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Absence of the Impact Damper. 
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Clearance in Which t he Particle is Free to Oscillate. 

Co efficient of Restitution Betv1een Container and m1, 
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Coeffici ent of Re stitution Between m
1 

.and m2. 

Ma ximum Force of Excitation. 

Spring Constant. 

Mass of the Pr imary Vibrating System. 

Mass of P a rticl~. 

Added Mass Due t o Fluid. 

Mass of Each Particle in Two-Particle System. 

..n. Frequency Ratio, 00 
Time_. 

Abs olute Velociti es of Particles, as Defin ed in Figure 2.2. 

Di sp lacement of M. 

Static Deflecti on, F0 /K. 

Disp l aceme nt of M, at -Resonance. 

Ci spla cement of Par t i cle. 
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Y Rel ative Displacemen t of Particle with Res pect to M. 

Zi Displ acement of Part icl e mi, i = 1 ,2. 

eG Phase Angle Bet\.veen Exciting For ce an d th e Fi r st Impac t. 

S Critical Damp ing Ratio, C/Ccr· 

IJ. Mass Ratio, m/t~ = m1+ m2 

,u, 

M 

Mass Ratio, m 
m + mr 

Mass Ratio, ml = m2 

M M 

9 Gap Ratio , d/A 

--

J'; Density of Fluid in l bf. Sec. 2/ ft. 4 

~ Phas e Ang le (d ue to damping ). 

T Ph ase Angle, ·r :.:: c!.- (:J 

C.U Natura 1 Frequence, J K! M 

~ Forcing Frequen cy. 



I rr :TROD UCTIO N 

I. 1 HISTO RY 

Th e Impact Vi brati on Absorb~r , or Accel erat i on nampe r , 

reduces the v·lbrati on of a mechanical sys t em throllgh mome ntum 

transfer by col l isi on and con version of mech anical ene rgy i nto 

heat. · A t yp i ca l unit , Fig . 1. 1, cons i sts of a mas s pa rt i cl e 

cons t ra i ned to os cill at e i n a conta i ner wh i~h is f i xed to t he 

pr i mary vi brat i ng system . Th e effect i ve ness of the dam pe r 

depends not on ly on t he di ssi pat ion of energy in i mpacts but al so 

on how t he re l ati ve mot ion of t he mass partic l e i s tuned wi t h 

respect to t hat of t he contai ner . 

Paget [l]* \Ja s a pi oneer i n mak·ing ex peri me ntal s tudy of 

th is darnr er . The f ree vi bra tion of a si mpl e harmoni c osci ll ator 

at tached with an i mp act vi bra tio n absorber was fi rst i nv~ st i ga te d 

hy Li eber and Jensen [2]. They cons i dered only perfectly pl astic 

i mpacts between t he sma ll mass and i ts container , and predicted 

theoreticall y t ha t th e maxi mum energy will be di ss i pated in a cycle 

when t he cont ai ne r l ength i s n ti mes t he ampli tude of response . 

Results from e x ~ e r i me nts with l ead spheres veri fi ed th is th e o~y . 

Gr~b i n [3] sol ved the vi scously dampe d for ced v ibr a t io~ 

probl em by assumi ng tha t the impacts occured tw ice per cyc l e at 

* Numbers in squre brackets desi gna t e r ef eren ce at t he end of t he th es i s . 
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equal time i ntervals and by summ ina t he effects of many i mpacts . It 
-

was sho1·m th at these assumpt i ons result i n t1·1 o poss i ble so l utions 

but it could not be shown which one of these preva il s , without 

s ol ving the prob lem by a more exact but l ong numer ical i mpact to 

i mpa ct method . 

By i ntroducing an unknown phase angl e i nto the app li ed 

harmonic force and assumi ng steady state of- · t\•i.o e4u i spaced impacts 

pe_r cy cle and negl ecting the i nhe rent damping i n the system, 

Arnold [ 4] ana lysed the problem. His experimel1t2.~ evidence did 

not agree I'Ji th the theo ry . 

A consi<;lerab ly simp l er' method f or der i v·ing the sr. -i tltion 

fo r t1·10 i mpacts per cycl e mot i on, wh i ch rP.quires on ly the cons ider-

ation of two successive i mpa cts, 1·1as sugg este(; b_v HarburtGi1 [ 5] . 

~1asr i [6] has reported the stability analysis for t wo impacts 

pel~ cycle solution and exped me nts \vith mech an i ca l r.1c1de l and 

el ectric-analog simul ation . J\pplication of t hE: stab il-ity criteria 

developed by hi m is numerica ll y extensive because of the complicated 

funct iona l dependen ce of the s t abili ty boundaries on ~h e system •s 

pa rameters . A very si mp l e stab ility criterion for these s ol ut ions, 

neg l ecting t he inherent damp i ng i n the system, was developed by 

Egl e [1 0], and was used to dete rm ine the dependance of the stab ility 

bo undaries on the parameters of the system . 



Th e effect i veness of the i mpact damper on non linear 

systems is to be f ound in a recent wo rk by J ha [1 8]. 

On the experimen tal si de, the feas i bility of us ing i mpact 

damp ing to redu ce vibrat i ons of such diverse systems as ship hu lls, 

can til eve r beams , single degree of fre edom systems , and tu rbine 

bu~ket's v1as i nvest i gated by f·1cGo l drick [ 13], Li eber and Tripp [14], 

Sankey [15], and Duckwald [1 6]. Eastabrook and Plunke tt [17] 

made an ana ly t ical study of i mp act damp ing in tu rbi ne buckets . 

Kaper [9] has reported the use of the ·impact damper i n reducing 

vib rat ions of the reflectors of t el evis ion rece iving antennae . 

All the .pre vi ous i nvestigators have repor~ed excessive 

noise l eve l whi l e the i mpac t dampe r is in operation. 

1.2 OBJECTIVES 

The obj ectives of the present study are to: 

1. Extend and comp l ement the work of other i nvestigators i n 

this field. 

2. Study experimenta l iy t he genera l response of the dampei~ 

to a wide range of i ts parameters i ncluding effect of the 

coefficient of restitutio n. 

3. In vest i gate the bE':haviour of the two-p articl e i mpact d3mpPr . 

4. Make the system usabl e i n pract ice by reduci ng the noise 

l eve l. 

5. Study the effect of fluid re s i stance on the mot.ion of the 

mass par tic l e . 
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The objectives 1·1e re accompli shed by cond ucting ex per·imcnta 1 

studies of two- partic l e and single- particle impact dampe rs. 

Coefficient of restitut i on e; Mass-ratio ~; and Gap- f actor d/ x
0

; 

are th e three paramete rs wh ich were ch anged d~~ing t he course of 

the experiments and their effects were obser~ e d. CoEffici en t of 

resti tution was changed by using different rubber pads ~t the 

conta iner ends where the collision occurs. Th e effect of fr1cti o~ 

was observ2d by allowing t he mass par ticle -to oscillate in a container 

fill ed with fluid. 

The theoretical ana lysi s and computed res ults are given in 

Ch apter 2. The experirnenta l procedure and ~pparatL'~ are first 

des cribed in Ch apter 3 and th en the results are plottEd. The 

dis cussion is given in Chapter 4 and conclusions drawn ~rom this 

investi gation are stated in Chapter 5. 



/ 

2 STE ADY STATE SCL UT ION 

2.1 HIO-P ARTICL E I !~PACT DM1PER 

The i dea li zed mode l cons i dered is shown i n Figu re 2.1. 

The equation of motion of pri mary mass i1 , betv1ee:1 im;)acts, 

foll owing the method suggested by Warburton [5], becomes 

MX +ex + rx = fi Sin ( _Q. t -r- ~) . 

anrl its complete sol ution i s 

-cfwt [ x = e e, sin ;z(.Vt ..,,_ 

where cf ~ c /c -o: 

W = J J< fM 

r = .njw 

1' = 
~J = t cuf1 YY 

t- r2 

+ A Stn (...n.t + 7') 

c,r.=- 2 JK M 

~ = J 1-62 

(1) 

(2) 

It is as s umed th at the t\-10 patticl es 1:1 1 and m2 at·e ident ical 

and that each particle has a si ng l e degree of freP.d(il'l . Fu rchermore, 

it i s assumed that, if the1·e i s a colli s ion betv:.~ cn , let ·1s s ay , 

m
1 

and th e ri ght hand side of t he container at ti me t = 0 , then the 

6 
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~0 

next i mpac t vii ll occu r at t == .n. between t he t v10 pa r tic l es . At 

n t = rr, there wi ll be a coll' si on bet\-1een m') and t he l eft hand s i de 
'-

of t he r.ont ai ne r ; and at .at ::. T!+ oC" , t he t\-10 part i cl es \·fi ll 

colli de aga i n. Th e phase pl ane representation of t he correspond ·i ng 

per i odic mot i on i s shown i n Fi gure 2. 2. 

Th e dUI"at i on of i mpact i s ve ry sma ll comp ared to th e 

nat ura l pe r i od of the pri mary system , hence H i s t~easona b l e to as s ume 

t hat at t = 0+ th e pos it ions o ft~ , m ~ and m? rema i n t he s ame \vhi l e 
I ._ 

their respec ti ve abso lute velo ci ties are di s cont i nuous ly changi ng . 

To s umma r i ze , t he sys t em shou l d s at is fy th e foil m·ling 

conditions : 

~·-x -t- ~Z1 z, 

~T. d v 111 z4 -v xb 2 + "b 

*a .2.+ v u z4 v 2 "b 
{ 3) 

z3 u z3 -v 

(~t z3 v z3 -H 

(:r~L ··Xh -x -Z4 v d 
xb - VJ b - 2-

r"J I -X b .:n: +I -xa -Z4 v d -u - - - X 2 b 



l O 

Si nce t he motion of the system dur i ng impact must sat·isfy 

the momentum equa tion, t heh 

. . 
i·1X + m.Z . = .~X + m.Z . (4) 

- 1 1- + 1 1-t-

where i = 1 or 2 depending on the i mp i ng i ng ~as s art icl e, and for 

i mpact.between the two mass partic l es; 

. 
m1z1_ +· m2z2_ =m l Zl + +m2 z2+ 

( 5 ) 

or Z + z 1- 2-

· and from the definition of coefficient of restituti0n, 

. 
- z . ) 

1-
(6) 

si mi 1 ar ly for i mpact betlveen t\'10 masses 

(7) 

In ste ady state motion absolute speed of the particle is 

constant between i mpacts and can be given bys 

u = { Z 3 (Q + Xb ) } 
n -
cL 2 
" 

(3) 

-V = {Z3 Z4} 
n - --
ao 

(9 ) 

v = {- Z4 z 3} 
n - n- a0 

( lO ) 



il 

( 11) 

F · r ~· ) ( 7) d · d "t r om equc.t 1ons , ~• , an us1nq con 1 ·ons i n (3 ) , 

U - V = V - H ( 12) 

V + W : -e3(U + V) (13) 

s ubs t ft ut i ng U~ V, t4 i n equat i on· (1 3) fr om equati ons (3 ) , (9 ) ,. 

(1 0 ) and (11) we get , 

or I 
!f - CCo = 

~o = 1re3 ( 14 ) 
1 + e3 

Using equa t i on s ( 12) and ( l 3) 

v == 
1- e3 u = c, u 
,3 + €3 

( 15 ) 

VJ = t +3 eJ u = 'z u 
3+ e3 

( 16 ) 

\</here 

c, = !_::_e3 
3+ eiJ 

c2 -- - 1 ·r- 3 e.3 
3 t e3 



Subs t itut in g \·J and U from equat ions (8 ), (11) in to equ a tion {1 6 ) 

Ol~ 

or 

7 '-3 

Z- ( -+X ) ---C { d ) .a 
2 3 2 b nCo 

z3 ( £2 - J ) es 

From equa tio r.s ( 8 ) and (17), 

u = (d + x. ) { -.z eJ ( 3-re3 ) l ..Q. 
~-~-2 0 t t G e 3 + ej J o<.o 

,.; 

u - _ (_g_ +X ){ 2e:. ( 3-t·e~ )__ . } ~--
2 · b 2 e 3 ( 3 + e3 ) + 1 ~ e j 

u - (..d.+ xb) {I+ I \ ..n. ::. 
2. (I + e3) ( 1 ·• e3 ) / ---::-

2 e3 ( 3 + e 3 ) .I 

12 

( 17) 

(17 -a ) 
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Usi ng equations (1 4) 
1 

(15 ) a.nd (17 -a ); 

u ( d _. v \ r I ---) .rt..._ 
== - 2. •· "b 1 r---1 + ffC 1 oe., 

2 (;(0 

u - ( 4 +X~..) ( 1 j' ..tl. 
£- ., r:e + lTCt 

. o T . 
( 18) 

si mp lifyi ng equat ions (4 ), (6) to obta i n r e l ations fo r pdmary 

mas s velocit ies before and after impac t exp lici t lY in terms of mass - p3rticle . 

velocities, 

x .. 

v1h ere 

. 
-::: . ( e - )!2 ) Zi.- + (I ·t- 1-!_2) if_:t:. 

· 1 + e 

e ( 1·1- !Az) ~i _ ·f· ( 1- fo£2 ~) i l t_ 

1 ·r e 

111 = m~ 
/II M 

and 

Now f rom equat·ions ('16), (1 8) , (1 9) and (3) at t = 0, 

= (~~) W 
1 + e 

v:here 

e - .. u~ 
·---~-
i ~t e 

( 20 ) 



and 

d 
2. 

si mil arl y fro1n eq uati ons (16 ) , (18) , (20 ) and (3) at t = 0 , 

v1here 
I(;;> :. _, 

and J< 4 

:: - d 
2 

e ( t·r A"z) 
1 r e 

J - .i!2. e 
t t e 

. (2 1) 

(22 ) 

An express i on desc r i bing t he vel ocity of M can be obtaine d 

by differentat ing equa tion (2) ~~ th respe ct to t. 

Thus 
-t!Wt 

5< - - Jw e ( 81 S!'n 12wt + 82 Cos 12"Jt ) 

-1- e_cJWt( B, 12 w Cos Yj"Jt - [32 'f2 Ct.,) Sin J2Wt) ; !. A.n. cos (~at-:· T) ( 23 ) 

From equa ti ons (2), (23 ) and using condit i ons (3) , 

(24) 



cfl! 
- <JUJe7 [ B, Sin 'l rr + 82 Cos l?lf ] 

-all r 
,... 1 w e r [ BJ Cos '2 ~ - B2 Sin rz ~ ] 

- AS'?- Co ~~ C T ) 

From equations ( 24 ) ' ( 27) ' ( 25 ) ' (26) , (21) , and ( 22) ~ 

xb -
xb + 

xb .. ; .. 

X a -
xb 

xb 

v1here 

Bz - SA = 0 

61 81 ·J- S2 82 - CA ::: 0 

h, B, r h2 Bz -5 A :::0 

'l cv 81 + 6W8z - CA :0 

·t- c3 Xb 
_ _ d 
- z· . __ d ..., c'i X a - -2 

5 - S in ( 1' ) . - J 

hi 

C., 
;) 

-
_ GTi 

e r Sin PZll . 
r J 

c = .o. Cos ( 1') 
,f/1 

hz = e7 Cos !Jll. • r 

15 

(26 ) 

( 27) 

(28 ) 



0',7 

e, = w --;: r- cf Sin r; rr + rz Cos rz 'rrr J7 
. L- ~ r 

cJTf 
82 ::: CtJ e r [- J Cos rrz ~ - rtz Sin r;.lf ) 

0 

0 

Equation (28 ) can be put in the form of matrix, 

0 

0 

0 

0 

0 

0 

0 

0 - 1 

- nw 6w 

0 0 

0 0 

From these equations 

-S l 
-C 

-S 

-C 

.C\' 

o} 

: l 
0-1 

l-d/2 \ 

-d/2 ) 

B
1 

, and B2 in tenns of the known 

parameters can be obtained . Thus 

15 

(29) 

A = N (i\ ) ( 30 ) 
/). 

( 31 ) 

( 32 ) 
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where N(A) ~ i[h,(c3 ~2 - C4 (A)d) (C~ G, + '1Zc4 c.0)(1+h2)) 

N ( BJ) = 1 (I+ h2 ) ( c4 - c 3 ) C 

N ( B 2 ) - ~ h, ( c 3 - c L1- ) c 

A = h, [C (C t -C3 ) - (5 + cc4 ) c3 e2. + (5 + CC3 )Jc-.J Cq ] 

Eq uat ion ( 30 ) can be put i n th e form 

2 Sin 7' + H Cos 7' ::: - f ..... ( 33 ), 1·1he r e J :: d and 
A 

H =zn lf:Cc4 -c3 )+ c3 c4 (cJw -ez )]hLJ: [c3 c,t { S, ·r rt_r.uJ](I -:-!,2 ) } 

t [ cf Ctr w - c 3 e.t] h, + [c 3 &: •• YL c "t c.u J (I+ h2 ) .. 

Solut ion of equation {31) f orT r es ults i n : 

Cos 7' - -JH + 2 f ff +LJ-f2. 

H 2+ If 

(34 ) 

In order t o have re al values for sin T and cos T, th e cl earance 

d ca nnot be arbitraril y l arge ; it s ho uld satisfy t he re lati on 
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The phys i ca l in terpretation of this restriction 

is that,for d exceeding this li mit , the ac tua l system will not have 

a four- i r.1pacts per cycle steady state mot i on . 

Ui th th e val ue ofT determined from equation (34 ), B1 and 82 

can be found from equations (31 ) and (32 ) ,and \··lit h the hel p of 

equatior, (2) the motion of the prima l~y mass i s determined . 

Wi thout in troducing damp ing, the behav4our of damper at 

resonance (r=l) can be determined by putt i ng r = 1 + c: and l etti ng 

£ ->- 0. I t i s fou nd t hat 

X _ ( .!!! _ 1 d ) Co.s wt 
X

0 
- 8) 2. 2 X0' 

_ (I - e ~ 2 Pze) JT Sir; c&Jt -..Lc.Jt srn wt ( 35) 
/y )l. (/1· € ) 2 

2. 

wh ere X
0 

= F / K o 6 wt ~ rr 

Di fferentat i ng equa tion (35 ) with respect to wt , i t can 

be shown that the max i mum di sp l acemen t occurs when wt = n/ 2, if 

= 

From equat i on (35), the max i mum displaceme nt o cc~ rs at 

wt = rr / 2, 

= 
If ( 1 + /,-{2 ) (1 - e)_ 

4P2 (i+ e) 

( 36 ) 

(37) 
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2. 2 SHIG LC- PP..RTICL E. HlPJ\ CT Of\~·1PER 

Foll owing t he me thod of vl arb urton [5], compl ete sol ut i on of 

t he system i s der i ved by r~a sr i [ 6] . The equati on of mo ~ion of 

the pr ima ry mas - t-1 betv1een t v:o i mp acts i s 

M X -r C X + K X = Po Sin ( .at -t· e>e ) \ .: ·: 

and its compl ete sol ut i on is 

-crwt [ t 8 C t J X = e 81 S in f2 W ·1- 2 o.s tz w A Sin {.n.t + 1") 
I 

\'Jh e re tf 1 w, '2 J A and r are as defi ne d before and B1 and 82 

are unkno ~ n const ants . 

Evaluat i ng equat·i on ( 38) and its deri vat i ve at .o-t == 0 and 

rr, and by us ing t he def-in ition of coeffici ent of rest itut ion and 

the momentum equat i on , we obta i n si x rel ati ons hips in vo lv ing t he si x 

The value of B
1

, B
2 

and T 

i n t he present case will be given by equat i ons (31), ( 32)) an d (34) 

if t he ir cons ta~ts c 3 ~ and c4 are rep l aced by th e new cons t ants 

<r, an d c2 y~es pEct i ve ly 

Oi = .JL _ l t e~--
2~ 1 ···e ·t- 2)1 

1-t· e 
4-e -2P.e 

and 

(38) 
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2 . 3 EFFECT OF V/\RIO!JS PAR!\>iET ERS 

Us i ng the s t eady stat e solu t i ons of section 2 .1 and 2 . 2 , to 

study the effec t of vario us rara r:1e te rs, comp utat-i on 1·1as done vii th 

th e aid of dig ital c ompute·,~ I B!U040, at the comput ing cente r of 

t he Hd1aster Univers ity . The comp uter prog ramme s \·iritten i n 

FORTRAN IV l anguage are gi ven i n Appendix D. 

The t wo sets of si gn appear ·ing i n equR-t ion (34) correspond 

to t wo di st i nct steady state sol ut i ons. The uppe r s ign i use d 

i n comp utati on , as sugges t ed by previous i nves ti gators, since on ly 

a pa r t of the curve with uppe r s i gns resu l ts i n a st abl e sol ut i on. 

A check i s . i nt t·oduced in th e comp ute r progr c:mrnes 1·1hi ch 

ensur·ed th at J 2 !f H~ 4 an d hence real val u·:s for T . Vi olat i on 

of above condit i on res ulted i n a note stat i ng th at t hr: gap d i s 

t oo bi g and t he moti on is unsteady. 

In Fi gu re 2. 3, tl'/0-pa t· t·icl e and si ng l e-part ic l e sys t ems at·e 

comp ared fo r various mass- rat i os . I t i s seen th at si ngl e-part icl e 

sys t em i s twice as effecti ve as t hat of tv10-partic i e system . 

In Fi gures 2. 4 and 2.1 0, effect of coeffi ci en t of restitution 

i s plo tted. In both t he sys t ems i t is seen t ha t i ncrease i n value 

of e i ncreases t he effi ci ency of t he damper , provided th at t he ptoper 

gap d i s selected. Even wi th the val ue of e = 0 fo r both 

si ngl e- particl e and t wo-pa r t i cl e sys t ems t he max i mum reduct i on i n 

ampli t ude i s 59% and 42% res pect ively . I t i s observed t ha t for 
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e=l, the curve i s V sha ped ; as ~ decreases the curve becomes flaL . 

. It i s \•JOrth not ing that the efficiency of dampe1· i n this range of 

optimum performance - where the curves are flat - is not sens itive 

to the parameters of the damper, so that a small change in thes e 

parameters will not affect t he performance of the dampe r in an 

appreci ab l e manner . 

Figu res 2.5, 2.9 show the effect pf mass-ratio on the 

effectiveness of impact damper for tvm parti cles c::.nd single par ti cl e 

systems ~ respectively. 

Figures 2.6, t.? are re sponse curves for various gap-factors 

and mass- ra t ios for t wo -particl e sys tem. 
• 

Figures 2.8 (a), (b), (c) and (d) sho\'J X-X phase pl ane diagrams 

comp uted, for two-particle sys tem, fo r four po ints as n1arked in fi gure ~ -3 . 

For these f our ph~s~ pl ane di agrams , gap is varied keeping all other 

parameters con stan t. It is no ted that the change in gap ch anges the 

amplitude and the position of i mpacts . For th e op timum gap factor 

the impac ts occur near the peaj velocity, causing the greatest possible 

dissipat ion of kinetic energy . 

As the sing l e-particle impact damper is found to be more 

effect i ve , its comp uted results are summarized in Fi gures 2 . 11. and 

2. 12. The fo rmer cu rve shows the vat·i at ion of the optimum gap-factor, 

at wh ich max i mum reduction of amplitude ratio is ach i eved , for va r i ous 

mass ratios . This shows that the opti mum gap-factor decreases 

continuous ly with th e increase of mass-ratio. Th e second curve shows 

the variation of mini mum amp litude rat io, i .e . at opt imum d/x , f or 
0 
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various mass-ratios . Thi s curve shows that t he amp li tude ratio 

decreases with the i ncrease of the mass-ratio unti l a certain li mit 

after \vh i ch any more i ncrease in }4 is not ?.dvantageous . 



3 EXPERIMENT AL STUDIES 

3.1 EXP ERI ME NTAL TEC HN IQUE 

A schemat i c diag ram of th e me ch ani ca l mode l used and a 

photograp h of actua l structure are sh own r espectively i n Figures 

2.1 and 3.2 (a) , (b) and (c). 

Since the response of a single degree of freedom oscill ator 

is not al t ered when the excitat ion is ap pli ed either to the base 

or direct ly to the mass, the fm~me r type of excitation was used in 

this case, as a matter of conven i ence . 

The mass M is primarily a rectangular box with ad justable 

stop~ as i ts.ends , th at constrain th e movement of the f ree mas s 

par tic l e M to oscillate withi n a certa in cl earance . The free mass 

particl es used are hardened -s t eel balls, of the type normall y used 

in ball bearings . 

The base of the structure was exci t ed by a vi bra tion 

exciter . Th e el ectro-magne tic coil of the exciter was energized 

thro ugh an RC-genera tor and amplif i er . The voltage and frequency 

su pp lied to t he exciter could be cont rolled with the help of RC-

generator . 

The re l ative displaceme nt of th e p l~imary ma.ss , \tJith r espect 

to base, was meas ured ~ith the help of a t r ansducer which conver ts 

th e var i ations of displacement into variations of capac itance . The 

transducer thus acts as an el ec trical reactance wh ich varies in aEcordance 

'VI 
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F ig . 3 .2 (b) . Front Vi ew of the Mechanical ~ode l 

Fig . 3 .2 (c). Pl an of the Contai ner 
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with th~ phenomenon to be measured (displacement i n our cas e ). Th e 

fl uctuating re actance of tl1e transducer ·j s connected in ... eri es l'ri th . 

a fixed reactance of a tuning plug to form an el ectrical resonant 

ci rcuit, the resonant ffeC"juen cy of whicl1 deten11 ines the operating 

freC"juency of an RF oscillator . Th us change in phys i ca l quantity 

to be measured is converted to a frequency shift in the sign al 

delivered by osci ll ator . The frequency modu l ated signal i s 

fed to the reactance converter which in tuf~ i s converted t o a 

d. c . vol tage pulsating in accordance with t he sai d signal . Output 

of reactance converter is connected to the d.c. co up l ed osc ill oscope 

amplifier~ which amp lifi es t he pu ls at i ng d.c. voltages and i ts 

output t e mi na 1 s are connected to the~ Cathode- Y:'ay- t · be . The 

output on the sc reen of os cilloscope was cali brated by givi ng a 

kn m·m dis placement to th e t ransducer. Appropriate adjustments 

were made on reactance converte~ to i nsure that i t was operating 

i n a linear region. 

Th e velocity Have f orm for the pri mClry mas s wc~ s cbtained 

by i ntegrat i ng the output of a p·i ezoe 1 ectri c acce 1 eron.e ter att ached 

to the primary mass . The integra tion \·las accomp li sh~d by L!n 

i ntegrating netwo rk and an operational amp li fier . 

A li st of the equ i pment used is given i n Appe~di x C. 



3.2 TWO-PARTICLE I MPA CT DAMPER 

Figu re 2.1 shows th e mechariical mod el used to obtain 

experi menta l results on th e impac t vi bra tion absorber . Th ese 

38 

expe riments were motivated by the des i re to inves tigate th e various 

aspects and effectiveness of tvw-parti cl e impa ct dampe rs and to 

compare their behaviou r with those of equivalent singl e particle 

dampers. 

The effects of Vdriou s pa rame ters of the impac t damper , viz 

f.J. , .L and e were i nve stigated \vh en th e vibrating system was i n a 
Xo 

state o,f fo rced vibrations . Amplitudes of vibration of th e system 

were meas ured on the screen of the osci ll oscope fo r var ious 

excitation frequ encies and the response curves of th e system are 

pl otted. 

Fi gur·es 3. 3, 3. 4 are the two sets of response curves 

obtained by keep ·ing the mass ratio )A constant for each set, and 

vary i ng the gap- factor d/x0 . Wi th the i ncre ase in damping the 

peak shifts to lower va l ues of r . Af te r optimum gap is re ached 

t here i s a decrease in damping and pea k i s expected to sh i f t towards 

high er val ues of r . The response curve for the vibrati~9 system, 

wi thout inserting the free mass, was al so 
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obtained experimentally an is shown superi mposed on the response 

curves with ~ mpact dampe r to demonst rate the effectivenes s of the 

impact dampe r. 

Si mil arly, Fi gures 3.5, 3.6 are the two sets of response cu rves 

keeping d/x
0 

constant for each set and varying J.1 

At resonance, the ratio of amp litudes \'lith the impact damper 

in and out of action, for various vu lues o·(_ ;.t , are rlotted ve l~s u s 

th~ gap-factor d/x
0

, i~ Fi gure 3.7 . A curve shm·m i n dotted 

line for single-part icl e system l'rith P = . 0647 , i s also sho\'m 

superimposed in Fi gure 3.7. 

By making the single-particle and t\-10-partic\; systems 

equival ent, i. e. by using same d/x
0 

and ,LJ ·in both cases, a. set of 

response curves are pl otted as Fi gure 3.8, to compa re the behavi our 

of the t\vO sys terns in the frequency range. 

In Figure 3.9 response curves for different ~ a l ues of coeffi ci ent 

of restitution, e, for constant ){ and d/ x
0 

ai'e shmm. Figure 3.10 

sh ows the effect of e on t he amplitude of vibration, for comp1ete 

range of d/x
0

. 

The coefficient of restitution was vari ed by using different 

rubber pads at the ends of the container where t he mass particle 

colli des. Th e meth od and cal cul ati ons for coeff ·; ci ent of 

restitut i on is given i n Appendix 8. 
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In case of tl-to-partic1e i mpact damper , it i s observed that , 

1·1hen steady state motion is estab lis hed , th e symmetr-i c four i mpa cts per 

cycle motion predominates and confirms the validity of ~ssumpt ion 

i n theoretica l analysis , as shown i n phase pl ane diagram in Figure 

2.2. 
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3.3 SINGLE-PARTICLE IMPACT DA MPER 

These sets of exRcrirnents were motivated by the desit'e to . 

investigate the possibility of reduction of r:ois2 level, reported 

by previous i nvestigators , due to the impacts betwee n hard surfaces . 

For this purpose different Butyl rubb er sheetings , supplied by 

Po lymer Corporation, were used as soft materia l at the ends of the 

container where the mass particle collides . The effect of I·Jide 

range of various parameters, ViZ . 

i nvestigated. 

d - d 1 X , 1~ ; an e , \'Jere a so 
0 

Fi gures 3. 11, 3. 12 are two sets of re~ponse curves, for the 

si ng l e-part i cle system, obta i ned by keep ing~ constant f or each 

set and by var.ying d/ x0 . Similarly, respon e curves are plotted 

i n Fi gures 3. 13, 3.1 4 f or constant d/x
0 

and varying~ i n each case . 

Fi gure 3. 15 is a summi ng up of results and the curves shovv 

t he effect of varying the gap- factor on the amp l itude ra t io XR/AR' 

for various mass rat i os at resonance . An optimum gap- f actor i s 

observed i n this set of cur ves for each ).!. . However , an optimum 

gap could not be reached f or highest mass r atio )4.= .11 2 , since the 

beating started earli er. Th i s can be exp l ained by the tact that t he 

hi gher i s t he va 1 ue of ,M mol~e energy the free mass wi ll require to 

trave l through t he specific gap . 

Effect of di fference val ues of e , on amp l itude ratio for the 

entire r ange of gap-factor i s pl otted i n Fi gure 3.16. 
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3. 4 SI:··lGL E Pf,RTICLE SYST Er' l \liTH FLUID 

This set of expe ri ments \·Jas motivated by t he des ire to study 

the effect of friction on the mot ion of mass part icle. To accomp lish 

this, the conta i ner was filled with flu i d and the mass part icle was 

al l m·1ed ·to as c i 11 ate beb1een t\'/0 stops . The f luid resistance 

gave the effect of f ri ction on the mass partic le . The f luid 

used \'/as flo . 1 di ese l oil, supplied by Texaco, \'li t h density (pf) 

equal t o 1. 56 3 lbf. sec2/ ft4 and kinematic viscosity equa l to 4.9 x. l0- 4 

ft2;sec. 

/\mp l itude rat io XR/AR is plotted vers us the gap-facto r d/ x
0

, 

for va r i ous .mass rat i os , in Fi gure 3. 17. A curve , with ~ =0.0666 

an d without fluid in the conta i ner , i~ shown super imposed in the 

s ame figure to compare the effect s. ~esponse curves for the 

equi ~ a l cn t systems , i.e. k e ep ing ~ and d/x same in bo th systems , 
0 

v:ith ilnd 1·1ithout fluid are pl ottec in Fi gu re 3.113, to compare the 

effect in the complete fre que ncy range . 
-· 
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4 DIS CUSSION OF RESULTS 

By ex ami ni ng th e vario us response curves, it ·is seen th at 

t he peak - \vh i ch is a h-tays present - r.1oves to the 1 ov1er va 1 ue of 

r as ~ i ncreases. Before the peak i s reached , th e amp li t ude 

i s generally slightly above the amplitude wi thout imp ac t damper . After 

t he pe ak amp li tude i s reached the dampe r is really effective and 

t he amp 1 itude is a h1ays 1 ess than th at without the impact dampe r. 

This i s in agreement with the th eoret ical prediction. 

On e more point to be noted is th at, with constan t d/ x
0

, the peak 

amplitude decreases co nstant ly with i ncrease i n ~· Howeve r, 

after a certai~ value of~. any f urther i ncrease i n the value of 

~ does not neces sarily inc reas e the proport i ona l effectiveness 

of the damper. It is genera lly seen th at the damp i ng ten ds to 

smooth out the sh arpness of the undamped cu rves for amo litude 

response . 

It can be seen from Fi gures 3.7, 3.15, 3. 16, t hat with the 

in crease in gap from zero t he damper beco1nes more ef·(ecti ve. 

This si tuation continues until an oo t imuG condit ion is reached , 

after \'lhich the peak amp.litude of vibrat i oil i ncreases Viith inc rease 

in gap . The points on t he extreme ri ght of the curves i n 

Fig ures 3.7, 3.15 and 3.16 are far t he yap-factor beyond which 

any inc rease i n ga p results i n errat ic beha~iour or ' be ating' of 

the damper . Thi s stems f rom th e fac t that the energy i mpa rted 

r ~ n 
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to the free mass at one i mp act is inadequate to force the fY'ee 

mo.ss to the opposite end -of the damper conta iner . Th e free 

mass then sta rts to oscillate \·ihile the amplitude of t he pr i mary 

system buil ds up unti l subsequent i mpacts occur between th e damper 

co nta i ne r ends and the vi brationa l amplitude decreases subsequently, 

resulting i n a vi bration 1·1ave form th at resemb l es th at of t he beatinq 
D • .._ 

phenome non ·' 1 Ct-U ~'es of the beating ph enom~_!:lon ate shm·m in Fi gure 

4.1 (a ) , (b) , 1vh ich i ndicates the building up of amp litude v1h i1 e 

there i s no i mpact . 

Fi gures 4. 2 (a ), (b) are photographs t aken f rom t he screen 

of the oscill oscope, sh ow i ng t he reduction i n ampli tude when t he 

i mpact damper comes i nto ac tion. Two pho tographs sh ow the 

effect of t wo different mass -rat ios as marked on th e figures. 

Fig ures 4. 4 (a ) , (b) , (c ) , (d) shov1 th e phas e pl ane d·i agl'ams 

obtained by experimentation wi th a di ffe rent pair of~ and d/x . 
. 0 

Vario us X- t and X-t v1ave fo rms are s h01·m i n Fig ures 4.3 (a ), (b), 

(c) and (d) . T~es e were obta ined from the screen of the 

oscilloscope for differen t val ues of d, for th e s ame va l ue of~. 

It is observ~~d th at two i mpacts per cycl e,vJith the stops , occ ur 

at equal ti me i nterval s . Th is beha viour is observed to r epea t 

f or wi de range of parameters for wh ich impact dampe r is i n act i on, 

so it j ust ifies the assumption of equispaced i mpacts i n analyti cal 

det'i va t -ion . The actual \'lave f orm of t he res ponse is si nuso i da l, 

and th e ass umr t i on t hat the ve 1 oci ty changes di scont i nuous ly i s 



Figure 4.1 (a) Two-Particle System, X, X Motion 

of Primary t1ass for ~ = • 1294, d/X
0 

= 24.7, r=l 

Figure 4.1 (b) Single-Particle System, X, X Motion 

of Primary !~ass for~ = .112, d/X = 18.5, r=1 
0 
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(a) 

(b) 

Figure 4. 2 Motion of Primary t1ass r·1 

(a) Effect of Introducing ~ = .0878 

(b) Effect of Introducing ~ · = .0224; fori_= 12.3 
xo 
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. 
X 

X 

(a) d/X
0 

= 3.08 

• 
X 

X 

(b) d/X
0 

= 9.25 



(c) d/X = 12.32 
0 

(d) d/X
0 

= 15.~ 

Fiqure 4.3 (a),(b),(c),(d) Two-Particle System . 
X, X Wave For~s as Photo0ranhed from The 

Screen of C. P.O. for~ = • 1294 
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(a) Single-Particle System 

(b) Sin ~ le-Par t icle System 



(c) 

(d) 

Fiqure 4.4. 

(a), 

66 

Two-Particle System 

Single-Particle System 

Limit Cycles of lmp~ct namrer . 
(b), (c) X- X With u=1 ~ uf n 

(d) X - X with uf 0 



6.7 

justifi ab le. This i s seen i n Fi gures 4. 3 arid 4.4. 

I t is to be noted that a change in gap changes the pos i t i on of 

impact and fo r opt i mum SlilP the i mpacts occu r ne ar the peak velocity. 

Thi s sh ov1s th at at resonance , \vhen t he opti mum damp ing is call ed 

fo r to i mprove the behaviour of the vi brat i ng system , t he impacts 

occur wh en the ve 1 oc ity of the vi brat ing sys tern i s max i ;num thereby 

causi ng t he greatest poss ibl e dissipation--of kinetic energy . 

It is clear fr om Fi gures 3.7, 3.15 th at the increase in ~ 

causes a decrease in maxi mum gap-factor that can be reached before 

beating starts. Sim·I"J arly, opt"imurn gap decreases, and, fo r the 

sume gap, more· efficient behaviou r of the dampe r is achieved. Jh ·is 

is to be expected s in ce in cre asing the free mass wei ght will caus e· 

hi gher di ss ipat ion of energy from the vi brat ing system in order to 

t ra verse the free mass through this spec i f ic gap . 

From Figure 3.1 6 i t is seen th~ t in cre ase in va lu~ of e i mpro ves 

the perfol~an ce of the damp er for wi de range of gap- factor. 

Hoviever , for· smo ll er gap- v1here the dampe r is not so effici ent-

the effect of increase i n e is not f avo urab l e . 

In F·igllres 3.7, 3.8, hvo-pal~t ·icle system is compared with 

the s ingl e-particl e system for the mass r at i os marked on the fi gure . 

Th e beh aviour of the two systems are quali t atively si milar fo r the 

range used . Th e compari s ion of t he two systems sh ows that , i f 

t he same tota l mass is used i n beth cases , th e sing l e 



particle damper is more efficient than the two-particle damper for 

a comp l ete range of frequencies and gap-factors. 

All th rough the experiments. 0ubber pads were used at the 

stops . Th e biggest ga in in the system, with single-particle 

i mpact damper, i s that th e noise is eliminated and hence the 

i mpatt damper becomes more practical in l i ght of its us e in the 

presence of human beings. 

I t is noted i n the case of the two-partic l e impac t dampe r , that 

i n spite of use of rubber pads , t he system is stil l noisy due to the 

i ntermediate i mpac t s between two mass par fic l es . 

Due to the res·istance of the fl uid on the moti on of mass 

particl e, t he sys tem i s l ess efficient in i ts pu rpose of reduc i ng 

the amp litude of vib rat ion . . These experiments suggest that 

the impact damper i s effective even i n the presence of flu id and 

tha t there is a l ittle reduction in nois e . Hov;ever , th e use of 

the fluid in t he container , for such a damper, is not recorrrnended 

because of two reasons. Fi rstly, noise re du ction i s not significant 

compared to l oss of efficiency . Secondly, th e presence of fluid 

comp l i cates the design and maintenance of the damper which othervJ i:.;e 

· i s quite simple. 

The experiments generally t end to conf'ir:n t he theory and the 

behaviou r is qualitatively comparab l e . The amp l itude at 

resonance i s ma r ked ly reduced while th e amplitude at frequencies 
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clo~ e to resonance i s l arger . For frequenc i es above resonance 

there i s no indication of i ncreased amp li tudes . 



5 CO NCLUSIOi·lS 

As a result of the experimenta l in vest i gation, th e follO\·Iing 

conc lusio ns could be made. 

1. Ex periments with rubber pads at the ends of the container 

indicate that the system behaves si milarly to one with rigid 

s tops. In this system noise is eliminated, as the i mpact 

is on soft s urfaces. All the pre v i~us i nvestigators have 

reported excess i ve no i se l eve l while the damper is functioning; 

\·lith the use of this system and by propP-r sel ec tion of the soft 

m?te r ials (with high coeffici en t of restitut ·ion ) , the dampe ·r 

becomes l e~s noisy and hence more practical . 

Ch oosing a practica l value of u, say .1 to .2, and 

materials giving high coefficient of restitution, i t ~i l l 

be seen that the use of the corre ct ly desig ned impact damper 

considerab ly reduces t he vi brations at reson ance . 

2. ~·Jith trig her value of e , the effic i ency of the damper 

i mproves. 

3. Expe d men ts 'ltith a pair of mass-part icl es i n t he containe.· 

sh ow that even if the same tota l mass i s used i n a single­

part-icle as i n two-part icl e i mpact dampe r, the former l'li ll be 

more effective in reducing th e ampl i tude of vi brations . 
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4. In the case of the two-part icl e impact damper , the 

i ntermediate impacts between two mass partic l es, makes the 

system noisy and hence f6r continuous operation wi ll require 

muffling. 

ends. 

Thi s is true even if rub ber pads are used at the 

5. Experiments with the mass particle moving in a fluid 

su ggest that the friction forc es act ing on the mass part icl e · 

are detdmenta 1 to the eff·i ci ency of t he cfampe r. 

6. The significant ad vantage of the impact vibra tion 

71 

absorber over th e conventional dynamic absorber is the reduction 

of the arnp l i tude of the primal~y sys t em bo th at r·esonance and 

at higher frequenc i es. 

7. Si nce in practical applications the resu l t i ng ampli tude 

rather than the existence of stab le periodic motions is of prime 

concern, the impa ct damper ful f illed its ro l e even when i t s 

motion was no t s teady . 

8. Some of the ma in adv antages, of impact dampe r, wou ld 

be the relat-ive si mp licity of installation, maintenance and 

facility of vari at ion of damper parameters. 



With more investigation and deve l o pme nt~ the futUt'e 

.of the i mpact damper appears quite promis i ng. For further 

s tud i es~ it wou l d be worth cons i der i ng t he effects of vari ous 

soft materia l s as i mpact i ng surfaces and two-mass parti cl e 

system wi t h each part i cl e i n a sepa rate channe l. 
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APP ENDIX A 

TH EORE.T ICAL SOLUTIOU FOR TH C SYSTEt'l 1-J ITII FLU ID 

Th e eq ua tion of moti on of primary mass f.l , beh1een impacts, 

MX + ex + KX = F s; n .n.t 
0 . ( 41 ) 

when the mass particl e i s oscill at i ng i n the container filled with 

fluid the eq uati·on of motion for mass particle, betwe en i mpacts , is 
3 

.. 1 ;rdo " 
m.Y + 2 Pf - 6- y = -rr.x· (42) 

or 
.. 

(m + m' ).Y' = -mx 
3 

1 
;r d 

1 I 0 
~tnere m = F f - 6-- added mass due to f l uid. 

The compl ete solution of equat i on (41) is, 

X - 6wtr n . ] = e _D 1s1n nwt + B2 cos nwt + A si ~ ( fi t - ~ ) 
( ~ 3) 

using the i nit i al cond iti ons at impa ct, 

. 
X( t i+) = Xi ; X( t 1+) = xi ·' the constant s B1 and B2 

can be eval uated . 

Different i ating the equation (43) w.r . t. t) 

(44) 

+ Artcos (se t - 1Ji ) 



711 . 

Substituting i n·iti al cond itions in (43) and (44), 

Hence 
I DL 5 in tlW c t- ti) + 
L. 

Et. Cos tzw (t-t;) J 
~:- A Sln (..n. t - 4J ) (45) 

For the solution of equation ( 42 ) ~ ~ s i ng the initial condi tions 

at the ti me ti+ i mm~ di ate l y after i th i mpa ct: 

Y( t.+ ) :: Y. 
1 1 

Integrating tw ice 

. 

. 
X(ti+ ) = x1 

(42 '; equation 

(m + m')y = -mi + c1 

( m + . m • ) y = -mx + C 1 t + C 2 

Applying ini t i al conditions 



Hence 

l etting 

= (m + m ') ~ . + mx . 
1 1 

c
2 

= (m + m') Y. + mX 
1 i 

(m +m ')y = -mX + mX. 
1 

and 

. . l 
{ ( m + m') Y. + mX . J t . 

1 1 1 

+ (m + m')y . 
1 

+ {( m +m ').Y. +mX ~} ( t - t. ) 
1 1 1 

j{ = m 
1 rn + m' 
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Y = -/J. X + M X + Y + ( Y + )..!. X ) ( t - t ) ( 46) 
l li ; i li i 

In equat i on (42 ) potent i al f l ow an alysis i s used . This 

has been j us tif i ed* by severa l re ported exper imenta l i nve stigat i ons 

conducted in wat er and other l ow vi scos i ty f l ui d , as in our case , 

and i n such cases vi scous effects are negli gi bl e and resu l t s wou1d 

easily be with in one percent of po ten ti al fl ow sol ut i on . 

The sol utions (45 )and (46) are val i d on ly up t o t(
1
. + l)-. 

ti me 1mme diately befol' e next i mpa ct. From t he impact condit ions , 

------------------ ----------------------------------- --- -

* Refer ence : "Added Mass of a Sphere i n a Bou nded Vi scous Fl uid " 

by Mc Con nel and You ng, Journa l of Eng i nee ring Mechani cs Di vision , 

August 1965 , page 263. 
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at t ( i + 1 ) +' 

X ( t I ~ 
\ 

X ( t ( i ) 1 )+ ) = i ) -~ I + + 

y ( t ( i 1 ) +) y ( t (i ) 
(47) 

= 1 ) -+ + 

. . 
11(l + e ),f( t . X ( t ( i 1) +) = X ( t ( i ) + ) 

+ + 1 ) - 1=~\1 (l + 1) -

. 
y ( t ( i + 1 )+) = -ey (t (i + 1)_) 

Using the nev initi al condit ions from equa~ion (47) the soluti on 

can be obtained for th e time i nterva l t (i + 1)+ to t(i + 2)- · 

Thi s procedure 'can be continued and t he mot ion can be determined 

from collision to collision. 

A di gita l computer programme for t his method is given i n 

Ap pendix D. A check i s in troduced in the programme so that wh en 

the periodic solution reaches steady state conditions, the programme 

\'/Ou l d then discontinue th at solut i on and start construct ing a nev1 

one correpsonding to a new set of paramete rs . 

A typi ca 1 di gita 1 compute r out out for t1-10 sys tems with and 

without fluid is given in Appendi x Ail. The two sets of curves 

obtained from si mil ar computation are sho\'m as Fi gures (Al) and (A-2 ) 

Experimentally obta i ned curves , with and without fluid, for the same 

parameters , are su perimposed in fig ure Al. 
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1'\PPENDIX B 

r·,lETHOD AND CALC UL/\TI OilS FO R 

COEFFICIE NT OF RESTI TUTI ON 

. Th e foll m,Jing method \'l as us ed to calcul ate the coefficient 

of restit ut·ion. 

Reduci ng to singl e part icl e sys tem e~uat ion (21 ) and (22 ) 

wi 11 become ; 

or 

or 

• 7T (1 +€ 
·•· 2 .11. 1 - e -:- 211 = - d 

2 

Subst.ract i ng equat i on (B-2 ) from equatio n (B-1 ) 

n ("_j..:J:...e.. ) • n ( 1 ·f e ) · 
2n.. J-e+z,a x b - 2~ t - e-2/.!.e Xa 

-;; 0 

e ( t + 2!-f 

I - (! + 2 /1) Xa 
= --- ><b 

(1 -1· 2 ,1-() - 'Xa l x b 
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(B- 1) 

(B-2 ) 

(B-3 ) 



Thi s gives the relation for coeffici ent of res titution in 

te rms of knm·m quantities. The ratio xa /Xb is calculated 

from the X vtave fon11s obt ai ned . 

Fi gure 81 shO\'tS the X-X vtave foms fol~ three different 

rubber pads used . Th e thr·ee pads are narned Bl, B2 and f<: 

Now 

. 
The average ratio xa/Xb is observed a3 follows : 

Pad 

[32 

Bl 

R 

e 

X/Xb 

. 56~6 

. 5895 

. 651 

1 - (1 +2J<) xi"xb 
( 1 + 2J.<) - xc;xb 

J.22't -

. 11 2 

• 112 

• 112 
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Figure Bl. 
(a} 

(c) 

(a} 

(b) 

(c) 

X Have Fonn With ~ = 0.112 

Rubber Pad B2, (b) Rubber Pad Bl 
Rubber Pad R 

86 



e = l- 1.224 x . 5616 = .3120 = •471 
BZ 1. 22~ - .5616 . 662 ~ 

1 - 1.224 X . 5895 .28 .442 eB1 = ·- -- = 
1. 224 - . 5895 . 6345 

1 - 1. 224 X . 651 :: . 203 . 355 eR = ::: 

1. 224 - . 65 1 . 573 
-· -



AP PENDIX C 

GENERAL EXPERIMENTAL DATA 

Pl~imary ~~ass : 

M = 4.4/ 386 = .0114 1b. sec2;i n. 

Natural Frequency of the System : 

f n = 7.4 cyc l es / sec . 

Equivalent Spring Constant : 

K = 24.5 l hs ./in. 

Cri tical Damp ing Ratio : 

J = .01 46 

Amp li tude. of Sinusoidal Driving Force: 

F = 0.49 lb s . 

.-

Mass 
Ba l1 Size Weight Single :..;Pa rticle 

(·i nches ) ( l bs . ) System 

1/2 0.01 83 0.0042 
5/8 0.03 57 0.0081 
3/4 0.0621 0. 01 41 
7/8 0.0988 0.0224 
1 0.1 47 0.0334 
l-l/8 0.208 0.0474 
1··1 I 4 0.284 0.0647 
l -3/8 0. 386 0.0878 
1-l/2 0.495 0.112 

Ratio (IJ) 
Oouble:... Partic l e. 

Sy stem 

0.0084 
0.01 62 
0.0282 
0.0448 
0.0668 . 
0.0948 
0.1294 
0.17 56 
0.2 240 



LIST OF TH E EQUI P~1ENT_ 

1. 1, Frequency Generator, 11 RC-Gen erator , type zg 060 69 11
, 

Phili ps Gloeil ampenfabrieken , Eindhoven, Holl an d. 
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2. 1, Ampl ifi er Unit, "250 VA Amplifier , t ype 11 9567 11
, Phi li ps . 

3. 1, Jl.mme ter , Range 0-5 A.mps , Com1ay El ectron ic Enterpr·is es . 

4. 1, Vibration Gene ator (exciter )" , t~oving Coil Vibration 

Gene rator t·~ode l 790 ", Goo dma ns Industries Ltd., 'tl i mb l ey, 

En gl and . 

5. 2, Capacitance Transdu ce1~s ( l , type 51 004-204 1·1ith a tuni ny 

plug type 51 C02; 1, proxi mity V·ibratio n Trans ducer type 

51011) . Disa Electronik, Herl ev: Denrnark. 

6. 2, Oscinato rs, tyre 51E02-l03, Dis a El ectJ~o n ik. 

7. 2, React~nce converte rs, type 51E01, Disa El ectroni k. 

8. l, Cathod Ray Oscilloscope, type 564 s t orage oscill os cope , 

Tektr-on i x In c. S.v! . 1·1i lli kan vJay , Beaverton, Oregon, U.S .A. 

9. 1 , Ana l og Computer , Elect ron i c Pace Associates Inc . 

10 . 1, Amp li fier Mode l 2616B, Endevco Corporat ion, PasQdena. 

CaHforn i a . 

11. 1, Acce l erometer Mode l 2221, En de vco Corporation . 

12 . 1, Oscill oscope Camera C-1 2 Serial 0071 09 , Tektronix , I nc .• 

Portl and, U. S. A. 



PROGRAMME 1 

APPENDIX D 

COMPUTER PROGRAMM ES 

1. With proper change in read statements the same programme was 

used for computing the effect of different parameters. 

2. By inserting the write statement x and x, at proper place, 

results were obtained for phase-plane plot. 

PROGRAMt~E 1 and 2 

3. Replacing statements c3 and~ by cr 1 and cr 2, with fonnulae 

for single-particle system, the same programme was used for 

single-particle system computations. 

PROGRAMME 3 

4. The same programme was used, for the system without fl uid 

with proper change in formulae . 



PROGRAMME l 

003 7 27 M D SHA H 
$ IBFTC 
C TWO PARTICLE IMPACT DAMPER 
C S T EADY STATE S OLU T ION 
C TO STU0Y THE EFF~CT OF COEFF ICI EN T OF RESTITUTION 

R~AD%5 ,2WFF , D ,u, E 3 

WN,.;/ l • 0 
'w\JIIl • U 

Rh\/J / WN 
AIIFF/SORT%%l o-R*RD**2&%2 . *D*RD**2W 
C.TAIISORT% 1• D*Dw 
f~Ph3 . 14/R 
DRP/1 - D~~RP 

ERPIIETA*RP 
EXIIEXP%DRPo 
S I liS I N:i'~ERPo 
COI/CUS%ERPo 
H1/IEX*SI 
H211EX*CO 
THliiWN*E X*% D*SI&E TA*COD 
TH211WN*EX*% D*CO - ETA*SID 
DO 50 1111 • 1 
DO!Iu . u 
READ%!::i • 2WE 
Ulh2o*U 
WRITE%6 ,1 DFF . u . E . ul .R•A 
ALPOII3ol4*E3/%lo&E3o 
C9,.;t%1 .-E3C / %3 . &E3W 
Cl UII - %1 .&3 . *E3U / %3 . &E3D 
AI<7H'%E-UU / % 1 • &EW 
AK811%l o&Uo / %1.&ED 
AK911E*%l o&UU / %l . &Ew 
AK1UII%1.-U*EU/%1.&Eo 
C1911%ALP0&3 . 14*C9 /2 .o/%W*%AK7*Cl~&AK8DD 

C2011%ALP0&3 o l4*C9 / 2 e o/%W*%AK9*Cl0&AK10WU 

SGlliC19 
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SG211 C2U 
Hll2 o*W*%%%SG2-SG1 D&S Gl *SG2*%D*WN-TH2WD*Hl&%SGl*SG2*%THl&ETA*WNWW*% 

llo &H2DD / %%0*SG2*WN - SGl*T H2D*H l&%SGl*TH l&ETA*SG2*WNW*%l o&H2DU 
NIIO 

l 0 ROHIIDO / A 
NIIN&l 
lF%N . GT . lOUo GO TO 25 
GAPIIDO/FF 
ARGIIH**2&4. ROH** 2 
IF%ARGoLT . u . uoGO TO 25 
ARGIISORT%ARGw 



TUl#ATAN%%-2 · *ROH&H*AkGo / %- ROH*-2• *ARGDD 
TO#T01 

11 Slt::)IN%TOD 
CltVJ*C OS% TOo 
BN#D0 / 2 . *%SG2 - SG1U*C 
bN 1 /IB N*% 1 • &H2o 
oN211-BN*Hl 
AN#DU /2 . *%Hl*%~Gl*TH2 -SG2*WN*DD-%SGl*THl&ETA*SG2*WND*%l . &H2uU 
wTitu .u 
Xl#u . U 
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15 XdYA,tt~XP%-D*~T/Ro/AN*%BNl*SIN%~TA*WT/RD&BN2*COS%ETA*WT/RoD&SIN%WT& 

lTOo 
IF%ABS%XlD . GT . AB~%XBYAooGO TO 20 
X1t1XBYA 

20 IF%WT . GT . 3 . 14oGO TO 21 
WT#WT&v . 02 
GO TO 1~ 

21 ~RITE%6 ,1DTO•X1•GAP 

24 DO#UO&v . U2 
GO TO 10 

25 ;<JR I TE%6, 3D 
~U CONTINUE 

1 FORMAT%5X , BF10 . 4D 
2 FOI~ iVIATYo5F l 0 . 4o 

3 FORMAT%/, 5X , 27HGAP TOO BIG ,UNSTE~DY MO TION / 0 

S TOP 
END 



PROGRAMME 2 

U03727 M D SHAH 
~IBFTC 

C TwO PARTICLE I MPA CT DAMPER 
C STEADY STATE SOLUTION 
C FREQUENCY RESPON~E 
C 1 • VARIN~ MASS RATIO 
c 
c 

2 . 
3 . 

DIM~NSION FR~Q%25 ~ 

VARING GAP FACTOR 
VARING COEFF I CIENT OF RESTIT UTION 

C READ IN PARAMET~RS 
READ%5 • 2D%FREQ%ID •l k 1•2 UD 
READ%5 • 2WFF , D, C.3 
DO ~0 ... H/1 , 42 
REAU%5 • 2'-'t: . u . oo 
GAPR'DO/FF 
U11l' 2 . *U 
wRITE%b , 1oFF . D . E , u1 . GAP 
WNR'7 . 4*6 . 28 
DO ~() I# 1 • 2 
>NII6 . 28*FREQ%Io 
Rll'W/vVN 
All'FF/SuRT%%1 . -R*Ro**2&%2 . *D*RD**2D 
ROHN"OO / A 
ETAR'~QRT%1 . D*DW 
RPR'.3 . 14 / R 
URPk-D~<RP 

t:.RP#t.TA*RP 
~XIl'EXP%ERPo 

S I Jl':=,I N%ERPo 
COli CO S%~RPo 
H11l'EX*SI 
H21l'~X*CO 

TH111WN*EX*% D*SI&ETA*COD 
TH211 WN*EX*% D*COD 
ALP01l'3 o 14*E 3 / %1 . &E3o 
C911% 1 .-E3D / %3 . &E3U 
C1ull' - %1 . &3 . %E3W / %3 .&E3 W 
AI<7U%E - UD / % 1 o &~D 
AK811%l o&UD / %l . &ED 
AK911E*%1 o&Uo / %1 o&ED 
AK1vll'%1 .-U*ED / %1 . &Eo 
C19#%ALP0&3 o 14*C9 / 2 oD/ %W*%AK 7 *C10&AKBwU 
C201l'%ALP0&3 o 14*C9/ 2 · D/ %W*%AK9* C 1U&AK10DD 
SG11iC19 
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SG2kC20 
H#2 o *W*%%%SG2-SG1o &SG1*SG2*%D*WN- TH2w~*H1&%SG1*SG2*%TH1&ETA*WN~U*% 

11 o &H2oD/%%D*SG2*wN-SGl*TH2~*Hl&%SG1*THl&ETA*SG2*WNu*%1 . &H2U~ 



C CHECKING FOR THE R~AL ROOTS 
ARG~H**2&4 . K0n**2 
1F%ARG · LT . O . GoGO TO 25 
ARG~SQRT%ARGD 

TO~ATAN%%-2.*ROH&H*ARGD/%-ROH*H-2•*ARGWU 
S~S IN % TOD 

C~.V*COS%TOo 

BN~D0 /2 . *%SG2-SGo*C 

E:3NlliBN*%l e&H2o 
BN2~-BN*Hl 

AN~u0/2 . *%Hl*%SGl*TH2-SG2*WN*DU -%SG 1*TH1&ETA*SG2*WNU*%1 e &H2Wu 

WTIIv . O 
Xlftv . u 
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15 XBYA~EXP% -D*~T/Ro /AN*%BN1*SIN%ETA*WT /Rw&BN2*COS%ETA*WT/RDD&SIN%WT& 

lTOo 
IF%ABSY.X1C . GT . AdS%XBYADDGO TO 20 
X11iXBYA 

20 IF%~T . GT . 3 .1 4oGO TO 21 
WTI/I}.'T&li.02 
GO TO 15 

WRITEU6 ,1 *FREQWI* • W• R • X • X1 • A • TO 
GO TO 50 

25 WRITE%6 ,3D 
50 CONTINuE 

1 FORMAT%5X , bFl0 . 4o 
2 FOR 1V1 A T%5F 10 • 4 o 
3 F0KMAT~/. ~X . 2 7HGAP TOO B IG•UNSTEADY MOTION / U 

STOP 
END 



Proqramme 3 

$JOB 
$IBJOB 
$IBFTC 

003727 M D SHAH 
NODECK 

c 

c 

c 

I MPACT DAMPER WITH FLUID 
DO 60 MD=1t4 
READ IN PARAMETERS 
READ(5t4lWNtD,u,E,WtFFtDO,U1 

4 FORMAT(8F10.4) 
R=W/WN 
IF(R.EQ.l.O) GO TO 6 
PSI=ATAN(Z.*D*R/(1.-R*Rll 
GO TO 8 

6 PSI=1.57 
8 A=FF/SQRT((l.-R*Rl**2+<2.*D*Rl**2> 

WRITE(6t4lU1tR,EtUtDtFFtDO,A 
IF<DO/AeGT.2e0} GO TO 60 
INITIAL CONDITIONS 
ETA=SQRT<1.-D*Dl 
TI=O.O 
XI=O.O 
YI=O.O 
DXI=O .. O 
DYI=O.O 
YY=D0/2.0 
T=TI 
MM=O 
XX=O.O 
DO 50 I=1,250 
AK=0.01 
Xl=O.O 

C SOLUTION BETWEEN TWO CONSECUTIVE IMPACTS 
EI=XI-A*SIN<W*TI-PSil 
DI=<D*EI+DXI/WN-A*R*COS<W*TI-PSI> l/ETA 

N=O 
5 T=TI+AK 
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- -. 

X =EXP(-D*WN *< T-Till*(DI*SIN<ETA*WN*<T-Till+EI*COS<ETA*WN*<T-Till) 
l+A*SI N(I-'/*T-PS I} 

Y=-U1*X+YI+Ul*XI+(DYI+Ul*DXIl*<T-Til 
C CHEC KIN G IF THE NEXT IMPACT IS REACHED 

ARG=D0/2.-ABS(Y} 
IF<ABS<X1l.GT.ABS<XllGO TO 7 
X1=X 

7 IF<ARG.LT.O.OlGO TO 10 
AK=AK+0.01 
N=N+1 
GO TO 5 

10 IF<Y.GT.O.Ol GO TO 11 
YY=-D0/2. 



GO TO 12 
11 YY=D0/2. 
12 CONTINUE 

9 FORMATC3F10.4) 
K=O 
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C NEWT ON-RAPHSON METHOD FOR SOLVING TRANSCENDENTAL EQUATION 
14 T2=T 

M=O 
15 T3=T-TI 

WNT=WN*T3 
DI"NT = -D*WN T 
IFCABSCDWNTl.GT.85.0l GO TO 50 
EW=ETA*WNT 
EX=EXP C DltJNT l 
SI=SINCEWJ 
CO=COSCEW> 
FT=-YY-U1*<EX*CDI*SI+EI*COl+A*SINCW*l-P~I)l+YI+U1*XI+IDYI+u1*Dxil* 

1T3 
DX=EX*CETA*WN*CDI*CO-EI*Sil-D*WN*IDI*~I+EI*COll+A*w*CO~;n*,-P~I> 
FDFT=-U1*DX+DYI+U1*DXI 
T1=FT/FDFT 
T=T-T1 
IFCABSCT1l.LT.0.0001JGO TO 21 
IFCM.EQ.100)GO TO 22 
M=M+1 
GO TO 15 

22 WRITEC6t2 ) 
GO TO 48 

21 YI=YY 
IFCT.LT.TilGO TO 49 

C COMPUTING THE CONDITIONS AT IMPACI 
2 0 X I = EX P ( - D -:~- vJ N * C T- T I l l -~'r ( D I * S I N ( E T A* W N * ( T-T I l l + E I * C 0 S C E 1 A* W N * ( I - I I l l l 

1+A*SINCW*T-PSil 
DX=EXP(-D*WN*CT-Till*<ETA*WN*CDI*COS<ETA*WN*Cf-IIll-EI*~IN(EIA*WN* 

1<T-TI l) l-D-l(·WN·*(DI*SINCETA*WN·lHT-1 I l l+EI*CO~IEIA*wN*I 1-11 l) l )+A*w*C 
20SCW*T-PSil 

FDFT= -U1 *DX+DYI+U1*DXI 
DXI=DX+U*C1.+El/C1.+Ul*FDFT 
DYI=-E*FDFT 
TI=T 
X1=X1/A 
IF<ABS<ABSCXXl-ABS<X1ll.LT.0.00001l GO TO 70 
XX=X1 
GO TO 71 

70 MM=MM+1 
IFCMM.GT.10l GO TO 60 

71 WRITEC6t1l! tT!tX!tY!tDX!tDY ! tXl 
GO TO 50 

49 WRITEC6t3) 
48 T=T2+0.2 

K=K+1 
IFCK.GT.l5l GO TO 50 



n n 

GO TO 14 
50 CONTINUE 
60 WRITE(6,l)I,T;x,y 

1 FORMAT<I5,F10.2,F10.4,F10•2'3F10.4l 
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2 FORMAT(5Xt41HMETHOD DOES NOT CONVERGE IN 5u I1ERA1ION~ ) 
3 FORMAT(5X,2/HT FOUND LESS THAN Til 

STOP 
END 

$ENTRY 
$lBSYS 
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