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1. INTRODUCTION

The study of the dynamical behaviour of longitudinally vibrating rods has stimulated the
interest of researchers for many years. Recently, a study by Kukla et al. considered the
problem of the natural longitudinal vibrations of two rods coupled by many translational
springs where the Green’s function method was employed [1]. Since then, Mermertas and
Giirgoze [2] investigated a system made up of two clamped—free axially vibrating rods
carrying tip masses, to which a double spring-mass system is attached as a secondary
system across the span. As an extension of that publication, the present letter deals with
a similar mechanical system, which is not only more complicated but also has more general
application than the earlier studies.

The present study is concerned with longitudinal vibrations of a mechanical system
consisting of two clamped-free rods carrying tip masses (as the primary system, ps) to which
several double spring-mass systems are attached (as secondary systems, ss) across the span.

The major contribution of this study is to derive a general formulation for the exact
solution of the system described by using the Green’s function method.

2. THEORY

The problem to be considered in the present study is the natural vibration of the system
shown in Figure 1; i.e., a longitudinally vibrating system consisting of two clamped-free
rods carrying tip masses to which several double spring-mass systems are attached across
the span.

However, in order to aid the explanation and to clarify the physics of the system, the
Green’s function method will first be applied to the n = 1 case; the results can then easily be
generalized for the n = n case.

2.1. THE CASE OF ONEss, n =1

The combined system, which has already been studied in reference [2] and which is to be
investigated initially, consists of two clamped-free rods carrying tip masses to which
a double spring-mass system is attached across the span, (see Figure 2). L;, m;, n;L; and E;A;
denote length, mass per unit length, location of the spring attachment point and axial
rigidity of the ith rod respectively (i = 1, 2). The secondary system consists of two springs of
stiffness kq, k, and mass M. The longitudinal vibration displacements of the first and
second rods are denoted as uq(x,t) and u,(x,t), respectively, and z(t) represents the
displacement of the mass M,.
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Figure 1. Two clamped-free axially vibrating rods carrying tip masses to which several double spring-mass
systems are attached across the span.
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Figure 2. Two clamped-free axially vibrating rods carrying tip masses to which a double spring-mass system is
attached across the span.

Assuming that the spring forces, which are generated by the ss, are singular effects for
both the rods, the longitudinal vibration equations of the system can be written in the
following form:

E;Ajui (x, t) — myiti(x, 1) = — k;i[z — ui(n; L;, )]0(x — niLy), i=1,2. (1
The motion of the secondary mass is governed by
Mz = —ky[z —uy(ny Ly, 0)] + ky[uz(n2 Ly, t] — 2], 2)

Here 6() denotes the Dirac delta function and dots and primes denote partial derivates with
respect to time ¢ and position co-ordinate x respectively. Using separation of variables
according to

ui(x, t) = Ui(x)coswt, i=1,2,

z(t) = Z cos wt, 3)
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where U;(x) and Z are the corresponding amplitude functions and w is the unknown
eigenfrequency of the combined system, and putting them into equations (1, 2),

k ky[Us(hs) — Uy (hy)] + My?U, (hy)
” 2 1 2 PAUY)
— o(x—h
Vit + P U = = o { ky + ky — Myo? b= ).
ky  [ki[Uy(hy) — Us(hy)] + My Us(hy)
U, 22U, (x) = — —=— {2 d(x—h
2(x) + pu*pU5(x) EoA, { K + ky — M,? (x 2)
(4)
are obtained as the equations of motion, where
myw? o m E,A
hi: iLi, 2= . s ZZl, ocm:iza = 2 25 12172 5
n p EA M, m LT EA, )
Using the non-dimensional parameters below
X — U,' = ki k2 Ms
L= — U~ == — = L = = — =
51 Li, i Llr ﬁ ﬁ 1> (xk, EiAi/Li’ 047 kly 9573 mlLly
L - J .
o = L_ja 5 = Mo, ()/ éa_éa 1= 1: 2: (6)
the equations of motion can be reformulated as
- 7 7 oo, [0, Us (12) — Uy (1)1 + oy B2 U1(’11)}
Ur/ f + 2U — 1 _ 5 _ ,
1(¢1) + B2 UL(E) { 1+ o — (/o) B2 (&1 —m)
. R o, [(1/o) Uy (1) — U + (o /o, ) oo B2 U
U4(E,) + 52ﬁ2 Uy(E,) = _{ i [(1/or) Uy (171) 2(n2)] + ( k_/zkl) up 2(’72)}
1+ oy — (oar/ow,) B
X0(Ex — 12). (7

For the solution of the above differential equations, the Green’s function method will be
employed. For convenience, the derivation of the corresponding Green’s function is given in
Appendix B. Therefore, via an analogy with (B3), i.e., using &, 5y, B, G1(¢1, 1), 1 for the
first rod and &,, 15, 0B, G2(&5,115), 1, for the second rod, instead of x, &, f, G(x, &), L,
respectively, Green’s functions, which correspond to the combined system, can be written as

follows:

Go (€
~ o fsin(Ae, e, ny - s - ;‘;f;‘lz(g“ =0 i
Gar(Es112) = 5iﬂ {sin(EE@z ) HE — 1)
08 (1 1) = T 1) Bsin 6B —ns) 5—352)}, "
c03 O — ar, (/70 sin O
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where

_ M, _ M,
= y = . 9
e R Ly )

Here H (") denotes the Heaviside unit step function. Now, the displacements of the points
¢y =mn, and &, =1, can be given in the form

Oty ., Lo Us(n2) — Ui(11)] + o B2 U4 (’11)}

(71(’/’1):G1('717}71){_ 1+OC —(OC /OC )ﬁ_Z

T k 1 L _1 1) — _2 2 k k M_2 _2 2
01 = Gt | — 0000 = Bt Y B g

These equations represent a set of two homogeneous equations for the solution of the
unknowns U, (n;) and U,(n,). A non-trivial solution exists when the determinant of the
coefficient matrix vanishes. This condition in turn leads to the following frequency equation:

Mll M12

=0, 11
M21 M22 ( )

where

My, = E(l + o — A Ez> (—cos B + aMIESin B) + sin(Bny) [cos (B(1 — n1))

kal
— O, ﬁsin(ﬁ(l - Wl))](“MEZ — O, ),
M 15 = a0 sin (Bin) [cos(B(1 — 1)) — aag, Bsin(B(1 — )],

M, = Z— sin (8fn2) [ —cos(3B(1 — 1)) + o, % Bsin(3B(1 — n))],

My = 55(1 PO 52) (005 5 — . 2% Fsin 5)
O, %0
== =5 oL > . . =m o -
+sm(5/3nz)[—005(5ﬁ(1 =)+, < Bin (91 - 772)):| (r o B — oc) (12)
( 3
The solution of equation (11) yields the desired non-dimensional frequency parameters /3 of
the system.

2.2. GENERALIZATION FOR THE CASE OF SEVERAL ss’s, n = n

Consider a system of two rods that are carrying tip masses and coupled by 7 ss’s in such
a way that n points of the first rod of co-ordinates 71, 15, --. , 1, are connected to n points
of co-ordinates 11,1, 123, - .- , N2, belonging to the second rod, by using springs of stiffnesses
ki1, kz1,k1 2, ka0, ..., ki ko, and the masses M, M, ..., M; which make up the ss’s,
as shown in Figure 1.

Equations (7) which represent the governing differential equations of the combined
system having a single ss, i.e., n = 1 is taken, can be reformulated for the case of several ss’s,

29
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1.e., n = n is taken, as below

01 + 0, z{

x0(¢&y — 771j):

oy o, Lo Uz (n27) — Up (1)1 + “M,EZU1(’11,')}
1+ o, — (o, /o, ) B>

U4(E,) + 02 B2 U, (&)
- _ zn: {aszf[(l/“L)Ul (1)) — Us(n2))1 + (O(kz‘j/_ak”)OCM’_ﬁ_z (72(7]21')}
j=1 1+ o‘k,- — (“M,./Ofklvl) ﬁz
X (& — 12))- 13)

Similar, for this case, equations (10) can be rearranged as

U, (&)= zn: Gy (& { “kf‘xkl‘,[“Lﬁz(’?zj) - U1(’71j)] + OCM].BZ Ul(”lj)}
)= 1> 111j) 1+ o, — (O(Mf/o‘kl.,-) Bz

0,(6) = Z": G tta) {_Osz_, (/e ) Uy (1)) — Us(m25)] + (o, /o, ;) oar, B U2 (1125) } (14)

1+ o, — (o, /0%, ) B

For simplicity, these equations can be written in the following form, after some
re-arrangements

=- Z [(C(I)U1(’711) +CY Uz(”lzj))G1(51J71j):|s

U = - Z [(C(Z)U1(’711) + C Uz(”lzj))Gz(ézaﬂzj)]s (15)

where the following abbreviations are introduced:

cv OCM;‘EZ = %k, 1) e X L
1] = =5 2j = n2’
T+, — (o o, ) B T+ oy, — (o fou, ) B
C(Z) akZ.j/(xL (2) (akz.j/akl.j)aMiﬁ_z — Ok,
1] = =5 2j = n2’
T 4, — (o o, ) B T+ oy, — (o fou, ) B
o _kZ,j o _ Ms, o _ kl,j o _ kz»j
k; — 5 M; — H ki, — H ky; — >
T ky T myLy 7 E{A{/Ly E>A,/L,
L,
o =—, i=1,2,...,n. 16
L L, J (16)

Equations (15) represent displacement fields on the axes ¢; and &,. In order to find the
displacements at all the attachment points along the axes,

L= N1, M12s ooe s Nins &y = M2t M225 -5 Nan (17)
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have to be substituted into equations (15). Thus, 2n equations are obtained for the 2n
unknowns U, (y,;) and U,(n,;), j = 1,2, ..., n. Using matrix notation

Ax =0 (18)
can be written, where

X" ={Ui(11), Uy (112)s -, Uy (1) i 20020, Ua(122), - » Us (124}
Ci'+1 1 CY
e end "
[CM, = CcV6L, e, =6, [€P,=CcP6?,
[C(Z)]U (Z)Gg),
G2 Golmis i), Lj=12,....n, (20)

m=1,2.

Here [-];;, denotes an element of the matrix located at the ith row and jth column. To make
it more comprehensible, GE;") can be given as follows:

1 _
G1(n1: 771j) = B—{Sin(ﬂ(’hi - ’71;’))H(111i - ’711‘)

_ cos (pa — 1) — ou, Esin(_ﬁ( — 1))

cos B — oy, Bsin B

sin (/?nu)}

1 __
G221, 112)) = ﬁ{sin(éﬁ(nzi — N2))H (2 — 12;)

o5 (3B(1 = n2y)) — o, (01/20) Bsin (B (1 — 112)) sin (57 ')}
cos 0ff — oy, (0, /%0) Bsin 6 2 (>

hj=1,2,....n (21)

A non-trivial solution exists when the determinant of the coefficient matrix A vanishes.
Thus, the following frequency equation can be obtained.
det(A) = 0. (22)

The solution of equation (22) yields the non-dimensional frequency parameters /3 of the
system.

3. NUMERICAL RESULTS

This section is devoted to the numerical evaluations of the formulae established in the
preceding sections. As an example, the n = 2 case, i.e., the two-secondary-system case, is
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Figure 3. Two clamped-free axially vibrating rods carrying tip masses to which two double spring-mass
systems are attached across the span.

considered. Normally, the classical approach of deriving the frequency equation based on
the boundary value problem formulation is fairly complicated even for the case of two
secondary systems which is presented in Appendix A. Practically, as the number of
secondary systems exceeds two, the solution of the problem becomes nearly impossible and
extremely tedious. Since the solution of the problem for an n-number of secondary systems
does not exist in the literature to the best of our knowledge, the only way to prove the
validity of the Green’s function method is to compare the formulation with the classical
approach with two secondary systems, i.e., n = 2 (Figure 3).

The physical parameter values whose definitions are given in Appendix A are chosen as

ZOCk = 06, 3OCk = 4OCk = 25, OCkl = 13, OCkz = 15, IOCM = 2OC]W = 10,
OCMI = 25,
o, =35 a=06=15 5y =025 54,=075 ;=05 =1

In Table 1, the first 12 dimensionless eigenfrequency parameters f3 of the described system
are given. The values in the first column are values from the solution of equation (A7),
whereas those in the second column are the roots of equation (22) derived via the Green’s
function method. It is seen clearly that the values in the columns are identical, which justifies
the lengthy and complicated expressions obtained by the application of the Green’s
function method.

4. CONCLUSION

This study is concerned with longitudinal vibrations of a combined system consisting of
two clamped-free rods carrying tip masses to which several double spring-mass systems are
attached across the span. Using the Green’s function method, the frequency equation of the
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TABLE 1

Dimensionless eigenfrequency parameters  of the system in Figure 3, i.e., n =2, Zcxk =06,
By = Yoy =25, oy, = 13, oy, = 1'5, Yoy = 2oy, = 10, oy, = 2°5, oy, = 35, o, = 6 = 15,
n1 =025, n, =075, n3 =05, 5y = 1 are chosen

From equation (A7) From equation (22)
0-2871184548 0-2871184548
0-4300885248 0-4300885248
0-9210149661 0-9210149661
11808429443 1-1808429443
2-4393725240 2-4393725240
37660297675 3:7660297675
4-2259977171 4-2259977171
64108351523 64108351523
6-9801434970 69801434970
8:3955243247 8:3955243247
9-7141410409 9-7141410409

10-5493604996 10-5493604996

system with n ss’s is established. Then, in order to prove the validity of the expressions
derived, for a special system with n = 2, the results are compared with those obtained on the
basis of a boundary value problem formulation. The two results are in excellent agreement
which clearly indicates the validity of the formulae obtained via the Green’s function
method.
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APPENDIX A: BOUNDARY VALUE PROBLEM FORMULATION SOLUTION
FOR TWO ss’s

In order to test the reliability of equation (22), corresponding to the Green’s function
solution for n ss’s, the following example is considered for two ss’s; i.e., n = 2 is chosen.

The combined system consist of two clamped-free rods carrying tip masses to which two
double spring-mass systems are attached across the span, as seen in Figure 3. L;, m;,
ni1L1, n2L1, 3Ly, nal, and E;A; denote the length, mass per unit length, locations of the
spring attachment points and axial rigidity of the ith rod respectively (i = 1, 2). Secondary
systems consist of two springs of stiffnesses ky, k, and ks, k, and the masses M, (j = 1, 2).
Furthermore, the longitudinal vibration displacements of the first and second rods to the
left and right of the spring attachment points are denoted as uy(x, t), u;,(x, t), u;3(x, t) and
Us1(X, 1), Usa(x, t), uy3(x, t), respectively, and z,(t), z,(t) represent the displacements of the
masses M .
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The equation of longitudinal vibration of the six rod portions are governed by the
following partial differential equations:

2 2

0 . .
EiAiﬁ ”ij(xa )y=m; ﬁ uij(x> ) (=12j=1273). (A1)

The corresponding boundary and continuity conditions at the spring attachment points are
as follows:

uy1(0,1) =0, uy(nLy,t) = uyo(1 Ly, 0),
— E Ay (niLy,t) + E; Ay ,(ni Ly, t) + ky[z1(8) — ug (i Ly, )] =0,
ur2(n2Ly, 1) = 3Ly, 1),
— E ALy, t) + EfAquis(maLy, t) + ks[za(t) — uga(n2Ly, 8)] =0,
E Auys(Ly, t) + Myity3(Ly, t) =0,
M 21(t) = — ki[21(t) — ur1 (01 Ly, 0] + ko [uz1(3 L, 1) — 21 ()],
M Z5(1) = — k3[22(t) — u12(2L1, 0] + kaluz2(1aLs, 1) — z2(1)],
u51(0,1) =0, Uy1(M3L2, 1) = uy,(n3L,, 1),
— EyAyu1(n3Ly, t) + EjAqusy(3L,, t) + ky[z1(8) — uyg(n3L,, t)] =0,
uz2(Malz, 1) = uz3(14Ls, 1),
— ExAsuas(nala, t) + ExAquy3(nala, t) + ka[22(1) — uz2(nala, )] =0,
E;Asu53(Ls, t) + Myiiys(Lsy, t) = 0. (A2)

Here, dots and primes denote partial derivatives with respect to time t and position
co-ordinate x respectively. Using the standard method of separation of variables, one
assumes

uij(x, [) = UU(X) COS wt (l = 1, 2,] = 1, 2, 3), (A3)

zi(t) = Zicoswt  (i=1,2), (A4)

where U;;(x) and Z; are the corresponding amplitude functions of the rods and secondary
masses, respectively, and o is the unknown eigenfrequency of the combined system.

Substituting these into equations (Al), results in the following ordinary differential
equations:

UTi(x) + B2U(x) =0, Ui(x) + 1? f2Us(x) =0, (j=1,2,3). (A5)
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The general solutions of the ordinary differential equations (AS5) are simply
Ulj(x) = Clj sin ﬁx + CszOS ﬁx, Uzj(x) = C3 sin ,uﬁx + C4j CcoS Hﬁx
(j=123), (A6)

where C;; — C4; are 12 integration constants to be evaluated via conditions (A2). The
application of these boundary and matching conditions to solutions (A6) and the
amplitudes Z; yields a set of 14 homogeneous equations for the 14 unknown constants
Ci;—Cy4;(j=1,2,3) and Z; (i = 1,2). A non-trivial solution of this set of equations is
possible only if the characteristic determinant of the coefficient matrix vanishes. Taking into
account the fact that C,; and C,; vanish, the characteristic equation reduces the following
form:

det(K) = 0. (A7)

Here, K is a 12 x 12 matrix, the elements of which are shown below where all of the
unwritten elements are equal to zero.

K11=Sinl/[1ﬁ, K12=—Sin111ﬁ, K13:—Cosn1ﬁ,
K,y = Beosn, f + O, sinn, B, K, = — Bcosny, B, K,3 = Bsinn, B,

Ky 11 = — oy,

K;, = Sin’lz,[i K;3 = COS’?zﬁ_a Ks,=— Sin’?zﬁa Kis=— 005772/)7;
Kuz = Bcosn, B+ S0, sin, B, Kus3 = Bsinn, f + ot COS 2B,
Kio=— ﬁcosnzﬁ, K,s = ﬁ_sinnzﬁ, Kii,=— 39‘k0€k,,

Ksy = cos B — dy, Bsin B, Kss = —(sin B + dy, Bcos B),

K¢ = — O‘klsmﬂlﬁa Kee = — ZOCkOCk1 siny3f,

Kei1 = — oy + o (1 + 2og),

Koy =— 30‘1(0‘1{1 sin Wzﬁ: Koy =— 30‘k°‘k1 Cos leﬁ_» Kq7=— 49‘1{0‘1(1 sin ‘//4ﬂ_»
Kog=— 40‘k°‘k1 cos W4ﬁa K712=— ZOCMEZ + ak1(3°‘k + Yo,

K86=Sinlﬁ3[§, K87: —Sinlpg,ﬁ, Kggz —COSI//::,E,
K96 = gECOS l,bg;ﬁ_ + O, sin l//3ﬁ_, K97 = — gECOS l//3ﬁ_, Kgg = gﬁsin lp:;ﬁ_,

Ko 11 = — o,

Ko7 =sinyypf, Kio,5 = cosyup, Kigo = —siny,p,

Kio,10 = —cosy.f,

__ — Yoo - < - ~
Ki17=0Bcosaf +—52singyf,  Kypg=—ofsinyaff +

4
k Ol X, >
Ok Ok

cos Y f,
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__ _ . _ *o0
Kii,0=—0fcosyyfp, Kii.10 =0fsiny,p, Kii12=~ 2}; kz,
k
K1z =cosdf — ot Bsindf,  Kiyi10=—(sindf + e B cosdp). (A8)
74 K

Here, in addition to the abbreviation above, the following definitions are introduced:

k M,
T =L (f=2,3,4), "ay=— (r=1,2) Yy =pun (t=34). (A9)
ky myLy
APPENDIX B

As is known [1], the corresponding Green’s function for the clamped-free rod carrying
a tip mass, is the solution of the differential equation

d’G(x, )

>+ B2G(x, &) = 8(x — &) (B1)
dx

subject to the following boundary conditions:

G(0,9) =0,
G'(L, &) — AB*G(L, &) = 0. (B2)

The solution G(x, &) satisfying differential equation (B1) is the Green’s function that is
looked for. Thus, G(x, &) can be found as

~ cos (B(L — &) — Asin(B(L — &)
cos L — Afsin BL

G(x, &) = %{Sin(ﬁ_(x —H(x -9 Sin(EX)},
(B3)

where A denotes a,,, for the first rod and ocMz(ocL/xg) for the second rod.
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