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ABSTRACT
In this paper, two kinds of vibrations are considered for a composite Timoshenko rotor:
longitudinal-torsional vibration and two plane transverse one. The kinetic and potential
energies and virtual work due to the gyroscopic effects are calculated and the set of six
governing equations and boundary conditions are derived using Hamilton principle.
Differential quadrature method (DQM) is used as a strong numerical method and
natural frequencies and mode shapes are derived. Effects of the rotating speed and the
lamination angle on the natural frequencies are studied for various boundary conditions;
meanwhile, critical speeds of the rotor are determined. Two kinds of critical speeds are
considered for the rotor: the resonance speed, which happens as rotor rotates near one
of the natural frequencies, and the instability speed, which occurs as value of the first
natural frequency decreases to zero and rotor becomes instable.
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1 INTRODUCTION

INCE composite materials have the potential of the innovative and cost effective manufacturing technology,

they have attracted a lot of attention for thick or thin structures. A number of different elements of composite
structures such as aircraft wings, helicopter rotor blades, robots arms, bridges and structural elements in civil
engineering constructions can be idealized as thin- or thick-walled beams, which can be studied by considering
simpler governing equations. Zu et al. [ 1] have investigated the free vibration behavior of a spinning metallic beam,
where the classical theory of differential equations which couple flexural motions in both principal planes, but
ignores torsional deformation is used, with general boundary conditions. In another study, Zu et al. [2] considered
natural frequencies and normal moods for externally damped spinning Timoshenko beam with general boundary
conditions. Reis et al. [3] published analytical investigations on thin-walled layered composite cylindrical tubes,
concluding that bending-stretching coupling and shear-normal coupling effects will alter the frequency values. A
research was conducted by Gupta and Singh [4] on the effects of shear-normal coupling on rotor natural frequencies
and modal damping. Amongst all the investigators, it seems that Bert [5] is the first one who presented a simple
method for critical speed analysis of composite shafts by taking coupled bending-torsion composite beam theory
into consideration. Before long, Kim and Bert [6] used a more accurate shell theory for composite shaft and made a
direct comparison with the beam theory. In another attempt, Banerjee and Su [7] developed the dynamic stiffness
matrix for spinning composite beam by including bending-torsion coupling effects and then analyzed free vibration
characteristics. Chang et al. [8] published the vibration behaviors of the rotating composite shafts. In the model, the
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transverse shear deformation, rotary inertia, and gyroscopic effects, as well as the coupling effects due to the
lamination of composite layers have been incorporated.

In this paper, longitudinal-torsional and two plane transverse vibrations of a composite Timoshenko rotor are
investigated. Shear deformation, rotating inertia and gyroscopic effect are considered. Differential quadrature
method is employed and natural frequencies and mode shapes are derived numerically. Effects of the rotating speed
and the lamination angle on the natural frequencies are studied for various boundary conditions; meanwhile, critical
speeds of the rotor are determined.

2 THE GOVERNING EQUATION AND BOUNDARY CONDITION

As depicted in Fig. 1, a composite rotor rotating at a constant angular velocity is considered. The following
displacement field is assumed by choosing the coordinate axis x to coincide with the shaft axis [9]:

U(x,y,z,t)=U0(x,t)+zﬂy (x,t)—yﬂz (x,t)
V(x,y,z,t)zVO(x,t)—z¢(x,t) (1)
w (x,y,z,t):WO(x,t)+y¢(x,t)

where U, V and W are displacements of any point on the cross-section of the shaft in the x, y and z directions,
respectively; Uy, V), and W, are value of the U, V" and W on the shaft’s axis, while B, and f, are rotation angles of

the cross-section, about the y and z axes, respectively and ¢ is the angular rotation of the cross-section due to the
torsion deformation of the shaft.

Fig.1
Composite rotor.

The velocity of each point on the shaft can be stated as:

V=7 +Qx7F ()
In which
Q=0i 3)

Substituting Egs. (1) and (3) for Eq. (2), the velocity of each point on the shaft can be derived as:

_ (eu, OB,  op - (v, _o¢ - (oW o¢ _
Vel L4z —2L -y li 4| L2z L-QW,—yQ +| —L+y —+QV, -z Q¢ |k
( a a T a a o 0TV P H TS Y 02429 “)
Kinetic energy of the shaft can be stated as:
1 L
Ek:E“ApV.vdAdx )

where p is density of the shaft. Using Eqgs. (4) and (5), kinetic energy can be stated as:
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E, :llmj‘ [ J (6V0j +[6W°j JrQZ(WO2 +V; )+2Q(V W, OaV") dx
2 7y ot ot ot ot 6)
L, (o), o (B
+51”!K j + 02’ }d +—1 IH 5 j +(§j }dx

In which mass, transverse and polar mass moment of inertias of the rotor are defined respectively as:

_ _ 2 _ 2 _ 2 2 _ 7
=[ pda 1,=[ py’da=[ pzida 1,=[ p(y>+z*)d4 =21, Q)
For a composite rotor with k layers, these parameters can be calculated using following relations:
k k
_ 2 2 2 4 _ 4 4\ _
Im =7 Pn (R R;z 1) : ‘,pn (R ) Ip _E;:l P (Rn _Rn—l)_ZId (8)

n=l n=l

where p,,R, , and R are density, inner and outer radius of the n™ layer, respectively.
Applying the relation between stress and strain in the composite materials and strain-displacement relations in
the cylindrical coordinate, the potential energy of the rotor can be derived as [9]:

L 2 bo)
E, :lA11 (%j dx + B11 b (6/3’} dx +— kB66 (6475) dx +
2 e\ ox 2 o\ ox ox o\ Ox

L )
1 {2@%+ﬁ2%ﬁaﬂ ov, 9P, 8W06ﬂ:}dx+

v, } i
ox

Oox ox ox T ox  ox ox oOx Ox
In which the following axial, polar and transverse flexural rigidities are defined:

1 iov, Y (ow,Y
Ek (ASS +A66)I|:[ axoj +(§Oj

A, —ﬂZCnn( RL) 4,=23 3 20 (R =R.)
ZCW (R:-R>,) B chn (R!-R},) (10)

)11

_ ’ 2 2 _ r 4 4
6 — A n n— -5 n n ha-
Ag 5 Z:;Cee (R -R 1) B 5 Z:;,Css (R R 1)

and C; are the effective elastic constants of the n" layer which are introduced in Appendix A.
Also, the virtual work due to the gyroscopic moments can be considered as [10]:

W = IQ_[[ ’5ﬁ—ﬂ5ﬂJ (11)
Now, using Hamilton principle as:

o J +W —E, d =0 (12)
The set of governing equations and boundary conditions can be derived as:
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ox

U o’¢ U
6U0 :Allﬁ_'_kAlﬁax_Z_lm a 20 =0
o°U s
op kA, 8x20 +kB 6x¢j +1, ( ]
o il
&Q:lh4 ﬂ4w(Aﬁ+4Q P. aV -1,|Q W, 2 =0
2 ox Ox ox? ot ot
op, o’ 0 ow (50
1 o’ B. arV 14
&nﬁgkmsax k(A$+A“)[ o ax;]—lm(Q%g &0_759J:

1 oV ow, ap. B, ap. B,
&g;EkAm5;§+k(Aﬁ+A“)(ﬂ + j kAmik -B,, — peE Igzat I, &i =0
1 oW oV op, o’ B. 613 o’ p.
5ﬂz :EkAIGKZO_'_k(ASS +A66)( . x0j+kA16—} Bll o 2 » o d atz“ =0

x =L
oU
(AH——i+kAm§£j5Uo =0
Ox Ox o
ou,
k(366%+ j =0
ox
x=L
0
;{AAIG b _ ﬂ(w _o
2 Ox o (13b)
x =L
1B
k {—AIG +,B) ﬂé‘Wo =0
2 ox o
x =L
0
[B aﬁ += kAlG(ﬂ _Vy H(Sﬁ =0
L
0 1 ow,
|:Bu 5. kAls[ ]:|5ﬂ =0

x=0

Applying method of separation of variables as:

Uy(x,t)=Luy(x)e™ Vi(x,t)=Lvy(x)e™ W(x,t)=Lw,(x)e”

] f (14)
B (xst)=p,(x)e”  B(xit)=p (x)e”  §(x.t)=d(x)e”
where @ is natural frequency of vibration and also using following dimensionless parameters:
1, L°Q° I, L'o A A
é/:i 7/2: m 22 =im i o= 16 aSSZi
L All All AllL All (15)
A B B 1
Qs = — B = - Pes 1 622 Hy e H, = =24,

IL2

In which L is the length of the rotor, dimensionless governing equation and boundary conditions can be rewritten
as:
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a’zu0 d?

dé’z +ka16?—/12u0 =0
d*u d’¢
ko dé,o"'kﬂsﬁ ac +2ﬂd7¢ 2;Udﬁ¢ 0
d? 2
ko ﬁzv +k(a55+a66) 4P _d V20 _72V0—27/1W0+/12V0=0
2 de d¢ dg (16a)
2
—k;!mc;fz a55 a%( b, dW J YW+ 20+ Aw =0
ke, d% dzﬂ
216 dgo a55+a66 (ﬂ‘ + (o2 dé/ B — 4,2 + 21, Y20, +,udﬂ ﬁ =0
ka, d*w dv d’p.
2”’ dg”zo a55+aﬁﬁ)(ﬂz — ——p, —= i 24,928, + 1, A° 5. =0
duy kam%:O or u, =0
g 5§
Bos ¢ 16_:00r $=0
d¢g d¢&
d
% dﬂy —(a55+a )((2‘)0 ﬁZ]:O or VOZO
> d (16b)

alédﬂ (ass—i—aéé){—;};-i-ﬂy):O or WOZO

2 d¢
ﬁy k oy _dv_o _ _

ﬂ”E‘FT[ﬂZ dé’J_O or ﬂy =0
dp. ko dw

ﬂ”dé’ 5 (ﬂy+d§J 0or B.=0

As shown in Eq. (16), the coupled longitudinal-torsional vibrations and coupled two plane transverse vibration
occur separately.

3 DIFFERENTIAL QUADRATURE METHOD (DQM)

The differential quadrature method is based on the idea that all derivatives of a function can be easily approximated
by means of weighted linear sum of the function values at "N" pre-selected grid of points as:

AT <3aly, (17)

where 4 is the weighting coefficient associated with the #” order derivative given by [11]
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oy (18)

N
(e, -x,)  i=j=123..N

(r) @ -

A, =A. A. 2<r<nN -1

7 7 7
In this paper, for simplifying, following notations are considered:
A4=4" B=4". (19)

Distribution of the grid points is an important aspect in convergence of the solution. A well-accepted set of the
grid points is the Gauss—Lobatto—Chebyshev points given for interval [0,1] as:

LY I LG L4 | P (20)
=5 = 2,3,.N.

4 DQM SOLUTION
4.1 Longitudinal-torsional vibration

Using Eq. (17), the set of governing equation for longitudinal-torsional vibration can be written as:
[Kh]{p}zﬂ,z[Mh]{p} (21)

where

[B] ko [B] I 0 {u,}
_ {k% [B] kA [B]+2ﬂm} ] :[o zuj i { {9) } 22
and boundary conditions can be modeled as:
7. ]{p} ={0 (23)

where matrix [T y ] is presented in Appendix B for various boundary conditions.

4.2 Transverse vibration

Using Eq. (17), the set of governing equation for transverse vibration can be written as:
([K,]+/1[C,]+/12 [M,]){q}:{o} (24)

where
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—k (a5 +ag)[B]-71 [0] 0.5k s [B] k (s + g )[4]
K,]- [0] —k (ass +ag ) [B]-71 —k (a5 + 0 )[4] 0.5k o4 [B]
! 0.5k o [B] k (a5 + o )[4] k (ass+a ) =B, [B] —k o [A]
—k (o5 + 0 )[4] 0.5k o [B] kag[A] k (ass+a )l =B, [B] 25)
[o] -2y [o] 0] (o] [o] o] {{Vo}}
_[2r[o] - [o] 0] _[[o] 7 [o] [o] o
o) o o 2w | P o) w7 | s
[o] [0 2wyt 0] [o] [o] [o] w1 {8}
and boundary conditions can be modeled as:
7. l{a} = {0} (26)

where matrix [T . ] is presented in Appendix B for various boundary conditions.

Let us divide grid points of solution into two groups; first and final points as boundary points (5) and others as
domain ones (d). The equations of motion should be written only for the domain points [12]; thus Egs. (21) and (24)
should be rewritten as:

(K, [{p}=2*[M, |{r} (27a)
(&, J+A[C, ]+ #[M, ]a} =0} (27b)

In which, bar signs show the corresponded truncated non-square matrices. Eqs. (27a) and (27b) may be
partitioned in order to separate the boundary and domain components as [12]:

LA AR AR AR e
(& 4a), +[£. ], ta), +2([C. ] o), +[C ] tah, )+ 2 (02,1 b, +[07., fa), )= (o) )

and in a similar manner, Egs. (23) and (26) can be written as:

[7.],Ap}, +[T ] Ap}, ={0} (29a)
[7.], {a}, +[7. ], a}, =10} (29b)
Using Eqs. (28) and (29), following eigen values equations can be derived:

[k, ){p}, =22 [m, ){p}, (30a)
[k a}, +Ale. Ha}, +4°[m ]{a}, ={0} (30b)
In which

[k”]z[lfh] _[Elf]b Tlr]_] T, ] [m,t =[A/_[ ] _[M/J [T ]_I[Tlf]a’ 31)
[k1=[& ], -[K ]I ), fe=[C ] -[C ] [n]=[a, ] [ ] [r] 7],

Unlike Eq. (30a), Eq. (30b) is not a standard eigen value equation and can be converted to a standard one as:
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o el b -

5 EXACT SOLUTION

In order to be able to validate the proposed numerical solution, an exact solution for a specific case is presented. For
a rotor with immovable supports, an exact solution can be found for longitudinal-torsional vibration. According to
Eq. (16b), for longitudinal-torsional vibration following spatial functions can be considered for a rotor with
immovable supports:

u,()=4, sin(mng) ¢(¢)=B, sin(nxg) (33)

Substituting Eq. (33) into the Eq. (16a), following relation can be found for A :

‘mn

2,2 2 2.2
m T +A, n ko

0 34
m’mkay,  kBn’n’ +2u, (}“jm _72) 34

6 NUMERICAL RESULTS AND DISCUSSION

In all of the numerical examples, a rotor made of Boron-Epoxy with the following properties is considered [13]:

E, =146.85Gpa E,=E,=11.03Gpa G, =G, =621Gpa G, =3.86Gpa
v, =0, =0.28 v, =05 p=1578Kg /m*

Table 1
First six longitudinal-torsional and transverse frequencies of a clamped-clamped rotor.

Longitudinal-torsional

DQM 1.927018 3.141813 3.86278 5.796597 6.283627 7.729931
Exact 1.927377 3.141813 3.863499 5.797675 6.283627 7.731365
(m=0,n=1) (m=1,n=1) (m=0,n=2) (m=0,n=3) (m=2,n=2) (m=0,n=4)
Transverse (Forward modes)
DQM 0.541546 1.181134 2.065827 3.133866 4.337743 5.645814
Transverse (Backward modes)
DQM 0.243661 0.888069 1.778292 2.851663 4.060101 5.371739

Also dimension of the rotor are considered as [9]:

h,, =01321lmm D, =12.69cm L =247Tm

and shear correction factor is considered as &k  =0.503 [9]. Consider a rotor made of 10 layers with lamination

angle € =45. Table 1. shows the values of the first six longitudinal-torsional and transverse frequencies of a
clamped-clamped rotor rotating with the angular velocity y =0.15. Number of grid points is considered as N =15.

Also, exact results obtained by Eq. (34) are presented in this table. As shown, results with high accuracy can be
obtained; this table also confirms an evident conclusion that transverse frequencies are smaller than longitudinal-
torsional ones. It indicates that rotor is more flexible in transverse deflection in comparison with longitudinal and
torsional displacements. Also corresponding longitudinal-torsional modes are depicted in Fig. 2. There is an
agreement between the modes obtained by DQM and corresponding values of m and n presented in Table 1., which
confirms the accuracy and versatility of the proposed solution.
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Fig.2
Corresponding longitudinal-torsional modes.

In what follows, a rotor made of 10 layers as [«9/ —9]5 is considered. Fig. 3 shows variation of the first three

longitudinal-torsional frequencies of a clamped-clamped rotor versus rotating speed (Campbell diagram) for various
values of the lamination angle and similar diagrams are depicted for clamped-free one in Fig. 4. As depicted in these
figures, all frequencies decrease as value of the rotating speed increases. For both longitudinal-torsional vibration
and two plane transverse one, two kind of critical speeds are considered for the rotor; the resonance speed (7, ),

which happens as rotor rotates near one of the natural frequencies, and the instability speed ( y,, ),which occurs as

value of the first natural frequency decreases to zero and rotor becomes instable. Both resonance rotating speed and
instability one are detectable in these figures.

e S ;
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Fig.3

Campbell diagram for the first three longitudinal-torsional frequencies of clamped-clamped rotor.
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Campbell diagram for the first three longitudinal-torsional frequencies of clamped-free rotor.

Figs. 5-8 show the variation of the first four backward and forward transverse frequencies of a clamped-clamped,
clamped-simple, simple-simple and clamped-free rotors, versus rotating speed for various values of the lamination
angle.As shown in these figures, for a non-rotating rotor, the value of the forward frequencies (ascending lines) and
backward ones (descending lines)are the same; but because of gyroscopic effects, as the value of the velocity of spin
increases, forward frequencies increase and backward ones decrease. These figures also show the line of
synchronous whirling; intersection of this line with the Campbell diagram determines the critical speeds, which

should be avoided.
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Campbell diagram for the first four transverse frequencies of clamped-clamped rotor.
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Campbell diagram for the first four transverse frequencies of clamped-simple rotor.
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Campbell diagram for the first four transverse frequencies of simple-simple rotor.
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Campbell diagram for the first four transverse frequencies of clamped-free rotor.

Also for =40 and y =0.05, the corresponding first two forward and backward modes are depicted in Figs. 9

to 12 for clamped-clamped, clamped-simple, simple-simple and clamped-free rotors, respectively.
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Fig.9
Corresponding modes for the first two transverse modes of clamped-clamped rotor with € =45 and y =0.05.
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Corresponding modes for the first two transverse modes of clamped-simple rotor with & =45and y =0.05.
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Corresponding modes for the first two transverse modes of simple-simple rotor with §=45and y =0.05.
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Corresponding modes for the first two transverse modes of clamped-free rotor with # =45 and y =0.05.

Figs. 13 and 14 show the variation of the longitudinal-torsional and transverse critical speeds versus lamination
angle. As these figures show, for both kind of vibrations, both resonance and instability speeds increase as the value
of the lamination angle grows from 0 to near 60° and then decrease as value of the lamination angle grows from near

60" to 90°. It should be noted that in order to be able to see variation of the critical frequencies for all boundary

conditions, all of them are divided to the corresponding values of € =0; in other words I’ =y, /7, (0=

Fin =yin /}/M(HZO)
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Fig.13
Variation of the longitudinal-torsional critical
versus lamination angle.
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Variation of the transverse critical speeds versus lamination angle.
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7 CONCLUSIONS

Using Hamilton principle, the set of governing equations and boundary conditions of longitudinal-torsional and two
plane transverse vibration analyses of a composite Timoshenko rotor were derived and solved numerically by DQM.
Comparison between obtained numerical results and exact solution which was proposed for a special case,
confirmed the accuracy of the proposed solution. Numerical results showed that for longitudinal-torsional vibration,
all frequencies decrease as the value of the rotating speed increases. Moreover, for transverse one, for a non-rotating
rotor, the value of the forward and backward frequencies are the same. Owing to gyroscopic effects, however, as the
value of the velocity of spin increases, forward frequencies increase and backward frequencies decrease. Numerical
results showed that for both longitudinal-torsional and transverse vibration, all natural frequencies and therefore
both resonance and instability critical rotating speeds increase as value of the lamination angle grows from 0 to near
60" and then decrease as value of the lamination angle grows from near 60° to 90°.

APPENDIX A

As said in Eq. (10), C;, are the effective elastic constants of the »” layer which connect components of stress and
strain as:

c, ¢, o0 o0 cC/.lle
Ooo ¢, C, C; 0 0 Cj
o C, C,; C; 0 0 Cilje

.| . (A1)
T,.9 0 0 0 C, Cs O 7ro
Txr O 0 0 CA:S CS’S O }/xr
TXH C]’() CZ’G C3’6 0 0 Cf:f)_ 7){9

These constants are related to the elastic constants of principal axes (C; ) and lamination angle 6 as [14]:

C), =C, cos*0+2(C,, +2C )sin® fcos’ +C,, sin* 0
Cy =(C,,—C,, —2C)sinfcos’ 0 +(2C, +C,, —C,, )sin’ Gcos &

(A.2)
C!l,=C,cos’0+C,,sin* 0
C. =(C, +C,, —2C,, —2C, )sin® Ocos’ O +C (sin4 0+ cos’ 6’)
Also elastic constants of principal axes can be calculated using following relations [14]:
1_0223 Ui + 0305 1_013031
Ch =m Cp zm Cy =m Cu=Gy Ci5=G; Cy=G,
(A3)
A= 1- D1yUy — U35y — U505 — 2‘)21')32013
E1E2E3
APPENDIX B

For longitudinal-torsional vibration, the matrix of boundary conditions appeared in Eq. (23) can be defined for
clamped (C), simple (S) or free (F) conditions as:

© 2016 IAU, Arak Branch



433 M. Irani Rahagi et al.

CC,CSorSS CF

5, i=Lj=L...,N
4, i=Lj=L..,N 51(/71\,) i=2,j=N+L...,.2N

51(‘/.7N) i=2,j=N+L....2N Ay i=3j=1....N
[T”]: Sy, i=3,j=L..,N [sz]: kamAN(ij) i=3,j=N+1,..,2N

5N(i—N) i=4,j=N+L...,.2N a,dy, i=4,j=1L..,N
0 else ﬁﬁﬁAN(iiN) i=4,j=N+1...,2N

0 else

and for transverse vibration, the matrix of boundary conditions appeared in Eq. (26) can be defined as:

cC CS
4, i=1j=1...,N
8w i=2,j=N+1...,2N
4, i=1j=1...,N (—2N) i=3,j=2N+1,...,3N
Sy 1=2j=N+L..2N ) i=4,j =3N +1,...,4N
Goavy 1 =3J=2N +1....3N Sy, i=5j=L..,.N
(o) =4 =3N +1., 4N Syiyn) i=6,j=N+1....2N
[r.]=1 & i=5j=1..,.N [T,]=1 -05kaA,, i=7j=1...,N
Syyx) =6 =N+1..,2N Bidywy  1=T.0 =2N +1...3N
(2w i=7,j=2N +1,...,3N O.Skamd\,(/.fw) i=7,j=3N +1,...,4N
o) =87 =3N +1,...,4N 0.5k Ay, 0=8,j=N+...2N
0 else —O.Skamé‘N(jfm) i=8,j=2N +1,...,3N
BiAy () i=8,j=3N +1....4N
0 else
SS CF
6, i=Lj=1...,.N 6, i=Lj=1...,N
Son) i=1j=N+1,..,2N ) i=2,j=N+1...,2N
~0.5k a4, i=2j=1...N o) i=3,j=2N+1...,3N
BuAy,ayy 1 =2J=2N+1,..,3N o) i =4,j =3N +1,...,4N
0.5k ats8y; 5y =3, =3N +1...4N —(a5s + g ) Ay, i=5j=1...,N
~0.5ka Ay, i=3j=N+1..,2N 0.5a Ay yy i =5j=2N+1,...,3N
-0.5k a0y, 4y 1=4,j=2N +1...3N (@55 + ) Sy vy 1 =57 =3N +1..,4N
Bidy, sy i =4j =3N +1..,4N ~(as+ay)dy, =6 =N+1...2N
[1,]= 8y i=5j=1..,N [T, 1= (s + s )0y, oyy =67 =2N +1....3N
Sy(so) i=6,j =N +1,....2N 0506y y)  0=6,j =3N +1,..,4N
0.5k a4, i=7,j=1...,N ~0.5k o4, i=7,j=1..,N
Bidyiayy =T =2N +1,..3N By i=7,j =2N +1,...,3N
0.5k e,y yyy i =Tj =3N +1,...,4N 0.5k e, Sy sy 1 =T.j =3N +1,...,4N
~0.5ka Ay v, i=8j=N+1..,2N ~0.5ka Ay y)  i=8,j=N+1..,2N
0.5k a8y, py) §=8,j =2N +1,...,3N 0.5k a8y, pyy 0 =8,j =2N +1,...,3N
Biy ey P =8,J =3N +1,..,4N By ) i =8,j =3N +1,...,4N
0 else 0 else
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