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The objective of this study is to examine the effect of geometric stiffness forces on
the stability of elastic and rigid body modes. A simple rotating beam model is used
to demonstrate the effect of axial forces and dynamic coupling between the modes of
displacement on the rigid body motion. The effect of longitudinal deformation due to
bending is systematically introduced to the dynamic equations using the principle of virtual
work. The effect of higher order terms in the inertia forces as the result of including
longitudinal displacement caused by bending deformation is examined using several
models. One of these models is a linear model in which the effect of longitudinal
displacement due to bending is neglected in formulating the inertia forces, but this effect
is considered when the elastic forces are formulated. This model shows unstable behavior
at high values of the angular velocity of the beam. Three different beam models are then
developed in order to examine the effect of geometric stiffness forces. In the first model,
called the consistent complete model (CCM), the effect of longitudinal displacement caused
by bending is included in formulating both the inertia and elastic forces. In the second
model, called the consistent incomplete model (CIM), the effect of longitudinal displacement
due to bending is neglected in formulating both the elastic and inertia forces. In the third
model, the second inconsistent model (SIM), the effect of longitudinal displacement due to
bending is included in formulating the inertia forces, but this effect is neglected when the
elastic forces are formulated. Numerical results obtained in this investigation demonstrate
that the three models lead to a stable solution at high values of angular velocities. These
results also demonstrate that including the effect of longitudinal displacement due to
bending in the inertia forces is not the only approach that can be used to maintain the beam
stability at high values of angular velocity. The effect of geometric stiffness forces on the
stability of rigid body modes of a translating and rotating beam model is also examined
in this paper.

© 1997 Academic Press Limited

1. INTRODUCTION

The effect of the instability of elastic modes on the stability of rigid body modes was
recently examined [1]. A three dimensional beam model, in which the coupling between
the axial, in-plane, and out-of-plane bending deformation is considered, was developed.
It was demonstrated using this model that the neglect of the geometric stiffness forces can
lead to unstable solution for the elastic modes, and this in turn causes the instability
of the rigid body modes due to the dynamic coupling. The results obtained in this study
also demonstrated that rotating and translating beam models, in which the effect of
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geometric stiffness is neglected, can have stable solutions at some ranges of relatively
high speeds, and the stability limit depends on the ratio between the bending and axial
stiffness coefficients of the beam. While the effect of geometric stiffness on the dynamics
of rotating beams has been examined in several investigations [2—7], no attempt has been
made to develop a more complete non-linear model that can be used to examine the effect
of longitudinal displacement caused by bending deformation on the stability of rigid
body modes.

In these investigations, the geometric effect of longitudinal displacement due to bending
is examined and its effect on the stability of the rigid body modes of a translating and
rotating beam is discussed. The effect of the longitudinal displacement due to bending is
systematically introduced to the dynamic equations of the rotating beam using the
principle of virtual work. Using this approach, all the non-linear terms that result from
introducing the effect of the longitudinal displacement caused by bending deformation
can be systematically formulated and their effects can be numerically examined. Using the
results of this preliminary numerical study, three different beam models have been
developed. In the first model, the effect of the longitudinal displacement due to bending
in both the inertia and elastic forces is included. This model, which is called in this
investigation the CCM, leads to the definition of the geometric stiffening force which is
required to maintain the stability of the rotating beams when the angular velocity increases.

Using the co-ordinate transformation suggested by Mayo et al. [5], a simple form for
the strain energy is obtained despite the fact that a non-linear strain displacement
relationship is used. In the second model, which is referred to as CIM, the effect of
longitudinal displacement caused by bending is neglected when both the inertia and elastic
forces are formulated. It is demonstrated that this model also leads to a stable solution
at high values of the angular velocity of the rotating beam. A third model that leads to
a stable solution for the rotating beam has also been developed in this study. In this model,
the effect of longitudinal displacement caused by bending is neglected in formulating the
elastic forces and this effect is considered in formulating the inertia forces. The effect of
longitudinal displacement due to bending on the stability of the rigid body modes of a
translating and rotating beam model is also examined in this investigation.

2. AXIAL AND BENDING DEFORMATIONS

In this section, the two-dimensional rotating flexible beam model shown in Figure 1(a)
is first considered. The beam is assumed to rotate about the Z-axis with an angular
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Figure 1. (a) Undeformed rotating beam, (b) deformed rotating beam.
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velocity 0. The origin of the beam co-ordinate system is assumed to be fixed, and therefore,
the beam does not undergo a translational motion. The global position vector of an
arbitrary point on the beam can be written as

r = Au, 1)
where A is the planar rotation matrix defined as

A= [cos 0 —sin 0:|) )

sinf cos0

and 1 is the local position vector of the arbitrary point on the beam, which is defined as
a=1a, + u. 3)

In this equation, @i, = [x 0]" is the position vector of an arbitrary point on the beam in
the undeformed configuration, @, = [u, v]" is the deformation vector, v is the transverse
displacement, and u, is the total longitudinal displacement which is defined as [5]

U=+t + u,. @)

The displacement u is the longitudinal deformation due to the axial elastic motion of the
points on the center line of the beam, u, is the longitudinal displacement caused by
the transverse deflection of the beam, and u, = —y dv/dx is the result of the rotation
of the cross-section. In the case of a slender beam, the effect of the displacement u,
can be neglected. In order to evaluate the displacement u,, one observes from Figure 1(b)
that

ds — dx = /(dx)* + (dv)* — dx = /1 + (0v/0x)*dx — dx = 1 (0v/dx)*dx,

where ds is an infinitesimal arc length. It follows from the preceding equation that

Uy = —JY (ds — dx) = —% J @Z)z dx. ®)

The axial and bending displacements can be expressed in terms of space dependent shape
functions and time dependent co-ordinates as

u _ _ Sl 0 qn
BRI ®

where S, and S, are the rows of the shape function matrix S associated with the axial and
in-plane directions respectively, and q, and q, are the axial and in-plane transverse
components of the time dependent elastic co-ordinate vector g;.

The position vector r of equation (1) can be written more explicitly as

r = A(d, + Uy). 7
A virtual change of this vector can be written as
or = Ayl 60 + A o1y, (8)

where A, is the derivative of A with respect to 0. The velocity and acceleration vectors
can be obtained by differentiating equation (7) as

i=0A)ii + Aili;, = 0A0— 0°Ad + 20A,ii,+ Al ;. 9, 10)
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3. VIRTUAL WORK AND STRAIN ENERGY

The virtual work of the inertia force can be written as
5W,»=in”5rdV. (11)
V

Substituting equations (8) and (10) into equation (11), one obtains
OW;= oW, + oW,, (12)

where 6 W, is the virtual work of the inertia forces which does not include the effect of u,,
while W, is the change in the virtual work of the inertia forces as the result of including
the displacement u,. These two components of the virtual work are defined as

5I/V/=5VV/0+5VV/:A+5I/V11:, 5Wg:5Wg()+5Wgu+5ng:+5Wgug, (13a 14)

where the components of the virtual work W, are defined as

oW,y = J plO{(x + u)® + v*} + 20{u(x + u) + dv} + 6(x + u) — iiw] 50 dV,  (15)
oW, = J plii — 200 — 0°(x 4+ u) — Ov] du dV, (16)

W, = J pli + 204 — 0% + O(x + u)] dv dV, (17)
v
and the components of the virtual work that appear in o6 W, are
oWy = f pl0{2u, (x + u) + u2} + 20{t,(x + u) + tiu, + v, } + {Gu, — vii, }] 60 dV,
V (18)

oWy, = J p (i, — 0%u,) u dV, oWy, = J p(Ou, + 20u,) ov AV, (19, 20)
14 V
OWe, = J pl—0v — 0*{(x + u) + u,} — 2006 + (ii + di,)] Su, dV. 21
vV

3.1. STRAIN ENERGY

In calculating the strain energy for a two-dimensional beam, the contribution from
the shearing strains will be neglected. Thus, only the effect of the normal strains will be
considered. In this case, the strain energy can be written as

U= f U a\,dsw] av. (22)

For the case of isotropic linear material,

o, = Eg,,, (23)
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where E is the modulus of elasticity. Substituting equation (23) into equation (22) and
integrating leads to

i
U= % J EAE, dx, (24)
0

where A is the cross-sectional area of the beam and / is the length. Using a non-linear
strain—displacement relationship, the normal strain €, can be written as

€ = O [OX — y 0%0/0x* + 5 (Ov/0x)?, (25)

where u; = u + u,.
Substitute equation (25) into equation (24) the strain energy can be written as

1 [ ou;\ 1 (" oY 1 (" ou; (0w 1 ("EA (v
U—2J;EA<ax> dx+2£EI axz dX-f—E OEAax a dx—{—i OT a dx,

(26)

where I is the second moment of area of the beam cross-section.

3.2. CO-ORDINATE TRANSFORMATION

If the longitudinal displacement caused by the transverse deflection u, is neglected
and only that due to the axial deformation u is considered, the first two second order
integrals in equation (26) will yield linear axial and transverse stiffness terms which
appear when a linear elastic model is used. The third integral has a third order term
and therefore will give rise to a second order elastic force or stiffness term which
couples the axial and bending displacements. The fourth integral is a function of the
non-linear strain only, and it has a fourth order term yielding a stiffness coefficient of third
order [5].

Using the definition of u, given by equation (5), the displacement u; can be written

as [5]
U=u— % J»\' <2§>2 dx. 27)

Ou;/0x = du/dx — % (dv/Ox). (28)

It follows that

Substituting equation (28) into equation (26), one obtains

U= ma(2Y ax+ 2 | E(22)a (29)
2 A ox) T2 A ox? ) &

It is clear from this equation that the consideration of the longitudinal displacement
caused by the transverse deflection u, removes third and higher order terms from the
strain energy expression. This will lead to a constant stiffness matrix if the strain
energy is written in terms of u instead of w;. In this case, the strain energy can simply be
written as

U =:q/Kypqy, (30)
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where K is the conventional constant stiffness matrix which can be written as

kv 0
Ky = [(;1 kJ (1)

and &y and ky, are the axial and transverse stiffness coefficients, respectively.

3.3. SPECIAL CASE OF CONSTANT ANGULAR VELOCITY

If the angular velocity is specified and assumed to be constant, the virtual work
components W, and 6 W, reduce to

5W1=Jp[ii—29'15—0'2(x+u)] du dV+Jp[ﬁ+20'a—9'2u] ovdV, (32)
4

14

oW, = j p (i, — 0*uy) Su dV + f 2p0u, Sv dV
Vv

Vv

+ J pl—0*(x + u) + u,} — 206 + (i + ii,)] du, dV. (33)

If one further assumes that the effect of the axial displacement u on the transverse vibration
is small such that it can be ignored, the virtual work components d W, and oW, can be
further reduced to

oW, = J ol — 0] dv dV, (34)
14

oW, = J 2p01, 6v dV + j pl—0*(x + uy) — 206 + w,] du, dV. (35)
14

v

Note that in equations (34) and (35), the effect of the axial displacement due to bending
is considered. In later sections, the effect of the axial displacement u on the bending
vibration of the rotating beam will also be examined. Let

v =S:qp, Uy = %‘I/TzB(X)Qﬁ- (36)
It follows that

o0 =S,0qn,  Ou, = q5B(x) 5qp, (37

B(x) = J @i)(i};j) dx. (38)

Substituting the preceding equations into the expressions for the virtual work, one
obtains

where

SWi= oW+ oW, = §pM; + M1 6qr — [(Q.) + (Q.)] 95, (39)
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in which

v

M, = f pSIS:dV, Q)= QZJ pSiS, dVg, = °M,qp», (40)
. ,
M, = f B(x)qq/B(x) dV, (41)
V

Q) = — 204 f p{BT(x)q:S: — SIGLBT(x)} AV

4

+ 0qp, J p{xB'(x) + 3B'(x)qnq:B"(x)} dV — 41, J pB(x)ingrB (x) dV. (42)
Vv s

v

The vector (Q,), can also be written as
Q) = °Gigp + 0G:dp + Gy, (43)

where

G = J p{xB(x) + 3B(x)qnq:B(x)} dV, (44)

G, = 2 J p{SILB(Y) — B()q:S:) AV, Gi= —f PB()25B(x) dV. (45, 46)
v Vv

Note that G, is a skew symmetric matrix, and G; depends on the velocity.

4. DIFFERENT BEAM FORMULATIONS

It is important to point out that while the strain energy of equation (29) is formulated
in terms of the displacement u, this displacement component does not represent the total
axial deformation of the beam. The total displacement is defined by equation (4).
With regard to the definition of the axial displacement, there are several important
observations which are discussed in this section. These observations can be summarized
as follows.

(1) It is important to note that the use of the expression of u, as defined by
equation (5) automatically eliminates the non-linear term 31 (dv/0x)* in the strain—
displacement relationship of equation (25). As a result, the use of «, and the transformation
of equation (27) leads to the simple form of the strain energy of equation (29). This strain
energy expression leads to a constant stiffness matrix. If the displacement u, is neglected,
the strain—displacement relationship is non-linear, and in this case the strain energy takes
the complex form given by equation (26).

(2) In view of the first observation, it is clear that when the effect of the axial
displacement due to bending is considered, the mass matrix becomes complex while the
stiffness matrix takes a simple form. This is the case of a CCM in which the effect of u,
is considered in formulating both the inertia and elastic forces.

(3) At relatively high values of the angular velocity of the beam, the use of an
inconsistent model may lead to unstable solution. One of the inconsistent models is to
neglect the effect of u, in formulating the inertia force, but to consider such an effect



472 H. EL-ABSY AND A. A. SHABANA

in formulating the elastic forces. This model leads to a constant mass matrix and also
will lead to the simple expression of strain energy as defined by equation (29). Therefore,
this model has a constant stiffness matrix as well as a constant mass matrix. It is important
to remember that such a simple inconsistent model is developed using the non-linear strain
displacement relationship of equation (25). This model produces a form of the equations
of motion similar to the case in which the effect of u, is neglected when both the inertia
and elastic forces are formulated and at the same time a linear strain—displacement
relationship is used. Therefore, this inconsistent model leads to the same results and
the same stability problems as the linear model in which the equations are formulated
without considering the effect of u,.

(4) A CIM can be developed by neglecting the effect of u, in formulating both the inertia
and elastic forces, while using the non-linear strain—displacement relationship of equation
(25). Note that if u, is neglected in this case, one must use the complex form of the strain
energy defined by equation (26). This leads to a non-linear stiffness matrix. This model
will be used to prove that if the effect of the axial displacement due to bending is neglected
in a consistent manner in a non-linear model, the rotating beam will not encounter the
instability problem at high values of the angular velocity. This in turn will prove that it
is not necessary to include the effect of the axial displacement caused by bending when
formulating the equations of motion in order to obtain a stable behavior of the beam at
relatively high values of the angular velocity.

(5) While including the effect of u, in formulating the stiffness matrix and neglecting its
effect in formulating the mass matrix leads to unstable behavior at relatively high values
of the angular velocity, the neglect of this effect in formulating the stiffness matrix while
including it in formulating the mass matrix leads to another inconsistent model that results
in a stable solution at the relatively high values of the angular velocity. Note that such
a model is an elastically non-linear model that includes elastic coupling between the axial
and bending displacements.

Before several of these models and their effect on the dynamics and stability of
rotating beams are discussed, a simple one-degree-of-freedom beam model is considered.
This model will be used in the following two sections to examine the effect of higher
order non-linear inertia terms that result from the use of the effect of the axial
displacement caused by the bending deformation. The numerical results obtained using
this simple model will be used as the basis for obtaining simpler, yet accurate models
that can be used to study the effect of the coupling between the bending and the axial
displacements.

5. A SIMPLE ONE-DEGREE-OF-FREEDOM BEAM MODEL

In this section, a simple one-degree-of-freedom rotating flexible beam model is
considered. This model will be used to examine the effect of the longitudinal displacement
u, resulting from the bending on the dynamics of the rotating beam. In this model, the
effect of the longitudinal displacement u is neglected. This effect will be considered in later
sections. The case in which the transverse in-plane displacement is described by one mode
of vibration is considered. In this case, the vector q, and the row vector S, reduce to
scalars, given as

4 = 4, S =3S,. (47)

In the analysis presented in this section and the following section, the effect of u, is
considered in formulating the stiffness coefficient. Since the transformation of equation
(27) is employed, one obtains a constant stiffness coefficient despite the fact that a
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non-linear strain—displacement relationship is used. Note that if the effect of the axisl
displacement u is neglected, u; = —3 [ (Jv/0x)*dx and the strain is ¢, = —y 0%/0x?
which leads to a simple form for the strain energy. In this and the following sections, the
effect of the inertia non-linearities that result from the use of the displacement u, will
be examined both analytically and numerically using the simple single-degree-of-freedom
model for the rotating beam.

In the model used in this investigation, the transverse deformation of the beam is
described by the shape function

Sy =38 -2, (43)

where £ = x/[. Substituting this value of S, into equation (38), one obtains the function
B(x), which is a scalar in this case, defined as

B(x) = —(9/D(GE — & +38). (49)
By substituting the values of S, and B(x) into equations (40), (41), (44—46) one obtains
M, =33m/35,  (Q.) = 0’Myqp, (50)
M, = (1704m/385)(qn /1,  Gi=m{—% + 55 (¢n/])}, (51
. _ _1704m quQ/Q
G=0. G=—7g < 7o) (52)

where m is the total mass of the beam. Using equations (40), (43) and (52) with equation
(39), one obtains the virtual work oW, as

Wi = [Go(M, + M,) — (M, + G1)gp — Gsdp] 3qpa. (33)

If the external forces are neglected, the virtual work of the inertia forces is equal to the
virtual work of the elastic forces,

W, = W, (54)
where oW, is defined by equation (53) and d W, is defined as
oW, = —0U = —qpk» dqp, (55)

where k» = 12EI/P is the in-plane bending stiffness coefficient. Substituting equations (53)
and (55) into equation (54), the equation of motion of the single-degree-of-freedom
rotating beam can be obtained as

(M, + M,)Gp + {kn — 0(M; + G1)}qp — Ggp = 0. (56)

This non-linear differential equation, which describes the in-plane transverse vibration
of the beam, includes all the non-linear terms resulting from u,. This equation is a
homogeneous second order differential equation and it is non-linear in the system
co-ordinate.

6. EFFECT OF NON-LINEAR TERMS IN THE SIMPLE BEAM MODEL

In this section, the simple beam model developed in the preceding section is used
to examine the effect of considering the axial displacement u, on the beam stability.
By examining the equation of motion presented in the preceding section, it becomes
clear that the non-linearity in the beam equation due to the displacement , is represented
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by the matrices M,, G;, G2, and G;. It can also be noticed that the matrix G, can be
written as

Gl = GI[ + Gln, (57)

where Gy, does not contribute to the non-linearity, and G, and G,, can be defined as

G, = J pxB(x)dV, G, = f pB(x)q-qrB(x) dV. (58)
V V

In this section, several cases will be considered in order to better understand the effect
of the displacement u, on the stability of the transverse vibration of the rotating beam.

Case 1. As previously mentioned in section 4, considering the effect of u, leads to a
simple form of the strain energy when the co-ordinate transformation of equation (27) is
used. Therefore, if the effect of u, is taken into consideration in formulating the strain
energy and if all the terms that result from the use of this effect are neglected when the
inertia forces are formulated, one obtains constant mass and stiffness coefficients. This is
the case of the first inconsistent model (FIM). Note that in this model, a non-linear
strain—displacement relationship is used despite the fact that the stiffness coefficient
is constant. Using this model, it can be shown that the equation of motion of the
single-degree-of-freedom rotating beam reduces to

q/Z = —/3261_/2, ﬁz = kzz/M/ — 92. (59)

This equation clearly demonstrates that if the angular velocity is greater than /kx»/M,,
the in-plane transverse mode of vibration becomes unstable. For 0 < . /k»,/M,,
the vibration will be oscillatory and the solution is defined as

qp = c cos (Bt + ¢), (60)

where ¢ and ¢ are constants that depend on the initial conditions.

It is interesting to note that the model described by equation (59) is similar to the model
obtained when the effect of u, is neglected and a linear strain—displacement relationship
is used. This case also leads to constant mass and stiffness coefficients, and such a model
also produces unstable solutions. One must note, however, that the definition of the
displacements used in this model is different from the one used in the FIM where the
displacement u, is introduced.

Case 2: In this case, all the non-linear inertia terms resulting from the use of u, are
neglected and only the linear terms are retained. Using this approximation, one obtains
a linear equation for the beam motion defined as

MGy + {k»n — (M, + Gu)}qn =0, (61)
which can also be written in the simple form
%2 = _ﬁZQ/Za Bz = [kzz — gz(M, + Gll)]/Ml- (62)

Examining the values of Gy, and M, using equations (51) and (52), it is clear that the
in-plane transverse vibration is stable regardless of the value of the angular velocity. The
solution of this equation is in a form similar to equation (60) for all values of the angular
velocity 6. This solution is oscillatory and its amplitude is dependent on the initial
displacement.

Case 3: In this case only the term that contains G:¢,. in the inertia forces is neglected,
and as a result, the beam equation reduces to

(M, + M,)gpn + {kn — (M, + G\)}gn = 0. (63)
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Figure 2. In-plane transverse deformation obtained using case 1 and angular velocity 6 = 200 rad/s.

This non-linear equation can be solved using direct numerical integration methods
(Runge—Kutta). The numerical solution of this equation will be presented later in this
section.

Case 4: In this case, one considers all the non-linear terms resulting from considering
the axial displacement u,. This is the case in which the equation of motion is given by
equation (56). The solution of this non-linear equation can be obtained using direct
numerical integration methods (Runge—Kutta).

6.1. NUMERICAL RESULTS

The numerical results obtained using the four beam models described in this section
will be compared in order to better understand the effect of the displacement u, on
the transverse vibration of the rotating beam. The model considered consists of a
beam with length /=0-5m and a circular cross-section areca A which has a diameter
d = 0:01 m. This beam is made of steel with a modulus of elasticity £ =2 x 10" N/m?
and a mass density p = 7800 kg/m®. The beam is assumed to rotate with a constant
angular velocity ¢ with an initial in-plane transverse displacement of 0-001 m. The
numerical results presented in this section are obtained for different values of the angular
velocity.

Figure 2 shows how the linear formulation (59) leads to an unstable solution if the
angular velocity exceeds the stability limit which is defined, in this example, as
6 = 180-6 rad/s. The solution of case 2, in which the higher order terms (g,//)* and (g,/1)%,
are neglected, is shown in Figure 3 using angular velocities of 50, 100 and 150 rad/s.

13.0

44)

Qrs (m x 10

Time (s)

Figure 3. In-plane transverse deformation obtained using case 2. § values (rad/s): ——, 50; ----, 100;
—, 150.
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Figure 4. In-plane transverse deformation obtained using case 2. ¢ values (rad/s): ——, 1000; - - - -, 1500;
——, 2000.

Figure 4 shows that the vibration remains stable for higher angular velocities of 500, 1000,
and 15000 rad/s. From the results presented in these two figures, it is clear that the
vibration is stable regardless of the value of the angular velocity, and the oscillation
frequency increases as the angular velocity increases. This despite the fact that the
amplitude remains equal to the initial displacement.

It is clear from equations (51), (53) and (56) that the order of magnitudes of the
terms that include (¢gp»/l)* and (¢,/l)* are small compared to other terms in equation
(56). As a consequence, the solutions obtained for cases 3 and 4 are approximately the
same as the solution of case 2. Figure 5 shows the in-plane transverse vibration
obtained using cases 1, 2, 3 and 4 when the angular velocity of 150 rad/s is used.
For 0 = 1000 rad/s, case 1 leads to an unstable solution while the three non-linear
cases have, approximately, the same solution as demonstrated by the results presented in
Figure 6. The results shown in Figure 5 also demonstrate that the solution obtained
using case 1 can be significantly different from that obtained using the other cases at
lower values of the angular velocity. It is clear from the results presented in this
section that the non-linear terms resulting from u, in the inertia force do not have a
significant effect on the accuracy and stability of the simple rotating beam model examined
in this investigation. Therefore, it is justified to neglect the effect of these non-linear
terms.

18.0
13.0 -
1
=)
—
x
E
™~
S
\Y;
0.00 0.04 0.08 0.12 0.16 0.20
Time (s)
Figure 5. In-plane transverse deformation obtained using angular velocity 6§ = 150 rad/s; ——, Case 1; - - - -,

Case 2; ——, Case 3; — —-, Case 4.
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Figure 6. In-plane transverse deformation obtained using angular velocity § = 1000 rad/s; ——, Case 2; - - - -,
Case 3; ——, Case 4.

7. EFFECT OF THE AXIAL DISPLACEMENT

In the analysis presented in the preceding sections, the effect of the axial displacement
u was neglected. In this section, the effect of the axial deformation is introduced and
the effect of its coupling with the transverse deformation on the dynamics of the rotating
beam is examined. To this end, one uses the displacement field

u _ S[ 0 qn
HRE o

where S; is the shape function row vector associated with the axial vibration and S, is the
shape function row vector associated with the in-plane mode of vibration. In this case, the
virtual work of the inertia forces is represented by equations (32) and (33). Using these
equations and equation (64), one obtains the equations for M,, M,, (Q,);, and (Q,),
as follows:

SIS, 0 0 Si1q;:B(x)
M, = dv M, = dv 65
f f”[ 0 S§SJ - M L’{B(x)qﬂsl B(x)a-qiB) |1 ()

Q)= [Egzm — (Lo + Miq) + OLid, (66)
(Q ) — (Qv)g/l — HZ(G +G ) ] . .
v)g 01 q + 0Gnq, + G4y, ©7)
(Qv)gﬂ

where B(x) is defined by equation (38) and

xST 0 S'S,
L, = dv, L=2 dv, 68

B 0 0 _ 0 3SiqnB(x)
G“'—Lp[o xB(x)]dV’ G”‘L”[B(xmsl Baa B |1 @
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0 0
G = =2 Lp [0 SIqLB(x) — B(x)qusj v, (70)

= 0 - SIT(]/zB(x)
" Lp [0 —B(x)q,zquB(xJ av. ()

In the following three sections, three different beam models are considered. The first
model is the CCM in which the effect of longitudinal displacement due to transverse
vibration is considered in evaluating both the inertia and elastic forces. This model
leads to a constant stiffness matrix when the transformation of equation (27) is used.
The second model is the CIM in which the effect of longitudinal displacement caused
by bending is neglected in evaluating both the stiffness and inertia forces. This model
leads to a non-linear stiffness matrix since a non-linear strain—displacement relationship
is used and the effect of u, is neglected. The third model is the second inconsistent model
(SIM) in which the effect of longitudinal displacement due to bending is considered
in formulating the inertia forces and neglected in formulating the stiffness forces. The
results obtained using these three models clearly demonstrate that including the effect
of the geometric stiffening resulting from the longitudinal displacement caused by
bending is not the only approach to obtain a stable solution for the rotating beams at
higher values of the angular velocity. These results demonstrate that if such an effect is
consistently neglected, a stable behavior of the beam can be obtained when a non-linear
model is used.

8. CONSISTENT COMPLETE MODEL

In the CCM, the effect of longitudinal displacement caused by bending deformation is
considered in formulating both the inertia and elastic forces. Using the co-ordinate
transformation of equation (27) [5], a constant stiffness matrix can be obtained despite the
fact that a non-linear strain—displacement relationship is used.

In order to examine the effect of including the axial displacement on the beam dynamic
behavior, one considers the case of a single mode of vibration for both axial and in-plane
transverse motion. In this case of a two-degree-of-freedom system, the deformation
co-ordinates q, and qy, will be represented by scalar quantities

qn = 4n, 4 = 4p, (72)

and also the shape function row vectors S, and S, will be defined by the scalars
Si=¢0 S=3¢-& (73)

The matrix B(x) reduces to the function B(x) which is defined by equation (49).
Substituting these functions into equations (65), (68-71), one obtains

50 0 —5 (q/1)
_ 3 _ 70
M’_m[o ] " m[—%(qu/l) 5 (g1 | 79

ml|1 11m 0 1
LO :3|:0:|7 Ll :10|:_1 0:|5 (75)
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__8lm[0 0 (a2 O — 1@
Gy = -1 [O 1} Gn—m<l>[_% | (76)

10 0 _ dr\| 0 g
Gzz—|:0 0:|, G}s—m(l>|:0 _%(%2/1) . (77)

The equation of motion can be obtained by equating the virtual work of the inertia forces
and the virtual work of the elastic force. This leads to the following matrix equation for
the two-degree-of-freedom beam model:

M + M, Jiq, — [(Q.): + (Qu).] = —Kyqy, (78)
where, in this case, the stiffness matrix K, is written as
|k O || EAJ 0
Kr= [ 0 kzj = [ 0 12EI/13} (7)

Substituting equations (66) and (67) into equation (78), taking into consideration that
in this case Gy = 0, the equation of motion of the two-degree-of-freedom beam model
can be written as

M, + M, Jir = —Kyq, 4 0[Lo + (M + Go + Gi)g/] + 0Lig, + G (80)

Note that in this equation the inertia matrix depends on the beam co-ordinates, while the
stiffness matrix is constant. This is the result of including the effect of u, in formulating
both the inertia and stiffness forces.

9. CONSISTENT INCOMPLETE MODEL

If the effect of longitudinal displacement caused by bending is neglected in formulating
the strain energy, the stiffness matrix of the two-degree-of-freedom model considered
in this section becomes non-linear. Also, if the effect of this displacement is neglected in
the formulation of the inertia forces, we obtain the CIM in which the effect of u, is
consistently neglected. In this case, the equation of motion of the rotating beam can be
written as

MG, + Ky + Ko + Ki)gr = (Q.) + Qq, (81)
where M, is the linear mass matrix which is defined as
_ SIS 0

K, is the constant stiffness matrix, K¢ is the second order non-linear stiffness matrix
due to the third term of equation (26), Ky is the third order non-linear stiffness matrix
resulting from the fourth term of equation (26), (Q,); is the Coriolis and centrifugal force
vector defined by equation (66), and Q. is the non-linear elastic force vector which is
defined as

1] qf(0(Ke + Ki)/0gn)gs
Q= 2 [‘IfT(a(Ko + Ku)/aqu)q/:| (83)

If the assumption of a single mode of vibration of both axial and in-plane transverse
directions is used with the shape functions previously defined in the preceding section,
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one obtains

Lo
M1=m|:0 33} (84)

35

_EA[gn)[0 0 _EA(gx\]O 0
@Y @R

_ _12EA(qx\] 1
¥ <1>[ (q,»z/z)>} (86)

and (Q,); and K; are defined by equations (60) and (64), respectively. In this case, the
equations of motion of the two-degree-of-freedom model can be written as

My, = — (K + Ko + Ky — 0°M))q, + 0L,§, + Q. 87)

This equation is not the same as equation (80) because the effect of the axial displacement
caused by the transverse bending is neglected in formulating the inertia and elastic
forces. It will be demonstrated that the model described by equation (87) remains
stable regardless of the value of the angular velocity, thereby demonstrating that the beam
stability at higher values of the angular velocity is not dependent only on u,, but it depends
generally on the coupling between the axial and bending deformations.

10. SECOND INCONSISTENT MODEL

In this model, if the effect of the axial displacement caused by the transverse
bending is taken into consideration in formulating the inertia forces but it is neglected
in formulating the elastic forces, the non-linear strain—displacement relation is used.
The equations of motion of the rotating beam for this model can be written as

(Ml + Mg)d/‘ + (K/‘i + Ko + KH)q/' = (Ql')l + (Ql*)g + QG- (88)

Using the shape functions defined in the preceding two sections, one can show that the
equations of motion of the two-degree-of-freedom beam model can be written more
explicitly as

(M/ + Mg)ii/' = OZ[LO + M, + Gy + Gl])Q;’] + (GLI + G}})(i/
+ Qs — (Ky + K¢ + Ki)gy- (89)

The results obtained using this SIM will be examined in the following section.

11. COMPARATIVE STUDY

In this section, the results obtained using the three models (CCM, CIM, SIM)
discussed in the preceding three sections are compared. The same beam model described
in the preceding sections is also used in this section. Initial displacements of 0-001 m are
assumed for both the axial and in-plane transverse deformation. A direct integration
method is used to solve the equations of motion of the three non-linear models. The results
obtained using these three non-linear models are also compared with the linear model
(FIM) in which the effect of longitudinal displacement caused by bending deformation is
neglected in formulating the inertia forces only. Figures 7 and 8 compare the results
obtained for the axial displacement ¢, using the four models when the angular velocities



RIGID BODY MODES 481

8.0
'
o
—
X 0.0
El
S
-8.0
. | . |
0.00 0.08 0.16
Time (s)
Figure 7. Axial deformation obtained using angular velocity ¢ = 100 rad/s; ——, FIM; - - - - , CCM; ----, CIM;

—-—-, SIM.

of 100 and 150 rad/s are used. It is clear from the results presented in these figures that
the longitudinal vibration is approximately the same for the four models. This implies, for
a low range of the angular velocity, that the FIM gives a good approximation for the
longitudinal vibration as compared to the non-linear models. As the angular velocity
increases, the longitudinal displacement remains stable but the vibration amplitude
increases. Figures 9 and 10 show the in-plane transverse vibration obtained using the four
models for angular velocities of 100 and 150 rad/s. By comparing the results presented in
these two figures and the results presented in Figures 3 and 4, it becomes clear that
including the axial displacement slightly increases oscillation amplitude. It is also clear that
neglecting the effect of u, in formulating the elastic forces tends to reduce the oscillation
amplitude, and the SIM, in which the effect of longitudinal displacement caused by
bending is neglected in formulating the elastic forces only, has the least amplitude.
Figure 11 shows the maximum oscillation amplitude obtained using the four methods
as function of the angular velocity in the low angular velocity range. It is clear from the
results presented in this figure that the FIM has the highest maximum amplitude while
the SIM has the lowest. Figure 12 shows that the axial displacements obtained using the
three models (CCM, CIM, SIM) are the same when the angular velocity is increased to
1000 rad/s. Figure 13 shows the in-plane vibration predicted using these three models when
the angular velocity is equal to 1000 rad/s. It is clear that the motion remains oscillatory
and stable and the CCM has the highest amplitude when compared to the other two
models. Figure 14 shows the maximum amplitude of the transverse vibration obtained
using the three models for the high range of the angular velocity. It is clear from the results
presented in the last two figures that, while all the three non-linear models lead to a
stable oscillation at relatively high values of the angular velocity, the SIM in which the
effect of the longitudinal displacement caused by bending is included in the inertia forces
only, gives the lowest amplitude. The stability of the SIM depends on the sign of the term

8.0t

0.00 0.08 0.16
Time (s)
Figure 8. Axial deformation obtained using angular velocity ¢ = 150 rad/s; key as Figure 7.

44)

g5 (m x 10
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Figure 9. In-plane deformation obtained using angular velocity ¢ = 100 rad/s; key as Figure 7.

M, + Gy, (see equation (61)) which, in turns, depends on the assumed displacement field.
For a given model, a negative sign of this term leads to a stable solution, while a positive
sign leads to an unstable solution. Table 1 shows different assumed displacement fields and

the coefficient M, + G, that result from the use of these fields when a single mode of
vibration is used.

12. TRANSLATING AND ROTATING BEAM

In the preceding section, only the case of a rotating beam is considered. In this and
the following sections one considers the case of a rotating and translating beam and
examines the effect of the longitudinal displacement due to bending on the stability of

the rigid body modes. First the equations that govern the rigid body motion are
summarized.

12.1. RIGID BODY MOTION

In the analysis presented in this section, the beam is assumed to rotate with a constant
angular velocity about an axis passing through one of its end points as shown in Figure 15.
It is also assumed that the beam can have an arbitrary planar rigid body translation.
In the case of rigid body motion, the position vector of an arbitrary point on the beam
center line can be written as

r =R + Au,,

py (m x 107%)

Time (s)

Figure 10. In-plane deformation obtained using angular velocity § = 150 rad/s; key as Figure 7.
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Figure 11. Maximum transverse displacement as a function of the angular velocity; key as Figure 7.

where R =[R, R]" is the position vector of the reference point, A is the planar
transformation matrix defined as
cos@ —sin0
A= [sin 0 cosf ] ©0)

and @, = [x 0]" is the position vector of the arbitrary point.
The velocity and acceleration vectors of an arbitrary point can be written as

i =R+ 0A,i,, i =R — 0?Aq,,

where Ay = 0A/00. The virtual work of the inertia force can be written as
oW, = J piT ordV,
4

where Or is the virtual change of the position vector, which is defined in the case of specified
angular rotation as
or = 0R.

Substituting the values of ¥ and Jr into the virtual work expression, one obtains

TR 145 ]cos0]]0R.
=] s ]

If there are no gravity or external forces acting on the beam, the virtual work of the inertia

23.0
¥
= 18.0
—
x
g
—, 13.0
S

8.0 L | L |
0.00 0.08 0.16
Time (s)
Figure 12. Axial deformation obtained using angular velocity 6 = 1000 rad/s: ——, CCM; - ---, CIM;
——, FIM.
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Qg (m x 107%)

Time (s)
Figure 13. In-plane deformation due to angular velocity 6 = 1000 rad/s; key as Figure 12.

force is identically equal to zero and the equations of the reference point motion can be
written as

R, =10>cos 0, R, =116>sin0.

Integrating these equations once and twice, assuming zero initial conditions, and keeping
in mind that € = 0¢, one obtains the reference point velocity and displacement as

R, =10sin0, R, =101 —cos0), R.,=(/2)(1 —cos0), R,=(l/2)(0t— sin0).
o1

It is clear from the displacement equations that the motion in the x direction is oscillatory,
while the motion in the y direction increases with time. The results obtained in this section

for the simple rigid body model will be used to provide an explanation for some of the
results obtained using the flexible body model.

12.2. FLEXIBLE BODY MODEL

In this section, the effect of the displacement due to bending on the dynamic equations
of the rotating and translating flexible beam is examined. To this end, the planar beam
model shown in Figure 15 is used. The beam is assumed to rotate with an angular velocity
0 and can have an arbitrary rigid body base translation. The global position vector of an
arbitrary point on the beam can be written as

r=R+ AQ, (92)

where R = [R, R,]" is the global position vector of the reference point, A is the planar
transformation matrix defined by equation (90), and i is the local position vector of the

0.012

Qrs (m)

0.006

0 800.0 1600.0
o (rad/s)

Figure 14. Maximum transverse displacement as a function of the angular velocity; key as Figure 12.
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Figure 15. Rotating and translating beam model.

arbitrary point on the beam center line defined in the beam co-ordinate system. The vector
@l can be written as

=1

= ﬁo + ﬁ/a (93)
where in the case of a slender beam 1, = [x 0]7, and @, is the deformation vector defined

as

i = |:u + ug:|, (94)

v

where u is the axial displacement, u, is the longitudinal displacement resulting from
the bending deformation, and v is the transverse displacement. These displacement
components are defined as described in the preceding sections as

u . Sl 0 q/1 1T
|:U:| - |:0 Sz:| |:qf2:|’ Ug = zq/ZB(x)q/Q’ (95’ 96)

where S, and S, are the axial and bending shape functions row vectors, q, and q, are
respectively the vectors of axial and bending time dependent co-ordinates, and B(x) is
the matrix defined in the preceding sections.

13. INERTIA FORCES OF THE TRANSLATING AND ROTATING BEAM

If the beam is assumed to rotate with a constant angular velocity, the virtual change
in the global position vector of an arbitrary point on the beam can be written as

or = 0R + A o,. (C)
The velocity and acceleration vectors are defined as
F=R+0Ajii + Aii;,, =R —0°Ai + 20Aii,+ A . (98, 99)

The virtual work of the inertia forces can be defined as

5m=5W,+5Wg:prT5rdV, (100)
v
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where 0, is the virtual work which does not include the effect of u,, while 0¥, is the
change of the virtual work as a result of including the axial displacement u,. If equations
(97) and (99) are substituted into equation (100), the two components of the virtual work
can be defined as

W, = Wir, + Wir, + Wi, + W, (101)
Wy = Wer, + OWer, + SWey + Wiy + W, (102)

where the components of the virtual work 6 W, are defined as
Wi, = J p[R. — 0*{(x + u) cos 0 — v sin 0} — 20{1i sin O + ¥ cos 0}
vV
+ticosf —vsin 0] oR. dV, (103)
Wik, = j p[R, — 0*{(x + u) sin 0 + v cos O} — 26{—1i cos 0 + & sin 0}
vV
+ disin 0 + ¢ cos 0] 6R, dV, (104)

ow, = f plR, cos 0 + R, sin 0 — 0°(x + u) — 200 + 4] ou dV, (105)
vV

oW, = J pl— R, sin 0 + R, cos 0 — 0% + 20u + i] v dV, (106)
vV

and the components of W, are defined as

W x, = j pl— 0%, cos O — 20u, sin 0 + i, cos 0] SR, dV, (107)
4
OW i, = J pl—0%u, sin 0 + 201, cos 0 + i, sin 0] 6R, dV, (108)
Vv
W, = J plii, — O’u, ] udV, oW, = 2J pOu, dv dV, (109, 110)
Vv Vv

W, = J p[R, cos 0 + R, sin 0 — 0°(x + u + u,) — 200 + @i + ii,] du, dV. (111)
14

If the effect of the longitudinal displacement due to bending is neglected, 6 W, is identically
equal to zero. One also notes that both dv and du, can be expressed in terms of the virtual
change in the bending deformation generalized co-ordinates.
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The virtual work components of equations (101) and (102) can be written as
oW, =§'M,;6q — (Q.)/ dq, oW, ={'M,dq — (Q.); dq, (112, 113)
where q is the vector of the generalized co-ordinates which is defined as

Q" =[R. R q ql (114)

M, and M, are mass matrices, and (Q,); and (Q,), are the Coriolis and centrifugal force
vectors.

The mass matrix M, and the vector (Q,), are mainly due to the effect of the longitudinal
displacement caused by the bending deformation. The matrix M, and the vector (Q,); are
the mass matrix and the centrifugal and Coriolis force vector that result if the effect of
the longitudinal displacement u, caused by the bending deformation is neglected. Using
equations (103-113), it can be shown that

1 0 Sicos —S,sinf
M= | p Mirz Mg, i 0 1 Sisinff  S,cos0 4V
s | Mz My v STcos0 Sisinf SIS, 0 ’
—STsin0 S;cos 0 0 STS,
(115)
(Q0)ir,
()i, Qo) | Loz + Migeqy | Lizqy
o) = = =0’ +0 I 116
Q) Q)i Q) Lo + Myq, L4y (116)
Q)i

where

_ x cos 0 _ Sisin@  S;cos0
Loe = Lp|: ]dV’ L]R_ZLP[—SI cos 0 S;sin H}dV’ (117)

X sin 6
xST 0 STS,
Ly = "ldr, L,=2 2 dy. 118

The non-linear matrix M, and vector (Q,), can also be written more explicitly as

0 0 0 q/,B cos 0
Mg:[ 0 MgR,]:Jp 0 0 0 q.Bsind av.
Myr Mgy , 0 0 0 STqLB
Bqncos 0 Bgesind Bqp.S: Bqeq:B
(119)
(Q0)er,

_ (Qt')gRy _ (Qx,’)gR A2 Gqu/' § GzRQ/ G}RQ/
Q) = Qe | |:(Qv)g/:| =¢ [qu/-] * G[szfl/:| " |:G3qui|’ (120)

Qo)
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where

1 0 q/Bcosd B 0 g5Bsind
G”‘_zﬁp[o q,TzBsin0:|dV’ GM_ZL’)[O —q5B cos 0 dv, 21

B 0 —q/,Bcos0

0 1STqLB
G, = 2145 av 123
f J‘Vp|:BqIZSI XB + ;Bq/2q;l;B:| s ( )

0 0 0 —Siq.B
Gy= -2 dv, Gy = ' dv. (124
2f Lp |:0 qu;—ZB - qu282:| 3f J; p |:0 _ Bszq;TzB:| ( )

Note the dependence of the matrix M, and the vector (Q,), on the matrix B that appears
in the equation of the longitudinal displacement caused by the bending deformation.

14. DYNAMIC EQUATIONS OF THE TRANSLATING AND ROTATING BEAM

In this section, the dynamic equations of motion of the rotating and translating beam
model used in this investigation are developed. This model will be used to examine the
effect of the coupling between the rigid body and deformation modes on the beam
dynamics and stability. As in the preceding sections, one considers a beam model in
which one mode of vibration is used to describe the axial displacement, and one mode of
vibration is used to describe the transverse deformation. This is in addition to two rigid
body modes which describe the arbitrary translation of the beam co-ordinate system.
This translation is described by the displacement R, and R,. Using this model, the vectors
q, and qy, reduce to the scalars ¢, and ¢g,,. One assumes that the shape functions associated
with these two co-ordinates are, respectively, given by

Si=¢, §=38-¢&. (125)
In this case, the matrix B reduces also to the function B defined as
B=—0/)GEE — & +38), (126)

Using equations (125) and (126), it can be shown that the vectors and matrices presented
in the preceding section can be written as

1 0 lcos® —3sin0
MZRR M[R/ 0 1 % sin 9 % COS 0
M, = =m
I |:M/’R M'/f:| scos@  3sin 6 i 0 ’ (127)
—3sinf 3cos6 0 3
_ml|cosb _ sinf  3cos 6
Loe="3 [sin 0]’ Lix = m|:—cos 0 3sin 0} (128)

1M1 tm[ 0 1
LQf’:n;|:O:|, L,,,:lg“[_l o]’ (129)
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0 0 0 —3cos0

M, zr MR/’ qrn 0 0 0 —%sinﬁ
M=\ Col=mT ., (130
’ [Mw Mm} <1 > 0 0 0o % (130

—3cos —isin0 -8 (g,/])

_ _3m(gp)[0 cos0 . (q2\[0 —sin0

o4 < ! >[O sin 0} G = 3m< I'J]0 cosb | (131)
_3,(4r\[0 cosb _ 0 —115 (/1)

Gz = zI’H< / >|:0 sin 0:|, G, = Wl|:_§(1) (nl]) _% n % (o7 | (132, 133)

00 _ |0 % (dr/D)
Gz,/—m[o ], Gy m[o —?Qg‘(q,z/l)(q/;/l)]' (134)

14.1. EQUATIONS OF MOTION
The virtual work of the elastic forces is defined as

oW, = —q'K dq, (135)

where the stiffness matrix K is defined as

0 0
K=[0 KJ. (136)

The matrix K, is the same matrix used for the consistent complete model discussed in the
preceding sections. This matrix is constant despite the fact that a non-linear
strain—displacement relationship is used to formulate the strain energy.

If one assumes that there are no external forces acting on the beam, the virtual work
done by the inertia forces is equal to that done by the elastic forces. This will lead to the
matrix equation of the beam motion, which can be written as

(M, + M,)j + Kq = (Q.)r + (Q.), - (137)

Substituting equations (127) and (130) into equation (137) leads to the following
acceleration equations:

MizeR + (Mizs + Mer)iiy = (Qu )iz + (Q. )ers (138)
(Myx + Mg)R + My + Myp)iiy = —Kpqr 4+ (Qu)y + (Q.)yr- (139)

Equations (138) and (139) consist of four non-linear coupled second order ordinary
differential equations which can be solved using direct numerical integration methods.

15. COUPLING BETWEEN RIGID BODY AND DEFORMATION MODES

The equations of motion of the rotating and translating beam presented in the preceding
section are highly non-linear if all the non-linear terms resulting from including the effect
of the longitudinal displacement caused by the bending deformation are considered. It was
demonstrated, however, by the numerical results presented in the preceding sections that
the effect of the higher order terms can be neglected when the inertia forces are formulated.
In this case one obtains a set of linearized equations which can be used to obtain an
accurate solution for the dynamics of the rotating beam. By neglecting the second and
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higher order non-linear terms, the equations of motion of the beam can be written in
the form

R = |:§\:| = 0°Hx + (92H2R + Hiz)qr + 9H4R('1/, (140)

3
G = |:;]2:| = 0°Hy; + (0°’Hy + Hy)q, + 0H.q,, (141)

where

Hix = (1/m)(Lox — MigHyy), Hur = (1/m)Mig (1 — Hy), (142)
Hix = —(1/m)MiHy,,  Hug = (1/m)(Liz — MisHyy), (143)
H, = [My — (1/m)MyzMz;]~"(Loy — (1/m)MyzLor), (144)
Hy =1+ [My — (1/m)MyzMig/] ™' Gy, (145)
Hy = —[My — (1/m)Myz Mg ]~ 'Ky, (146)
Hy = [My — (1/m)MyzMg/] "' (Lyy — (1/m)MygLig), (147)

in which I is the identity matrix and the matrix Gy, is reduced in this case to

0 0
o [0 4 ]or

The vectors and matrices in the preceding equation can be written more explicitly for the
beam model used in this investigation as

10 |0 —¥sin0
Hir = [0} Har = [0 12 cos 0 ] (148)

| (6ki/m) cos O —5R(kxn/m)sin 0 | #sin@ —3cosd
Hr = |:(6k11/m) Sin0  S(knmycos0 || H*=| “2eoso —isino | 149

1 1 0
H, - 1[0], H, = [0 _] (150)

[12kam 0 |0 %
Hg,——[ 0 gﬁg’kzz/m]’ H4,—[_l?b ol (151)

It can be shown that if the effect of the axial displacement is neglected, the equation for
the in-plane transverse deformation is given by

G = (0> — Bap, (152)

where f = 1-6214/k»/m. Tt is clear that this equation leads to an unstable
solution if 6 > 16214 /ky/m. Comparing this stability result with stability result
presented by equation (59), one can show that the reference translation increases the
stability range.

)
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Figure 16. R, displacement when the angular velocity 0 = 200 rad/s: ——, LFM; - - - -, NFM; ——, RBM.

15.1. NUMERICAL STUDY

In this section, the beam model and the initial conditions described in the first part of
this paper are used to examine the effect of the longitudinal displacement u, caused by the
bending deformation on the coupling between the rigid body and the deformation modes.
If the effect of the axial displacement is neglected, one obtains an unstable solution if
the angular velocity 0 > 284-4 rad/s, as demonstrated by equation (152). In the numerical
investigation presented in this section, three models are considered. The first model is the
rigid body model (RBM) in which the rotating and translating beam is assumed to be rigid.
The equations of motion of this model are presented in section 12 of this paper. The second
model, referred to as the linear flexible model (LFM), does not include the effect of the
longitudinal displacement caused by the bending deformation. In this model u, is assumed
to be equal to zero and a linear strain displacement relationship is used to formulate the
constant stiffness matrix coefficients. In the third model, which is referred to as the
non-linear flexible model (NFM), the effect of the longitudinal displacement u, caused by
bending is considered using the consistent complete model described in section 8.

Figures 16 and 17 show the results obtained for the reference motion using the three
models (RBM, LFM, NFM) when the angular velocity of the beam is equal to 200 rad/s.
It is clear from the results presented in these two figures that the elastic deformation does
not have a significant effect on the rigid body motion of the beam at this low value of
the angular velocity. Figures 18 and 19 show the results obtained using the NFM and RBM
when the angular velocity is equal to 1000 rad/s. For this high value of the angular velocity
(0 > 284-4), the LFM has an unstable solution. The results presented in Figures 18 and
19 demonstrate that the reference motion of the beam is stable when the effect of the
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Figure 17. R, displacement when the angular velocity 0 = 200 rad/s; key as Figure 16.
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Figure 18. R. displacement when the angular velocity § = 1000 rad/s; ——, NFM; - - - -, RBM.

longitudinal displacement due to bending is considered. As a consequence, the stability of
the elastic modes leads to the stability of the rigid body modes of the simple rotating beam
model used in this investigation.

In order to examine the effect of the reference motion on the elastic deformation of the
beam, another model in which the reference motion of the beam is assumed to be equal
to zero is considered. This model will be referred to as NRFM. Figures 20 and 21 show
a comparison between the results obtained using the three different models (LFM, NFM,
NRFM). In Figure 20, the axial displacement co-ordinate g5 is plotted as a function of
time when the angular velocity is equal to 200 rad/s. It is clear from the results presented
in this figure that the reference motion and the non-linear terms do not have significant
effect on the axial displacement at this low value of the angular velocity. In Figure 21,
the in-plane transverse deformation co-ordinate is plotted as a function of time for the
same value of the angular velocity. It is clear from this figure that the results obtained
using the NFM lead to a lower oscillation amplitude as compared to the other models.
Figures 22 and 23 show the numerical results obtained when the angular velocity is
increased to 1000 rad/s.

As demonstrated by the numerical results presented in this section, the stability of the
elastic modes resulting from the use of the effect of the longitudinal displacement caused
by the bending deformation leads to the stability of the rigid body modes. It can be
also demonstrated that the rigid body modes remain stable if the effect of the
longitudinal displacement due to the bending deformation is consistently neglected when
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Figure 19. R, displacement when the angular velocity ¢ = 1000 rad/s; key as Figure 18.
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Figure 20. Axial deformation when the angular velocity § = 200 rad/s; ——, LFM; - - - -, NFM; ——, NRFM.

1.4

N
=~

|
o
o

Qg (m x 107%)

Time (s)

A
=
—
x
E
S
! | ! |
0.00 0.08 0.16
Time (s)
Figure 22. Axial deformation when the angular velocity § = 1000 rad/s; ——, NFM; - - - -, NRFM
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Figure 23. In-plane transverse deformation due to angular velocity § = 1000 rad/s; key as Figure 22.
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Figure 24. R. displacement for CIM when the angular velocity § = 1000 rad/s.

both the inertia and elastic forces are formulated. This is the case that corresponds to the
consistent incomplete model discussed in section 9. Figures 24 and 25 show the reference
displacements R, and R, as functions of time when the angular velocity of the beam is equal
to 1000 rad/s. The results presented in these figures are obtained using the assumptions
of the CIM discussed in section 10.

16. SUMMARY AND CONCLUSIONS

In many investigations on the rotating beam problem, it was pointed out that the use
of geometric centrifugal stiffness in the inertia forces is necessary to obtain a stable solution
for the beam at high values of angular velocity. It is clearly demonstrated in this paper
that such an approach is not the only method which can be used to achieve beam stability
in a high range of the angular velocities. This important result was demonstrated using
simple beam models. A single-degree-of-freedom beam model was first used to examine
the effect of higher order terms in the inertia forces on the dynamics and stability of
motion of the beam. In this single-degree-of-freedom beam model, only the transverse
deformation of the beam is considered. A two-degree-of-freedom model was also
developed and used to examine the effect of the coupling between the axial and bending
displacements. Three different non-linear models were developed in this investigation.
The first model is the CCM in which the effect of the longitudinal displacement due to
bending is considered in both the inertia and the elastic forces. The second model is the
CIM in which the effect of the longitudinal displacement due to bending is neglected in
formulating both the elastic and inertia forces. The third model is the SIM in which the
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Figure 25. R, displacement for CIM when the angular velocity 6 = 1000 rad/s.
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effect of the longitudinal displacement due to bending is considered in the inertia forces,
but it is neglected in the elastic forces. The numerical results presented in this paper clearly
demonstrate that all the three models (CCM, CIM, SIM) lead to a stable solution as the
angular velocity of the beam increases. More significantly, these results show that it is not
necessary to include the effect of the geometric centrifugal stiffening term in the inertia
forces in order to obtain a stable solution for the rotating beam at higher values of angular
velocity. If this effect is consistently neglected in both the inertia and elastic forces in a
non-linear elastic model, the dynamic solution of the rotating beam equation remains
stable at high values of the angular velocity.

The equations of motion that govern the dynamics of rotating and translating beams
were also examined in this paper. The effect of longitudinal displacement caused by
bending deformation on the dynamics and stability of the rotating and translating beams
was discussed. It was shown that the reference translation of the beam increases the
stability limit when the effect of axial displacement is neglected. Several models were
developed and used to examine the effect of the coupling between the rigid body and
deformation modes of the rotating and translating beams. It was demonstrated by the
numerical results presented in this paper that the stability of the elastic modes leads to the
stability of the rigid body modes at high values of the angular velocity of the beam
reference. Stable solution of the elastic modes can be obtained by considering the effect
of the longitudinal displacement due to bending or by using the consistent incomplete
model. In both cases, the solution for the rigid body modes is stable regardless of the value
of the angular velocity of the beam.
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