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Abstract. Rotating hub-flexible rod system is a typical rigid-flexible coupling dynamic
mechanism, which has a wide range of industrial applications. In this paper, a comprehensive
nonlinear dynamical model of a rotating hub-flexible rod-concentrated mass system considering
rigid-flexible coupling effect is established to study its dynamic properties. By employing the
Hamilton principle and classical beam theory, a set of differential equations of motion are derived
including the couplings of the elastic deformation of the rod and the rigid rotation of the hub. The
additional centrifugal force, tangential force and Coriolis force due to the rigid-flexible coupling
effect are elaborated. The derived governing partial differential equations are solved by the
Galerkin method. The validity of the present model is verified by a comparative study. The tip
motion trajectories of the rod for the prescribed rotation, the dynamic responses of the hub and the
rod for an external torque acting on the hub and the dimensionless natural frequencies of the
system for the steady-state rotation are graphically presented. The influences of parameters such
as rotational speed ratio, concentrated mass ratio, concentrated mass location ratio and initial
eccentricity ratio on the dynamics are discussed in detail.

Keywords: rotating hub-flexible rod, concentrated mass, rigid-flexible coupling, dynamic
response, free vibration.

1. Introduction

The dynamic problems (such as transient response and free vibration) of rotating flexible
beams (rods) are the key research topics in a lot of engineering applications such as aerospace,
robotics, propellers, turbine blades etc., which are crucial for design purposes, optimization and
control. The study on the dynamic behavior and stability of these structures is an essential part of
the design process, especially when dealing with the design of control and condition monitoring
systems. Rotating beam (rod) structures generally include both the small elastic deflections of the
flexible beam and the overall rotating motion of the hub, which are referred to the rigid-flexible
coupling mechanisms. The rotating hub-flexible rod presented herein is a typical example.
Therefore, more reliable mechanical models and their solution strategies for these coupling
mechanisms have been required for accurate speed control and accurate operation [1-3].

The dynamic modeling of the rotating hub-beam (rod) structure has roughly gone through three
stages. The dynamic model of the first stage was known as the traditional hybrid coordinate model
[4-8], in which the small deformation hypothesis of the traditional structural dynamics was
applied. It is assumed that the axial and lateral deformations of the beam were not coupled to each
other. This model was generally used in the case that the large overall motion was known. In this
case, only the influence of the overall motion of the hub on the elastic deformation of the rod was
discussed while ignoring the influence of the flexible deformation of the rod on the rigid overall
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motions.

The dynamic models of the second stage were called the dynamic stiffening models, in which
the dynamic stiffening effect was first proposed by Kane et al. [5] in 1987. It was demonstrated
that the traditional hybrid coordinate model failed to handle the dynamics of rotary hub-rod system
with high angular velocity. Thereafter, many models were established to capture the dynamic
stiffening effect, which can be roughly divided into three categories. The dynamic stiffening
models of the first category added the additional potential energy induced by centrifugal force to
describe the centrifugal stiffening effect [9-14]. In the second type of dynamic stiffening models
[15-22], the axial deformation is described by using the stretch deformation (i.e. a non-Cartesian
variable) and taking into account the second-order coupling deformation caused by the transverse
deformation. The dynamic stiffening models of the third category used a geometrically exact
approach to describe the centrifugal stiffening effect [23-26]. Although the introduction of
dynamic stiffening enables the dynamic model to deal with the dynamics of high-speed rotating
beam systems, there are still limitations on understanding of the rigid-flexible coupling
mechanism of such systems.

The dynamic model of the third stage is the rigid-flexible coupling model (RFC model) [27],
which is developed through the classical continuum mechanics. The RCF model considers that
the essence of the dynamic stiffening effect is the structural dynamics of the non-inertial system.
The coupling effect of the large overall motion of the rigid body and the elastic deformation of the
beam results in the additional stiffness, which leads to the dynamic stiffness of the system. Liu
and Hong [28] investigated the dynamic stiffening effect on the dynamic behaviors of a elastic
slender beam undergoing free overall motions based on the rigid-flexible coupling theory. Cai
et al. [29] developed the first-order approximation coupling (FOAC) model for rotary hub-beam-
tip mass system and investigated its dynamics of the system when the rotation motion was
unknown. Based on the Timoshenko beam theory, You et al. [30] proposed the dynamic model of
a rotary flexible hub-beam system and studied the influence of the transverse shear deformation
on the dynamic behaviors. On the basis of a new rigid-flexible coupling dynamical model, Li and
Zhang [31] investigated the dynamic responses and free vibrations of rotary tapered beams made
of axially functionally graded materials by utilizing the B-spline approach. Liu et al. [32] presented
a rigid-flexible coupling dynamic model for a rotary rigid body-flexible rod-tip mass system.
Since the mass of the flexible rod was neglected, the model presented by Liu et al. [32] was
actually a two-degree-of-freedom model. Recently, by utilizing the slope angle of the beam, Zhang
etal. [33] developed a new rigid-flexible coupling dynamical model of a rotary hub-flexible beam-
tip mass system under gravity loads, and determined the natural frequencies and nonlinear
frequency responses through the incremental harmonic balance method.

In this study, a rigid-flexible coupling dynamical model of a rotary hub-flexible rod-movable
concentrated mass system is developed by employing Hamilton’s principle. Based on the accurate
geometric nonlinearity, the second-order coupling deformations caused by the transverse
deformations are employed to capture the dynamic stiffening effect. The derived partial
differential governing equations are solved numerically by the Galerkin method. A comparative
study is carried out to verify the present model. The dynamic responses of the system for situations
of a prescribed rotation and an arbitrary external torque acting on the hub are presented. The
influences of rotational speed ratio, concentrated mass location ratio, concentrated mass ratio and
initial eccentricity ratio on the responses are studied. Finally, the natural frequencies of the rotating
flexible rod under steady-state rotation are calculated.

2. Nonlinear dynamic modeling of the system

Fig. 1 shows a rotating hub-flexible rod-concentrated mass system. The flexible rod with
length L, cross-sectional area A, mass density p, Young’s modulus E, is attached to the rigid hub,
which rotates about the fixed vertical axis (i.e., X-axis). Parameters J,; and 6 are the rotary inertia
and rotation angle of the hub with respect to X-axis. The O-XYZ is the inertial reference frame,
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whereas the 0-xyz is the floating one that is fixed on the rod. In the present study, a concentrated
mass m considered can be moved along the centroid axis of the rod.

Since a slender rod is considered herein, the classical beam theory is used to describe its
deformations. The deformation field of a generic point P on the deformed rod with respect to the
floating reference frame can be expressed by:

av*(x,y,z,1t) ow*(x,y,z,t)
-z

u(x,y,2,1t) u(x,t) —y
wp = {v' (63,20 (= AT o M
w*(x,y,z,t) w(x,t)

where u(x, t), v(x,t) and w(x, t) are the deformation components at the centroid axis along x-,
y- and z- directions, respectively.

Fig. 1. A rotating hub-flexible rod-mass system

Based on the relation of the geometric nonlinearity, the axial deformation u(x,t) could be
described by using the arc-length s(x, t) and the transverse deformations, as [16, 21]:

~ 1% (v 0\ 1% (0w D)’
uCet) = s(ot) 5 fo (T) ax - fo (T) dx, @

in which the terms of 0.5 fox (0v(x,t)/0x)*dy and 0.5 fox (Ow(x,t)/0x)?dy are called as the

non-linear second-order coupling deformations.
Based on the von Karman strain theory, the axial normal strain €,.,, is given by:

ou*  1[ov\* ow*\?] as  d*v  *w
R R
ox 2 [\ox dx dx dx? 0x?
Utilizing the uniaxial stress-strain relations, the corresponding normal stress is:
Oxx = E€yy. “)

Without considering the effect of gravity, the potential energy of the system can be written by:

U—lfLJ- dAd —1fL EA(aS)Z-}-EI 0%y 2-I-EI 0%w 2 d 5
- 2), AUxxSxx ) 0 ox 7\ ox? Y\ 0x2 o )

where I, and I,, are the cross section moments of inertia with respect to z and y axes, respectively.
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The position vector of the point P in the inertial reference frame can be written by:
r=Ar, =A(ry+r, +up), (6)

in which, A is the rotation transformation matrix. ry is the position vector of the point o in the
inertial frame. ry is the position vector of the point P on the undeformed rod in the floating frame.
The matrix A, the vectors ry and r; are given by:

cosd —sinf 0
A = Sin@ COSG 0 ) I‘0 = [To, OIO]TI rl = [x:yt Z]T' (7)
0 0 1

Accordingly, the absolute velocity of the point P can be derived by:
I = Afp + OAIr, (8)

where @ is the rotational speed. The matrix I can be expressed by:

[0 -1 0
I=|1 0 o ©)
0 0 O
Therefore, the kinetic energy of the system is:
1 . 1 L
T=—]H92+—fpr-rdV. (10)
2 2),

An external rotating torque E,, is assumed to act on the hub and thus external virtual work is
derived by:

L
W = E.,, 660 + f (py0v + py,6w)dx, (11)
0

where p, (x, t) and p,, (x, t) are the external distributed forces acted on the rod along the y and z
directions.

The rigid-flexible coupling dynamic equations of the rotating hub-flexible rod system are
derived by the following Hamilton’s principle, as:

tz
f (6T — 8U + 6W)dt = 0. (12)
t

1

Substituting Egs. (5), (10) and (11) into Eq. (12), one can obtain the comprehensive nonlinear
differential equations of the system:

L
Jub + f {1 + pAGo? + 2100 + v2 + w210 + 2pA(rev + v + ww)6} dx
0

L (13a)
= f PA(row + vw + wi) dx + Eorr,
0
d ds
pAS + a(EA a) =0, (13b)
N T a* 0% .
pA(V — 26w — 6 v—@w)+ﬁ El,—— = pAB°?r,, (13c)
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. s s i 02 0w i
pA(w+29v—9 w+9v)+m Elyﬁ = —pA0Or,, (13d)

where J; = [, p(y* + z°)dA.

The corresponding boundary conditions of the rod are give by:

. i w _a
— Geometric boundary conditions: u = v =w = Z==0atx=0.

ax  ox
9%y _ 9w

" ou
- ry LA LA =L
Force boundary conditions: == = -— = —— =0 at x

It is seen from Eq. (13) that rigid rotation of the hub and the elastic deformation of the slender
rod are coupled with each other. This is referred to the rigid-flexible coupling effect, which leads
to the strong nonlinearity of the system. In the rest of the present study, the axial motion of the
rod is neglected since it is not coupled with the radial motion v and tangential motion w of the rod
and the rotation of the hub.

Then, a Dirac’s delta function is applied to take into account a movable concentrated mass on
the rod, as follows:

p*(x) = pA+mé(x —b), (14)

where b is the distance from the mass to the root of the rod. The values of the Dirac’s delta
function are given by:

sw={g *2¢ (15)

Using p*(x) instead of pA, one can rewrite the Egs. 13(a), 13(c) and 13(d), as:

L
Ju0 + J (Ui + p*(ro? + 2100 + v2 + w?)]0 + 2p* (1o + v + ww)6} dx
7 (16a)
= f p*(row + vw + wi) dx + Eypr,
0

e o, 02 0%v i
pr(v—20Ww—6 v—@w)+ﬁ El,—— = p*6°?r,, (16b)
e S i 02 0%w s
p*(W+20v -6 w+9v)+@ Ely =) = —p’ér,. (16¢)

The terms of 2p*6w and 2p*8v in Eqs. (16b) and (16¢) represent the Coriolis effect of the
rotating rod. The centrifugal stiffening effect of the rotating rod is reflected by the terms of p*62v
and p*@%w. The terms of p*6w and p*Gv represent the tangential effect. The terms of p*62r, and
—p*07, in right hand of the Egs. (16b) and (16¢) are, respectively, the centrifugal force and
tangential force. Obviously, both centrifugal and tangential forces depend on the rotation of the
hub and the initial eccentricity of the rod (i.e. 1p).

The Galerkin method is employed to solve the Eq. (16) numerically, hence the deformations
of v and w are approximately given by:

LEDEDRAGIAE) (17a)
wix,t) = Z e, (OW,(x), (17b)

i=1
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where N is the number of terms of the trial functions. c;(t) and e;(t) denote the time-dependent
generalized coordinates of the radial and tangential deformations, respectively. V;(x) and W;(x)
are the trial functions satisfying both the natural and essential boundary conditions. In the present
investigation, the transverse bending mode functions of a stationary cantilever Euler-Bernoulli
beam are chosen as the trial functions, as:

coshA;L + cosA;L

Vi;(x) = W;(x) = cosd;x — coshA;x SinA.L T sinhZ.L

(sind;x — sinhA;x), (18)

where 4; is ith root of:
cosA;LcoshA; L+ 1 = 0. (19)

Before applying the Galerkin method to discrete the obtained governing equations, the
variational equations of motion should be derived by multiplying Eq. (16b) and (16¢c) by
corresponding weighting functions for the radial and tangential deformations, as:

N
o060 = ) GOV, (200)
DGt = ) GOW), (20b)

i=1

where ¢;(t) and é;(t) are the arbitrary time-dependent functions. Applying integration by parts to
Egs. 16(c) and 16(d) over length L, the variational equations can be rewritten by:

L
Jub + J- {Us + p*(ro? + 21pv + v2 + w?)]0 + 2p* (1p¥ + vv + wW)0} dx
0

3 (21a)
= f p*(row + vw + wi) dx + Eyopm,
U L9%9 9%
f [p* (99 — 260w — 629v — 6dw)] dx + Elzf Wﬁdx
0 L Lo 0 (21b)
= f p, D dx +f p*0%1yD dx,
0 0
YU O L92@ 92w
j p*(Ww + 20wy — 02w + 6Wwv) dx + EI, j 327 357
° 0 2lc)

L Lo
=f PwW dx—f prOryw dx.
0 0

Within the process of presentation of the numerical results, dimensionless analysis is
preferable. To this end, the following dimensionless parameters are defined:

El
pAL*’

oA g Bl [p0P+rYda
4 El - M™MToa Pt T Tgr T pAL? ’
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__pl? o pyl
Pv="fr Pw= g

where 8, a, B, ¥, Ero: and ny represent the initial eccentricity ratio, concentrated mass ratio,
concentrated mass location ratio, rotational speed ratio, external torque ratio and rotary inertia of
the hub, respectively. Moreover, I = I, = I, is fixed to be used.

By using the above dimensionless parameters, the discretized governing equations of motion
can be written in a dimensionless matrix form:

Mq+Cq+Kq=f, (23)

where M, C and K represent the generalized mass, Coriolis and stiffness matrices, respectively. f
and q are the generalized force and coordinate arrays, respectively:

Mm% Mm% Mo 0 0 0
Mz[MW MYV 0 l C—Zy[o 0 C"Wl,

wé ww va
(1)"' 0 M (24)
K=|0 K% o ) f—[ l —H
0 0

in which the elements in the sub-matrices M®?, C¢¢, K®¢ and f? (¢, ¢ = 6, v, w) are given by:

= 1 +8%2(1 26 (1Vi d Vi )1-
M+ 1+ 671+ a) + Zlfo @©)de +avi(B) )¢

N

N
MP = MY = CpvE, MPY = MYO =) GG+ 6 (f W, (€)dE + aW; (ﬂ))

=1 =

1
My = [ Vs + av @), My = f WAEW(E)dE + aWi (DI (B),
0 0
e == | VoW — an W B), G = [ WOt +amBh®), 03
0 0

1 1
K= f VIOV (©dE —vPM, Ky = f Wi (OW" (§)ds — y* My,

£0 = Eroe =2 2 M;’j”aic‘-j+izMWWe eJ+az<j V(e)ds+avi(ﬁ)>.
i=1j i=1 j=1
= jo BVAE)E + 76 ( | Vi(o)ds + aVi(ﬁ)> ' ZyIZ:l cig
- ]Z ([ vwcos + ) g,

v = f By W, (§)dE — ZyZ e — Z (f w" (W (§)ds — VZMfJYW) é-
0 j=1 j=1 0
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If the rotation of the hub is prescribed, the influence of the elastic motion of the rod on the
rotation of the hub can be neglected. Therefore, the dynamic model of the system for an arbitrary
prescribed rotation can be obtained from Eq. (23), as follows:

" el 2rlem Il el = (6] -7 el @0

In the following study, it is assumed that no external force acts on the rod (i.e., p, = p,, = 0).
3. Dynamic response analysis of system
3.1. Comparative study

Before studying the dynamic response properties of the rotary hub-flexible rod-concentrated
mass system, a comparative study should be presented between the present study and Liu et al.
[32], in which the mass of the rod was neglected and the concentrated mass is located at the end
of the rod. In essence, the model developed by Liu et al. [32] was a two-degree-of-freedom model.
The physical parameters given by Liu et al. [32] are tabulated in Table 1 alongside the mass density
of the rod. The rotation of the hub is prescribed by 8 = w = wt/15 — (w/2m)sin(2nt/15) in
the time region of 0 s < t < 15 s. Fig. 2 shows the tip motion trajectories of the rod obtained from
the present study and Liu et al. [32] with @ = 2 rad/s. As shown in Fig. 2, the discrepancy between
the results of the present and Liu’s models is very small. This not only proves the correctness of
the present model, but also illustrates that the mass of the rod in this simulation is negligible.

0.59  — present model
----- Model from Ref. [32] v (x10° m)
0.0 . . . : *

0]0 0.5 1.0 L 2.0 25 /30

w (xl()”" m)
Fig. 2. Tip motion trajectories of the rotating rod (m = 0.3 kg, L = 0.3 m and @ = 2 rad/s)

27— Present model
----- Model from Ref. [32] v (x10° m)
O 1 1 1 1 r 1 1

1 2 3 4 ;5 6

8w (x10™ m)
Fig. 3. Tip motion trajectories of the rotating rod (m = 0.1 kg, L = 0.8 m and @ = 1 rad/s)

Fig. 3 shows the tip motion trajectories of the rod obtained from the present study and Liu et
al. [32] with @ = 1 rad/s. In this calculation, the concentrated mass and the length of the rod are
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set to 0.1 kg and 0.8 m, respectively, and the other parameters are the same as those in Table 1. It
can be seen from Fig. 3 that the results of the present model and Liu’s model [32] have great
differences. This reveals that the effect of the mass of the rod on the exact dynamic analysis cannot
be neglected.

Table 1. The physical parameters of the rotating hub-rod-concentrated mass system for comparative study
Concentrated Rod Rod Young’s Eccentricity Mass density
mass length diameter modulus of rod of rod
m =03kg L=03m | d=0.003m | E =100 GPa p=01m p =7.2x103 kg/m?

3.2. Dynamic response analysis for a prescribed rotation

The Eq. (26) is used to determine the elastic deformations of the rod when the rotation of the
hub is assumed to be known. A prescribed rotating motion of the hub is defined by:

2
(};—Or—;—isinTT, o<t<D),
, (T<t<2D),
V= yoyo Yo 2 @7
——(t-3T —sin— 2T <t <37),
T(’L’ 3)+2nsmTT, (2T <t <37
\0, (r = 37),

where ¥, denotes the steady-state rotational speed ratio and T represents a given dimensionless
time parameter. Here y, = 0.2 and T = 15 are used in this section. According to Eq. (27), the
prescribed motion can be divide into four different motion processes. The hub is initially at rest
and then a spin-up process is performed from 0 to 15. The steady-state rotational speed ratio is
maintained when 15 < 7 < 30 and the steady-state rotation follows a spin-down process when
30 < 1 < 45, finally the rotating motion stops after T = 45. The variations of the rotational speed
ratio and the rotational acceleration ratio of the hub are illustrated in Fig. 4. The rotational
acceleration ratio undergoes two up-down changes in the positive and negative directions during
0 <7 <15and 30 < 7 < 45, respectively.

(a) (b) o0,

0.204
0.024

0.154 0.014

0.00

0.10

0.054 -0.014

Rotational speed ratio
Rotational acceleration ratio

-0.02 4
0.00+4

s I I ) -0.03 L L I )y
0 15 30 45 60 0 15 30 45 60
T 7

Fig. 4. Variations of a) the rotational speed ratio and b) the rotational acceleration ratio of the hub

Fig. 5 shows the tip motion trajectory of the rod throughout the whole process of the hub
motion prescribed in Eq. (27) witha = 0.1, § = 1 and § = 0.1. During the spin-up process (i.e.,
0 < 7 < 15), the tip of the rod moves tangentially backwards (w/L is negative) and radially
outwards, as shown in Fig. 6(a). The radial deformation gradually increases and the tangential
deformation increases first and then decreases since the centrifugal force depending on the
rotational speed ratio increases and the tangential force depending on the rotational acceleration
ratio undergoes an up-down change.

1 0 14 JOURNAL OF VIBROENGINEERING. AUGUST 2020, VOLUME 22, ISSUE 5



ON DYNAMICS OF A ROTATING HUB-FLEXIBLE ROD-CONCENTRATED MASS SYSTEM CONSIDERING RIGID-FLEXIBLE COUPLING EFFECT.
JIANSHI FANG, JIANQIANG XI1AO, LIANG LI, DINGGUO ZHANG

5.0 WL (<10 N

2.54

0.0

2
WL (x107

-5.0-
Fig. 5. Tip motion trajectory of the rod for the whole process

of the hub motion (y =0.2,T =15, =0.1, =1and § = 0.1)
(a) l_w/L(xl()"’) (b) 6 WIL(x10)

. /r=0 , ‘ = ,\\

2 4 6 ) VL (x107% H =5

42 /L (x107%

-34 2
4 41
5 -6-

(C) 5 WL (<107 (d) 9 w/L (x107%)
4

VL (x107%)

=45
0 yd

7 4 6/ VLG 107 3 =45

1 =30 9
Fig. 6. Tip motion trajectory of the rod for the four different motion processes (y = 0.2, T = 15, a = 0.1,
B =1and § = 0.1): a) the spin-up process (0 < 7 < 15), b) the steady-state rotation process
(15 < 7 £ 30), ¢) the spin-down process (30 < T < 45), d) the static process (T = 45)

Fig. 6(b) shows the tip motion trajectory of the rod in the steady-state rotation process (i.e.,
15 < 7 < 30). An attractive petal pattern is presented since the oval path of the tip trajectory
rotates clockwise around a fixed point, which is located in the radial direction. The radial
deformation is about two orders of magnitude larger than the tangential deformation. This should
be attributed to the fact that the tangential force vanishes due to the steady-state rotation.
Therefore, the petal pattern is only affected by Coriolis force.

In the spin-down process (i.c., 30 < 7 < 45), the tip motion trajectory of the rod is displayed
in Fig. 6(c). The tip of the rod moves radially inwards and tangentially forwards (w/L is positive).
The radial deformation gradually decreases and the tangential deformation first increases and then
decreases.

In the final process (i.e., T = 45), the hub is at rest so that the motion of the rod is only
influenced by its own elastic restoring force. A steady-state tip elliptical motion trajectory of the
rod is depicted in Fig. 6(d). This is a typical two-dimensional steady-state oscillation phase
diagram.
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Fig. 7. Effects of parameters on the tip motion trajectory of the rod: a) effect of concentrated mass ratio,

b) effect of concentrated mass location ratio, c) effect of initial eccentricity ratio

Figs. 7(a), 7(b) and 7(c) show the effects of concentrated mass, concentrated mass location and
initial eccentricity ratios on the tip motion trajectories of the rod, respectively. As shown in Fig. 7,
both the radial and tangential deformations increase as the concentrated mass, concentrated mass
location and initial eccentricity ratios increase due to the increase of the centrifugal force and the
tangential force.

3.3. Dynamic response analysis for an arbitrary external torque acting on the hub

For the case of an arbitrary external torque acting on the hub, the rotation of the hub is unknown
and should be solved. Evidently, the rigid rotation of the hub can lead to the elastic deformation
of the rod, and the elastic deformation of the rod will also affect the rigid rotation of the hub. The
Eq. (23) is used to determine the elastic deformations of the rod and the rigid rotation of the hub.
The following external torque is assumed to act on the hub:

EQ si 2mt 0<T<T
Etor = { torSIN (T>’ =t=5
0, t>T,

(28)

where EP,,. is a given external torque ratio. Here, EQ), = 1 and T = 40 are fixed to be used.
According to Eq. (28), the external torque is acted on the hub following a sinusoidal law during
0 < 7 < 40 and the external torque is removed when T = 40. A numerical example for a rotating
hub-flexible circular cross-section rod with a concentrated mass is presented below when @ = 0.5,
B=1,6 =0.05,d/L =0.01 and ny = 20.

Figs. 8(a) and 8(b) show the responses of the rotation angle 6 and the rotational speed ratio y
of the hub, respectively. As shown in Fig. 8(a), the rotation angle gradually increases when
0 <t <40 and then fluctuates within a very small range and decreases slightly when
40 < 7 < 50. The rotational speed ratio of the hub increases when 0 < 7 < 20, then decreases
when 20 < 7 < 40 and finally oscillates around zero when 40 < 7 < 50. As a matter of fact, both
the fluctuation of the rotation angle and the oscillation of the rotational speed ratio when
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40 < t < 50 that directly reflect the influences of elastic deformations of the rod on the motion of
the hub.

(@) s, (b) 1
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o
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Rotational speed ratio y
=

w

0.0+

0

0 ]I(l 3‘[) 3‘() 4‘() ill) 0 IJO 20 3‘(1 4‘0 5‘0
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Fig. 8. Rotation responses of the hub (E“?or =1,T=40,a=05p8=1,6 =0.05d/L =0.01

and n,, = 20): a) the rotation angle, b) the rotational speed ratio

Figs. 9(a) and 9(b) show the tip motion trajectories of the rod for the whole process (i.e.,
0 <t <50) and the no external torque process (i.e., 40 < T < 50), respectively. As shown in
Fig. 9(a), when 0 <t <20, the radial deformation gradually increases and the tangential
deformation increases first and then decreases to zero. When 20 < 7 < 40, the radial deformation
gradually decreases and the tangential deformation increases first and then decreases. When
40 < t < 50, a steady-state tip elliptical motion trajectory is depicted in Fig. 9(b). Obviously, the
rotation of the hub causes the corresponding elastic deformations of the rod.

@ i (<109 (b) wiL (x107%)

1 2
VIL (x107%)

Fig. 9. Tip motion trajectory of the rod (E?Or =1,T=40,a=058=1,8 =0.05,d/L =0.01 and

1Ny = 20): a) the whole process (0 < 7 < 50), b) the no external torque process (40 < 7 < 50)

4. Free vibration analysis for steady-state rotation

In this section, the hub rotates at a constant rotational speed (i.e., ¥ = 0). The free vibration
properties of the rotating rod with a concentrated mass could be explored by transforming Eq. (26)
into a state space equation, as follows:

Af + Br = 0, (29)

where:
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in which r and I are the state space vector and an identity matrix, respectively. Substituting
r = e/#"Rinto Eq. (29) yields:

(juA + B)R = 0, 31)

where ¢ and R are the eigenfrequency and the eigenvector, respectively.

Fig. 10 presents the first four non-dimensional natural frequencies of the rotating
rod-concentrated mass system versus rotational speed ratio with &« = 0.1 and § = 1 alongside the
results reported by Liu et al. [32]. As shown in Fig. 10, when y = 0 (i.e., the hub is at rest), the
first and second dimensionless natural frequencies are equal to 2.9678, whereas the results of Liu’s
model are 5.4772. Obviously, the consideration of the mass of the rod reduces the natural
frequencies of the system. With the increase of the rotational speed ratio, the first and third natural
frequencies decrease while the second and fourth natural frequencies increase. The dimensionless
fundamental natural frequency vanishes at y = 2.9678, which is called as the buckling speed ratio.
Evidently, the buckling speed ratio of system is equal to the first dimensionless natural frequency
of y = 0. Furthermore, an interesting relationship between the adjacent dimensionless natural
frequencies can be obtained as:

Ui — Uzi—1 = 2]/, (l = 1'2!3: '“)1 (32)

where p,; and p,;_; are the 2ith and (2i — 1)th non-dimensional natural frequencies of the system
with the rotational speed ratio y, respectively.

24

Dimensionless natural frequencies

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Rotational speed ratio y
Fig. 10. The first four dimensionless natural frequencies of the rotating rod-concentrated
mass system versus rotational speed ratio (¢ = 0.1 and § = 1)

The variation of the dimensionless fundamental natural frequency of the rotating
rod-concentrated mass system versus concentrated mass location £ is depicted in Fig. 11 with
y = 0.2 for five values of ¢ = 0, 0.1, 0.5, 1.0, 2.0. It is observed from Fig. 11 that the
dimensionless fundamental natural frequencies decrease as the concentrated mass location ratio 8
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and/or the concentrated mass ratio « increase.
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Fig. 11. The variation of the dimensionless fundamental natural frequency of the rotating
rod-concentrated mass system versus concentrated mass location ratio (y = 0.2)

5. Conclusions

In this study, a comprehensive rigid-flexible coupling dynamic model of a rotating
hub-flexible rod with a concentrated mass is established to investigate the dynamic characteristics
of the system. On the basis of the classical beam theory and von Karman geometric nonlinearity,
the governing equations of the system are derived by using the Hamilton’s principle. The Galerkin
method is employed to solve the derived equations numerically. The rigid-flexible coupling effect
between the rigid rotation of the hub and the flexible deformation of the rod leads to the strong
nonlinearity of the system. For the case of the prescribed rigid rotation, the dynamic responses of
the rod are numerically calculated, and the tip motion trajectories of the rod are graphically
presented. The centrifugal, tangential and Coriolis effects on the tip motion trajectories are
discussed. The attractive petal pattern for the steady-state rotation and the conventional elliptical
pattern for the case without rotation are shown. For the case of the external torque acting on the
hub, a numerical example is presented to illustrate the rigid-flexible coupling effect of the system.
For the case of steady-state rotation, as the rotational speed ratio increases, the first and third
dimensionless natural frequencies decrease and the second and fourth ones increase due to the
Coriolis effect. The dimensionless fundamental natural frequency vanishes at the buckling speed
ratio. The dimensionless fundamental natural frequency decreases as the concentrated mass
location ratio and/or the concentrated mass ratio increase. The modeling method and related
conclusions in this paper can provide theoretical basis for the design, optimization and dynamic
control of such rotating mechanisms in industrial applications.
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