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@ %= 2 (Total Response)

HAE x(0=X,(0 + x,(0E
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3.4 [l REgd dgt WE A"y EE
(Response of a Damped System under Rotating Unbalance)
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AWe oz zow
HE- $lom
drls, drl 21(1-A%+ (2t9?]
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F? S
Xg(k—mwz)z+ XE’ZCZ@Z

{(k- md)?+ Fo?}’

F2
XZ { (k- m®»?+ )

{(k- 2?2+ o2}’

X_ N B - 1 (113)
[(k- mw®)?+ o’
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tany 7005111 % mw

Y = tan — 1(%) (114)

k— mw
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sin(wt — 1) = sinwt cosy — coswt siny (110)
7F Hw 2 (1095 9] #AAS o]&3teo Hshd
X[ (k- mo®)(cosot cosy + sinot siny)
- co(sinotcosy - coswtsing)] = F cosot
2 (110)& cosor 2 sinodro 2 AEsta 4 (109)9F vlasle] A glshd
X[ (k- mo?)cosycoswt+ cosingcosot] = F coswt
X[ (k- mw?)sinysinot - cocosysinot] = 0 (111)
of ). ol A &k 2719 WA alel] ] cosotH sinwtd] FES Erba Hod
X[ (k-nw®)cosy + cosiny] = F,
Xl (k- nw?)sing + cvcosy] = 0 (112)
gar oz w37] 98 g F S AT wEF A5
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xS gt v
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(Response of a Damped System under Harmonic Force)

E37F F(t) = Fcosot & FolAH 5 WA
mx+ cx+ kx= F coswt
2 (1079 Sdl= A ZepAolztal o s vs 22
o}

x,(8) = Xcos(wt - y)

=0

X} yi= AAH oo & ol 47 S| IFI A4S
()= -Xosin(ot - )
= ~Xocos(l - w)

4 (108) 2 X 07X 08 A (1070 sk

X[ (k- mw®)cos(ot-y) - cosin(wt-y)] = F cosot (109)

AzpRel BAAE o] g3t
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(107)
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mx+ ¢x+ kx= F(t) (105)
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c.= 2mw, = 2(500) (6.8677) = 6887.7 N-s/m
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c=T%c, = (0.4037)(6867.7) = 2772.4905 N-s/m
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N
)
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sinw, ¢, = \/?@2
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o= SO 61839 sec

ﬂ‘/

9AHS Eashs 19 8-239 WA xge
x=V1-v"Xe

x = 250 mmo] 2= 2] (103)&

(103)

025 — 1_(0.4087)2)(6*(044037)(6.8677)(0.1839)
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Ao £ WS METOEHA IS F o
x(H) = Xe *'sinw ¢t
X = Xe (=L, sin o,t+ 0,4 c08 0,0 (104)

t=09d @ 4 (104
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3. 1 AHERS #HFIIRS

(Forced Vibration of Single Degree of Freedom Systems)
3.1 # % (Introduction)
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s, = (-1V¢%-1)o, < 0
s, << sy

X(t) — Cle(—§+\/§2—l )(JJ”[ + CQ@(‘@‘ng—l)m“[

(87)
2727 X~0) = x,9 W=0)= X,23E OB Gt TG =,
a+ G = x, (88)
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=Xe “'sin(V1-Cw, ¢ + v)
=X, e “cos(W1-w,t + w,) (76)
o714 (€, ), (xw) B (X,p )& Qoo Zr|znozre A4
2271 x(=0) = x,9 Xt=0)= x4 w, ¢, £ CE &3 Zo] FaH}.
e " (CleosV1- wr+ Cysind1-12 we)ol =0S T

C = x7F 93, 9 A% mEa

!

X0 = -lw,e {ClcosV1-Lw,r+ CysinV1-3Cw 1 +
e - CV1-Po,sinV1-tPo,t + CV1-1%w,cosV 1—€2a)nt}
7b Ha £0& sk,
X, = 0,0+ CGV1-To,7b Hh

C= x,2 9 Al ddshd

=
[

-lo,x,+ CN1-Co 7} Ha A5 ow

X, X,
(= Jo” Do 51 g

- 7] o} 77)
1-T0,
CL 2 G2 9 vdatd

x(H) = e_gm”[{xocosv 1-Co,t + )\(/”%(;"XU sinV 1—§2wnt} (78)
o

n

g Xow) B (X, )e

X=X =\ (C)*+ (C)* (79)
y = tan ' (C\/C) (80)
y, = tan '(C,/C) (81)

A (780 o8 FAHE $52 7 T V1-TPe,9 23}
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o
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=
D
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c.= 2m| % = 2/km = 20w, (71)
ojw gk 7ha] AlZ~wlo| A M| 1= A ZFEASel] didk FFde] v EA e
TS
t=dc, (72)

21 (713 A (72) o ZH-H

c _ ¢ Co _
om . 2m O (73)
= (—éi\/ﬁ)m (74)
x(p) = Cle (-é+@)wnr+ C2€<-;-m>w (75)
s s, 8 54 B A (759 AEe e Avlel #HedEd. =09 d= o

Aol A EAY] Wikl (=02 ZRgstal v 3704 Ag-ol el Az B=

A4 1 BERHAN2E K1 FL o<c, FE 2m<Vk/m)
oje} 7+ A9 P-18 Sola 2 s, 5,5 TSI o] FEHAT
s; = (-0+ i@)wn
Sy = (—E‘I\/ng)mn

4 (75)% thgst 2ol the U BAT & vk

=3+ N 1-1)o,t (-1-N1-1w,¢

x() = Ce TN g e
~lo,t 1-C o, N 1-Cao,r

=e g“’"{C‘lel St g C,e o, }

e " {C(cosV1-LCo,t+ isinV1-Cw ¢
+ C,(cosV1-w,t - isinV 1-CPw, )}
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© A F2 AARAATeH 59 e g £EwEn vy 9
A7) s 1 AFEATF 28 8-220] A A ] gt}

“ IS SIS 777,

L.,
|

VVVVV

m _0[ m
+x
System Free body diagram
(a) (b)

a9 8-22 AARII A= 1 AFEA

(N

Jo we} ohgT @

N

Wb A% ol BYNNZIE x0T ol BHAGA FEI
%

aix+ cxt kx= 0 (66)
2.3.2 f# (Solution)
2 (66)¢] M2 Tt 98 et e e = 714 s

(67)

oA714 ¢ o stz AAHA Fe AFolh o 4 A 6Dl NP et 2
A

ms+ cs+ k=0 (68)
e
- o—erNF-Amk - ¢ | c V. k
S12 7 2m T 2m * (2117) m (69)

o 2 2789 & AlAlskH

(0= e E x(0)=e™ (70)

oft

2 (66)9] ditel= - sfe] AdFxFor Fojxin

x(t) = Ce'+ Ce™



_ &)%
. 27[( ; (60)
_ L(ir)
e 61)
o WIEY AsHolA thge] BBl Folae.
D U2a% AAdn 9= F9 wwe] Ugol okl A= 4AG wEY A

J = phD* _ WD?
° 32 8g
p= AR, hi= 7, D 474, 283 Wi t2=39 FAelt
@ ¥ 8-219 MEY 2ZH-BAAN2ES S IREA Ay, HEH
7k Mg Fas 4859 stue 714 Aol A EE 2 A H]
=9 A& FHAY AES HY YR Wdkste Floth
2.2.2 f# (Solution)
21 (68)9] dntal= A (41)9] A9 #Zo] Fafxith
O(t) = A coso,t + A,ysino,t (62)
Ay, Ae 27124
(63)

6(i=0) =6,, B(t=0= L-(1=0) = b,

23E e

A1= o
(64)

2.3 ¥ WZE%e HHIEE (Free Vibration with Viscous Damping)

2.3.1 E# HER (Equation of Motion)
28 Fe $E X vy gg3 go] xdH.
(65)

Gk

F=-cx
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2.2.1 #E&) 5= (Equation of Motion)
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[3l] 2FHse =iy ~xa2 730l
k=0’m=10%(10) = 1000 N/m
o] Fojof it} AglA Ao P
Gd'
64nR?
o] "t} $19 A& oust HAE 7] g e He] dAvp. HAHET & = A
AR AE(S, 98 7HA #e G), AR A d ZLe WA E R, 283 7
n 5ot G d= B2 IS F Jd= AR g AgEH I ne FGUt HEE A
HH, R 71719 Z7]e wet Ak o) gk At 1

1o
=
dol AEE AR g v Mg, AHEe] Ade A E of

k=10°N/m =

G = 8.273%10'N/m?
] ﬂ‘ji 71— & 1%

(8.273x10"° N/m*») (10 2m)*

6.4x10* N/m = R

nR*=1.292x1072
o] ), I MAEL 10 cn=E HAHH 7o F=

-2 3
n= —1-2%}30 0 _ 109 = 13
m

o] Hojo} g}, e 1 en A4S ZAHS WA 10 mE 133 gow, A¥ye
3= AAAE 2 10 kg9 A2 9F 10 rad/s2 & Zo|t},
2.2 JEWE WEY A2 R
(Free Vibration of Undamped Torsional System)
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ool FA o= cosat+ 7sinarE AFEsEY] 4 (51)S thA] 2AH
x() = Cy(cosw,t+ isino,t)+ Cycos w,t - 7sinw,t)
=(C,+ C)cosw, t+ i(C,— Cy)sinw, t (52)

=(C,+ C)cosw, t+ i(C, - Cy)sinw,t

A B AE AEE Aot A5 C B C, 2 A, B AT AT 27]xA

=

crpe AgE wek WA x(0 W F% ¥ = L ()7} =09 x,

FolAd A (52)% F-H
x(=0) = A, =x,

x(=0) = 0,A =T,

=1

=

X0

(53)

=

adER, A=x, 2 A= /o0l Bk A (63 27z H9HE A

(419 8=
x() = x,coswt + %sinwnt (54)
2 (62)= tad £ 348 =T eEA UE dHE Yed 5 3l
A, = Acosy

A, = Asiny

o714 A H oy AlZe gaelnl A, 2 A9 oz EAE 5 Atk

- 21%
A= (AZ+ A2t = X§+(X0)] ek
A.) (x
= 222 ) 2 1 o | = oAz
Y = tan (A1 tan o, 217471

ol 2 (52)o "iYstH 1 3=
x() = Acos(o,f- )

[l#]] 10 kgo] AFS mid w] AZF-AFA~80] 10 rad/s(2f 1.6 Hz)2]

2HEE dely 2xwe AAsteld,
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_ 1,
U—Zk;f

4 (45) 8 A 46 A (44l ded st
d 1
ar- 2

L,
2

2+ %/&) =0
Qi+ %kxz=0

mx+ kx=0

I s

2.1.3 EFHHERY & (Solution of Motion Equation)

A 4D = o o] M deEAn

x(t) = Ce”

C o si= ZAH ook & Aol
x(¢) = sCe™
X(¢) = s°Ce”

21 (41l uigiskd
ms*Ce*'+ kCe'=0

Clms*+ ke =0

CHE e 00] o=
ms*+ k=0
7} FHa
s=x(-Ky-sp,
m
/= (-1to]H
1
w,= (K2
m
2 (48)2 2 (4D9] w2l s
4 (49 Foiq so| ¥ ge 54U
delA ol

s T e A (UB)E WHAN W] 4 (419

x(t) = Cie™'+ Cye ™

%_H:l

=
T

L

el =

ATt

(46)
47)
(48)
(49)
(50)
ole} BT}
so B4
51)
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mx+ kx=0 (43)
4 (@D A @3l BAs

45 AP A ZE xF

el

rr

O © =
k3 e,
> 5,
(4] T Static equilibrium
position
m m
T l —————————— iy Final position
M |
W =mg W+ kx
(a) (b)
k(b + x) Spring force
+ kx
| Potential
m \ energy
1 /”// & —
w }.__bq_‘i, Staxin;)zgil:::::rium * '
(c) (d)
Y 8-20 AW ATY-AFA] 2
2.1.2 YA R1Fe] REE FIHT EBHER
(Equation of Motion Using the Principle of Conservation of Energy)
2 (4D B olUAEESY dEE ol&st] = & Ak o] dYE
]

Kol

S R A oluix Ade] glojof an 1Y 8-19(a)t WEA
5% Azge] U E d¥sh £EAUAeln YA 9xeuA
Te 7 252 Qake] 2481 AU Us gadugon gl
~xgo] FAETY. oA nE] W2 e

T+ U=9%g 3¢ %(T+U)=O (44)

T=+mx* (45)



X = —kx oM -9 ul= kxo] do 2TWFol mxo o +EWFI At

o7 wEel §5% HUAII) AN - bdstelol s WEel Ew AsHe
g

2 WMo B FWMow §7 v+ kx=0% xo ol AN FEL ‘'YL o
IR o714 ks 05 4Rl el
+x, %, X
N |___> Fre Iength—‘+—- '___p
g (0] +x i’- re—l“ —.‘ )
k X
§——»I\NVW'— m — m
N
\Qm 777%
S lr—Stretched length——‘1 ‘
(a) (b) (c)
a9 8-19 S 2my-de s
(2) 539 2xy-Ag A2
a4 8-20(a)ol A H= vpeh e AT -ARA 'S BzbsiEa AR
me 28] ofg|z Lo widy] Qa AxPo| thE @& L v uAF o] gk
A el Aze 41 BP9 oA W gu A%oz el
.ol

O(a)oﬂ}\i X‘]X\ 755]?_]_ 7(:)]‘?"

W= mg= k&, (142)

ol

A7IM g= TSR, Aol A
8-20(c)ol A8} ol —k(x+ 6 )7} Atk FFES £% A2WHL AT poll A gsiw
mx=-k(x+§,)+ W
FE - dellA] Ae vpel 2 oujolam + Wl 9w gk 2 FAlgeko
2 WO jlo] ~xZ e Agatal s ougth. AT Y o3 W 3 AT
TAWEo R galr] wiitel -k6 0 Wi A= e



A8 AlE" 948 — 317

Relationship between system loss factor, esti-
mated noise reduction, and temperature for several
constrained-layer dampmg systems is shown by
curves. Dampmg material type and thlckness (?m in.)
are the same in each case.

,{_LLLIHHJHHT;IIHIHTIHII

DAMPING .«

. -~
TesELAER A Pt
N R i - 7o' ~ ey
. 7
* DAMPINGLAYER 01 2
ONLY ./ i 5

0,388 N, :
varenoxssisasmrmvan: i
ARTVLHLILIRRARRLR LR |
W LLded 2 LTI IIY p

STEEL THICKNESS, IN.

R —)
REGION OF MAXIMUM SHEAR

SYSTEM LOSS FACTOR AT 1000 Hz
ESTIMATED NOISE REDUCTION, dB

a N L]
- - Constrained-tayer damping system is usually DI, e G128
recommended for stiff, structural applications. Energy ] Tog e 0T
is dissipated as a resuit of shear deformation of the : 200, T 100
damping layer, . e
o071 10
o 10 20 30 40 50

TEMPERATURE,C

1% 8-18 Constrained Layer Damping
(HAEH A28 gHol 2%, Fo5 2 T2} vAE 9P

R

2. 1 BEHERS HHIEE)

(Free Vibration of Single Degree of Freedom Systems)
th=o] 7Ale} FREAE 1 AFEAR @east 5 rh didite] AA Ajs
Hof gloja e Eilmlo] glon}y dako] 3 He FIFH Ao HIu I AFS
NeFstsr 4= At
2.1 FEWE wiERS HAaRE

(Free Vibration of an Undamped Translational System)

2.1.1 wEY #HB) F2HAS FIAS HEHER
(Equation of Motion Using Newton's Second Law of Motion)
(1) 89 2xP-AF 29
a9 8-19(e ¥ 1 AFEAE AL 2A. FFe wpzo
o AAH la FEWgo s PSS 3 <
Aol g olth. AHFS AAFEHZRH +x9 AgvEe] Ao Fow 19 8-19(c)

oAl ol Axald jxE ofy] Ak RFEO A2y Aol ojsw



316

o il e pon

aw Nodlve ru

S odslie pot

Vame factor

— A1E AF9 7

Antiphon 13

i
N
iy

4 - 4
-
// ” /}’.
v I — > — 5 V// { [,) /
L | o
i _— } % 3 T
— ;;__,,// " e
E".‘// gw;’__/
2 ¢ " o
i ? -
;
! 0¥
"‘t W ¢ ; L
' —//’;— 1 - ) oF
= —F
Ea v v S v T v
Blachford Aquaplss v E-A-R C-2003 , Soundcoat DYAD 608
/ . ————
B —— ’ L
” w/_ i / i ,,-//
3 3
'/ i = i~
1z 4 / N
eE *y  wor 4 /
o S = .
o v
4 1 ‘ v z: 1
" 3 N S
-'-‘ o .'.i 4 . 4 o
o . Soundcoat DYAD 809
¢ o —
/ i i
4 = 1 4 = l 4 =
. — ?2’_————'/’
W0F___— m___/’/’/ . -
2 ¢ ?
N ’ -
I5F
’ - 1 ” v - ad
| ] V==
) 1=F 1 o o 1 . :so‘/ 75¥
\'
“; ., i ’ - . v ) " C - .
a4 8-17 o2l #AAe A 54



A8 AlAd 948 — 315

a9 8-172 A ARAIE FHE A6l g e Aselth. ©]EL Damping
Loss Factor(Wdl #3575 Yepd A& 72 drh. 7Ha] 58o] &k ujef of
97 Walst=Ae] gis] 5 dE 59U EAR C-2039gh+= 7 AHEF shuE
B o] AL T4 1 AFe] 8% v 2%=7F g 4 €716 T40 °F~60 "F)ef
60 T~ 71 (140 F~ 160 "F)Y uwl (¢17]A4] Loos Factor Y=0.60) 400 Hz 3}l A
gyHoltt, H o] AALS Loos FactorZ} 0.20]8Fd Wl -4 CTolsli} 71 TolidelA
= A9 A&7 9lvk. 400 Hz F3krel A <F 121 T250 F)9] H& 3 &%
A= 1Y 8-172 Soundcoat DYAD6097} £ Ao R HoF3 Q)

amrd oz HAHo s F7) YoM WA dEdE FF FHFE Lojof 3
o aElae gAATE AEEe e 2xE dolof gk 19 8-173 e =3
g Abgste] o3 S dauA R FRSA HA o 7H4] AP E AEs ok g
T s Fag A FE ] AgE fAAZE W 7 mnAe] 7] 9l
AEAZo] 7hg ¥ 3ol x| AlAoF 3t

18 8-18< Constrained-Layer Dampingo|#t1 E8]E 7149 & Y= Ho&E
d A4

é“.:

rr

t}. o] A% Constrained Layer &= 27019 = =, svts & AA A4 =, & st
= A Aol e AlE F(F/d Sheet MetaD 2.2 Ho] St} ol ZH7+2 717
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A5 o AAG FolAE T wwel] B4 AEY dd WES doqih o
HAHAES A e 7HAoRt o] FAA=e] dd WYL ads @Al 4
=9 WS 7N 7t dHbA o 7 Constrained LayerE 7HA &= 74 A|4~"1E& A%
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%= AR 7] oo Free-Layer A glXltt I A &332 o|tl. X3 Constrained -Layer

Dampings 7Z &9 AEE F718te LfF34 0|5t JHoME S @A &
T Aok ehustd o] Oé%ﬂL T2 el o3l Alojw 7] witolth, Hgh 19 8-18
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I Ze v VA EAHe] Faael wde] gl7] wiiel] o EAE
of 7heksty.
1.4.4 WEE# ] M (Types of Damping Treatments)

4 74 Ay o= I A Free-Layer Type¥} Constrained-Layer Type
27FA17F ok, 19 8-16-2 Free-LayerA#]& Kol 51l Q1o ©]= Base Structure
o A&3t =9 AebAd A& (Viscoelastic Materia)Z Fo] a1, AebA] Aldo Wy
= %5t 8k Base Structured w3 XEd wel gE2v. F oz ) E
Cycle® tj&o] 1% % ShFat== ¥ Metalol] wet th=2vk. o]F A ¥ Base
Structure=F-H o] B4 FHato] = Ao I B 45 ZH}EA Energy= AL
"ok 29 8-169] A dAE FA A A(B/16 inE FA7F 1/32 inel A 1/2 in
7HA Z47) e da Sl A&eiith. 19 8-162 3.5%0%1 Ard 4 (128)2 4
ol®l Alx=®l9] Loss Factor(n)el o S HHEAE BoFa . ¥
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p(Ddy) = “Fedy (33)
(D dy)= yoF y+ dv Atele] SdHAE el FAe] st oA 7
st A EEE PRSI A (34)9F 4] (33)9 32 #olopnt dtrf, wBn=
4P 021/ =
——-dy = -1Dldw , &
‘dy=-x &
dv -4P
av’ D%
dv_ AP
ay D% !
-4P 5
= 2£ ayv+ o, (34-1)

o WAAS T ol HEsm FARA v=-v,(=0)3

y=04 o v=-v& 2 (34-Del tiysta

y=dd W v=05 4 (34-Del didstad

__-4P & _
0= D 2 + cd- v,
4P &
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- AP ey Ry,
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S ARgstel A E 5 v (" 8-193).
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