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Introduction In works [8 - 12], the theoretical basis for
It is important to study the dynamics of harmful determining the shape modes and frequencies of
vibrations in mechanical systems, to identify the vibrations involved in the transfer function of rods has
factors that hinder their long-term perfect operation, been developed taking into account the effects of
and to address their elimination. In this regard, the various external loads, and the results of the
study of the dynamics of the rod protected from experiment have been presented.
vibrations is a urgent problem. The work [13,14] analyzed the dynamics of a rod
Theoretical and experimental studies have been with elastic dissipative characteristics of the hysteresis
conducted to investigate the dynamics of nonlinear type, which is protected from vibrations, and liquid
motion of complex mechanical systems, including section dynamic absorber on the basis of transfer
transverse vibrations of the rod and its minimization, functions, conclusions and recommendations for the
taking into account the elastic dissipative properties of selection of system parameters.
dynamic absorbers and rods. Although each of these works has its advantages
Works [1-3] show the method of internal and disadvantages, they are all widely used in the
resonances in kinematic motion. In particular, the development of theoretical research and in solving
motion of a rod with variable and constant cross- practical problems.
section under the influence of harmonic excitations The results of the analysis showed that there is a
was obtained using the Lagrage equations, and the need for a large-scale study to determine the transfer
transfer ~ function and  amplitude-frequency functions of rods with elastic dissipative
characteristics were analyzed. characteristics of the hysteresis type, protected from
In works [4-7], the vibrational forms of vibration. Therefore, solving such problem is one of
vibration-protected rods have been studied the current problems.
experimentally. Graphs of shape modes with
frequency variations were used to get conclusions and Materials and methods

make recommendations.
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In this paper, we consider the problem of
determining the transfer function of the rod with an
elastic dissipative characteristic of the hysteresis type,
which is protected from vibrations under the influence
of harmonic excitations, and the conditions for its
minimum.

Harmonic excitations consist of forces F;, (t) and
Fr(t) applied to both ends of the rod.

The differential equations of motion of the
system under consideration can be obtained using the
bond graph method, and it is as follows:

A,Q+BQ+CQ=F, D
where

o [a . U (0)F, 4wy (L)Fg
Q= [51'31. Q3 ; | l, = 0 ;

Ga 0

0
A, =|(my3 + mZ*)um(xl) Mgz + My My, +My |;
(my, —m)uy(x) my, —m, my, +my,

0 —upy(x)br 0 [Ci —Up(x)c. 0 l
B =10 b 0 =10 Cis 0 |;

0 0 bg 0 0 2¢y,

my, is the inert dimension (mass) of the outer
body of the dynamic absorber, which surrounds the
liquid; m,,is the inert dimension (mass) of a solid of
dynamic absorber; ms, is inert dimension of liquid
(mass); m,, is inert dimension (mass) of the fluid
adhering to the body 2 with mass m,,; by Iis
coefficient of resistance of damper (coefficient of
viscosity); ¢t and ¢;,! are compliances (coefficients
of elasticity); g5 and g, are displacements of masses
m,, and m,,, respectively; m,; = m; + ms; m; and

fPA(l — Cony)umd

[f pACon,ufdx

A and p are the cross-sectional area and density
of the rod; C,Cy,...,C, are experimentally
determined coefficients of the hysteresis loop,
depending on the damping properties of the rod
material [15]; E is Yong’s module; I is moment of
inertia; gq,,, are amplitude values of rod vibration
forms; h and w,, are the thickness and natural
frequency of the rod; u,, are mode shapes; ny,n, =
sign(w)n,, are constant coefficients depending on
the dissipative properties of the rod material,
determined from the hysteresis loop, sign(w) is the
sign of w, n,, is constant coefficient; L is length of the
rod; j2 = —1.

Z c. f 0%u,,
“Ima 21 (l +3) Um a2\ oxz

Z c. f 0%u,,
“Gma 2t (l +3) Um a2\ oxz

c; = ¢y; +jcy; are modal mass and modal stiffness
corresponding to i-sets of the rod, respectively; q; are
displacement of i-sets of the rod; u;(x;),u;(0) and
u; (L) are the values of mode shapes of the rod at the
point x = x; where the dynamic absorber installed
and at the points x = 0 and x = L where the external
forces exist, respectively; m,, is the mass of liquid
squeezed out by body of mass m,,; bg is viscosity
coefficient of the liquid;

-

) dx)w?Zy;

i
) dx]w*zm;

(1) Using a system of differential equations, we
determine the transfer function and the condition of its
minimum, which allows to analyze the dynamics of
the system under consideration.

0%u,,
dx?

0%u,,
0x?

Result and discussion

Using the system of differential equations (1), the
system under consideration can be reduced to a system
of algebraic equations by the differential operator § =

%, and from this system of algebraic equations the
variables q;, g3, q, are defined as follows [14]:

q:(S) = as(b,ds — bzdy) .
' a;(byds — bzdy) + az(b3d1(; Zlds)l; i)
az(bzdy — D143
S) = ; 2
q3( ) al(b2d3 - b3d2) + az(b3d1 - b1d3) ( )
0.(S) = az(b,d; — byd, .
4 al(b2d3 - b3d2) + az(b3d1 - bldS) ’

where a; =m;S? +¢;; a,

= U (X)) (bpS + €1.); Az = Up (0)F} + Uy, (L) F;
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b]_ = Mlum(xl)sz;bz = M152 + bFS + Cis; b3 = M252;
dl = M3um(x1)52; dz = M352; d3 = M4SZ + bsS + ZCZ*;
M, = myz3 + my,; My = my, + my,; M3 = m,, — my,; My = my, + my,.

Expressions (2) allow us to study the dynamics expression for the absolute acceleration (4) to obtain
of transversal vibrations of liquid section dynamic the ratio of the expression for the acceleration to the
absorber and hysteresis-type elastic dissipative base acceleration as follows:
characteristic rod. Absolute accelerations are also u; (x)S%q;(S)
important in studying the dynamics of systems. For Wi(S,x) =1 "‘T- )

this purpose, we determine the absolute acceleration
of the system under consideration.

Suppose that the external forces F; and Fy acting
on the base by placing the left and right ends of the
rod give the system acceleration ;. In that case

0
(5) represents the transfer function of the system
under consideration.
We set the first equation of the system of
equations (2) to the transfer function (5) and change
from variable S to variable jw.

F, = Fg = m;W. ©) . Ey +jE;
Absolute acceleration of the rod W (jw, gma, x) = Ny + N, (6)
Wa = Wl. + Wo. (4) where

We put the expression for the forces (3) in the
system of equations (1) and use them and the

Ey =ty — o — ,0* + p30° + pao* — ps0; ™
Ey = g + 70 — Pg? — pow® + piow* + pi1w5; ®
No = ap — 10 — aw? + azw® + a,0* — agw®; €)]
Ny = ag + a;0 — agw? — agw® + ajo0* + a;;w’; (10)

Ho = Qo = 2€1,C2.Cr55 My = @1 = (2bpCa. + bsCr.)Coi5 iy
= (c1.My + bpbs + 2¢2.M1)cy; + 2¢1.65.(m; + uiz(x1)M1) - ul-(x)mi(ui(O) + ui(L)))i
Uz = az = (beMy + bsMy)cyi; uy = Acy; + Myu? (1) bpbs + u?(x,)Acy. +
+(1 + u;(0) (w; (0) +w;(L)))m;(Mycy. + bebs + 2¢5.My); s = Amy (1 + () (u;(0) + w;(L));
He = Qg = 2C1.C2.Coy5 7 = @7 = (2bpCy, + bsCy)Cyis hg = ag = (¢1.My + bpbs + 2¢5.M)cy;;
po = (bpMy + bsMy)cy; + (my + uf () My + u; (0)m; (w;(0) + w; (L)) (c1.bs + 2¢2.bp); o = yg = Acy;;
pir = uf Ge)bpd + (1 4 u;(0) (;(0) + w; (L)) )ymy(Myby + bsM,);
ay = (c1.My + bpbs + 205.M1)cq; + 25,01, (M + uZ(x)My);
ay = Acy; +my(Mycy, + bpbs + 2¢,.My) + uf (x1)cp.A + uf (x1)bpbsM,.
as = mih;ag = (bpMy + bsMy)cy; + (2bpcy. + bser) (m; + uf (x)My);
a1, = my(bpMy + bsM,) + u?(x,)bpl; A= M;M, — MyMs.

Since it is of practical importance that the

2 2
absolute accelerations of the rod points, determined Wi, @ma, )| = Pi(w, Gimg, X) = %_(11)
from the expression of the transfer function (6) in the Ny + Ni
dynamic reducing of vibrations, reach a minimum The following equations can be generated that
value, we will test this function to a minimum. allow the determination of stationary points:

The absolute value of the transfer function (6)
depends on the variables w and g;,,.
0d; @ [EO(EO):]ma + Ei(E) g, _ No(No) e + N1(N1)&ma] (12)
0ma  * EZ + E? N¢ + N7 '
0; _ o, EoCEodiy + E1(E)ly _ No(Moy + N (M), 13)
ow ' EZ + E? N¢ + N7 '
We define second-order partial derivatives from
(12) and (13).
0%, _ 02d; _ (D‘[((EO)Z;(EO)&,M + Ey(Eo)gpe + (E)w(Eg,,, +
madw  0Wdqmq (E§ + E})?
+E; (ED00) (Bs + EF) = 2(Eo (B0, + E1 (B, ) (Bo (i + Ex(E1)L)
[ ]
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(N0 (N0Ygpma + NoWNodgngwo + (N1l (ND gy + Na(NaDgh ) (NG + NE) —
(N§ + NP)?
—2(No(No) e + N1 (NG ) (No (No),, + Nl(Nl)’w)] .
0®; Eo(Eo)g,, + E1(EDg,, NoWNodg,, + Ni(N1g, .
+ [ 2 2 - 2 2 I (14)
dw EZ + E? NZ + N
62d)i = q)_[(((EO)&ma)z + EO(EO)gmana + ((El)"?ma)z + El(El):llmana) x
0qha (E§ + Ef)?
2
X (E§ + E?) = 2(Eo(E) g + E1 (B ma)” (((N)gpna)* + No(No) g mgama
(N2 + N3)2
2 2
+((N1):Ima) + Nl(Nl)l’lrmana)(NOZ + le) - 2(IVO(IVO):Ima + Nl(Nl)"Zma) ] +
N 00, [Eo(Eo)y,,, + E1(E1g,, B No(No)gpno + N1 (NG| (15)
0qma E§ + Ef NZ + N2 '
?®; (D_[(((Eo)iu)z + Eo(Eo) e + ((E1)6)? + E1(E1)iho) (E§ + EF) —
dw? (E¢ + EP)?
—2(Eo(Eo)iy + E1(E1)5,)? _ (((Ng)2)? + No(Np) g + ((N1)5,)% +
(NZ + N})2
+N; (N ) (NG + NE) = 2(No(Np)i, + Nl(Nl)L))z] N
00, Eo(Eoo + Ey(Ey _ No(Nodiy + Ny (N0, 16
dw E} + E} N¢ + NE
The stationary values of the variables g,,,va w 0d; 0: 00; _ 0 17
are determined from the following system of 0Gma 0w (17)
equations: For @; # 0,
Eo(Eo) e + E1(E1 Gy B No(No) e + Ni(N1 )G 0 (18)
E} + E} Ng + Nf T
Eo(Eo)ly + Es(En)ly _ NoNoYly + NNy, _ 19
EZ + E? NZ + N} B

Based on the above results and the theorem that
a function of two known variables has a minimum can
be defined for the absolute value of the transfer
function as follows:

If the variables q,,, and w satisfy system of
equations (17) and

020, 020,
e >0,5—>0, (20)
along with satisfying inequalities
0%d; 0%, B 0%d; >0 21
0q2q 0w? 0Qmadw ’

satisfy the inequalities, then the absolute value of the
transfer function reaches a minimum at these values
of the variable.

The dynamics of hysteresis type elastic
dissipative characteristic rod and the liquid section
dynamic absorber were studied on the basis of the
following numerical values of the design parameters:

the rod material is an alloy of aluminum AL 19,
the mechanical characteristic of which is taken to be

E = 6964119 - 10* iz,p = 2780 k—‘i. Geometric
m m
dimensions of the rod: height is z = h = 5-107*m,

length is L = 120-1072m, cross-sectional area is
A=12-10m2. In this case [=%" =25
10~ 14m4,

Instructions for selecting the parameters of liquid
section dynamic absorber are available in the work
[13]. Based on this, the parameters accepted the
following values when performing calculations:bg =
102910325 my. = 4.1- 1073 kg;m,, = 4.1 -
107% kg; m,, = 4.5 - 107 %kg; m; = 1.3 -

1073 kg; my = 2.7 - 107 3kg.

In order to determine the coefficients related to
the dissipative properties, taking into account the
relationship between stress and strain in the AL19
aluminum alloy rod material under consideration,
based on the numerical values given in the handbooks
and using the method given in [16].

5. = qma) = X19ma + - + Xnlma (22)

We first determine the following three terms of
the logarithmic decrement coefficients [17]:

x1 = 10.6662475; x, = —55.22539871 - 102;
X2 = 1043466067 - 10°.
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This defined logarithmic decrement expression
(22) allows us to determine the variability in the

92upy,
lp(f* = qma) =Co+ (G |6_)1:2

We know that there is the following relationship
between the absorption factor and the vibration
decrement [17]: Y (&,) = 28(¢&,).

For the values of the second-order derivative
obtained from the first mode shape at the point which
liquid section dynamic absorber is set, these
coefficients assume the following values: C, =
0;C; = 48.12119136 - 10%; C, = —56.20284398 -
107;

C3 = 23.95479624 - 102

We get the coefficients n, and n,, as follows
1

3
[18]:m, = 222 =
As a result, the expressions c,; and c,; are as
follows:c;; = pAw?; f00'6 u?dx — 3EIn,(G, + G, +
G3); €21 = 3EIN,5(Gy + Gy + G3),
where

700

QmaZ + -+ Cn(

) 0.0005 0.0010 0.0015 0.0020

absorption factor. Based on this, we write the
absorption factor follows [17]:

02U,

0x2

0.6
h 0% [0%u,
G, = Clgqu ulﬁ ax2

>dx;
0
0.6
h? 5 0% (0%u,
Gzzczz_o‘ha ulﬁ Ox2
0

2
)dx;
0.6 3
h® 0% (0%u, [0%u,
G3:C34_8q1a.[ ulﬁ((axz axz )dx
0

If we calculate the integrals G, G,, Gs, they are:
G, = 230.3833425q,,; G, = —69232.74335q%,;
G; = 8019069.423¢3,.c;; = 1.031053156 —
9.024845694q,, + 2712.06598q%, —
314132.3646q3,; c,; = 3.830263476q,, —
1151.036552q%, + 133321.916343,.

Based on the determined values, we will plot a
graph of the transfer function.

Gmaz) - (23)

0%uy
dx2

0%u,
dx2

g, (m)

Figure 1. Graph of the transfer function

Analyzing these results, the graphs c,, stiffness
and b damping coefficient in the graph in Fig. 1 are
infinitely large (red) and c;, = 105%; br = 105%
(green), changing of transfer function depending on
amplitude and frequency is described. The results of
the analysis show that when c,;, stiffness and bg
damping coefficient are infinitely large, spring with
c;. Stiffness and damper can be considered as a solid.

This means that in this case the spring and
damper are removed from the physical model of liquid
section dynamic absorber. The result obtained
therefore represents a graph of the transfer function of
a new physical model of liquid section dynamic
absorber mounted directly on rod with body
surrounding liquid.

From this graph, when evaluating the efficiency
of both liquid section dynamic absorbers above, it can
be seen that the liquid section dynamic absorber with
c,. Stiffness and damper is effective.

Conclusion

1. The defined transfer function allows to
analyze the dynamics of the vibration of hysteresis
type elastic dissipative characteristic rod in
conjunction with liquid section dynamic absorber
under the influence of harmonic excitations at
different values of the system parameters.

2. From the given theorem the variables and
system parameters for which the absolute value of the
transfer function is minimized are necessary. As a
result, it allows the practical design of a system
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consisting of hysteresis type elastic dissipative

characteristic rod and liquid section dynamic
absorber.
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