Mechanics and Mechanical Engineering
Vol. 18, No. 1 (2014) 37-51
© Lodz University of Technology

Free Vibrations of Timoshenko Beam with End Mass in the Field of
Centrifugal Forces

A. 1. MANEVICH
V. Yu. VLASOVA

Dnepropetrovsk National University,
Ukraine

Received (11 April 2014)
Revised (16 April 2014)
Accepted (20 July 2014)

An analysis of natural frequencies and modes for a cantilever radial rotating beam with
end mass is carried out within framework of Timoshenko beam model, on the base
of convenient dimensionless equations of motion depended only on two dimensionless
parameters. It is shown that the shear deformations at high angular speeds lead to
significant changes in the natural modes, and as a consequence — to relevant qualitative
effects for the natural frequencies.
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1. Introduction

Vibrations of radial rotating beams were studied in connection with various techni-
cal applications, in particular, with oscillations of turbine blades. The first studies
were performed at beginning of the twentieth century (see, e.g., [1, 2]); later the
methods of calculating the natural frequencies and modes of beams in the field of
centrifugal forces were refined ([3-9] and others), with focus on numerical methods
of determining the dynamical characteristics.

At small relative length of beams (such as blades), one can expect the substantial
increase of the role of shear deformation that are neglected in the classical Euler—
Bernoulli (E-B) beam model. Therefore in last decades researches of free and forced
oscillations of radial rotating beams were also conducted on the basis of Timoshenko
beam model, taking into account the shear deformability ([10-17] and others).

The role of centrifugal forces can be especially important in cantilever beams
with end masses (e.g., blades with bandages). Free vibration analyses for such
beams were conducted in [18-21] and others papers, but, as a rule, these researches
were carried out within framework of classical E-B model.
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In this work there are analyzed natural frequencies and natural modes of Tim-
oshenko cantilever beam with a mass at the end, rotating about the axis perpen-
dicular to the beam axis, and oscillating in the plane passing through the axis of
rotation. The analysis is based on dimensionless equations of motion which depend
on two dimensionless parameters — a shear deformability parameter and normalized
parameter of tensile centrifugal force (or angular velocity of rotation). The influence
of dimensionless parameters of the beam, of the end mass and of motion on the two
first natural frequencies and modes is studied. It is shown that the shear deforma-
tions at high angular speeds lead to significant changes in the natural modes, and
as a consequence — to relevant qualitative effects for the natural frequencies.

2. Statement of the problem. Governing equations

Let a cantilever beam of the length [ having at the end a body with mass m and
moment of inertia I, rotates with angular velocity 2 about the axis passing through
the clamped edge of the beam (Fig. 1). Natural frequencies and natural modes
are studied for free vibrations of the beam in the plane passing through the axis of
rotation. S. P Timoshenko beam model (TB) is used, and centrifugal force generated
by the mass at the edge is taken into account as well as moment of inertia forces
appearing at turning of the mass.

Figure 1 A rotating cantilever beam with end mass

Differential equations of force balance at oscillation of TB with account of longitu-
dinal tensile force N are as follows

oQ 0%y 0%y B

ar P TN g =0 (1)
0% oM

P 5m t Q-5 =0 @)

where y(z,t) is the full transverse deflection of the beam, v is the angle of rotation
of the cross section, connected with y by relation dy/dx = v + ~, y is the angle of
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shear, J is the moment of inertia of the beam cross section, Ais the cross—sectional
area, p is the density. The bending moment M and the transverse shear force @
are expressed via y and :
oY dy
M=-FJ— =k AG | £ — 3
Oz’ @ (8:c 1/)) 3)
(K’ is the shear factor which depends on shape of the cross—section).
Substituting expressions (3) in (1), (2) we obtain the set of equations
for y and :

0 &%y 0%y

Jy
KAGS, (ax - 1”) —PAGE NG =0 (4)
82 P 8%y

Eliminating ¢ from (4)

o 1 s 0y &%y 9%y

or kK AG

(6)

we come to the equation for deflection y(x,t) (in the case of constant force N):

0ty E oty p2J 0%y 0%y

EJ— —pJ|1 — 4+ pA—
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oy (BT el Oy 2y
K AG dxz* k' AG 02202 Ox?
We introduce the dimensionless variables and parameters [23, 24]:
T c Y s E 45 J E - N

¢ 0 4 70 0 ¢ p i A X kG EA (8)

where c is the sound speed in the material of the beam, rg is the radius of inertia of
the cross—section, y is the shear deformability parameter (for the Euler—Bernoulli
and Rayleigh beam models one has x = 0, which corresponds to an infinitely large
shear stiffness). In these parameters equation (7) takes the form:
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The equation for the cross-sectional angle ¢ in dimensionless parameters (8) is as
follows:

W_(@QY Y _82Y> (10)
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For the formulation of boundary conditions is also advisable to have an uncoupled

equation for angle ¥. Excluding y from equations (4), (5) and passing to the
dimensionless parameters, we obtain the equation

Ot ot oty % _ (0% Ot AN
g T gz ¥ (G g X)W

Xﬁ or?
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Equation (11) is similar to equation (17) for the total deflection (but the boundary
conditions for them are different). Equation (6) in dimensionless variables is as
follows:

aw(aﬂy oY a?y> 12)

o~ \og ~Xg TG
In the case of rotating beam with end mass the longitudinal tensile force is N =
mQ?l (we assume that the end mass is large in comparison with mass of the beam
and neglect the centrifugal forces of the beam itself). Dimensionless axial force N
is then equal to
m Q21

N="TF1

(13)

2.1. Boundary conditions

Formulation of boundary conditions in TB differs from E-B model. At the clamped
end ¢ = 0 boundary conditions are

Y(E=0)=0, (z=0)=0 (14)

At the free end z = [ ({ = L/R) the bending moment (3) is equal to the moment
of inertia forces for the end mass M* = —I e and it is directed oppositely (due
to usually assumed sign rule for the moment, ¢ is the angular acceleration of the
mass). We obtain the following boundary condition for the bending moment:

oY 0%

—BJZ-| =1y
or|,_, " or

=l

which in dimensionless parameters (8) takes the form
0 0? 1,
% __p 9 I = —d_ (15)
rfJ
&=l/ro 0

=14
9 e_i/r, o2
The second boundary condition at © = [ is stated for the transverse force. In
case of oscillations of the beam in the plane passing through the rotation axis
(perpendicular to the axis of the undeformed beam), the direction of the longitudinal
force N remains unchanged, i. e it is parallel to the axis of the beam (Fig. 2).

Figure 2 To formulation of boundary conditions
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The transverse force at the edge is equal to the projection of the longitudinal forces
N on the plane perpendicular to the bent axis: Q = —N sin . This force is added
to the projection on the same plane of relative inertia force —mgji(l) cos . With

account of (3), we obtain nonlinear boundary condition

K AG <§z - ) = —mij(l) cos p — N sin ¢

which after linearization takes the form:

dy 9%y dy
KA - — = -m— — N-—=
¢ (ax w) "oz T o

where z =1
This condition in dimensionless parameters (8) takes the form:

oY - x | 0%Y
—(14+xN)+=2—— =y até&=1
a£(+x )+/1,03T2 1/Jaf /TO
where the parameter of weight ratio is introduced:
pAl
=
m

3. Solution for the free oscillation problem

Assuming the total dynamic deflection and angle 1 in the form
Y(E, 1) = FEe™T (& 1) = =T (g)
and substituting (18) into (9) we obtain the ordinary differential equation
(14 80) 1Y 4 (1406 + Ny — N) FU 4 (why— o) F =0
and similar equation for ¥(¢). The characteristic equation
(14+Nx)k*+ (1 +x)wg + Nxwi — N) k? + (wox —wg) =0

has roots _ _
—((1+x)w3 + Nxwi — N) =vD

kiy = 3
b2 2(1+ Nx)

where - ., -
D = ((l—i-x)wg—l—wag—N) —|—4wg (1—|—Nx) (l—ng)

(18)

(19)

The discriminant can also be written in the form D = ((1 — x) w3 + Nxwd — N)Q +
4w3, whence follows that always D > 0 and that vD > |(1 — x) w3 + Nxw? — N|.

To define the sign of the numerator in (20), consider the expression:

D- ((1+x)w§+1\7xw8—N)2 = 4w (1+ Nx) (1 — xwp)

(22)

This expression is positive for ywg < 1 (first, or "low frequency” case) and negative

for xw? > 1 (second, "high frequency” case).
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In the first case (xw3 < 1) equation (20) has two real and two imaginary roots,
+ k1, £t kyo, where

VD — [(1+x)wi — N(1 - xwp)]
2(1+ Nx) ’

k2 =

(23)
[(1+x)wf = N1 - xwi)] + VD
2(1+ Ny)

ki =—k3 =

Then the general solution of (19) and of similar equation for ¥(§) can be written
as:

F(&) = Cishk1€ + Cachkr€ 4+ Cssin ko€ + Cy cos kuoé

(24)
\I/(f) = Dlshklf + DQChklf + D3 sin k*gf + D4 COS k*2§
and the general solutions of equations (9) and (11) have the form
Y(g, T) = giwoT [Clshk1§ + Cochk1€ + Cssin kyo€ + Cy cos 1{3*25]
(25)

V(€ T) = €07 [Dyshk€ + Dachki€ + D3 sin kyo€ + Dy cos kyof]

In the second case (xw3 > 1), equation (20) has four imaginary roots & ik, i k.o,

where B

[(1 +x)wi + N(xwi — 1)] —vD
2(1+ Nx)

Then the general solutions of equation (19) and of similar equation for ¥(£) are:

ki = —ki =

(26)

F(§) = Crsink.& + Cacoska§ + Cssin kol + Cy cos kol

(27)
V(&) = Dysinki1€ 4+ Ds cos k1€ + D3 sin ko€ + Dy cos ko€
and solutions of equations (9) and (11) are:
Y (&, 7) = ™07 [Of sin ks & + Co cos ka1 & 4 C3 8in kyof + Cy cos ko]
(28)

Y€, ) = e™oT [Dy sin k& + Da cos k& + D3 sin k.ol + Dy cos kiof]

Eight constants Cy and Dy, are linked by four conditions that are derived from the
equation (12). Substituting into (12) the obtained solutions forY (¢, 7) and ¥(¢&, 7),
we obtain the following relations.

Case xwi < 1:

Dy =v1Cy, Dy =v1C1, D3=10Cy, Dy=-11C3 (29)
Here Y 1.2 2 Y 1.2 2
14+ xN) k2 + (14 xN) k2, +
v = ( X ])f 1 Xw()’ vy = ( X k) 2 XWO (30)
1 *2
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Case wix > 1
Dy =v3C;, Dy=-v3Cy, D3=1v2Cy, Dy=-1,C3 (31)

where _
— (14 xN) k2) + xwd
k*l

V3 =

4. Frequency equation

Let us substitute the general solutions for Y and ¢ (25) or (28) into boundary
conditions (14), (15), (16), with account for relations between C; and D; (29) or
(31). For the case xw? < 1 conditions (14) give

Cy=—-Cy Dy=—-Dy (33)
Then in view of (29) one has
D-
= —&, 103 =110
129] 1741

These relations allow to exclude two arbitrary constants from the general solution
and express it via the constants C7, Cs:

Y =T [Crg1(€) + Caga()]
(34)
P = e“Tvy [Crg2(€) 4 Cags(€)]

where the following functions are introduced:
91(§) = shki& + % sin ko€
2

92(&) = chk1€ — cos kyof (35)

vy .
93(§) = shki§ — V—j sin ko€

The boundary condition for the bending moment (15) leads to equation

Ch [g5 (I/ro) — Tiwhgz (1/70)] + Ca [9a (I/r0) — Ijwigs (I/r0)] =0 (36)

where
0
ga(§) = Big = kichk& — Z—jk*g cos ko€
(37)
9 .
g5(&§) = % = k1shki§ + kyosin k0§
The boundary condition (16) leads to equation
l l
Cy |:96 () (1+xN) =192 () - X*wg!h ()} hi1
To M To
(38)
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where 5
g6(&) = 99 _ kichki& + ﬂk*g cos ky2& (39)
o0& 1)

Two homogeneous linear equations (36) and (38) give the frequency equation

hi1 hio
ha1 haoo

=0 (40)

where

hi1 = g5 (1/ro) — Ijwiga (1/70)

l _ l l l
ho1 = go () (1+xN) — 1192 <> X2 ()
To To HTo To

hiz = g4 (I/10) — Ijwigs (1/0)

l _ l l l
haa = gs () (1+xN) — 1193 () - K*ngz ()
70 To HTo To

5. Results of numerical analysis

Equation (40) was solved numerically in the Maple-10 package. All quantities in the
frequency equation (40) can be expressed in the following dimensionless parameters:
parameter of relative length of the beam [/rg, the mass ratio parameter pu (17),
the shear deformability parameter y (8), the dimensionless moment of inertia of

the mass Ij (16), the relative angular velocity © = - (here wg,(/25]). The

parameter of the longitudinal force N is expressed through the parameters I/rg

and : N = Qz?’l%g. These parameters determine the natural frequency of the
normalized beam in time 7 (8) w = %, where w(():) =3u (%)2

Testing the program was carried C();fut by comparing results of the calculations
for the case x = 0 with the earlier calculations according to the classical Euler—
Bernoulli model [25]. As was noted above, for x = 0 the model Timoshenko reduces
to Rayleigh model, which usually gives results that do not differ practically from
the Euler—Bernoulli model (except for very short beams). In all our calculations for
x = 0 the results almost identical to the data [25].

Then the dependencies of natural frequencies and natural modes on dimension-
less parameters in a wide ranges were studied using the package Maple-13. The
main attention was paid to analysis of the influence of the shear deformability on
different levels of angular velocity parameter . For the shear deformability pa-
rameter y we assumed the following values: x = 0; x = 3 (which, as can be seen
from (8), approximately corresponds to isotropic material for many typical cross—
sections of beam), and x = 10, x = 20 (increased shear deformability, for example,
a composite material, thin-walled beams, etc.). Parameter 2 was assumed in the
range from 0 to 2 (the value Q = 1 corresponds to the angular velocity equaled to
the natural cyclic frequency of beam, with account only the end mass). For the



Free Vibrations of Timoshenko Beam with End Mass ... 45

relative length [/rg there were taken values [/ro= 20, 10 and 5; for the mass ratio
parameter p - values 0.1, 0.5 and 1.0.
To simplify the analysis we first neglected with the moment of inertia forces of
the end mass, and then the effect of the parameter I was studied separately.
Results for beams with neglecting the moment of inertia of the end mass (I =
0). There were constructed plots of the normalized first eigenfrequency wy via the

normalized angular velocity Q at p = 1 for three x values: x = 0, 3 and 10 at
l/ro = 20, 10, and 5 (Fig. 3, a — ¢, respectively).

;=0 I;=0 0

o 05 1 15 2

Q
o 05 1 15 2 0 05 1 15 2

Figure 3 Normalized first natural frequency via the normalized angular velocity for three values
of the shear parameter x= 0, 3, 10: a) I/ro = 20; b) I/ro = 10; ¢) I/ro =5 (u = 1, I;;=0)

The shear deformability leads to a decrease of the natural frequency of oscillation
@, and the effect of rotation on @ in these parameters is approximately the same
for different values of the parameter y (curves @ —  for different y are almost
equidistant) . As might be expected, for a relatively long beam (I/rg = 20) influence
of x on @ is weak, for short beams this effect becomes significant (at I/rg = 5
reduction of @ for xy = 10 in comparison to x = 0 is about 30%).

It is interesting to compare the first natural modes and their flexural components
for different values of the parameters x and €2, represented for {/ry = 10 in Fig.
4. For non-rotating beams the total deflection is almost pure bending (the shear
component is small); with increasing angular velocity the shear deflection increases,
and the portion of the bending deflection at the total deflection decreases. Even
more pronounced increase of the shear component of deflection is caused by the
increase of the parameter x from 3 to 10 (Fig. 4, a, b).

With rising angular velocity and shear deformability the eigenmode profile rec-
tified, and the turn angle at the initial section becomes markedly different from
zero.

There were also performed calculations of the second natural frequencies and
the corresponding natural modes. Dependencies of the second natural frequency on
the angular velocity of rotation are shown in Fig. 5 for I/rg=10; p = 1, J;=0 at
three y-values, along with corresponding curves for the first natural frequency (in
this scale the curves for different x almost merge).
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Figure 4 The first natural modes and their flexural components for the beam l/ro=10, p =1, ,
I7=0 Q = 2 at twox- values: x=3 (a ) and x=10 (b)

The shear deformability affects the higher natural frequencies substantially stronger
than the first frequency. Neglecting this effect for I/rp=10 leads to overestimation
of the natural frequency approximately by 20%.

The shear deformability relatively weakly change the second natural modes (as
well as the first one), but has a significant effect on the flexural — shear deflections
ratio. These modes for non-rotating beams are depicted in Fig. 6, a, b (I/ro=10;
p=1,Ji;=0,Q=0).

Whereas the first natural mode at y= 3 almost wholly is a flexural one (Fig. 4,
a), in the second mode at a given [/ry the flexural deflection is about half of the
total deflection.

The rotation has a relatively weaker effect on higher natural modes and the
different deflection components ratio (Fig. 7, a, b, for the same beam (I/rq=10;

w =1, J;=0), but at x=10; (a) Q =0; (b) Q = 2). In this case the increased
shear deformability results in prevailing shear component of the total deflection.

6. Effect of the moment of inertia of the end mass.

Results of calculations based on the mass moment of inertia at the end of (I # 0)
shown in Fig. 8-10. In all calculations was assumed [/ro=10; p = 1; the first and
second natural frequencies and modes were considered. Fig. 8 illustrates the first
and second natural frequencies of the angular speed for three values x=0; 3 and 10
at I7=50 and I;=200 (Figs. 8, a and b, respectively).
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©
10 =0

4 frequency 1° natural
frequency

o] .E.I"?'D =10

=1
o 05 1 15 2

Figure 5 The first and second normalized eigenfrequency g via the angular velocity of rotation
at 1/ro=10; pu = 1, J;=0, for different x-values (x=0; 3 and 10)
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Figure 6 The second natural mode of non-rotating beam 1/ro=10; p = 1, J;=0: a) x =0,
b) x =3
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Figure 7 The second natural modes of the beam with high shear deformability (x=10 (a) Q = 0;
() Q=2 (l/ro=10; p =1, I;=0)

3 298 papral

1 2 natural
frequency

frequency

i . 1% natural
]fr natural . frequency  _
eqUENCY -~ Q
b : ; Qs 1 2 3
(1] 1 2 3

Figure 8 Normalized first and second natural frequency @ via the normalized angular velocity for
three xvalues at I3=50 (a) and I*¥=200(b); (I/ro=10; p=1)



Free Vibrations of Timoshenko Beam with End Mass ..

a b
©
5_
4_
3,
278 patural
2 frequency =10
g Q=0 1* natural frequency
1/rn=10 p=1 I;
0 50 100 150 200

®
5_
4_
3 2% natural
9] frequency 10
Q =1 1% patural frequency
1_
175 =10 pu=1
0 I,
0 50 10 150 200

49

Figure 9 The normalized frequency & via the normalized moment of inertia of the end mass at
l/ro=10; p = 1, with different value; (a) 2 = 0, (b) the angular velocity 2 =1
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Figure 10 The first and second natural shapes and the flexural components for a non-rotating

(a,b) and rotating (Q = 1) beam (c,d) with ;=100 (I/r0=10, p = 1, x=10)



50 Manevich, A.I. and Viasova, V.Y.

Fig. 9 shows the dependence of the normalized frequency @ on normalized
moment of inertia of the end mass at different values x for a nonrotating beams (a)
and at angular velocity Q = 1 (b).

The first and second eigenmodes and their flexural components at y=10 are
shown in Fig. 10 for non-rotating (a,b) and rotating (2 = 1) beam (c,d) with
a normalized moment of inertia end mass I;=100.

Comparing the results presented in Fig. 8-10 with those given above for the
case I; = 0, we can draw the conclusion that the moment of inertia of the end mass
lowers the natural frequencies, especially the higher ones, and markedly changes the

dependencies of natural frequencies on the angular velocity.

7. Conclusions

There has been conducted analysis of natural frequencies and natural modes of
cantilever beam with the end mass, rotating about an axis perpendicular to the
beam axis, and oscillating in the plane passing through the axis of rotation, within
framework of Timoshenko beam model. The peculiarity of the analysis is the
use of dimensionless equations of motion which depend only on two dimensionless
parameters — a shear deformability parameter and normalized angular velocity of
rotation. In the numerical experiment the influence of the angular velocity of rota-
tion on the first and second natural frequencies and natural modes has been studied,
as well as effects of relative length, shear deformability, relative end mass and the
dimensionless moment of inertia of the end mass. For the first time, the ratio of
bending and shear components in the natural modes has been studied for different
combinations of dimensionless parameters.
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