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A distributed transfer function synthesis is developed for modelling and analysis of rotor
systems assembled from multiple flexible and rigid components. The method delivers highly
accurate and closed-form analytical solutions, and is capable of treating non-self-adjoint
effects, general boundary conditions and multi-body coupling. It is shown that the proposed

method provides a useful analysis tool for many problems in rotor dynamics.
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1. INTRODUCTION

Complex rotor systems have broad industrial applications, such as steam and gas turbines,
turbogenerators, reciprocating and centrifugal compressors, internal combustion engines,
and grinding and milling machines. Flexible rotating shafts are employed in those
machines for efficient power transmission, high speed transportation, or cost-effective
operation. The vibration of those flexible components is therefore a major concern in
optimal design of complex rotor systems.

The vibration of flexible rotating shafts has been extensively studied in the past [1-8].
Various numerical methods of analysis have been developed, including the Rayleigh—Ritz
method [4], direct stiffness method [6], assumed modes method [9], Galerkin method
[10, 11], modal synthesis method [12], transfer matrix method [5, 8], and finite element
methods [13-15]. Parallel to numerical methods, analytical techniques have also been
developed by many researchers. The classical boundary value method is applied to study
the natural frequencies and normal modes of rotating Timoshenko beams [16, 17], and the
critical speeds of rotating flexible shafts [18, 19]. A generalized modal analysis based on
a state—space formulation provides the closed-form transient response of a rotating flexible
shaft under various excitations [20]. A generalized displacement method is adopted to
estimate the eigensolutions of a rotating stepped beam [21]. Transfer matrix analysis using
distributed elements yields the steady state response of stepped flexible rotors [5], and a
rotating Timoshenko beam carrying rigid thin disks [22].

Although the finite element method has been a standard structural analysis tool,
analytical methods are always desirable because they deliver accurate results, are
numerically efficient, and provide deep physical insight into the problem. This is especially
true for rotor systems with extremely flexible rotating shafts, as has been noted by many
researchers [1, 3, 5, 7]. However, most analytical methods are only valid for fairly simple
rotor systems. Exact and closed-form analytical solutions for multi-body, branched flexible
rotor systems are not available.
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The objective of this study is to develop a closed-form analytical solution method,
namely the Distributed Transfer Function Synthesis (DTFS), for accurate modelling and
dynamic analysis of complex flexible rotor systems. The concept of distributed transfer
functions was introduced by Butkoviskiy [23], and has been applied to non-rotating flexible
structures [24, 25]. The current investigation is not a simple extension of the previous
distributed transfer function modelling; it deals with several practical and difficult issues in
rotor dynamics, including non-self-adjoint effects of gyroscopic, damping and circulatory
forces, coupling of rotating flexible shafts and lumped components, unbalanced masses,
whirling motion, critical speeds, and anisotropic bearings/supports. These issues
distinguish the modelling and analysis of a complex flexible rotor system from that of a
non-rotating structure, and have limited the utility of many conventional solution
methods. Obviously, the development of a closed-form analytical method for complex
flexible rotor systems is not a trivial task.

The proposed DTFS is unique in that it combines the high accuracy of analytical
solutions, and the versatility of finite element analysis in treating multi-body coupling and
general boundary conditions. For instance, consider the hypothetic rotor system in
Figure 1, which is an assembly of multiple flexible rotating shafts with mounted rigid disks,
constrained by bearings, and coupled by gears and inter-shaft bearings. In the DTFS, the
rotor system is first decomposed into a number of distributed and lumped components by
nodes at which the components are inter-connected. The response of each flexible shaft
component is then expressed by exact and closed-form distributed transfer functions in
terms of its nodal displacement parameters. As such, a multi-body, branched rotor system
is conveniently assembled from these components by imposing force balance at the nodes,
leading to a global dynamic equilibrium equation. Solution of the dynamic equilibrium
equation yields accurate prediction of the system response at every point.

The DTEFS is different from existing methods in several aspects. First, without
discretization or approximation, the DTFS delivers exact and closed-form solutions for
a large class of complex flexible rotor systems. Second, unlike standard series solution
methods, the DTFS does not need to select specific comparison or admissible functions
for particular boundary conditions and shaft models. Third, compared to the transfer
matrix method, the DTFS is more convenient in dealing with multi-body and branched
structures, and avoids the difficulty in determining transfer matrices for systems with
non-self-adjoint gyroscopic, damping and circulatory forces. Additionally, the DTFS-
based analysis involves a minimum number of unknowns because a flexible shaft
component is not to be further divided into smaller elements. These features make the
proposed method attractive and practical in engineering analysis.

The remainder of the paper is arranged as follows. The transfer function modelling of
distributed and lumped components is given in section 2 and the distributed transfer
function synthesis is presented in section 3. The DTFS is applied to various dynamic
problems in section 4, and illustrated by three numerical examples in section 5.

2. MODELLING OF DISTRIBUTED AND LUMPED COMPONENTS

A complex rotor system is composed of multiple distributed and lumped components
such as flexible rotating shafts, rigid disks, bearings, and gears; see Figure 1. In this section,
these components are modelled by transfer functions in the Laplace transform domain.

2.1. UNIFORM FLEXIBLE ROTATING SHAFT
For the uniform flexible rotating shaft in Figure 2, its transverse displacements u(z, t)
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Figure 1. A hypothetic complex rotor system: C,—coupling of nodes 4 and 5 by the inter-shaft bearing;
Cr—coupling of nodes 7 and 9 by the gear pair.

and v(z, t) described in a fixed co-ordinate system oxyz are governed by the partial
differential equations

0*u(z, 1) v(z, 1) 0*u(z, 1) Qlu(z, 1) )
EI 0z - 2p[.Q 022 0t - pl 022 012 + pA o _f\ (Z» Z)a (ld)
0*v(z, 1) Fu(z, t) 0*(z, 1) vz, 1)
EI ozt + 2pIQ 022 0t pl 022 012 + pA or =/ (z,0), 0<z<L, (Ib

with arbitrary boundary conditions specified at its two ends, nodes i and j. Here p, E, A4,
I and Q are the density, Young’s modulus, cross-section area, moment of inertia and
rotation speed of the shaft, respectively, and f, (z, t) and £, (z, t) are the external forces.
The internal shear forces and bending moments of the component are given by [26]

. OPu(z, 1) 0(z, 1) Pu(z, 1)
Fe(e, t) = —pl =5 = 201Q =5 5 + El—=5 5, (22)

Figure 2. A uniform flexible rotating shaft.
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B 0*v(z, 1) 0*u(z, t) 631)(2 1)

Foe )= =pl =550 + 201257, PR (2b)
2

Moo= E B o= - TS, (2c.d)

Laplace transform of equations (1) with zero initial conditions gives

4. 25
el “5(24 ) _ 25105 ° Lg; D _pre “(Z D | pasiCzs) =T, (o), (3a)
4= 2

P AER) u@(;: s) 2pIQs ik u(z 5) pls? 0 va(;, s) pAs?B(z, s) =T, (2, 5), (3b)

where the over-bar denotes Laplace transformation with respect to time, and s is the
complex Laplace transform parameter. Equations (3) are cast into the spatial state—space
form

% N(z, s) = F(s(z, s) + v(z, s), 0<z<L, %

where the state—space vector n(z, s) and the force vector v(z, s) are given by

_ o i i _ o6 o |
TI(Z,S)Z{“ % 2 7 V% o azs}’ (5a)
v(z,8)=1{0 0 0 A /EI 0 0 0 7 /EL, (5b)

and F(s) is an eight-by-eight state—space matrix consisting of the shaft parameters and s.
Also, the boundary conditions can be written in the matrix form

My (0, 5) + Ny n(L, 5) = y(s), (6)

where y(s) is the vector of boundary disturbances, and the entries of the matrices M, and
N, can be easily changed to assign different boundary conditions. The solution to the
state—space equation (4) with the boundary conditions (6) is [27]

n, s) = f G(z, & s)o(E, 5) dS + Hz, $)1(s), (M

where the distributed transfer functions G(z, &, s) and H(z, s) of the shaft component are
in the exact and closed form

_ JH(z, )M, eV, &<z,
G(z,¢&,5) = {—H(z, S)N, eOE=9 &> 2 (8a)
H(Z, S) = CF(S)Z(M;) + N[, eF(S)L)_l. (8b)

Define the displacement vector and internal force vector of the shaft by
a(z,s) = {i(z,s) 0.(z,s) o(z,s) 0,(z,9)}", (9a)
and

6(z,s)={F.(z,5) M.(z,s) F,(z,8) M,(z,s)}, (9b)
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where 0, (z,s) = —06/0z and 0, (z, s) = 0i1/0z are the rotation angles of the shaft about
the x- and y-axes, and the elements of o(z, 5) are the Laplace transforms of the internal
forces in equations (2). It follows from equations (2) and (9) that

a(z, s) = E, (z, s), o(z,s) = E, s(z, 5), (10a, b)

where E, is a 4 x 8 constant matrix whose elements are 0 and +1, and

0 —pls? 0 EI 0 —2pIQs 0 0

0 0 0 0 0 0 EI 0
E®=110 2 0 0 0 —pl¢ 0 EI

0 0 —EI 0 0 0 0 0

One key step in the distributed transfer function modelling is to express the response
of the shaft by its displacements at nodes i and j. Define the nodal displacements vectors

o (s) = a(0, s), o; (s) =a(L,s). (11)

Treat the nodal displacements as boundary disturbances by setting

¥(s) = (Z; 8) (12)

and form appropriate boundary matrices M, and N, in equation (6). By equations (7), (10)
and (12), the displacements and internal forces of the shaft are expressed by

<Zg g) = |:EE(S):| L G(z, ¢, (S, 5)dE + [Efgs)]H(z, s)<z; 8) (13)

Hence, the displacements and internal forces at every point of the shaft are completely
determined once the nodal displacements are known.

The above modelling technique is not limited to Euler—Bernoulli beams. Rayleigh and
Timoshenko beam models counting on rotary inertia and shear deformation can also be
easily cast into the same state—space form, equation (4), and this is done by simply
changing the entries of the matrices F(s), M, and N,. Also, torsional and longitudinal
deformations, internal/material damping, distributed constraints (e.g., elastic foundation)
can be modelled without any complication in analysis. Indeed, for different rotating shaft
models under arbitrary loads and boundary conditions, the distributed transfer function
modelling has the same formula, equation (7), and does not require specific derivations.

2.2. NON-UNIFORM FLEXIBLE ROTATING SHAFT

If the geometric and material parameters of a flexible shaft are dependent upon the
spatial co-ordinate z, the state—space matrix in equation (4) becomes a function of z,
namely, F'= F(z, s). In this case, the distributed transfer function solution, equation (7),
is still valid if the exponential matrix e in equation (8) is replaced by the fundamental
matrix ®(z, s), which is the solution of

% ®(z,5) = F(z, s)D(z, s), ®0,s)=1. (14)
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Figure 3. Rigid rotating disks: (a) thin and (b) thick disk.

One accurate and efficient way to determine ®(z, s) is the step function approximation
given in reference [28]. The non-uniform shaft is approximated by n, serially connected
uniform shaft segments A, = (zx-1,2zc), k=1,2,...,n,, where the nodes z, are such
that 0 =z < z; < - - - < z,, = L. Within the kth segment, the fundamental matrix is of the
form

®(z,5) =etWC-2-0D, ze A, (15)

where F, (s) = F(zx_1/2 + z:/2, s), and Dy is a constant matrix to be determined. At node
zr, where the segments 4, and 4, ., are inter-connected, force balance and displacement
continuity leads to

Dz +0,5) =T (5)P(z — 0, 5), (16)

where T} (s) is a constant matrix consisting of the geometric and material coefficients of
the shaft. Through connection of all the segments, the matrices D, are obtained as

k—1
D, =I, D, = 1_[ ]W/(S)eﬁ(’v)(:fiz”l), k=2,...,l’l.\-. (17)

j=1

Thus, by equations (15) and (17), ®(z, s) at any z is completely determined. The response
of the non-uniform shaft can then be estimated by equations (7) and (8), with e replaced
by ®(z, 5). Moreover, a response-nodal displacement relation similar to equation (13) can
be established.

The above modelling is exact if the physical system in consideration is a stepped flexible
shaft.

2.3. RIGID ROTATING DISKS

In Figure 3(a) a rotating rigid disk of negligible thickness is subject to external forces
F, and F, at its center and external force moments M, and M, (not shown in the figure).
The displacements u and v at the disk center and the disk rotations 60, and 6, are governed
by

F. (1) = mp (1), F, (t) = mpi(2), (18a, b)
and

M (1) =In 0. (0) + 1p- R0, (1), M, (1) = In. 0, — Ip. Q0. (1), (18c, d)
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where my, is the disk mass, and I, and Ip. are the mass moments of the disk about the
x- and z-axes. Laplace transform of equation (18) leads to the force-displacement relation
for the disk,

F, My s* 0 0 0 i i

M,\» O ID,\ SZ 0 ID; QS g\, g,\» (19)
F| = 0 0  Mys® 0 g | ~KG |

M, 0 —In.Qs 0  Ips 0, 0,

In Figure 3(b) a rotating rigid disk of thickness /4 is connected to two flexible shaft
segments at two sides z = z; and z,. The thick disk can also be used as a model for rigid
rotors. In the Laplace transform domain, let the displacements and internal forces of the
shafts at the disk-connecting points be i(z;, 5), 5(z:, 5), 0, (z;, s) and 0, (z;, s), and F, (z, ),
F, (zi,$), M, (z;,s) and M, (z;, s), i = 1, 2. Force balance of the disk yields

F.(z1,8)+ F. (22, 8) = mp <szﬁ(zl, s) + %sza (z1, s)>, (20a)

o=

F, (zi,5) + F, (z2, 5) = mp <szﬁ(zl, s) — =570, (z1, s)>, (20b)

M, (z1,8) + M, (z2,8) + 5 F, (21, 5) — % F, (z2, 8) = Ip, 5°0, (z1, 8) + Ip. Qs0, (z1, 5), (20c)

M, (z1,5) + M, (22, 5) —

IS ol

F.(z1,5)+ %F (22, 8) = Inc 5705 (21, 5) — Ip: Q50 (21, 5), (20d)

where the parameters mp, Ip, and Ip. have the same meaning as those in equations (18).
According to equations (2), the internal forces can be expressed in terms of the shaft
displacements and their spatial derivatives. In other words, the displacements and internal
forces at z = z, are related to those at z = z; by

o(zi,8) | _ oz, s)
|:0'(Zz, S):| - d (S)|:a(22’ s):|s (21)
where o and ¢ have been defined in equations (6), and K, (s) is a matrix consisting of the
coefficients in equations (2) and (20).

2.4. BEARINGS

Bearings and seals are commonly modelled by a set of linear springs and dampers, as
shown in Figure 4(a) where k.., k., k,, and k,, are spring coefficients and c¢,., ¢,,, ¢,» and
¢,y are damping coefficients. For such a model, the s-domain constraint forces applied to
the connecting shaft by the bearing are expressed by

f. (s) = — K (s)a(s), (22)
where
F. i kow+exs 0 ky4cys 0
M, 0, 0 0 0 0
f.(s) = _ , os) = ’ , K, (s)= )
© F, ) G Y= e 0 ks 0
M, 0, 0 0 0 0
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with i, 7, 0, and 0, being the transverse displacements and rotations of the shaft at the
bearing location. The modelling herein is also valid for fluid film bearings whose stiffness
and damping coefficients are functions of the rotating speed @ [3].

The bearing model shown in Figure 4(a) only describes the radial forces of the bearings.
This is because the shaft model, equations (1), is a Euler—Bernoulli beam, i.e., infinite
torsional stiffness has been assumed. The K, (s), however, can be modified to include
couples or tangential forces of the bearings. In that case, torsional deformation of the
flexible shaft should also be modelled, as discussed at the end of section 2.1.

In Figure 4(b), two co-axial rotors are linked by an inter-shaft bearing, where the inner
and outer rotors may have different rotation speeds. Let o, (5) and e, (s) be the vectors
of the displacements of the inner and outer shafts at the bearing—shaft connection
locations. By the bearing model given in Figure 4(a), the vector of the constraints forces
that are applied to the inner shaft by the bearing is of the form

f(» (S) = 7Kh (S) (ainner (S) — Qouter (S))a (23)

where K, (s) has been given in equation (22). The constraint forces applied to the outer
shaft by the bearing are expressed by —f. (s).

2.5. GEARS

Four flexible shaft segments (I, II, III and IV) are coupled by a pair of gears; see
Figure 5(a) where 1, 2, . . ., 6 are node numbers, and &, () is the nodal displacement vector
atnodej. A free-body diagram of the gears is shown in Figure 5(b), where 6, (s) and o5 (s)
represent the internal forces applied to the upper gear by segments I and II, respectively,
o; (s) and o5 (s) the internal forces applied to the lower gear by segments III and IV, and
q. (s) describes the action and reaction forces between the two gears. The o, (s), 65 (s) and
65 (s) are estimated by equation (13).

Physically, the gear coupling also causes action and reaction couples in the axial
direction. The couples are ignored in q. (s) because of the Euler—Bernoulli beam model of
the shaft segments. Like in the bearing modelling (section 2.4), those couples can be easily
modelled through consideration of the torsional deformation of the shaft segments.

(a) (b)

Figure 4. Bearings: (a) a spring-damper model and (b) an inter-shaft bearing linking two co-axial rotors.
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Figure 5. Coupling of flexible shafts by gears: (a) side view and (b) gear interaction.
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Force balance on the gears yields
My (s)on (s) = 65 (s) + 65 () —qc(s), M (s)as (s) = 65 (s) + 65 (s) + qc (5), (24a, b)

where the matrices M,, (s) and M, (s) characterize the inertial and gyroscopic effects of
the upper and lower gears, respectively. For the gears being perfectly coupled, their
kinematic relation is

os (5) = C, o (5), (25)

where C, is a non-singular constant matrix. Elimination of as (s) from equations (24) and
(25) gives

(M (5) + Mes (5)C)a (5) = 65 (5) + 65 (5) + 65 (5) + 065 (5). (26)

According to equation (13), ¢, (s) can be expressed by the displacements of segment I at
nodes 1 and 2. Likewise, 65 (s), 65 (s) and o7 (s) are expressible by the nodal displacements
of segments II, 11T and IV. Hence, substituting equation (13) into equation (26) leads to

Ko (s)a; (5) = £ (5), @7

1

i

I M=

where fr, (s) is the vector of transmitted forces at node 2, and the stiffness matrices K (s)
are composed of the elements of M, (s) + M,s (s)C, and distributed transfer functions of
the shaft segments. It is seen that the gears couple the displacements at all the six nodes.

3. DISTRIBUTED TRANSFER FUNCTION SYNTHESIS

In the previous section, the transfer functions of distributed and lumped components
have been derived. In this section, the complex system is assembled from its components
by the use of these transfer functions.

Assume that the complex rotor system is decomposed into a number of distributed and
lumped components that are inter-connected at n nodes. At node j, flexible shaft
components 4 (bounded by nodes i and j) and B (bounded by nodes j and /) are
inter-connected; see Figure 6. Also, at the node may be a bearing and a thin rigid disk
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Figure 6. Assembly of components at node j.

(not shown in the figure). The resultant constraint forces of the bearing and disk are
expressed by — K. (s)ay; (), where a; (s) is the nodal displacement vector of node j, and the
constraint matrix K. (s) can be obtained from equations (19) and (22). Let 64 (s) and 65 (s)
be the vectors of the internal forces applied at node j by components 4 and B, respectively,
and p,; (s) the vector of the pointwise external forces at node j. Force balance at the node
gives

6. (s) + 05 (s) — K (5)a; (5) + py (5) = 0. (28)

According to equation (13), the internal forces are of the form
6. (s) = —Ki¥ (s)ou (5) — K ()oy (5) + £, (29a)
65 (s) = — K () (5) — K (s)ou () + 17, (29b)

where the transmitted nodal force vectors f$) and f¢? are derivable from the first term of
equation (13), and the matrices like K from the second term. Substituting equations (29)
into equation (28) yields the dynamic equilibrium equation about node j:

K () (s) + (K7 (5) + K7 (s) + Ke () (5) + KIP (s)ou (s) = 15 + £ + py (5).  (30)

If component B is a thick disk, a force-displacement relation similar to equation (29b)
can be derived from equation (21). If at node j an inner rotor is connected to a co-axial
outer rotor by an inter-shaft bearing (Figure 4(b)), the constraint force vector — K. (s)a; (s)
in equation (28) is replaced by f, (s) in equation (23), in which &, (s) = &, (s), and as such,
the force balance at the node will involve an additional nodal displacement vector, o, ().
If a gear is located at node j, then by equation (27), force balance at the node will involve
the nodal displacements at six nodes. In any of the above cases, the dynamic equilibrium
equation at node j can be written as

K (s)au () + Kj ($)a; (8) + Ky (8)au () + -+ + Kj (5)a, () = q; (5), (31

where a; (s), o; (), o (5), . .., o, (s) are all the nodal displacements that are involved in
the force balance at node j, K (s) etc. are stiffness matrices derivable from equations like
equation (30), and q, (s) is the resultant of the transmitted nodal forces and pointwise
external forces.
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Force balance at all the n nodes and assembly of the resulting equations yields a global
dynamic equilibrium equation,

K(s)U(s) = Q(s), 32)

where K(s) is the global dynamic stiffness matrix of the complex system composed of
Ki(s), j,i=1,2,...,n, U@)={af(s) - al(s)}" is the unknown global nodal
displacement vector, and Q(s) = {q{ (s) - - - q/ (s)}” is the global nodal force vector. In the
above synthesis, no approximation or discretization has been made. Note that the
boundary conditions of the complex rotor system have been automatically imposed at
the component level; see equations (6) and (7). Thus, upon its formation, equation (32)
is ready to be solved.

4. DYNAMIC ANALYSIS

With the distributed transfer function formulation, the solutions to various dynamic
problems of complex flexible rotor systems can be obtained in exact and closed form.

4.1. EIGENSOLUTIONS
The eigenvalue problem of the complex rotor system, by equation (32), is
K(s)U(s) = 0. (33)
The eigenvalues /; of the complex system are the roots of the characteristic equation
det K(4;) =0, i=1,2,.... (34)

The eigenfunction or mode shape corresponding to the ith eigenvalue /; is obtained by
substituting the nontrivial solution U of the equation K(/;)U = 0 into equation (13). Note
that equation (13) also gives the modal stresses.

4.2. DYNAMIC RESPONSE DUE TO UNBALANCED MASS

A flexible rotor system has an unbalanced mass m, of eccentricity e at a node. The shaft
rotation induces a centrifugal force at the node whose x- and y-projections are

P =m, e Q*cos Qt, py=m, e Q*sin Qt. (35)

Assume that there are no external loads. Then, the Laplace transforms of p, and p, are
the only two non-zero entries of the nodal force vector Q(s) in equation (32). Write

<Z‘> = Im (y, &), Yo=m,e Qz<{> (36)

where J = ./ —1. Since, p, and p, are harmonic excitations, by equation (32), the vector
U(?) of the steady state displacements at all the nodes are of the form

U(t) = Im (E(JQ)y0 &™), (37

where Z(JQ) is obtained from proper partition of the inversed matrix K~ '(JQ),
corresponding to the positions of p, and p, in Q(s). The steady state response of a flexible
shaft component is obtained by substituting equation (37) into equation (13):

o(z, 1) =Im (A(z, Q) e’) = A, (z, Q) cos Qt + Ax (z, Q) sin Q1, (38)
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where a(z, ¢) is the time-domain displacement vector of the shaft component, the complex
matrix

A(z, Q) = E, H(z, JQ)n(JQ)0. (39)

Ar and A; are the real and imaginary parts of A(z, 2), respectively, and the matrix 7(JQ)
is composed of those columns of Z(JQ) which are related to the nodal displacements of
the shaft component. The internal forces of the shaft component can be similarly
determined.

4.3. WHIRLING MOTION OF UNBALANCED ROTORS

Consider the unbalanced flexible rotor analyzed in section 4.2. At point z (either a node
or an interior point of a flexible shaft component), the whirling motion (the transverse
displacements of the rotor geometric center) is described by

u(t) Ay By |[cos Qt

(v(l)) N |:A2 Bz:|<sin Qt>’ (40)
where A4; and B, are the elements of the matrices A; and Ay in equation (38). The whirling
is forward (backward) if the scalar triple product Qe;. (r(¢) x dr(¢)/dt) is positive
(negative), where r(7) = u(t)e, + v(t)e, is the displacement vector of the shaft geometric
center, and e,, e, and e; are the unit vectors of the fixed co-ordinate system oxyz. It follows
that the whirling motion is forward (backward) whirl if 4, B, — A, B is positive (negative).
This result is in agreement with what is given in reference [12] although the current study

adopts an exact and closed-form PDE model of the complex flexible rotor system for the
first time. Define a whirl direction indicator

p— sgn (Ale—Az B]), for A]BZ—AQ Bl #0, (41)
- 0, fOr A] Bz — A2 Bl = 0

The whirl direction of the rotor is therefore detected as follows:
forward whirl condition: Y =1, (42a)
backward whirl condition: Y=—1 (42b)
When ¥ # 0, the whirl orbit by equation (40) is an ellipse
ax® + 2bxy + ¢y* =1, (43)

where the coefficients a, b and ¢ are determined by

a b . Al B] 4 A] B1 - . 1 A22+B§ —AlAz—Bl Bz
b ¢| |4 B||4, B| =~ (4B —A4,B)| -4 4,— B B, A} + B} ’
When ¥ = 0, the trajectory of the rotor at point z becomes a straight line,

Ay x— A,y =0, for |x| <. /A? + Bi. (44)

The results obtained in this section differ from the previous ones in that without
discretization and approximation, the whirl direction and trajectory for a complex
rotor system of multiple flexible and rigid components at any location are precisely
predicted.
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4.4. CRITICAL SPEEDS

The critical speed of a rotor system is a specific rotation speed of the rotor at which
the amplitude of the system dynamic response peaks, or becomes substantially large. In
the following, two types of rotor systems are examined.

4.4.1. Undamped rotor systems
The characteristic equation of a complex flexible rotor system, by equation (33), is

det K(s; Q) = 0, (45)

where Q is a rotation speed parameter indicating that the eigenvalues of a rotor system
are dependent on its rotation speed. Because the rotor system is undamped, its critical
speeds coincide with its natural frequencies [4]. So, the critical speeds are the roots of the
equation

det K(+JQ: Q) =0, J=./—1, (46)

which is obtained by substituting s = +JQ in equation (45). The root +JQ (—JQ) relates
to forward (backward) critical speed.

4.4.2. Unbalanced rotor systems

The critical speeds of an unbalanced rotor system are determined based on its
steady-state response, equation (40). In this case, the rotor system can have arbitrary
damping. When ¥ # 0, the geometric center of the rotor system (point z) moves along
the elliptic whirl orbit described by equation (43); the whirl direction is determined by the
conditions (42). The long axis, 4,,, of the ellipse represents the largest rotor displacement
at point z, which, through co-ordinate rotation, is given by

A, = max{4(0,), 40 + 7/2)), (47a)
where
A(0) = {a cos’ 0 + 2b sin 0 cos 0 + ¢ sin” 0} ', 0y = Y arctan (2b/(a — ¢)),

and the coefficients, a, b and c¢ are given in equation (43). When ¥ = 0, the trajectory of
the rotor geometric center is a straight line. In this case, the largest displacement, by
equation (44), is

Ay=/A+ B+ 4+ B. (47b)

The critical speeds of the rotor system are the local maximum points of the 4,, — Q curve.

4.5. EXTERNAL HARMONIC EXCITATIONS
A pointwise external harmonic force of the form

P _ Jot _ B (w)
<]7}-> =Im (Xo € ), Yo = <ﬁ1 (w)>, (48)

is applied at a node, where o is the excitation frequency, and f. (w) and f, (w) are complex
and frequency-dependent amplitudes. Note that equation (36) is a special case of equation
(48) if w is replaced by Q. Following the steps in section 4.2, the steady state response of
the rotor system at any point is obtained as

u()\ _ [ A1 Bi|[coswt
(U(l)>_|:/12 BJ(Sinw[)’ (49)
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Figure 7. A uniform rotating shaft carrying a rigid thin disk.

where A4; and B; are similar to those in equation (40) although the excitation frequency
w does not have to be the shaft rotation speed Q. Following sections 4.3 and 4.4, similar
results about the whirling motion and critical speeds can be obtained.

For spatially distributed harmonic excitations of frequency w, the dynamic equilibrium
equation (32) becomes K(Jw)U(Jw) = Q(Jw). Substituting the nodal displacement vector
U(Jw) = K '(Jw)Q(Jw) into equation (13) yields an exact and closed-form prediction of
the frequency response of the complex rotor system.

Besides the aforementioned dynamic problems, the distributed transfer function
synthesis is also applicable to stability analysis and vibration control of complex flexible
rotor systems [23]. The DTFS presented herein has two special features. First, without
discretization, the method yields exact and closed-form solutions for various dynamic
problems. Second, the method is convenient and efficient for systematic modelling and
design of multi-body flexible rotor systems.

5. EXAMPLES

5.1. A UNIFORM FLEXIBLE SHAFT WITH A THIN DISK

A simply-supported, undamped, uniform flexible rotating shaft carries a rigid thin disk;
see Figure 7. The parameters of the rotor system are: L =0-4m, p = 7800 kg/m?,
E=2x10"N/m*, A=3142x10"*m? [I=7854x10"m*, mp=1647kg, Ip. =
9-427 x 10> kg . m?% I). = 0-1861 kg . m*. The first and second forward critical speeds of
the rotor are calculated by the DTFS using equation (46), and by an N-term Rayleigh—Ritz
model using sine functions. The results are listed in Table 1. It is seen that as the number
of terms N increases, the Rayleigh—Ritz prediction converges (from above) to that by the
proposed DTFS.

TABLE 1
Critical speeds (2..x) of the uniform flexible shaft—disk system (rad/s)
ch.l ch.l
N=2 2639 3235
4 263-4 307-9
. . 6 2597 307-4
Rayleigh—Ritz method ] 2582 307-1
10 2581 3066
12 257-0 306-5

DTFS 254-1 306-1
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Figure 8. A non-uniform flexible shaft-disk system.

5.2. A NON-UNIFORM FLEXIBLE SHAFT WITH A THICK DISK

In Figure 8, a simply-supported rotor system is composed of two identical tapered
flexible shafts of diameter d = 2/25 — (4/45)z, 0 < z < 045, and a rigid thick disk. The
moment of inertia (I = nd*/64) and cross-section area (4 = nd*/4) of the shafts are
functions of z, rendering the shafts non-uniformly distributed. Other parameters of the
rotor system are p=1, E=100, mp=3-1416 x 1073, I,, = 1-0472 x 1075, and
Ip. = 15701 x 1077, Here, all parameters are dimensionless. According to section 2.2, each
flexible shaft is modelled as a sequence of serially connected stepped shaft segments. The
first three critical speeds of the so-modelled rotor are listed in Table 2, where a fast
convergence of the distributed transfer function prediction is seen. The critical speeds
predicted by 2 x 9 shaft segments only deviate from those by 2 x 200 segments by less
than 0-73, 0-33 and 0-74%, respectively.

5.3. A DUAL FLEXIBLE ROTOR SYSTEM

In Figure 9, two coaxial flexible rotors of different rotation speeds are linked by one
inter-shaft bearing (Bearing 4). On each of the rotors are mountd two rigid thin disks.
This kind of dual system is commonly seen in gas turbines and compressors [5]. In the
literature, dual rotor systems have been studied by the finite element method [4]. In this
example, the DTFS is applied to obtain exact solutions for the dual rotor system.

The rotor system is decomposed into seven flexible shaft segments by nine nodes
Zo, Z1, - . ., Zs ; Se€ Figure 9. The bearings are modelled in section 2.4, and the inter-shaft
coupling is described in equation (23). The parameters of the rotor system are given in

TABLE 2
Critical speeds (2..x) of the non-uniform flexible shaft—disk system (n—number of shaft
segments)

n; Q. Q.n Qs
2x9 0-6521 6-0548 10-4289
2 x 18 0-6486 6:0696 10-3721
2 x 27 0-6479 6-0723 10-3612
2 x 45 0-6476 6:0736 10-3556
2 x 100 0-6474 6-0743 10-3531
2 x 150 0-6474 6:0744 10-3527
2 x 200 0-6474 6-0744 10-3526

2 x 250 0-6474 6-0744 10-3526
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Rotor 1 Rotor 2
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’ Disk 2
| Disk 1 Bearing 3 ,
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: Zg :
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O O O $
z, 4 2, g

Figure 9. A dual flexible rotor system.

Table 3. The first eight eigenvalues of the dual rotor system, calculated by the DTFS, are
given in Table 4. All the modes are stable (Re 4, < 0).

To investigate unbalanced response, assume that an unbalanced mass m, e = 1-0 kg . m
is at the location of Disk 2, node z,. Let the rotation speeds of Rotors 1 and 2 be 2, = Q
and Q, = 1-5Q, respectively. Figure 10 depicts the displacement amplitude A,, defined in
equation (47a) versus the rotation speed parameter 2, at the locations of Disks 2 and 4,
respectively. From the A4,, — Q curves, the first two critical speeds of the rotor system are
identified as Q.,, = 765, and Q.,, = 1244. The numerical simulation reveals that the whirl
direction indicator ¥ = 1 for any Q2 > 0. By equation (42a), only forward whirl is excited
by the unbalanced mass.

5 T T
0F
<
< st
(o]
2
-10 -
| |
| |
l |
| 1
-15 1 | N 1
0 500 -ch,l 1000 -ch,Z 1500

Rotation speed parameter Q (rad/s)
Figure 10. Amplitude of frequency response of the dual rotor system: ——, at Disk 2; - - - -, at Disk 4.
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TABLE 3

Parameters of the dual flexible rotor system

Node locations (m)
A

8 A
Zo z Z Z3 Z4 Zs |26 z; Zg
0-000 0-0762 0-1524 0-2032 0-3556 0-4064 0-4572 0-5080
Flexible rotors
A
r A}
Q (rpm.)  p (kg/m’) E (N/m?) A (m?) I (m*)
Rotor 1 10,000 7800 2 x 10" 72975 x 1074 42373 x 1073
Rotor 2 15,000 7800 2 x 10" 89192 x 10~ 3-5101 x 107

Bearings (k., = k,» = 0 and ¢, = ¢,, = 0 for all bearings)
A

N

k (N/m) x 10 k,, (N/m) x 107 e (N/m/s) x 10> ¢, (N/m/s) x 10?

Bearing 1 2-63 2-63 2:63 2:63
Bearing 2 1-75 1-75 1-75 1-75
Bearing 3 1-75 175 1-75 1-75
Bearing 4 0-875 0-875 0-875 0-875
Rigid disks
r A A}
mp (kg) Ip, (kg . m?)x 1072 Ip. (kg. m?*)x 102
Disk 1 10-51 4-295 8-:590
Disk 2 7-01 3-390 6-780
Disk 3 7-01 2-145 4-290
Disk 4 3-50 1-355 2-710

Backward whirl of the dual rotor system can be excited if the excitation is not “purely
forward”. To see this, consider a pointwise external harmonic force of the form

Py = w* Cos wt, =0, (50)

which is applied to node z,. Let the excitation frequency coincide with the rotation speed
of Rotor 1; i.e., w = Q, = Q. Assume that the rotor system has no unbalanced mass
(m, e = 0), and that the rotation speed of Rotor 2 is Q, = 1-5Q. Plotted in Figure 11 are
the amplitude 4,, of the system frequency response and whirl direction indicator ¥, at node
z;. It is seen that both forward and backward whirls exist. From the A4,, — © curve, the

TABLE 4
Eigenvalues Ay of the dual rotor system (J = \/— 1)
e

—4-1750 x 107* 4 J3-3546 x 10
—1-3513 x 1072 4 J8-2532 x 10?
—2-6300 x 1072 4 J1-0193 x 10°
—4-5998 x 1072 4 J1-2367 x 10°
—67111 x 1072 4 J1-4505 x 10°
—1-3393 x 107" 4+ J1-5798 x 10°
—1-0851 x 107" 4+ J1-6955 x 10°
—1-3709 x 107" 4+ J1-8010 x 10°

[c=IEN e NV, BE NV S I K
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Figure 11. (a) The frequency response amplitude and (b) whirl direction indicator of the dual rotor system,
at node z7.

first five critical speeds of the rotor systems are determined as 453, 765, 1024, 1244 and
1332. The ¥ plot shows that the first, third and fifth critical speeds are backward speeds,
and the second and fourth forward ones. Thus, the backward and forward critical speeds
are in the interlacing relation, Q7,, < Q/,, < Q/,, ., where the superscripts b and f denote
backward and forward whirls, respectively.

If the rotor system is asymmetric, backward whirl can be excited by an unbalanced mass.
To show this, change k,, and ¢,, of Bearing 2 in Table 3 to k,, = 2:65 x 10" N/m and
¢,y = 2:65 x 10° N/m/s. All other parameters remain the same. Consider an unbalanced
mass of m, e = 1-0 kg. m at node z;. In Figure 12, the 4,, — Q curve of the rotor system
at z; gives the first five critical speeds: 454, 777, 1032, 1254 and 1381. By equations (42),
it is found that the first, third and fifth critical speeds are backward speeds, and the second
and fourth forward ones.

The whirl orbits of the unbalanced rotor system at node z; are plotted in Figures 13 and
14, for five different types of Bearing 2 listed in Table 5. In all the cases, the rotation speeds
are chosen as 2, = 1000 rad/s = 9549 r.p.m. and Q, = 1-5Q,. Except for the rotation
speeds and the coefficients of Bearing 2, all the other parameters of the rotor system are
the same as given in Table 3. The orbit in Case 1 is a circle due to the symmetry of the
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Figure 12. Amplitude of frequency response of the unsymmetric dual rotor system:
Disk 4.

, at Disk 2; - ---, at

rotor system. Because k., # k,, and ¢,, # ¢,, in Cases 2 and 3, the orbits become elliptic;
see Figure 13. With the non-zero k., k,., ¢, and ¢,, in Cases 4 and 5, the whirl orbits
not only are elliptic, but also become flat with their long axes titling from the x- or y-axis;
see Figure 14. Moreover, by equations (42), the whirling in Case 1 is forward, and that
in the rest of the cases is backward. Thus, an unsymmetric bearing can greatly affect the
whirl direction and orbit of a complex rotor system.

0.03 1 T T 1 T

0.02 |

0.01

y 0.00 r

-0.01 F

-0.02

_0.03 1 1 1 1 i
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Figure 13. Whirl orbits of the unbalanced dual rotor system at node z;: Cases 1, 2 and 3.



590 H. FANG AND B. YANG
0.03 T T T

0.03

0.02

0.01

Yy 0.00

T

-0.01

-0.02

-0.03

_0.04 1 1 H
-0.04 -0.02 0 0.02 0.04

X

Figure 14. Whirl orbits of the unbalanced dual rotor system at node z;: Cases 1, 4 and 5.

6. CONCLUSIONS

For a large class of complex rotor systems, the DTFS gives exact and closed-form
predictions of dynamic displacements and stresses at any location. The method is capable
of modelling flexible-rigid body interactions, and the combined effects of elastic
deformations (bending, shear, torsional and longitudinal), rotary inertia, unbalanced
masses, gyroscopic forces, and non-proportional damping due to bearings. The proposd
method does not require a knowledge of comparison or admissible functions. Neither does
it need specific derivations for different shaft models and boundary conditions. By
treating different distributed and lumped components in a compact and unified form, the

TABLE 5
The coefficients of Bearing 2 (k.., etc. in N/m; c.., etc. in N/m/s)

Case no. Coeflicients of Bearing 2
1 The same as listed in Table 3
b ke =175 x 107, ky, = 2:65 x 107, ky =k, =0
oo =175 x 102, ¢, =265 X 10%, ¢y =¢,x =0

3 k,\g\» =265 x 107, k',‘_\» =175 x 107, k,\"l = k,lv\' =0
Coe =265 x10% ¢, =175 x 10%, ¢, = ¢, = 0

4 kv, kyy, ¢xe and ¢,, are the same as in Case 1
ko =265 x 107, k,, = 175 x 107, ¢, = 2:65 x 10%, ¢,, = 175 x 107

5 ke, ki, cxc and ¢, are the same as in Case 1
ko =175 %107, k,, = 2:65 x 107, ¢, = 1-75 x 10%, ¢,, = 265 x 10?
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DTFS provides a new symbolic manipulation for real engineering analysis. The accuracy
and efficiency of the method has been verified in the examples.

Some observations from the numerical simulation are as follows. In estimating critical
speeds, a tapered flexible rotor can be accurately modelled by a stepped rotating beam of
a small number of segments. For a symmetric dual rotor system, an unbalanced mass can
only excite forward whirls. However, an unsymmetric bearing can dramatically change the
whirl direction and orbit of the rotor system. Additionally, if an external harmonic
excitation is not purely forward, both forward and backward whirls can be excited. In this
case, the backward and forward critical speeds of the dual rotor system are in an interlacing
relation.

The DTFS can be extended to rotors carrying flexible disks. Such systems have other
important industrial applications besides those mentioned in the introduction. Two
examples are data storage (e.g., computer disk drives) and material processing (e.g.,
circular saws). A recent study [29] shows that the distributed transfer functions of flexible
rotating disks can be obtained in a highly accurate semi-analytical form. Hence, with
flexible rotating disks treated as distributed components, a DTFS-based analysis for such
rotating systems can be similarly developed.
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