (

— F s 5.__—-—-—-70 = 7-5 l"‘//11'1'1'1'1 = 7500 N/T‘l"‘l '
= 5= 76

Ahown helow- The velation can be jgeen 1o be
inear with the Apring constant given by

F(ND
A

B oo

400

200

—p= K

()
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r(x) = (0.1-0.05x) m

4 4
J = — r* = area polar moment of inertia at section x = 1.5708 (0.1 — 0.05 x)* m

Knowing that the angle of twist, 0, between the ends of a uniform shaft of length ¢
is gi = i 1 nt of length dx can
under a torque T is given by 6 = R the angle of twist for an eleme

be expressed as

Tdx _ T dx 1)
"GJ (80 (10°)) 1.5708 (0.1 — 0.05 x)*

The total angle of twist can be determined by integrating Eq. (1) from x=0 to 1 as:

8= f T dx 1 = [12 556:{ (1010)} f (0 1 __63[05 X)4 (2)
) (125664 (10')) (0.1 —0.05 x) ; 5 10, .

df =

1

1 —0.05 d
1 dx .z [ (— 0.05 dx) 20 | y -
B 1[ (0.1 —0.05 x)* ~ 005 3 (0.1 —0.05x)* s (0.1+7)

— 4.6667 (10*) wherey =—0.05%

T (4.6667) (10°) _ 7 (0.3714 (10%)) rad
Hence 0= 19,5664 (1010)

T By N
This gives ki = 7= 2.6925 (10%) N-m/rad

The steel and aluminum hollow shafts can be treated as two torsional springs in parallel.
For a hollow shaft,

ke = :7;20:’ 0* -9
For the steel shaft, G = 80 (109) Pa,f=5m,D=10.25m,d= 0.15 m, and hence
ky = 7 (8 (107) (0.25% — 0.15%) = 5.34072 (10%) N—m/rad

b 32 (5)

i ' 3 = = 0.15 d = 0.1 m, and
(o_;) For the aluminum shaft, G = 26 (10°) Pa, ¢ 5 my; D m,
hence

ki, = (26 (10%) (0.15¢ — 0.10%) = 0.207395 (10°) N—m/rad
t2 = " 32 (5) o N N
Koq = ki, + Ky, = 5.34072 (10°) + 0.20739 (10°) = 5.54811 (10°) N—-m/r2

UDD With G= 2¢ (I09> Fou, f’-" Sm; Pz=p.45m and d= c05m,
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3 ¢ _
215 ; ] y
KL, = 53507 o + 6:255255 xo = 5-595375 xie
kea = Ky, =+ tz = 5.34072 X! o e

i F

: G da*
. For helical spring: k = ropery

(12x10°)(2%) _; 38589 Ib/in
64 (10)(6%)

Spring 1: ky =

4
E__’El(f_)il_)_ = 50.00 1b /'111

ing 2: kg =
Spring 2 %2 T Ty (10)(5)

(a) Spring 2 inside spring 1 (paralle.l): keq =k; + ks = 1,438.89 Ib/in
(b) Spring 2 on top of spring 1 (series):

1 1,1 ke Ky
T, &k kk
which gives keq = 48.2625 1b/in.
A‘i
For ov helical spring, k= G .
64 n R
(12 xwé)(l)cr ‘
=< = 86206 U/
¢4 (10) (67)
6 4
(4 x to )(o-'i) 3.125 %/fn

2T ey (5
_ th/
(@) Spring 2 inside spring 1: ’kgaf- K, 4 Ky = §9-931 /h

. . I _ A b
() Spring 2 on 'i'JaF of spring 1: -—1;—;& = + oo

4( - 'k\'kg_

Koy SUNITE G R
kit de 26,804 + 3-126
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Eﬁuivm‘ence of strein Eneraies:

; z A
, 2 2 By L 5 30
—i—kezy=-;j4<9_°§z+"i1‘n°‘l‘zk‘? L,
g .2

iEay -’kea= -‘}_3-—*‘-{‘-;7 H,

; 2 2 J
with e = A Ey _ ——g—(la - 95 )30 %10 ) = 2.297295 x.ios Uo/n

. 2, loo
and A, E x 2 C 6 6
*; = —-EE—E‘ - 4 (7 =B )(30 *Le ) = 2,12058 %10 U’/“ﬂ
2 75

i

3 (2.297295 vt ) + L (212058 x10°)
= ( &

Sk
v
= 2.2531lg265 )L:oé u’/l‘n

Siml‘a;r‘y,‘tlwe egui\fﬂflﬁn%: o\a,mP'mﬂ constant can be founcl as

(Usfr\j e_auivlenCE— o:F finetic enerji‘es)i

3 1 _ Er - b -sec/; .
Cey= 7 it 7 2% Z (k) 45 (03) = ¢35 4

6 .2
ctoinless steel: e = 30 %16 4b/in®, G= 115 %16 2/ in

t
D= 0.30", d=o0.29", L= so

Axial stiffness= AE _ E(Dlraz)i
0 4 L

1
Ly
9

6
=~ %:;, (o-BDZ—Ov?_92>(§_°fs%li~> = 2780 316 ’u’/fn
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Torsional stiffness= TG (D A")
32 ‘

6 - _
_ T (u-5 % ) (o-aozf-—o'ﬁ ) = 23.1942 /“""“Aa-&”?f
32 (50)

— — — — — —— —— — —t e e m— — — ——— ——

Axial stiffress = ¢ %, = 6,681- 896 ﬂ’/fﬂ
Torsional s’cfﬂnees = ¢ %, = 139:1¢52 u""i“/md

. Assume smeall a.:nﬁles 2, and 82 ; 92,:(_11)9
z

X, = horfécm":ai J;'s[nla_r.erne.n& of C.G. of mass Wy = 8, Iy

1 v _ fa g, rz/F
Xy = Verfa'cai d;spfa.cernenf: of ¢-@ of mass m, = 8,1 = i 2
j( = {\orgéonf:a—[ AJ'SFfa,ceme.h-f: of SF'rl'ﬂj'S K, and ko= o, (N + li)

dp = vertical displa-cement of Springs k3 and Ky=8,1,= 1’;119!/‘;’2
EZLUV'G.IEH(_Q OJC Kinetic gnergies j‘lVeS’

0B =5 a6 56 et mGE Y Loy [Ra)

=4

Jeyg = 91+ % (‘h/;p,,_) e mrr (b/RBY
Esuivalence of potential energies gives

Z 2 Z rR 2
Keg 0y = £ ko 37+ S kaq ¥, + L kg 00 + 5 Ktz %2

with %, = &+ &, , Ky, = K kq/(*s”f"k#-)
n=e(r+h), 4= 1:,128,/(» and 0,2 BO/by

Z

. % ¢ Kk _f'_.

S = (*M‘ 2.) (3?|+ ) *(kg'{'k‘f) I’i t 4 Kyt Fe e

| = = % = ==
From ezul'Vaal.enLe ef kinetic energies,
g 2 _ 4 kP i L5t
TMey ¥ T g Mt g™ :

Mey = my (%)z + My + J;(_:'jz
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@ Let §, = angular velocity of the motor (input)

Angular velocities of different gear sets are:
---------- P s i i i D S i MRS B R A e e

‘Trncfcr ? J“ |1 ;-2) ;3 : sz" J-s ! et : J‘ZN 2 J‘ioa,ct

Epuivalence of kinetic energies gives

; 52 N ;2 ; 2N 2 e o2
-?t f—g 64’: = Z J-h‘!ofor 9‘: +-£ ‘kzti J‘k 91‘ + 3 lcq_.:’ er:a_J
2 ny N3 2
* Tog, = (Tmotor * %)+ (e 3| >+(sz+a-5)('“_z )
L Moy —in2
st A ( an T Iaa.c’)( NanN )

: E%u_uv@k”ce of Kinetic e.ne.rg les gives
. - . mn
1 A 1 Lo ezz' where 8, = & (__13

'ia-egsiz'ijiei'l"iz e

b
ny
o = I+ % (nz)

When point A moves by distance x =X, the walking beam rotates by the angle

X
gb == ?—".
’ xp €2
This corresponds to a linear motion of point B: xg =0y €3 = 7

and the angular rotation of crank can be found from the relation:

; re 2 g
xB———rcsinQC+f4coscj5=r,:sm€c+{’4 1—??4—5111 ’
For large values of €4 compared to rc and for small values £\

of x and 6., we have

-

9 9 XB Xh ?2
~r.sinf. =r or . =— =
XB c c & e c T 53 T

The kinetic energy of the system can be expressed as
Tm-}—mhxh+—JbBb—{-—-J8 ' _ .
2 e,

2
Equating this to T = x = — meq Xh, we obtain Qc 8

Jy
Il'leq ]Ilh"}"-z—-i-

3
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X :
@ When mass m is displaced by x, the bell crank lever rotates by the angle &, = v This

1
makes the center of the sphere displace by x; = 6y, £€5. Since the sphere rotates with out

slip, it rotates by an angle

X, bez _-sz

g =

Ty Ts B €y 15
The kinetic energy of the system can be expressed as
o 2
2 "
] 2 it 2- 1 - -_'- o *
mx +35%H6 +5I585 t 7 TS

& ] ;C,izz
2 N T TR &z(éi_)-k—ims-f
Ly mitesn (EYEE)

. L Ps

o —

ke
Z

1 .2 ;
: z ] i = — Mg X , W€ obtain
gince for a sphere, Jg = = m, r;. Bquating thisto T 5 ,

2
1,7, 8
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When the amgulan position of the Crank is e £rom =~ axis,

the am?bbl-ah PaS’:'{'n‘on of COnr-ccf‘t'ng rod b, Ahown tn Fig-
[*tet, s given l:g

I"anG:S-\-IS:‘n?S (1)
The x- and Y- coordinates of piston (:c,,, ‘yP) are
given bg .‘
xp = rcose + A cos @ (2>
‘J,a = 5 €D

The %- amd y- coordinates of the center of mass of fhe
connecting rod (%, 3D can be expressed as

A, = Y coSo + [, cos & 4>
yc = T sin 8 — Q‘ Ssina ¢ €D
The x- omd Y- comvclinates of tke center of mass of

the crank are §iven by

®,. = o o8 O 6>

Y. = 5 sin @ (7D
p,')cferen{:ia.h'on of Egs- (1) - &Y with r'e;‘PEr_'L' te fime
yields
ceoted = Qcsdg ¢ or 4:—%—:’::5 €
o'r.r-.:-rsineé‘_ﬂsfn/a‘!q; (7
jp =6 Qo)
*®, = -Y Sne & - L, &in ¢ ¢ Qo
Y. = r cose 6 — £ cosd @ (12)
Uﬁt'nj Ep- (8), Eg-(9) can be expresre::[ as
Xp= —Y Sine 6 — Zs-‘ngbl;-;:;‘: ¢

= ~v6 (sino+ cose fang) (13)
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s‘;m:la.r(y, using £g @), EE,. a)  and (2D can be expressed

Micz-ré(8ine+ %L@{ei'm;d> | 44>
Yeo= ré ff— wt 6 (e
Finally, differentiation of Egs. (6) and (1) ylelds
Xy = - —Esfneé (16)
‘Qr = —E cose @ €17

The kinetic enerqy of the system (T) can be ex.f:resseo( as

. 2 .2 o 2 . 2 s 2
T:__'zmr(xr+}fr>+-‘;'_-0'r9 +lz mc("c"'jc)
'2 { s 2 .2
+73 T ¢ +'§“"p('x‘9"'5‘:)
' s z 22 2 f_z}ﬂ
— i r .2 _l_ '1 __'_. . ____.‘__- y
——Erﬂr-zf-e -(-?_J're +2mc§(5m €+ f," cos @.lam

2
2.2 2 .2 | o
-t-'-’-‘--,;l sinGcoSG%#)Y‘e-f-%cogze e }"‘E‘Tc?

+ ’li ™, (rls.‘nze 6 + ﬂzs.‘na;! ;524- 2rfl sine singd e 95) (18)
If the ezuiva.«\e.n{' rofa,’rory mertia of te wl—mle SgsEem
about the Po.‘nt O is denofed ot J;Z’ tke kinetic energy

of tke system (T) can be written as

T= 4 o s* a9

By ezua_'\'{nj Egs (8) amd (19), the e&uivw\en‘l‘ refatory
inertia of fke offset Alider crank mechanism can be

expresSe.al oA

# 2
.2 { 2
%Z=-&Y'!rfz+3r+mc{($m 9+-—E‘;co§61‘m¢

+ i 2 =2
+%s{n26fm¢)r1+%cofze r\z}__f_a'cj_;_z +mP(an9Y‘
s 2
2 2 .
+£ sio ¢ -g.—e'_' + 2?’2 Sin @ St'n¢ _j?_) @o)
e e
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In view of Eg.(8), Eg. (20) can be rewr/tten a4
2

2 £ 2
Jeg = ~ ML Y 4 Je + m, r?'{ (SEnze + -g-'-:,_c:osze f’m¢

¥ 4
2 2 z
+ AL st 20 fbmt;ﬁ)-rj_z_acosze}-JrzfcI- Ll
q 7 2 2
,Q ,Q oS ¢
5
.z . 2 cos 6
+Y11', \"z (Sme-i' ‘.Ilﬂ?5 oq- + 2¢sne Sl‘n;ﬁ _C_o__5_2>
cos ¢ CoS#

or 2
2
I 2 2 .2 ﬂ‘ 2
Je’g"'ZTmrr +J}+‘mcr {(s|n6+ -—;msetam?’

2
e Eﬁ__ sin 28 fom ¢)+ _9.'_2-; cos— © }
L
2 2 z Z
de ¥ cos © + m rz (sinzé + CosS 8 fom 96
/i cos” & P
4+ sin 26 fam ;&) (21)

+
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(@) —E"_'E?{— F; = damping force of C¢ = ¢ (iz— ®); i=123
EX=

- dampin c c (9'12-;‘1>
B | Regm dampin domee of s

%5
o F,'f'f:z"' F;
o — — 2

"

: no Ceg= ¥zt Ca
b o e e
kfil k*;z k*'ka F*‘éq

F?.: Cz(';(.g- ;C;_)

L ¢
Bﬁ L3 . -
'3(.[.’ — % = 'x’-f ——-2;.3 + *3 - ?‘-.2 + X9 = %
| F. £
Fez _ fg._ . C:. o _C_'
== C3 X |
Ceﬁ _'_ — _! 4 -é—z-i- —CTg
Since Fga = F, = F3_= F_:, » Ce‘a ]

(C) Egua.-f:rng the energies A,'gg;F,a,teo{ S cyc(.e,
2
= X

- e/
where Xx,= oly, X,= e l, and Xz= 943
_ L.\ b2
o= qrca(F)+ Ci(l?f? i ; e
(d> Eaua..{rnj the gnergies d.‘rs‘lpaia in @ cycle,
™ C{e‘a S ef' -

2
o z c,, w8 8
._‘n-cficde,.{_n'ctzﬁsz-{-‘rr +3 3

where 0, = 91(%) O-nd‘ 83 = 9!(m>'

nz
Cf = ( l + CE nj i C n|
. Z 1 (hZ>

———

3
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Fi‘a' (a-‘) Cz l__.‘

PPPPZFIEL L AL ALl Ffe L AL S

ol

C/

fe— £ S -

LEL' xl’ xzax = A;g‘:la..c_eﬂ-nenfs Of Poa‘n‘L’S A>B)C
in Fig. (&)
F: = force of damper §

Ft'ﬂ . (b) F.Z

From Fog. (&),

\

(%p-%) = L x, ! %, (1D

= 7, +
* T L+1 g+
o.m.c{ W 7 )
x = L2 ’ Bl o (2)

-
oy P T T T
For verh'cal :FOYLE. Q,MBMW (F'S b)

F= Fi+F (3D
For moment ev.u'(flsr‘:‘um about Ioot'n'l’,' c’ (F,‘j. [;)
Fz rQQ_ - F'l ’Ql (4)
Egs.(3) and (4) give
= thz F - F £‘
i £,+ﬂz ’ ’ 1+ 4, (2
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Velocities experienced by dampers :

7"‘|: .l.:-'—- = FAa €)
. cl(ﬁl*’ﬂﬂ-)
F A |
';‘zz =, ' (7>

Ca ¢, (Q,-l—ﬂz)
vele city of Point ¢ (or force F) cam be aéom-u;\ using
Ezs-(é) amd (7)) in Ep- (2):

2 2
F _&_.____., + f_ a (s)
< (Lt 92) C, (04 0,

The evui\raibni' J.deau‘nﬁ conshort of the system in

the divection of 2, C,, is given by

F o (ﬂt"'gz)z C, Cz2
x> ' (9)

z 2

a4
e =

Ce

1]
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. Damping constant desired = ¢ = 1 Ib-sec/in, viscosity of the fuid =
p=4 yureyn =4 (107%) Ib—sec/in®.

24d
37D € (1+5)

- (1)

4 43

Assuming x = D/d as the unknown with £ = 2 in,
Eq. (1) can be written as

3w lxs

2 ey (37 (2) .3 2
c=U (1+—}-{-—) or 1-——'(4[10 ))(——4—-—]1{ (1+x) (2)
o = 3 3 s
: x* +2x 53,051.52 . ' -
g]:':;ggl:e:rial and error p’rocedure, the solution of this cubic equation can be found =as
< 2= 36.92. Using D = 3 in, weget d = 3/36.92 = 0.08126 in.
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drameter of piston

.‘@ gD’k ‘
| o lu al AB (i+ : ‘_ >} £ = CLXI'aJ f&ﬁj"ﬂ: OJC Pt's“l‘:on

= 45 u rejno’c}.v 4

radiel clearance

1l

(Jdl"o'ﬁ“ shi 3‘855’ mecha_mca,[
Engineering Des;3n>

Let 0{:0'001 s D= 2:47 and above e.gu_a.:a‘:a'on 3ives

IOS = (45)“0_5){ g (2‘4)3 g (1_,_ 2 xo0-00f ooi )}

4 (Oa oal)a

x| I

I
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. .. _ D
Ta,ngenffcul veloc(fj of inner cglmafer' = £ 9

2
For small d, vate of change of velocity of _ ’
ffua‘c’ s Ebi _ D ¢ .'/;':_'_ 2T
Tl OB
shear stress between cgln‘nderr is /C 4 J
= 3{—1’— = D 21= L
Ll il ~ 2d 2:_:1\%_::_: 2
and shear Force is 5 3 4 D ey 1
Tﬂ b e (i JL) ¢ A
Ez z-Area = ¢ Td(I-4) = o

Torgue aleveloPed = My = ,:_%
For smeall 4, rate of change of

veloeity of fluid in verticad divection is

dv _ re
dy h dv _ prw
Shear stress is T=HM dy - A

Force on orew da = dF = T dA

"IBrgue Letween bottom surfaces of cjh‘nc!er: is

3
Meo = ffAmﬂ.JA where dM,, = dF. r = #_LE? dr do

area D/z 21T 'K'DL'
/u.CzP
NE-AP) M{_z = /L-:{g f f YB.AT le = Py L
r=o &=o¢ Tr/u_ Daw (I—L) —”-/,g s D
Total torgue = My = My + Mg, = o + g

Expressing m{; as Ctk V = C G'9]:’/;_:_ ; we get da_mF.‘nj constant:

2 2
B, = L (4-4) L TpT
2 d 32 h
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2 3
F= 1000 vV + 400 v + 20 V (1)

Tﬁ-j(ori‘ serves expa.thon of E-'&.(i) about The o]oer‘a.‘i't'nj
velocity v* = 1o m/s gives the [nearized A“"'"F"“j

constant (C) i [see Section |.3-2]:

C = ..‘-i-E-l s* (2)
dv v=e V
For Eg-(l);
2
dF =(|ooo+90av +60V>V=V*_—.{o
dv L v¥

— |ooa+€oo(to) +so(;oz> = |5p000o N-%-: (3)
Hence linearized ““'Y"P“nj constant s defined bc‘?'
Fzcv «wk ¢= 15000 N-s/m.
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From Problem 60, the [inearzed Cla-“"Pff‘j constant ef

the twe o\a.rnloers (S §iven by ¢ = I5000 N'-/3/~m (f’ar ep_c‘.!ﬁ).

When Two dampers are connecked in Pa.m,l.tel, +re

epuivalent damping constant is given by (see
section 193 and Problem .55 :

Ceg = ¢+ Cy =2¢c = 30000 N-S/m
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From Problem 1-60, the linearized damping constant
of each of the fwe dampers is given by
C= 15000 N-5/m.

When twe dampers are Conrected in series, tke
eguivalent damping constant is given by (see
Section 1.9°3 and Problem {.55):

[

or a4 ISooo0
¢ = — = = oo N-.%
ey, ) 5 75 /““
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Force - veloci{y relation of the o\a.mper:
F= 500 Vv + 100 v2+ 50 \r3 )
Linearized damping constant of the damper of the

operating velociky v¥=5 m/s s given by (see
section |.9:2) :

2
c= dF =(500+zoov+15ov)'*_;
dv lv=v* Ve E
= 5006 + 1000 + 3750 = §2 50 N-5/m D

1f linearized damping constant (¢) is used at on
oFera{'ina velo city of lo w/s, Hre d“'“‘l".‘"j Fovce (F)
is given by

F=cv = 5250 (16) = 52,5060 N )
The actual damping force given by the nonlinear
damper, Eg. (1),

F

actel

.~

(S
500 (10) + loo(!oz) + 5o (loa) = 65,000 N @>

Thus the erxror nvelved in eshma,h‘nj the domping

forc.e (s
65 coo - 52,500 = (2,500 N
or !_7'_'__50____-@- Xloo = |3.237- (Llha!er —esfl“ma,h'on)-
€5,0060
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The date are P[o{'}—epf (n ow ?T@P}! a3 Shewn bEIoW- Tl‘\e
o\ampfna conSf'a.h.]' c—r—f {'ke a(a.m’oer s ?i‘VEh b:‘f the slope
of the force - velocity Line:

50¢
185

& x % C: = 3,225-8 N-4£/n

700 =

G 00 W
Soo [
400 I

(N) 300

L]

206 o

3225.8 N-£/,

100 |

1 % 2 % I 3. 24 [} i
¥

© 002 owy 0:06 008 o160 6112 0.y o0+ 0.8 09'20 02Z

v (M/s)

.
Fa
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Flat plates in Pc:wa“el with lubrrcant Lilm in between:
surface area o:{? l"op pla.-te (A): 625 "2

Film thickness (4'\) = |5 mm = pggolS m

viscosity of lubricant (M) = 0.5 Pa-s
@) Damping constant (¢)-

C-‘_é _ o5 (0-2‘53
h

C s

93.3333 N-2/,
oc-co0l\S

(by Damping force o\eve[ape.cf when V= 2 m/s:

F= cv = 833333 (2) - (66:-6666 N
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Torsional olampc‘na constant of J'ourno./q beaﬂ'nj_-

vi's COSH"j of {lubricant =pm= 035 Po. — §
Diameter of Sha §t
Le.nj'H-. OCF bea.-\"t‘nj

1L

2 R= 0:65 m
= X: C:075 m
Bearing clearonce = d- 0:005 m
Rotational fpeed = N= 3000 rpm or w= 314 (é m“d/s’
Damping farv.ue o(evefoped (1):

T 207 R% e 2T (0-35)(0»0253)(0ro75)(all-f-!6)
7 =

= 0'l6l9 N-m

0:005

Torsienal ala-mlal‘nj constant (C*):

C, = — = 01619 _ 45.0005153 N-m-%
3 314 16
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3
TO'rSu'OnaJ Aa—""‘Pf\ﬂj covshawk = Ce - ZTV/UAR /Q
2 TC p R L s
d

-—

Da.rnyu‘nj hr@u.e o\evelo,aeal = Tz C-& (s
Ranges of Pa.ra.rnefers:

p= 035 & 5) Pa—s > (03325, 0:3675)

R= 0:625 + 5/ m > (002375, 0:02625)
Q= 0075 £5/ m = (0067125, 0.07875)
d= 0005+ 5/ ™ = (0-00475,0,00525)

N = 3000 £t 5/ frpm or
W= 31416 £5x radfs > (298-452,329:869) ’
Bj Wr\g ald PoS’SfHE combinations af_ loewer omd

wpper bound values Oge the fove parameters (o MmATLAB
pregrew is writfen for this purpose), the ranges of
o amd T are found 13 be

C, > (00003798, 00006924 N-m-4
T=> (o134, 0:2294) N-m

These correspond 1o percent fofal fluetuations of

Ct_ 00006924 — 0:0003798
" X (00 _ ‘ @
(€4) mean = 00005153 = 606637/,
T 0-2284 - o- 1134
] X100 = q1.0315
(T) men = o161 /.

MATLAB program and ou'l"ou'l" are Shown on :Fo“th’nj
page.-
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clear all; close all; clc; format long g

mu mean = 0.35;
R mean = 0.025;
l:ﬁean = 0.075;
d mean = 0.005;

N mean = 3000;
w mean = 314.16;
variation = 0.05;
= [mu mean*(luvariation),mu_mean*(l+variation)];
[R mean* (1-variation),R mean* (l+variation)];
[1 mean* (1-variation),]l mean* (l+variation)];
[d mean* (1-variation),d mean*(l+variation)];
= N mean*(1~variation),N_mean*(1+variation)];
[w mgan*(l—variation),w_mean*(1+variation)];

EO’PQI—'THE
Iz

for 11 = 1:length(mu)
for 12 = 1l:length(R)
for i3 = l:length(l)
for 14 = 1l:length(d)
for i5 = 1l:length(w)
EEilil, A2 1.3 ,.44, 1.5 = 2*pi*mu(il) *R{12)"3*1(i3)/d

(14); . . .
il 12,143,214, 15) = 2*pi*mu(il) *R{12)"3*1(i3)/d(i4)
*w(ib);
end
end
end

end
end
Min Ct = min(min (min (min (min(Ct V)

{sr
Max:Ct = max (max (max (max (max (Ct(:,
MﬁLT=runmnMMnmhManu,h.
Max T = max (max (max (max (max (T(:, :,:

r
sy o=

’

r

P e

Min Ct =

0.000379828829490285

Max Ct =
0.000692438904555133
Min T =
0.113360673819034
Max T =
0.228413766435793
EDU>>
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Assumptions made:

i. viscous $luid is mcempressible.

2. velociby of piston is small.

3. Mass flow rate of fluid through the orifice s Knewn

in Terms of the pressure difference across The orifice:

Mass §flow rate (@_):JAJ; €1

where o is o constant, known From experiments

[.s‘ee: B-R. Munson, D.F.foung, T+ H. Okiishi and
W.w. Huebsch, " Fundamentals of Flurd Mechanics),
¢'F edition, Tohn Wiley, 2009 ],

The velume flow vate of the f—[u\’a( 'ﬁiroualn the orifice
can be expressed as

& - Av ¢N)
‘f

where p= Agng.‘ty of £lud, A= avea of pisten surface
and v= velocity of piston. In view of Eg. (1), Eg- @) can

be ex.presseol al
N| ‘ Va
Y - Av  up wa 2B (

f = ol f A
Since the piston velocity /s asgrmed G le #mall, the
:EOI'C.E (a2 21 'h".\'g P:s’i‘ah (F) can be f-OUno\ as

F’
F= Ap-A . (lf)
]o or A b n
US?Y\J E?/- My in Ez'(3): we ohfain
V = ___J_E-\__.—-—--“ ov F= g{zsza Vz (5)
« p A |
Thus the force - velocity relation is given by
F=av (6)
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whevre ¢ (s the ola.mpu‘ns consfa.h‘l‘( = dzfz Aq )

Note: . The damping force (F) is Propartfonwl fo fhe
sguare of ve.lorci'l'j. Hence the damper is
nonlinear.

2. The damping force - velo city relation , Eg. (6),

cen be linearized about amy eFe.raA‘in:) ve.lacﬂ-y

( V*) {'o }l'no‘ an a.«r]or'axfma,‘t'e Lt’nea,r o‘&m}at‘na
Constant.
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.2
F=a§;+bf{2 -—-(—iF5i+0.2x

& e = £)|s =7 2nd h
Atio=5m/s,F(}'LD)=5(5)+0.2(25)=30N,Ex-_—lio—(5+0.4x)|5 7 and hence

F(x) =30 +7 (x —5)=7x—8

Thus the linearized damping constant is given by F(X) = 7 X = Ceq X OT Ceq =7 N—s/m.

- Damping constant due to skin friction drag is:
c=100 €% d (1)

Damping constant of a plate-type damper is:

A 2
‘cp":"‘l_T" (2)

where A == area of plates and h = distance between the plates. If the area of plates (;i)
in Fig. 1.42 is taken to be same as the area of the plate shown in Fig, 1.107,We have A =
¢ d. Equating (1) and (2) gives

néa

Pa= £S5 ()
100 p €° d o

from which the clearance between the plates can be determined as h =

' a2 — 2
c=ﬂ—’ﬁ{(a—§—)2—r2} —x "

3 i
h a 5

When p = 0.3445 Pa-s, £ = 0.1 m, h = 0.001 m, a = 0..02 m, and r = 0.005 m:

2
6 7 (0.3445) (0.1) { 0.02% — 0.005
c =

— 2 — ? —0.001
(107 (0.02 — 0.0005)* — 0.005 o — o

= 4,205.6394 N—s/m
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| 2 . o
o = dmnl AN ) G

.h3 a 2

Basic data: [z em, b= cm, = 2

M= 0345
_‘Da.-rﬂl?fﬂj constant with bas'c Aata
c= 4,205 -.6230 N-5/m

@) v changed to 4 em; mew c= 2,617.7720 N - 5/m
(b) f c:l-sa-ﬂgecf to 0:05 em; new c= 35,,60-8910 N-§/m

(c) a cl«-anaed to 4 ¢cm3 mNew C = 38,754.-58¢60 N-S/m
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Lek Linecan velocity of

~

>
-3
>
l

R.

Point A be 2. If @&

is the amgulan velocity
of fhe bar about fhe
Pc‘vo{‘ Pm‘nl' 0, the knear
velocities of points

A, B ovrd C onue given bj

b
»
|
i
l
w
o
|

i'—‘,ﬂe:é

&'_—, ﬂlé = 0:25 é O
Dam[‘fnj gorceg ok Po\'nfs B amd C are given ba

Fo= €, %, = 0:75 € ©® = o0-.75 (fS)é = {is25 9.

F, & c"gc, = 0-268 €, 6 = g.25 (,o) é = 2-50 é

ASSuming e&a:\fa\.ﬂbnﬁ akaun—vd-.,«ng coruslamt ot feint A og
Ceﬂ) tke :FOI’CC F can be &Krrggseal ol
F= Cepx = C &

e
4
Mement Evﬁ.librc‘um C_Ua.a.tcm abouk the P:‘vd‘ 'ooih‘l’ O
3?ves
F Q = F‘ £| “!"‘ FZ /Qz

or

Ceg © (1) = 258 (025D + 111256 (0.75)
oY

Ceg = 970625 N-%/m
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‘4
ki

For two o\a.rnpe.rs in Series. : —
the eau.‘vm(.bfd: ala.m]m‘ng . I___ l l——l
constant is given by ep — . , CEgz
_lm = L 44 _ 2 P T 57 A8 T G T S 57
CEgl < i ] ¢
or C231:: il
2

For 1we da-mrers N Pa.ra.LLel, the eauiva/[eh{: demping
Constant is given by

Cem= C,+C,= 2€C,
Thus the system can be reploced by tke two eguivalent
dompers in parallel as ghown in the figuve oove:
The overall GU,LIVOM G{Cunva’)t'nj constant (s given L"J

- C c
Ceg = Cegi + Cega = = 420,
se that
F= Ce@v
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A cose+ + A An8

. L8
¥=5+z« = AET =

=t ASmG
6= fam A Ccos 8

A=J(A cos e)?‘-l- (A £in e)l = /5% 9% = 5.3852

owrr ) tam (%) = 21-8014°

o . . Lo
xi=i+2‘=%+%’- y T2 =
- = =

= Aet® = Acose+ L Asin®
A= 4%+ (-2)% = 44721
6= tar' (1) = -26565¢

3-414

= bi-{- L?_L

(a.'i-i-isi)-ia i (0-'2_-{-5"?_) = 4-24

= (3 - 4i), 22 = (1 + 21
7 =1y —zy = (3-4i)-(1+2i)=2- 6i = Ae’

—6 L
where A = 'V 2% 4 (—6)? =6.3246 and 6 = tan™" [T] =tan™! (—3) = — 1.2490 rad
L 2 =1+2i, zp =3 —4i
_ z=1; 25 = (1 + 2i)(3 - 4i) = 11 +2i=Aé’
where A = V112 + 2% =11.1803 and 6 = tan™" (2/11) = 0.1798 rad
. 1+2i2(1+2i)(3+4§)=-—5+10i____0.2+0‘4,1:Ae”
Zy 3—4i (3—41)(34+41) 25
where A = V(—O 2)? 4+ (0.4)? = 0.4472
—0.4

and § = tan™’ i

] = tan~! (—2) = - 1.1071 rad
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x(t) =X cos wt, y(t) =Y cos (wt + ¢)
2
@ I =oost wt, Tomoost (0t 4 9),
Xy _
2XY cos @ 2coswt-c?s_(wt+¢)cosqb

= ¥ _,

b o o XY
=cos* wt +cos® (Wt + @) —2 cos wt cos ¢ cos (Wt + @) (1)

23 cos @

Noting that cos® o = % (1 + cos 2 ), Eq. (1) can be rewritten as

2
x ¥ _, X3
X Ay XX

cos @

=-?12—-+%cos2wt+%+%cos(2wt+2¢)—2coswtcos¢cos(wt+q5)

2 2

— t—2
=1+%{20052wt—1—2wt+2¢c05Zwt 2 w gb}
— 2 cos wtcos ¢ cos (Wt + @)

=1+cos(2wt+¢)cosd—2coswtecos ¢cos(wt+ ¢)

=1+cos(2wt+¢)cosq’>—2cos¢{—;— [cos(wt—l—q’)—-wt)—l-cos(wt—i—qﬁ-i-wt)”

=1+ cos ¢ cos (2 wt + ¢) — cos qﬁ{cos ¢ + cos (2 wt+¢)}
=1 —cos’ ¢ =sin® ¢ (2)
(b) When ¢ = 0, Eq. (2) reduces to

2
X ¥ o XY _|X _ Y| _g
X ¥y XY |X Y

which gives X = :l:%{,— v. This indicates that the locus of the resultant motion is a

straight line. When ¢ = -;1, Eq. (2) reduces to

which denotes an ellipse with its major and minor axes along x and y directions,

respectively. When ¢ = 7, Eq. (2) reduces to that of a straight line as in the case
of ¢ =0.
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Equation for resultant motion:

i+.yi_2ﬂ_cos2¢=gin2qs (1)

¥ ¥ XY
2
When y = 0, Eq. (1) reduces to X _ —sin? ¢ and hence:
b
(2)

¥ =+ X sin ¢ = = 6.2 = OS in figure

(3)

When x = 0, Bqg. (1) reduces to = =gin? ¢ and hence:
v =+ Y sin ¢ = = 6.0 = OT in figure

It can be seen that
OR =X cos ¢ = 7.6 in figure (4)
08 _Xsiné _ing= % —=0.8158 or ¢ = 38.2072° (5)

OR Xcosd

From Eas. (2) and (4), we find
X= ‘\/(_Xsin ¢)F + (X cos ¢)* = ‘\/Ez)“ + (7.5)* =9.8082 mm

Equations (3) and (5) give
5.0 8 = 9.4918 mm

Y = e
sin ¢ sin 39.2072°
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(a’) x(t) = _‘%-o—o-cas (50‘t+°f) w  where JA B in mm  e==— (B1)
) A

x() = ==5 CO0S X = 0:003 , Acos of = 3 === (Bp )
2w - 50A Sawd= 4 s A EiY e = ~20 =By
600

-
A={(cos )™ + (A sin a) }/Z = 20.2237 ™m

« = tan (m = {-a,n'i(-e-acs—f) = - 81-4692°=-1-4219 rad
A cos &

2(t) = 20-2237 cos (50t - 1.4213) mm

(b) cos (A+B) = Cos A cos B — sin A Sin B ‘
Eg'(Ei) can be EKPressec[ as 2(£)= A cos 5ot-cos x — A sin 50t Sin «
= A4 cOS wt + Ay sin wt
where w=50, Aj=Acosa, A,=-Asinx
£ ] = (3 cos 5ot + 20 SinsSot) mm

%(t) = A, cos wt + Ay sin wt
t 5 _ o cos wt — A, 8" sin ot
%&)=—A"w sin @t + Apw cos BT, gﬁ'fﬁi cos 3

2z _ w® x(+) whevre @ 5 a constant
2 = e

Hence x(¥) s a S‘Imple barmonic motion .

. (av) Using fn’gonometn‘c relations:

x,(E) = % (cos 3t cos 1 - sin 3t s\'rll 1)

x,(£) =10 (cos 3t cos 2 — sin3t sin 2) | |
x(£) = %4 (£) + x5 (£) = cos 3t (5‘ cos 1 + 10 cos 2)— sin 3t (5 fln 1+ 10 sin 2)
If =x(t)= A cos (st + o) = Acos wot cos X — Asin wt sin &,

A Sng = 5 An 1 +10 sin 2 = 413.3003
1
A=J€P«ccsq)2+ (A s.‘no()’- — 13-3802 a
. fat (ASinA N o tant(-9-1i04) = 96:2640 = 1:68 ra.d
o = Tan A COS & i ) o 57'3':—38'964-‘:
Angle between xy () and = (t) is 96-2640 - =
(b) Using veckor addition :  Im,

For an arbitrary value of

¢t -H,) , har monic motions
24 (£) and %, (t) can be shown
as in the figure. From
vector addition, we find

x(t) = 1338 cos(wt + 1.68)

—» Re
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(C) Using ’ComPIEx. n::wiei;s: -L (wt+ 1) }
2 (8) = Re {As e b= Refs e
- : (&t +2)
L(Wt+2) _ Re {m e }

xz(f)z Re {A?. e
1f x(t) = Refa et (EFT Y,
A cos(3t +) = Ay cos (3t+1) + Ay cos (st +2)

i ] = . - sin 3t- sin 4
ve: A (cos 3t cos & - S 3t sin o() = 5(cos 3t- cost . )
+10 (ces 3t. cos 2 — sin 3t. sin2)

; _ . cin 2
Acosq'=5c0$1+mco32, Asing = 5 sinl+ (0Sin

13.3802 , X = 1-68 rc.'c!gt-f—i-GB)
x(t) = Re §13.3802 T }

e

A=

. - o * t)
t)= 1o sin (ww‘:+ Go ) = x, () + %Xo( _ .
! where X () = 5 sin(wt+30°) and x, (E) = A sin (wt + <°)

=) (-]
= 5 (#in oot -cos 30+ cos at-sin 20)

o - o
10 (S.'n Wt cos 60 4+ co5 ot sin @O ) ; . ;
+ A(sin st cos «° + cos wt-sin &)

Cos GO° = § Co5 30 + Acosx® 5 A cos X° = 016699

. ‘ ° i ° = -1603
{0 sin go° = 5 sin 300+ A sin X A Sin o = 6
A= Joec99%+ c.lc03* = ¢.1966

. -]
& = tant ( ©1603/5.6639) = 837738

x,(£) = 6-1966 sin (wt + 83-7938")

- x(£)= 5 cos Tt + sin Tt
.86 ‘ )
@ 1 cos _"TETL{- (1+4-Sm T?Tt) F

2
From the nature of the
graph of =(£). it ! /
can be Aseen that x(%¥) | | ' o
1S FE‘rfodfc with a 0 i 5 : "
. time Fef‘iacl of TE &K
P ol \Jl
. Iy x(t) s harmonic , Y(t) = — w? ®(t)
= ot + cos 3t
@ Here x(t) 2 cos ot e (8

%(£) = -8 cos 2t —9 cos 3t £ -
r(£) is_not harmonic
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N x()= L cos Tt - cosTt
PUECEIEE A |
()= - T cos -12T-t 4+ T cos Tt #F - constant trmes =)
8

x(£) is not harmoniC

x(£) = x4 (t) + %p(8) = 350n 3ot + 3 sin 27t
) B -
Since sin A 4+ Sin B= 2 Sin _A_-t-— cos A-B s

z Z
£
. .53 6 cos =
x(t) = (5 cos —E—)SH’I Eé?-t- L7c(f:‘) St 22E cos 3

) i
This ef‘um‘:{on shows ér 5. /’ — 4 . / -
that the a.mplifude r\ ’ N, AN )
(6 COS%) varies with 5 \;r\;;ﬂ I'S.;U'f\ hﬁp}‘t
time between o maximum p \\\J U \U U’/ \\

value of € and @ -\ 4 o/ \

minimum value of O, -G} -ﬂ:num ~\o -
Yriins

The freguency of this

amp litudes
oscillation ( beat

freguean) ¢ W= 1.
Note: Beat freguency s tuice the freguency of the term
- 6 cos Z‘% since Two peaks pass in each cycle of G cos%.

slightly different frequencies (wand w + éw) is given by Eq. (1.87):

b 6wt
x(t) =2 X cos [wt + -&UT—] cos l—-(;—-]

Thus the maximum amplitude of the resultant motion is equal to 2X and the beat
frequency is equal to 6w. From Fig. 1,113, we find that 9X =~ 5 mm or X = 2.5 mm

The resultant motion of two harmonic motions having identical amplitudes (X) but

and
éﬂ= L =— i = 27 =O.374rad/sec
% " Tom:  Tiwgm 2 (126 —4.2)
§ w 2T 27
or 6w = 0.748 rad/sec and w + = = = 6.2832 rad/sec
2 Tsmaller

Hence w = 6.2832 - 0.3740 = 5.9092 rad/sec. Thus the amplitudes of the two
motions = X = 2.5 mm and their frequencies are w = 5.9092 rad/sec and w + ow
— 5.9092 -+ 0.7480 = 6.6572 rad/sec.

A= 0:05 ™ = 10 H3 = g2-832 rad/sec
27 2T

eriod = T = = _ = .41 sec
pex! 3 62-832
TnELXim wm ve{oc:'{‘j = Aw = 0:05 x 62+832 = 3-|4(6C rn/s
2
moaximum acceleration = Aw? = 005 (62'832)2 = 197393 Y"'/s
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d/ sec
W = 15 CpS = 94-248 T i ]
x = 053 = 0-5‘(9-81) = 4905 m/s?- = AW
ma-x
A= amplitude = 4,*905/(94.. 248) = 00005522 ™

imu = max. velocH:j = AW = 0-05204 "'"'/S

e il ot
.@ x = A cos &t , Rpax = A= 0025 mm %= - A CDSJ ,
ro- s
.}(. z = AC:92-= 0-4? = 3924 “,“.,.,/si‘. ! (az = 251“/}\: 5696 ( /)
I

operating speed of pump= = |25.2837 rad/s = 19:9395 Ypm
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xy= A e%F

-
x(1)= 0: 752985 = A € 2
x(2)= 0-226795 = A ok (2)

Divide Eg- (1) by Eg.(2):

0-752985 A@‘t
0226795 A &2t
(e eq = 34965
or o« = heg 34965 = 12517 €]

From E%S- () and 3), we :Fi'ﬂot
@ >

\

T 985
= o-rs 3 & 2'63 28

A
- 12517
(S
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D(spla,cemEHt = ()= |8 coes 8t wmm

@d Frg?/ugnc:‘ 053 harmonie motion = 3 = g "ﬂ—"(/)-"

2 T 217
Feried = T = il 5 = 07854 A

@:) FreWAe-V‘f—j Gf oscillation :
g

w= % TD-J/A ¥ a—w BT
2Tt

-273%32 Hz
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—

Mo tion of tke machine= %« = 8 sin (st +1) D

Using the formula for sin (A+BY, Eg. (1) can be
written ok

sta (5t+1) = sin5t.cos 4 + cos St: sin | (2)

o—v\al 416?168

%2 = 8 Sin5t-cost + 8 cosSt: gin 4 (3D
Eg-(3) is in tke form

x= Asins5t + B cos 5%t D
with

A= 8 cos i = g (0*5140?.) - [.,.329_4 (53
arnd

B= ¢ simt = 8 (08414 = 6-7312 (6’)
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xX(t)= —-2:0 S/n st - 2.6 cos 5t (13
Eg-(1) can be expressed in the form
A cwsBGt+éd

- A ctfs5t-coA g — AsinSt:sing (2D

2 (t)

]

Com}omh‘r\j COrTeQPOna‘inj Terms 6f Ezs’- (1D o_rr-uJ( (2))

we obtain

A tos g = —2.0 | (3D
A Sin ?j = 3.0 D)
Dividing Eg. () by Ep-(), we £ ind

tam @ = - I'5 o = _56-3097 5
which gives
cos g = 0-5547 65
Ezu.ni'fm'vi 3) omd ©) give
_ s 2,0
A= —*° - _ L _ _3.6055% (7
CGS¢ 0";5',1_’
o (Y= A ces (St+¢)

= - 3:6055 o5 (5%t - 56-3099°)

= -3.6055 o8 (5t-0.982%9) @)
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Displace ment :

x (£) = 0.2 sin (5t +3D) m
Yelecity :

2(E)= 1o ot (St+3) ™/5
Acceleration:

% (£y= - 50 sin (5t+3> ™/A

2

Ampln'(:udes of ala'slala.c_ement , Ve|oc_{+j and
owccelenolion one:

- # » b— 5 = s‘o m/z
max - 00T ™, ok o W/, % <
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xX(t)= 015 sin 4t + 2.0 cos 4+ in (1)
By Expressing Eg-(1) as
x(£)= A sin(4t+¢>
= A (sinkt ces ¢ + s 4t sing)
we obtain
A etos ¢ = o-I5 €D
A sin g = 2.00

EgS- 2D amd (3D 5.‘&\9‘

(3>

fo-m ¢= _2._'5-"-2- = 133333 - ¢ — 85"”080
e
= 14959 radk
ond
0-15 015
OF = = 20056
COS?’ 00748
+ x ()= 2'0056 sin (4t + 4,4959> n
Ve.locH-U:

% ()= 8.0224 cof (4t+ 1-4359) in/sec
Acceleration :

¥ 2
% (t)= —32.0836 s (4t + 4959) in/sec

Ampl\‘{—uales of d.'gPla.Lement', velo cu"\':j and accelevakion
ohe :
xma..& = 2’00‘;6 '

g.0224 n [see

R
i

¥
i

32:0896 in/sec”
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x(t)= 0:05 sin (6t +FD m

n(tz0)= 0.04 = 065 Sin &

or sing = 2:°4
c:ro5

=08
which gives

$ = 58.1301° or 0.9273 rad
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2(tdX= A sin (61t +¢) m

(1)
2 ()= 6A cof (6t + &) ™/ % (2
At t=o:
®x(e)= Asng =o0.05m (3>
x(0)= 6A cot g = o.005 ™/ &)

Divide Eg. (3> by Eg. (4D 45 §ind

f—a/h?i s 0.05

& 0-005

R w)

il

or

¢ = tam ' (60)

§9.0451° = 1-554) rad (s
Eps: (3) omd (5> give

A Sin [©554) = 005

ax A = il = 0:05 ™M >
0,99986)
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Fregueﬂcg = 20 Hz = 20 (27w) = 40 7 vrad/s
Amph'{'ude of acceleration

c.‘S? = 0.5 (BoS‘F)
4905 m [ 5%

Iy x(t)= Asin wt,
2 (tY=z Aw cof Wt
x(E) = — AW An Wt

In the Ww,

Aw?':: L =8d8% = A ('-l""rr)2

-905
or A= .4_\_9

Go ™'

- 0000306 M = @0:-3106 mMm

Hence the Jiepba’@,emen‘t it Velac_\'-l-j x (£) ok
occelenalion 3 (&) of the machine are given b_'j

®x(t)Y= A ¢in Ot =

—

0-3106 sin j25.6640 t

il

m/,s

() = AW A WL = 5.03903 o ¥25-6640 ¢
72(&): —Aw’;anw'L’:—q-.BOl}'? Sin izs-Gquf T'ﬂ/gl




© 2011 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This publication is protected by Copyright and written permission
should be obtained from the publisher prior to any prohibited reproduction, storage in a retrieval system, or transmission in any form or by any
means, electronic, mechanical, photocopying, recording, or likewise. For information regarding permission(s), write to: Rights and Permissions
Department, Pearson Education, Inc., Upper Saddle River, NJ 07458.

.4 = 08 wmm
7 = 0-53 = 4905 m/g?
Lf =(t) s o formmonic fwn ction,

x (£)= A sin wt
orrd N

x (t) = — AW gin wt
For the given data ,

A< 05 mm = 0-0005 ™

and 2 4.905

Aw;—'-' L4.905 oy (8 =

= 98t0-+0
00005

1§76 35 Hz

Hewce = 99:.0454 rad /s

= 8459121 rpm
Hence fthe rotational Aloeed of tke rotor [s:

945-8121 Tipm.

1-79



© 2011 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This publication is protected by Copyright and written permission
should be obtained from the publisher prior to any prohibited reproduction, storage in a retrieval system, or transmission in any form or by any

means, electronic, mechanical, photocopying, recording, or likewise. For information regarding permission(s), write to: Rights and Permissions
Department, Pearson Education, Inc., Upper Saddle River, NJ 07458.

CaTmt B _l_j-Xzsunz 27% 44
X(t):Xsm T y EXrms = T =

2
2

471
1 —cos
. 27t i e obtain
Using sin = 5
: 2
g 4Tt 4 oy I X e AL
X l—-—-—-cos dat =——'2"*"2—4W T
Xrms —,F_.L- 9 9 T

1
2 X
X T _ T gnar—0+40f =
= T{-Z- 87rsm VE'

%

£) 5 ()

For even functions, % & . , £ aF
L o dt =2 \x(t) sinnw
@ From E-(173),  bn = j; x(t) sin ned 2 517

= %[I ({') sin n(ﬁt dt +j1(t) sin nC.Sf d%
"% ---- (E1)

d\N i

Smce  Sin (-—nc«s‘t) = — Sin (nc.s‘f.')— odd funcfion of t‘,’ the
}aroc{u.c{' of x () and sin nest 1S an odd Function.

Further, for an odd function pE), FCEt)=- £(£),
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fm;(t) dt = j}’(t) at + {?(ﬁ) gk = £3C(-—1':) dt +_Of,:(t) At

-a
- - [T 4+ (%) 4 = o (B
c -] _
Ezua—b‘ons (€i> c...'na (EZ> leo..c| fc bn = 0.
Also, since cos st is an even function, we get
2 (73

= I{C(t) cos not dt = % £x(i:) cos nast dt

For odd ;Cunctlo\:\‘.s_, z (-t) -_-t:_ x (£). o
'%’— f"(‘b) cos nest dt = —% J‘x(t) cos nwt dt
o -

cos nwt’ S an even ;Cu.ncf:'on g RS [—n GS'L') = CO5 (h&ﬁ) >
of %(t) and  cos net is an odd function.

From Eg.(1.72), an

1]

Since
the producf

Hence @y =0. -
Further, since sin not is an odd function, x(t) s nat s

an even function ond  hence

{5
b = -‘{,- f/;({;) sin nwt dt
o]

n

= 4\1'.({‘). '
SPiE] A mepen @ o7
Z—- —
A% (E)
A! 05%5% - % ___‘r t
T (b . i
x(®)=) A, Zatc3E ( i
4 4 | b -
T = T AX
AJ Tft‘ A . ‘
0. oxt= 72 (c) ° \ ot
K(‘t):{ y . % >
ZA: ‘-z"ftf A\x(t)
sA, o< t2 = . zﬁj L,
% ()= o %5 £ o %q 5 z o
37 «1t2 T
2A, e
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(Cb) ’L("'t>=-7’-(Jc) , odd Ffunction , he_nce. &y = B, 7 B

[
L?n = _%"_ I?(-&} Sin net . dt —-_.—[— _YS“_, net-dE + A j‘;r'n st ¢

[} t/z
oz oy Mer “wt Ve 2A (_ s nwt ¢,
= __f—( s + = n oS T4
= ( cos NTT — cos O — cos 2nTl'>
~ t
if-A sin (Z‘n-‘i)@
x(t) = 12 TEL(
- = + even quncfn'on R ‘Aence ]pﬁ:o
by x(-t) = x> _
{7 }: (@]
@O:__t_fox(t)clt——"[ _A(t)% ()3%
o
Qo = -?{7 fx(t) cos meot. dk
(=] % ;_?, {: >
= ___,_.ZA ) wt _ sin nwt + Sin nw ]
= s Sim n . q%* 3?:4
= - 1
= —-A——‘ [Z sin Lon . 3 2 sin Ly 4+ sin Z.Tr'ﬁ:, - 4%1’? for n=4L%
T : n+l —4%_”. for n=371,--:
4 A g D) os 2T (n-0Dt
! = = —_— C
&
2 % 2 7t
€) a = = Lx_(t) A = —t—[o +2A ( #_% 1
o
v 4A S n(;_‘}t) - g
@nz’%Jx(t) cos nwt 4t = — n "
o

v < - 4A csm&fﬁ =
b,-,:—?t-‘,-‘ fz(f) sin neat AF = —_ (o )"C’A

nese
0
_ _ 4A coS 27N — 8 nTT
- T ( ) . s 2—%.
4A = —— sin (zn-1)owt with
o ’x(‘f:) — T —;_r-'-" - (Zh-l)

(cl) x (-t) = x(¥), even function , tence bn =0

&, = "é— J;::_[-{:)&,t‘ 2 A ———G>+2_A("C’—‘ 4 )] ZA

% ji(’c) s nwt dt = ﬂwr[s‘m h&?f‘) (:m najt> ]
0
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s T . L an T
__l_t_A__ (S”‘ _'Gé—- 4+ Sin 2nT sin = )

=

nwT
oo (_|>n+f am(zn-1) Tt e e ﬂ/&
v ()= s ) = /__  cos = wi
N w n=41 (2.11-!)
T
oc(t):{Asin 17;* , o =t £ 7
2
- £ =t 207 4
h i % z 2T r
z Jt = z /z sin ______'ZT‘-{- t{t = _%.LA— (" a‘;_‘ccs e
%% = T f"tﬁ) = = T = .
[#)
o
YN
) 7
G
z A =
Qy = z 5‘7:(_&) cos nwt dt = g-%,- j' sin 2———-T;t-¢:os nest . At == ( 1.)
ig} ,Ca l
) ° - —n) wt
_ sin (-mﬁ-n)w{‘ + &in (m=n ,
Using the relation sin mwt. cos nwt = -

Eg. (E1) can be rewritten as
T\'/Qg

L, = .& 5 [sfn (i.f.n')cj{: + Sin (i-—n) C&t] dt

T\'/cg
when n= 1, o, = f%f sin 20t .dE = O

[ cos (i+n)wf cos (1_1—1)094;]1%?

when n=2,3,4,. . (44n) 3 (14-n) @

o}

AT 1- Cos(f+m)T  L- oS (5_-n)ﬁ]
=gl

1-n
o if n s odd
- - 2A if on s even
(n=L)(n+ 1) T
SEmi[af{ v 3 B i _—
H L“ ::._’Z-z',-— 5“7_({-) sin !‘\C:B't cu: = %'E:- jo £in —= cos nid
Q
= A gt’/z[cos(j,‘n)w":—- c_a»s(i-x-ﬂ)ast]cii‘
T
L A
when n=1, by = -%—“ j- {Gj,t _ s 20t) & = F
=]
. A Sin (1_-—\1)&3{: _ Sn (1«1— n)CxB -
When =2, 3y &2 bn = “‘C_"[ (1-n) 3 (L+n) o ’
: A = cos mest
x(t):i+ﬁ sin Wt - Z2A ALY
o E T ne2,4.6. . (n*-4)
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2At | stz 7
1.109) = (t) =
-2-———;4-2;\, %f_fff
% L 2At
z 2At - 2= 4+ 2A ) 4t
? (7
‘t’/ 21T T
2 [2A £ 2A £ 4 2A-t ]
='f"['é' zl, ~ T 2|% 7
2 TAE - BOZ A‘C'].—_- A
:"F[T o
© ¢ dt
Gy, = jx(ﬁ) cos ned
2}

&)

T
ZA
‘f __A_Jccosnc.stdt-{-j("-g‘t‘*‘”‘)msnost dt
7
[=]

Zz
¢ %

T,
2A [p sin nwt | cosnot 7
T
in neot cos nat 1T i _ Sin neot
_ 2A {t Smw____-q--—;‘-;c';?‘ » 4 2 e %
" 2

09 AwS A ™n ._&—-——- cos T
- 2 A T = —— 3 3 Cost + 2
4 A = 4,3, 5
_ 2A (CDS nTr —.1.) = - T2 T2 s m= 1, 3,

n% T 5 , n=2,4, 6,

T 2
b, = Zz f"({') sinnwt dt = 2 f zZA { sin neot dt

T 2 o <

t‘-—_Z__A.{; 2A) sin nwt d{:]
L)

T
¢ cos nest _ sinnut | 72
2 2_&. - 4+ e
== e neGs n# w9 o
T
s =4 st
2A t cos nwt L Sin neot + 2A (_ cos; ) :1
o - 2 .
Tl et [ %
A 2A T 2B cos ﬂ'ﬂ':[ =0
2 (@5 [._. .T%E cos nTU <+ 7:1-1%9 oS 2nT = nAuS s nTT — o cos 2nTt 4+ e
iy
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(==]

. A _ 4A L cos nwt
,e x(t) = 3 3 ‘n:i,B,S,.--n

4At , ot 2 =

T

£ -4 3T
4At _ 2T
T 4'A B .—4-'— < {: < T

z
48 £ & ] =
HL5 = & %8 )32%’_ .
' T

¢
A %%
Q, = —?'E f x(t) cos nwt dt = %—'[if' j £ iop piat ol
9 o
3T
- iﬂf éf{: cos nuwit dt + 2A f /4 ces nw3t dt
z Jy %
. T
o A [Tt cosnot dt - an [ cos oot Af]
T iy 24
4A (¢ sin nwt net s M Ta 4.A{ ig_\:_ééﬁ cos nwt at‘/‘f‘
- _%_[ { Tre n* ot }o T ne ntw?  fay
=
A sin nwot 3% 4 A "{: sin_nust 4 Ged nwt _ 4A (sin nwt
2 NG9 %‘ T = { nws n*®  fazy ne J3%
A 2A T 2A
— 22 l:Sn"l —_ +-;&—3 =~ wm T oS D-i- ('ﬂ'h‘kw ¢ 1&5)
. A A 4A anw [ 2A  _ ZR
+5‘“3—2_E"i% %’5‘%’5*’;‘; + 05 5T | T et Ti'nLCS)

2A 2A
2mn — €S © = @
+ e8 (TrnzCB) (Trn"u.’)]

x ;’CA,
T 7 _
= Z x(£) sin nwt dt = 2 e t sin nwt.dt - 4A | + sin not At
b T (£) T | T -
) i} 0 . %
+ 2A jar/i-n sk b o 2D J- £ sn onet 4t _ 4Af sin nest -c}.'l'.']
¢ iy T4
73 4
%5
2|4A —-—-—9_ sin ntst = E— ces nwit ¥ _ 4A sin nwt
=T | T | ntw nus . =
3t . _3'_T£_ t 1 3T z
4+ T 2 _ ws nw == 75 4 I SR
_%wnwt}r_l +LA( v );— . +___E__{’w?_ sin NG
W 5 ie
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t L= oy cos neat = o
e i R REST — A = _n B
A - AL =
3 =
4 A N an T 0 4§ w s even
= — (S!n —i— - SN -'—"z - l‘_'_i
Trz“?- S A (_j_) z If n 1§ OCL:{
-
@ —
8A z Sin mnest
x®) = T Z D b
n=1,3,5,

¢ t 2 A +?
w= 2 (Gwe= 22 [T0-5) =f-5) - 4
o] t z%
¢ Lo - 2A sin nwt _ ¢ sin net cos nG3
@, = = fz(-f:) CosS nwe = = T o
o}
N A oS nuﬁ: + £ oS neyt  sin nwt rﬂ/@
- = T 7,2
Ln - _%"J't;(('t) Sin 'ﬂw{ cu:- = .z_f—( S T ) T e i
)
_ A
mTn s "
Sin N3
: = A B e~

'The truncated series of k terms can be denoted as

1.112

E 1)
,cosnwt+ 3 bysinnwt (

n=1

%0
— +
2

3(t) =

=]
i

with X(t) denoting an approximation to the exact x(t) given by Eaq. (1.70). The
error to be minimized is given by

E= Tr/fw e?(t) dt (2)
—7fuw
where e(t) = x(t) — x(t) (3)

and x(t) is the exact value (with infinite series on the right hand side-o? qu. d(lEJ)
Treating E as a function of the unknowns a, and by, it can be minimized by
setting:

—7fw

mfw

_Q?‘_ =2 f {X(t) - ;{(t)} [— cos W t] dt =0 (4)

day
5E mfw

— =2 { {x(t) - g(t)} {— sin n W t] dt =0 (5)
ob, —7fw
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Rearranging Eq. (4) gives

wfw

f x(t) cosn wtdt=

—7fw

Using orthogonalty property, the rig

7w

—njw

0 formsn

f X(t) cosn wt dt

(6)

ht hand side of Eq. (6) can be expressed as

7w 3 ~ (7)
[ X(t)cosnwtdt =12, 7
form=n
—rfw 7
This leads to
mfw Eﬂ T (8
[ () cosnwtdt.=—aj—— )
._n-/w i
w fw i (9)
or ap, = — f x(t) cosnwtdt ; n=0,1,2, ..,
T —mfw
In a similar manner, we can derive:
wfw .
b= [ x(t)simnwtdt ; =12k (10)
T -7 fw
i s. (E.3) and
It can be observed that Eqs. (9) and (10) are simlar to those of Eq (E.3)
(E.4).
i : L n=41_________ E..Ii. ...... !15.2.---_-.-__{ -_L _____ n= _'S_t.._.._---_.._g.ﬁ?_-..
ik b T e £ . i LT 6t L an 4TE 0 % cos emts x,; Sn
¢ : B X sal"';_; %; $in — El‘msm x; sin = | 4 cos 252 —
r : i 1 1 :
A | | ; 9.5
1 jo02 ! 9 | $:314%  F.4442 ) 603637 63640 | 3-444l -?:{-3
2 :0'04 ;‘3 ]: F. 1924 ?.1924 1 o©r0000 {3:0000 : —9- 1724 - g
) 1
3 10106 117 | 6:5056 {5.7060 ;_{?_.09_0? 12:0208 = |5:70579 — 6:5a%
] l '
4 10.08 1'25 ! /0000 29.0000 | ~29.g000 G.0000 : g:0000 -2%.0000
5 10+10 |43 |-16:455¢ 39:7267|-30.4053 ~30: 40571397271 —16:4547
¢ fouz |58 i-gLTRE 46N, owooe -B53.0000, HHET 4177
7 lonh 163 1-58-2045 241087 | 44.548Z —44 5472241100 582040
1
g o6 |57 |~-5T7.0000 ci 0000 E 570000 0:0000 |—~57.6000 e SIS
3 108 149 |_4s.2700 —(8:75(8 | 3406477 346487 |-(8-1505 —45.2705
10 10-20 |35 |-24.7485 -24.7487! g.o000 35:0000 47493 24,7472
[ lo22 [35 |-13:393¢ -32:3353 |-24.7493 24.7432 | 32-3354  (3:3950
l2 {024 | 41 | o0.0000 —41-0000 -4l-0000 ©0:000° | Q.c0dc Zl.co0a
13 1026 | 47 | 17.9966 —43.4221 |—33.2333 -33.2347:_43.4229 (7.98 47
llfllU'lB :41 E 9289917 —28:991 l 00000 —4(-0000|_23,??05 _29.9923
5030 | 13 | 12:0105 —4:2747 . 24927 ~%4920 | 4.9755 —i2-0(02
6 10:32 : i : J.000¢ 0-Qgo0© i 7.0000 o-acooi, 7.0000 0.0000
Y R Supap
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() 558 CC.7897 —3l3z7g - 16552 —F-584 —u43.2234 26-828
b -
=1
3535
- 14569 -li-44%8 -5.4029 3.353
L= ()6rrs -z ju87 —3:760 —1+456%
c=1 (
h presslire , - +
speed = oo rpm b b (4)

In a wminute, o Fcim" will

A=P
be Su.!:J'ecf:E.cl ‘L'o the K
maximum pressure A=
Pma.x = l0a -}"'5‘.) {oo x4 =

5T T
400 times. Hence 4 -;; = time, t
Per:’od_—. v = _$9 =g.\5 sec. .
doo 2
5 () { A , o= 1= %
°© , ¥ =t= T
iy
2 ® %4 _ A :
% = £ [p) db = 2A(E)T = 2= 50 ps
(o]
v et Af‘ A . miT
2 ZA Sin ™ - A sin Z—
amz 2§ gty cos mest dE = S ( e )o e E
o
2 r*® ) 2A cos mwt\ Tk A wT
L‘m: TE' J. ?(—I;) sin mwt Ji‘.’_—_- = = ( 5 , =—-‘l:|': cos
o)
Eveluation of am and bw: ~
I R 2 B m=2 ': m=3
S I DI S ——
s 5 ! ; T
m._w"f‘-s‘nl;:_?r_ : a_,,_:_z’_d‘_?s:n?r—o E 0’3:;"??5'“7
l -
= 308309 psi : '. 2w g Bl5 3 e
O N e e
= 31, 9309 PS¢ _j__ =9, 8307 pSk 1 = l048l2 psé
) e i+ b sin mw‘f:) ¥
‘P(f:): - + Z‘(aum cos mwE + b, pst
m=1
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$Programl.m
gProgram for calling the subroutine FORIER
%

&Run "Programl.m' in MATLAB Command Window. Programl.m and forier.m should be
%in the same file folder, and sét the path to this folder
sFollowing 6 lines contain problem-dependent data
n=16; :
m=3;
time=0.32;
x=[9 13 17 29 43 59 63 57 49 35 35 41 47 41 13 -7];
£=0.02:0.02:0.32;
%end of problem-dependent data
sFollowing line calls subroutine forier.m
[azero,a,b,xsin,xcos]=forier(n,m,time,x,t);
sfollowing outputs data
fprintf{'Fourier series expansion of the function x(t)\n\n’);
fprintf ('Data:\n\n’);
fprintf ('Number of data points in one cycle = %3.0f Ng® A1)
fprintEf(’ \n’');
fprintf ('Number of Fourier Coefficients required = %3.0f \n’,m);
fprintf(’ \n');
fprintf (' Time period = %8.6e \n\n’,time);
fprinti('Station i ")
fprintf (‘/Time at station i: o ) )
fprintf ('x(i) at t(i)")
for i=l:n
fprintf (’\n %8d%25.6e%27.6e ', i,t(i),x(i));
end
fprirntf (’ \n\n');
fprintf (‘Results of Fourier analysis:\n\n');
fprintf ('azero=%8.6e \n\n'’,azero);
fprintf (‘values of 1 a(i) b (4.) ) ;
for i=1l:m
fprintf(’/%10.0g $8.6e%20.6e \n',i,a(i),b(i));
end )
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ggubroutine forier.m

-

pi=3.14%64

sumz=0.0;

for i=1l:n
sumz=sumz+x{1i) ;

end

azero=2.0%sumz/n;

id=1:m

sums=0.0;

sumc=0.0;

for i=l:n

ton

theta=2.0*pi*t (i) *ii/time;

xcos (1)=x(i) *cos(theta);
xsin(i)=x(i)*sin(theta);
sums=sums+xsin (i) ;
sumc=sumc+xcos (i) ;

end

a(ii)=2.0*sumc/n;

b(ii)=2.0*%sums/n;

end

>> programl

Fourier series expansion of the function x(t)

Data:
Number of data points in one cycle = 16
Number of Fourier Coefficients required =

Time period = 3.200000e-001

function Iazero,a,b,xsin,xcos]=forier{n,m,tlme,x,t)

Station i Time at station i: t(i) x(1) at t{i)
1 2.000000e-002 5.000000e+000
2 4.000000e-002 1.300000e+001
3 6.000000e-002 1,700000e+001
4 8.000000e-002 2.500000e+001
5 1.000000e-001 4,300000e+001
6 1.200000e-001 5.500000e+001
b 1.400000e-001 6.300000e+002
8 1.600000e-001 5.700000e+001
] 1.800000e-001 4.500000e+001
10 2.000000e-001 3.500000=+001
I 2.200000e-001 3.500000e+001
12 2.400000e-001 4,100000e+001
13 2.600000e-001 4.700000e+001
14 2.800000e-001 4,100000e+001
15 3.000000e-001 1.300000e+001
15 3.200000e~-001 7.000000e+000
Results of Fourier analysis:
azero=6.875000e+001
values of i a(i) b(i)

-2.084870e+001
~1.456887e+000
-5.4028002+000

Ld b=

-3.915985=+000
-1.14497%82+001
3.353473=+000
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g Ex1 119m
for 1 = 1: 101
t(i) = 0.32*%(i-1)/100; . -
xt*% = 34.875 - 20.8487*cos (19.635%t (1)) - 3.9160%*sin(19.635%E(i)) ...
. 1.4569%cos (39.27*t (1)) - 11.4498*sin(39.27*t (1)) ...
- 5.4029%cos (58.905*t (1)) + 3.3535%5in(58.805*%t (1))
end
plot(t,x)
xlabel (ft’);
ylabel('x(t)’);

70 T T T T T

x(t)

0 0.05 0.1 0.15 02 0.25 0.3 0.35

% Ex1 1.120.m

u = 0.3445;

1 = 10;

hi = 0.1;

ald = 2;

r0 = 0.5;

% First case, r changes
for i = 1:101

r(i) = 0.5 + (i-1)*0.5/100;
el(i) = ( 6*pi*u*l/(h0"3) ) * { 1ahi- ho/2)72 - x(i)™2 )...
= ( (aD*2-r(i)~2)/(a0d-h0/2) - ho );
end :
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% Second case, h changes
for i = 1:101
h(i) = 0.05 + (i-1)*0.05/100;
c2(i) = | 6*pi*u*l/(hii}“3) ) * ( (a0 - h(i)/2)°2 - rsz ). ..
* ( (a0”~2-r0~2)/(a0-h(i)/2)}) - h(i) );
end
¢ Third case, a changes
for i = l:101 )
a(i) = 2 + (i-1)*2/100;
e3(i) = ( 6*pi*u*1l/(h073) ) * ( (a(i) - h0/2)"2 - x072 )..
* ( (a(i)~2-r0~2)/(a(i)-h0/2) - h0 );
end
subplot (311);
plot{r,cl);
xlabel('x’);
ylabel(’'c(z)’);
subplot (312) ;
plot(h,c2);
xlabel('h’);
ylabel('c(h)’};
subplot (313);
plot(a,c3);
xlabel(’'a’);
ylabel(’c(a)’);

205 30.55 0.5 0.65 07 0.75 0.8 0.85 0.9 0.85 1
4

T T T

8.051053.055 0.06 0.085 0.07 0.075 0.08 0.085 0.0% 0.085 0.1
s : h

I

2 2.2 24 26 2.8 3 32 34 36 3.8 4
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s Exl_121.m
for i = 1:101

x{i) = (i-1)*4/100;
ka(i) = 1000*x(i) - 100*x(i)"2;
¥b(i) = 500 + 500 *x(i)"2;

end

plot (x, ka);

hold on

pilok [ze kb, St

xlabel('x"); .
ylabel ('ka: solid line kb: dash line’)};
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s Ex1_122.m

for i = 1:201
£(i) = (1-1)*30/200;
L4y = 3*gin(30*eli) )
%2 (1) = 3*sin(29%t(i));
x(1) = x1L (1) + x2(i);

end

plot(t,x);

xlabel (‘t’);

ylabel ('x');
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Xy = r+1—-rco$9—-fc05¢=r+1—r¢:oszcd‘f:-—f\h:ﬁ""z?g (1)
Bk Lsed = v O, g (- I st ot)l @)
Using (E2) i» CIPF *p = r+d —rcscwt—1{ (1— -{;— sinzc«.ﬁf)i Es)
Let —;— = small (< £ . using Vice = 1—+ €, (E;) becomes
?"-1,';-: Y‘(H‘ _ZI-Z>_T(CDSC¢3‘£T+Z‘:E'C_QS zot) (E‘r>

(@) g5.(E4) gives 3y= xp- T (1+ 5 )= —r (eos ot 44 Tf-mw&)
! g

-t (55>

= T = el g sma-Ll, }F = = cos ot = harmenic motion.

(b)'ﬁ have a.rn}:“{'ucle of ,%e..conﬁl fharxmoenic smaller than that
of first harmonic in Eg- ( Eg), We need to have

s
L 2 B o= B fiEe e GuiS
Z T = z5. Uev ¢~ zs YT &
Once the c»n«pfl'fude of second harmonic s smaller by a

factor of 25, e CL'mF/“{'LL‘{eS of higher harmonics arising

from the expansion of sguare-voot- term in (E3)) axe expected
to be still smaller.
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Unbalanced force developed =P = 2 m «? t cos wt, range of force = 0 - 100 N,
range of frequency = 25 - 50 Hz = 157.08 - 314.16 rad/sec.
Parameters to be determined: m, r, w.

Let r = 0.1 m. To generate 100 N force at 25 Hz, set:
P,.. =100 =2 m (157.08)* (0.1)
which gives
100
m= -
9 (157.08)? (0.1)
To generate 100 N force at 50 Hz, set:

= 0.0202641 kg = 20.2641 g

P_., =100 = 2 m (314.16)" (0.1)
which yields
100

m = - — 0.0050660 kg = 5.0660 g
2 (314.16)% (0.1)

Goal: Weight to be maintained at 10 £ 0.1 1b /min

Parameters to be determined: Angular velocity of crank (w), lengths of crank and
connecting rod, dimensions of the wedge, dimensions of the orifice in the hopper,
dimensions of the actuating rod, and dimensions of the lever arrangement.

Given: Density of the material in the hopper.

Procedure:

Select w based on available motor. Determine the dimensions of the orifice in the
hopper which delivers approximately 10 lb/min (assuming continuous flow of
material ). For trial dimensions of the wedge, determine the increase /decrease in
the size (diameter) of the orifice. Choose the final dimensions of the wedge such
that the material flow rate delivered by the orifice lies within the specified range.

Force to be applied = 200 Ib, frequency = 50 Hz = 314.16 rad/sec.

Procedure:

1. Select a motor that provides, either directly or through a gear system, the
desired frequency. Assume that it is connected to the cam.

2. ?,S'etermine the sizes and dimensions of the plate cam and the roller.
3. Choose the dimensions of the follower.

4. Select the weight as 200 Ib. From the geometry, determine the range of
displacement (vertical motion) of the weight.

5. Determine the force exerted due to the falling weight.

1-98



© 2011 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This publication is protected by Copyright and written permission
should be obtained from the publisher prior to any prohibited reproduction, storage in a-retrieval system, or transmission in any form or by any

means, electronic, mechanical, photocopying, recording, or likewise. For information regarding permission(s), write to: Rights and Permissions
Department, Pearson Education, Inc., Upper Saddle River, NJ 07458.

Considerations to be taken in the design of vibratory bowl fee ders:
1. Suitable design of the electromagnet and its coil.
9. Radius of the bowl and the piteh of the spiral (helical) delivery track.

3. Tooling to be fixed along the spiral track to reject the defective or out-of-
tolerance or incorrectly oriented parts.

4. Design of elastic supports.

5. Size and location of the outlet.

AE
£
Let diameter of each tube be 0.01 m (1 cm) with thickness 0.001 m (1 mm). Then

Axial spring constant of each tube = k==

A=Z (- &) =T (001* ~0.008") = 28.27 (107°) m?
4

This gives

L o (2827 (10‘5); (2.07 (101) _ 20.26 (10°) N/m

Since 76 tubes are in parallel, we have the total axial stiffness as:
keq =76 k = (76) (29.26 (10%)) = 222.38 (10°) N/m

The polar area moment of inertia of each tube is

_ ™ Dt —a4) =" (0.01* —0.008%) = 580 (107%) m*
J=—o O —d) =5 ( ) (
Torsional stiffness of each tube is given by
—8
GJ _ (79.6154 (10%)) (580 (107°)) _ oy (10%) N—m/rad
é 2

For 76 tubes in parallel, equivalent torsional stiffness will be:

k, = (76) (231 (10°)) = 17.56 (10°) N—m/rad

eq
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