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1 Introduction

The self-excited vibrations in brakes known as the brake squeal phenomenon is a
challenging problem for the modern rotor dynamics (see e.g., recent overviews by
Kinkaid et al. (2003), Ouyang et al. (2005), Chen et al. (2006) and Hoffmann and Gaul
(2008)), because its “reliable reproduction or even prediction ... is still not possible”
(Ostermeyer and Miiller, 2008). Structural modification of the elements of a brake such
as a rotor and pads is considered as an obvious passive counter-measure directed on
elimination of propensity of the brake to a squeal, see, e.g., Abu Bakar et al. (2008),
Penninger and Swift (2004) and Fieldhouse et al. (2004, 2008). The attempts to find
the perfect brake are, however, still extensively based on the ‘trial-and-error’ method
(Ostermeyer and Miiller, 2008).

Some research works have examined simplified models of rotating elastic bodies
of revolution in frictional contact and studied numerically the sensitivity of the
onset of the self-excited vibrations with respect to the geometry of the friction pads.
Xiong and Hutton (1994) have investigated a rotating circular string with point and
distributed restraining springs and found that the arc length of the elastic support
is one of the factors determining which crossings of the eigenvalue branches of the
Campbell diagram (Campbell, 1924) veer away into avoided crossings. Despite the
perturbed string remains stable in the subcritical rotational speed range, the observed
highly selective effect of the geometry of the elastic support allows one to expect
that with dissipative and non-conservative forces taken into account the structural
modification of the pads similarly will most easily excite a particular mode in the
vicinity of the locations of the double eigenvalues in the Campbell diagram. In a recent
work, Kang et al. (2008) confirmed this expectation by demonstrating the selective
properties of the contact span angle for the squeal onset in the models of a thin disk
with finite frictional contact area. Experimental research of Fieldhouse et al. (2008)
and Oura et al. (2008) revealed the sensitivity of the friction-induced instabilities to the
distributed contact pressure and stiffness fluctuations.

The need for a rational design of the brake components as well as the inevitable
uncertainties in the tribological properties of the pads makes it reasonable to look at
the multiparameter stability analysis of a brake as at a non-conservative structural
optimisation problem with respect to stability criteria. Then, the merit functional is the
critical value of one of the crucial well-measurable parameters at the onset of squeal
or even the eigenvalues themselves whereas the design variables are those describing
the material and geometrical properties of the pads. We would like to know where the
variations in the design should be made in order to influence the stability of a desirable
vibration mode and to assign the real part of the corresponding eigenvalue to the left
side of the complex plane.

In a recent work Ouyang (2008) revealed that it is quite difficult and sometimes
even impossible to assign the real parts of eigenvalues in friction-induced vibration
problems by means of mass, stiffness and damping modifications to stabilise the
system. It is well-known, however, that the main obstacles in the problems of structural
optimisation are that the merit functional is generally non-smooth with respect to the
design variables (Seyranian et al., 1994); in non-conservative problems the functional
is additionally non-convex (Kirillov and Seyranian, 1998). The singular points of the
functional, frequently related to multiple eigenvalues, complicate considerably the
geometry of the stability domain. Therefore, the sensitivity analysis of the multiple
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eigenvalues as well as the analysis of the corresponding singular points of the stability
frontier is by necessity required for the correct solving structural optimisation problems
in the non-conservative systems possessing friction-induced vibrations.

2 Disk brake as an axially symmetric rotor with an anisotropic stator

Linear stability analysis is widely used to predict possible instabilities in the dynamics of
rotor systems to which the disk brake can be attributed. The presence of imperfections
in rotor and stator makes the operator of the linearised equations of motion
non-self-adjoint with time-dependent coefficients, which considerably complicates the
stability analysis (Lee et al., 2007). Nevertheless, an axially symmetric rotor with an
anisotropic stator as well as an asymmetric rotor with an isotropic stator can be
described as an autonomous non-conservative gyroscopic system (Genta, 2007). Unless
the vented disk or the disk with specially manufactured symmetry-breaking pattern
(Fieldhouse et al., 2004) is considered, the model of an axially symmetric rotor with an
anisotropic stator is reasonable for the description of the disk brake as well as for the
description of other sound-emitting rotating elastic bodies of revolution in frictional
contact such as the drum brake or the glass harmonica (Kirillov, 2008a).

When the brake pads are not applied, the unperturbed system is assumed to
be isotropic with the constant speed of the rotor . It is described by the equations
of a standard non-dimensional form (Genta, 2007)

M 0). 0 -G). P o G2+ C 0
— 20| ~ e 02 - ~
(o M>Z+ (G 0)” (o P)+ ( 0 G2+C>

with z = R2" and M = diag(1,1,...,1), G = diag(1,2,...,n), P= diag(w?, w3, ...,
w?), and C =diag(c2,c2,...,c2), see also Spelsberg-Korspeter et al. (2009).
Equation (1) generalises the two-dimensional setting considered by Kirillov (2008b).
At standstill the eigenvalues of the system iws are double semi-simple with two
linearly independent eigenvectors. The distribution of the doublets w; as a function of

the integer index s is usually different for various bodies of revolution. For example,

0, (I)

7z =

ws = s corresponds to the natural frequency fs = ﬁ,/% of a circular string of
radius r, circumferential tension P and mass density p per unit length (Xiong and

Hutton, 1994). The natural frequency of the doublet mode with one nodal circle and
2
s nodal diameters fs = wsh A/ WE_uz) of the clamped-free annular disk of thickness

2mwa?

h, inner radius b, outer radius a, mass per unit volume p, Poisson’s ratio v, and elastic
modulus F corresponds to the non-dimensional eigenvalue constant wg, which can
be found numerically for a given Poisson’s ratio and radius ratio b/a. According to
Gabrielson (1999) for v = 0.3 and b/a = 0.1 the first two constants are w; = 5.2605,
and wy =6.0779. Notice that in experiments squeal noise often associates with the
rotor vibrating modes having just nonzero number of nodal diameters (Fieldhouse
and Beveridge, 2000).

In the following we prefer to consider equation (1) in a new equivalent form that
shows the doublets explicitly

% +20Gx + (P + Q*(G? + C))x =0, ()
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where x = R?", P = diag(w?,w?, w3, w3, ..., w2, w?) = PT is the stiffness matrix of
the rotor, C = diag(c?,c?, c3,c3,...,c2,c2) is the matrix of the centrifugal stiffness,
and G = —G7 is the matrix of gyroscopic forces defined as
. 0 —1
G = blockdiag(J,2J,...,nJ), J= (1 O)' 3)

Separating time by the substitution x = uexp(At) into equation (2), we arrive at the
eigenvalue problem for the matrix operator Lg

Lo(Q)u := (IN* + 2QGA + P + Q*(G? + C))u = 0. )

As a consequence of the block-diagonal structure of the sparse matrices G and P,
the eigenvalues of L are found explicitly as

/\;i: = iy/w? + 202 £iQs, A= —iy/ w2 + 202 F s, ®)

where bar over a symbol denotes complex conjugate. Rotation causes the doublet
modes +iw, to split. The newborn pair of simple eigenvalues A¥ corresponds to the
forward and backward travelling waves, which propagate along the circumferential
direction. Viewed from the stationary frame, the frequency of the forward travelling
wave appears to increase and that of the backward travelling wave appears to decrease,
as the spin increases. Double eigenvalues thus originate again at non-zero angular
velocities, forming the nodes of the spectral mesh (Kirillov, 2008b) of the crossed
frequency curves in the Campbell diagram in the plane ‘frequency’ vs. ‘angular
velocity’.
At the angular velocity

Ws

2 _ 2
\/S cs

the frequency of the sth backward travelling wave vanishes to zero (A\f = AT =
0), so that the wave remains stationary in the non-rotating frame. Campbell (1924)
calls these velocities critical whereas Genta (2007) refers to them as the thresholds
of (divergence) instability. We define the lowest one of such velocities as critical
and denote it ... When the speed of rotation exceeds the critical speed, some

backward waves, corresponding to the eigenvalues )\si, travel slower than the disk
rotation speed and appear to be travelling forward (reflected waves). The effective
energy of the reflected wave is negative and that of the forward and backward
travelling waves is positive. Therefore, in the subcritical speed region Q] < €, all
the crossings of the frequency curves correspond to the forward and backward modes
of the same signature, while in the supercritical speed region |Q| > 2., there exist
crossings that are formed by the reflected and forward/backward modes of opposite
signature. As a consequence of the fundamental Krein’s theorem (MacKay, 1986),
under perturbations preserving the Hamiltonian structure of the equations of motion
the crossings in the subcritical region veer away into avoided crossings (stability),
while in the supercritical region the crossings with the mixed signature turn into the
rings of complex eigenvalues — bubbles of instability (MacKay, 1986) — leading to

cr __
Qs =
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flutter known also as the ‘mass and stiffness instabilities’ (Mottershead, 1998) or as
the “resonance with the static force applied in a direction perpendicular to the disk
rotation plane” (Genta, 2007).

A supercritical flutter frequently occurs in the high speed applications like turbines,
circular saws, and computer storage devices, while the subcritical flutter — either
desirable as a source of instability at low speeds as in the case of musical instruments
like the singing wine glass and a glass harmonica or undesirable as in the case of the
squealing disk- and drum brakes — is an elusive phenomenon.

In the following, using perturbation theory of multiple eigenvalues we show that
even if the eigenvalue branches in the subcritical region are well separated at the avoided
crossings, created by the stiffness variation of the stator, they can be forced to bend
with the origination of arcs of complex eigenvalues with positive real parts by the
indefinite damping, which comes to the equations of motion, e.g., from the negative
friction-velocity gradient (Hagedorn, 1988; Spurr, 1961). In the space of the gyroscopic,
damping, and stiffness parameters the zones of the subcritical dissipation-induced
flutter turn out to be cones with the apexes at the points, corresponding to the
nodes of the spectral mesh. We show that the orientation of the cone is substantially
determined by the structure of the damping matrix, which can be chosen in such a
way that the system is unstable even for significant magnitudes of the stiffness matrix
detuning. The conical zones of the subcritical flutter bifurcate into the geometrically
more complicated domains having couples of Whitney’s umbrella singularities when
non-conservative positional forces (originated from the follower forces or from the
moment generated by variation in friction forces, see Ouyang et al. (2005), Chen et al.
(2006) and Kang et al. (2008)) are additionally taken into account. We describe in
detail this process and discuss how the consequences of this nontrivial geometry of
the space of the design parameters complicates the search for an optimal structural
modification of the brake pads. We will explicitly demonstrate how to navigate through
the singularities in the parameter space on the examples of the modification of the
stiffness, damping and non-conservative matrices leading to the assignment of stable
and unstable eigenvalues corresponding to the desirable vibration modes.

3 Sensitivity analysis of the doublet modes

The equations of motion of the disk brake with the applied friction pads can be
considered as a perturbation of the system (2), which yields the variation of the
stiffness, damping, and non-conservative positional (circulatory) terms

X+ (2QG 4 6D)x + (P + Q*(G? 4+ C) + kK + vN)x = 0, (6)

where the damping, D, stiffness, K, and non-conservative, N, matrices can depend
on (). The intensity of the perturbation is controlled by the factors J, x and v.
For a given structure of the matrices, stability depends on the correctly chosen
combination of the parameters (Chevillot et al., 2008; Kirillov, 2008b). When the
intensities 6, x, and v are fixed, one affects the eigenvalue assignment by modifying the
structure of the corresponding matrices (see, e.g., Ouyang, 2008).

For simplicity we restrict our subsequent consideration by 2n = 4 degrees of
freedom and neglect the centrifugal stiffening, C, in equation (6). Then, we can choose
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the eigenvectors ul, corresponding to the eigenvalues A} = iw; +isQ and A5 =

S

—iws + 1sQ) of the unperturbed isotropic rotor system as

uf =(-4,1,0,007, uf =(0,0,—i,1)7, (7
where i=+/—1, and the eigenvectors ug, corresponding to the eigenvalues
Ay =iws —isQand A\ = —iw, — is(), as

up = (4,1,0,0)7, uy =(0,0,4,1)". ®)

Consider a double semi-simple eigenvalue )\g at the crossing of the eigenvalue
branches A =iaws +ies? and A{ = ifw; +i0tf), where «,f,e,0 ==+l
Denote the corresponding eigenvectors u$ and uf.

The double eigenvalue \g and the value of the gyroscopic parameter {2y at the
crossing are

— t—
Q= Wy ﬁwt7 Ao = iaows Bews — iwo, ©)

ot —e€s ot —e€s

and the following useful relations hold
Ao — €18y = iaws, Mg — 0itQy = iPBw;. (10)

Let M be one of the perturbing matrices D, K or N. In the following we will use the
decomposition of the matrix M € R**4 into the blocks M,; € R?*?2

My, M ior1 Mo
M — ( 11 12)7 M., = <m2 1,2t—1 T2 1,2t> ) (11)
My Moo M2g 2t—1 Mg 2t

Thus, Dst = Dz;, Kst = K;ﬁl;’ and Nst = —Nz;

We consider a general perturbation of the matrix operator of the isotropic
rotor Lo(2) + AL(). The size of the perturbation AL(Q)) = 6AD + kK + vIN ~ ¢
is small, where € = ||AL(€)|| is the Frobenius norm of the perturbation at £ = .
For small 2 and ¢ perturbation of the double semi-simple eigenvalue \g = iwy with

the eigenvectors u and uf at Q2 = Q, is given by the formula
det(F + (A — Xo)H) =0, (12)

where the entries of the matrices H and F are

HE = 2iwo(us)Tuf + 2Q0(0c)" Gu?, (13)
F57 = (2iwg ()T Guy + 200 (as)" G?uf ) (2 — Qo)
+iwo (0)T D6 + (ad) " Kulk + (a) " Nufv. (14)

When § =0, v = 0, and x = 0, the non-diagonal terms of the matrices H and F are
zero, while the diagonal ones with the use of the relations (10) take the form

H = diows, FL5 = 4seaws(2 —Qp), (15)

SS

HE = 4ifw,, F57 = 4tofuw, (2 — Q). (16)
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Therefore, at the crossing (9) the perturbation formula (12) describes correctly the
eigenvalue branches: A\ = isAQe and A\ = itAQo, where €,0 = +1.

Owing to the relative simplicity of the matrices of the unperturbed system and
therefore its eigenvectors, we can calculate the scalar products in equation (14) and
express them by means of the entries d;i, k;i, and n;;, of the damping, stiffness, and
non-conservative matrices

(@)"Du? = otrD 1., + itrDJ s, (17)
(@)TKuY = otrK I, + itrK J .o, (18)
(ﬁi)TNug = otrNg I, + itl"Nsthg, (19)

where the auxiliary 2 x 2 matrices used for the compactness of the notation are

e 0 0 —0o
Isa‘<0 0_); JEG‘(E O) (20)

With the coefficients (13)—(19) the sensitivity of the doublet Ay at the crossing (9)
of the Campbell diagram is described by the expression, which generalises the
result of Kirillov (2008b) obtained for the case of two degrees of freedom,

_AQ i [ A By )
A)\ = ’LT(S(C: + tU) + g (aws + M) :l: Z\/E, (21)
where
AQ 1/ A B \]® A2+ B2
= | —(se — - - - —= 22
¢ 2 (52 —to) + 8 (aws 5wt>} 16aBwgw;’ (22)

and

Ay = dhotrDgs+rtrKs+e2ivngs 1 25,
B1 = X otrDy+rtrKy4+-02ivnge 1 ot
As = ovtrNgI, + i(dAotrDgJ o6 + kK J o0 ),
By = ovtrNgJ.o, — i(0NotrDgle, + rtr K Lo, ).

(23)

It is remarkable that the formulas (21)—(23) describe sensitivity of the Campbell
diagram with respect to the structural modification of the stator in the vicinity of the
doublets in terms of the elements of the four block matrices decomposing the original
operators of damping, stiffness, and non-conservative positional forces. This means
that one can substantially affect the eigenvalue assignment varying relatively small
number of parameters in the original matrices! In the following sections we will
explicitely demonstrate this effect.
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4 Stiffness modifications
First we examine modifications of the stiffness matrix only. The Campbell diagram

near the crossing of the eigenvalue branches A\ = iaw, + iesQ and \] = ifw, + iot)
of the unperturbed system is then approximately

trK s trK AQ .
M=ilZ (a2 +ﬂr )+ = (se +to) | +iy/en, (24)
8 W Wi 2
with
o — K trK B trKy N &(ss _to) 2 . ,12 (trK g I.5)% + (trKstha)z'
8 \ aws Buwy 2 16 afwswy
(25)

When the radicand ¢, is positive (which is always fulfilled for «f > 0), the
eigenvalues remain purely imaginary. For negative values of ¢, the real parts of
the eigenvalues can develop, yielding a non-trivial decay rate plot in addition to the
Campbell diagram. The real parts are positive inside the sector in the (2, x)-plane
bounded by the stability frontiers, which in the first approximation are straight lines
c. =0

4(se —to) (2 — Qo)

K = 26
kor—1,2e—1 + ko 2t B kos—1,2s—1 + kas 25 (26)
Bws aws
19 (€kas—1,2t—1 + Okas 2t)? + (ekas—1,0t — Okos 0t—1)°
—afwswy

Using formula (26) we now demonstrate the selective properties of the stiffness matrix
modification. As a model problem we consider a rotor system with two doublets at
standstill chosen to be wy; = 5 and ws = 6 for simplicity of analytical expressions;
from the other hand they mimic the first two eigenvalue constants of the clamped-free
annular disk with one nodal circle and one and two nodal diameters (Gabrielson, 1999).

For positive 2 and x the Campbell diagram of the isotropic rotor possesses two
modal critical speeds Q" = 3 and 25" = 5 with double zero eigenvalues. Substituting
e=—-0c=-1,a=—-0F=1 and s =t =2 into equation (26) we find the stability
frontiers corresponding to the first modal critical speed, Q" = 3,

O_
K= Boa(@ = 3) . 7
kss + kas F \/(ks3 — kaa)? + (kga + ka3)?
For the second modal critical speed, Q25" =5, we have s=t=1and e = —0 = —1,
a = —f = 1, which yields
41 (2 -5
i —5) (28)

K= .
k11 + koo F \/(k11 — k22)2 + (k12 + ko21)?

Expressions (27) and (28) describe the boundaries of the divergence instability
domains corresponding to the positive real eigenvalues.
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The only crossing with the non-zero double eigenvalue that exists in the
supercritical speed range 2 > 3

(Q=11/3, wp=4/3) fors=1,t=2,e=—-0=-1,a=-0F=1, (29)
yields the flutter domain in the (2, x)-plane with the stability frontiers

12(Q2 —11
- ( /3) . (30)
k11+kao + k3z+kaa F 2\/(k13*k24)2+(k14+k23)2

w1 w2 wiw2

In the subcritical range €2 < 3 there exist only four crossings of the eigenvalue
branches, whose locations in the Campbell diagram are

(Q =0, wg=5) fors=1,t=1,e=-0c=1,a=03=1,
(Q0 =0, wg =6) fors=2,t=2,e=—-0=1,a=06=1, 1)
(Q=1/3, wp=16/3) fors=1,t=2,e=—-0=1,a=0=1,
Q=1 wy=4) fors=1,t=2,e=0=-1,a=06=1.

Figure 1(a) shows the Campbell diagram of the isotropic rotor with all the above
mentioned seven types of possible crossings. The four subcritical crossings of the
Campbell diagram of the isotropic rotor can only veer away due to the stiffness matrix
modification. The largest spectral gap between the eigenvalue branches at AQ =0 is
given by the expression 2,/c,;, where the constant ¢, for each of the four crossings
listed in (31) is

K2

cep = —= (k11 — k22)? + (k1o + ko1)?
(0,5):¢ 16007 (k11 22)” + (k12 + ka1)7],
(0,6) € = s [y — kaa)? + (ks + is)?)
, PCy = 16w§ 33 44 34 43) |s
116\ /ﬁ ki1 + koo _ k33 + kg 2 n Iﬁ (k13 — k24)? + (k14 + ko3)?
33)°" 64 wy wa 16 wWiws '

(1,4) : ¢,

(32)

_ K (kn + koo kg3 + k44)2 K2 (ki + k2a)® + (k1a — ko3)?
= — - + = )
64 w1 wa 16 wiws

The formulas (27), (28), (30) and (32) demonstrate that the crossings situated on
the lines 2 =0 and ImA =0 are influenced only by the entries of one of the
two diagonal 2 x 2 subblocks of the stiffness perturbation matrix K. Moreover,
the pairs of the crossings (0,5) and (5,0) as well as (0,6) and (3,0) respond
coherently to the variation of the very same entries — the effect found earlier by
Xiong and Hutton (1994) in the rotating circular string with the partial elastic
support. All the other crossings respond also to the changes in the entries of the
two — anti-diagonal — subblocks of the matrix K.
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Figure 1 (a) Campbell diagram of the isotropic rotor; (b)—(d) numerical calculations showing
the veering and merging of modes, which were selectively caused by the modification
of the stiffness matrix K with k = 1.5; (e) and (f) red regions are linear
approximations (30) and (28) to the supercritical flutter and divergence domains
corresponding to the diagrams (c) and (d), respectively (see online version for
colours)

Im &

(e)

Im & Im & '
10 10 3
2
1
1]
0 6 1 2 3 4 6 7?
-1
2
-3
-10 -10:
(b) (d) O]

To illustrate the consequences of the performed sensitivity analysis we construct
three different stiffness modification matrices with the use of the formulas (27), (28),
(30) and (32)

5 0 1 2 5 0 1 2 5200

0 5 -2 1 0 5 2 -1 2500
Ki=17 9 6 o) =11 2 6 o ¥=|0056 0 (33)

2 1 0 6 2 -1 0 6 0006

Then, we numerically calculate the spectrum of the eigenvalue problem
corresponding to the equation (6) with K = K;, K = K, and K = Kj for the same
Kk = 1.5.

Figure 1(b) shows that the matrix K; selectively affects only the subcritical
crossing (1,4), which veers away into the avoided crossing in the (£2,ImA)-plane.
Eigenvalues at all the remaining crossings are non-distinguishable from the double
ones within the precision of the used numerical method. The reason is that with the
matrix K; the radicands in the expressions (27), (28) and (30) as well as in the first
three expressions (32) are zero, which means non-splitting in the first approximation.
According to the last of the expressions (32), the only non-zero spectral gap corresponds
to the crossing (1, 4).
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With the matrix Ky only the equation (30) and the third of equation (32) yield a
non-trivial splitting at the crossings (11/3,4/3) and (1/3,16/3), respectively. This is
confirmed by the numerical calculations shown in Figure 1(c). The matrix K3 possesses
non-trivial splitting only in the equation (28) and in the first of the equation (32),
corresponding to the crossings (0,5) and (5,0), which is in agreement with the
numerical results of Figure 1(d). From Figure 1(e) and (f) it is clear that the linear
approximations to the flutter and divergence instability domains (30) and (28) are in
a very good qualitative and quantitative agreement with the numerically computed
Campbell diagrams of Figure 1(c) and (d).

As it is seen from the numerical computations, the Campbell diagram of the
perturbed isotropic rotor is essentially changed in the vicinity of the locations of
the doublets of the unperturbed rotor. These loci are the true ‘centres of control’,
because the main qualitative changes of the whole Campbell diagram can be effectively
predicted by the sensitivity analysis of the double eigenvalues, whose number is finite
and relatively small. Owing to the simplicity of the matrices of the unperturbed system
the conditions describing eigenvalue assignment have a simple and explicit form and
are expressed through the elements of the stiffness matrix. In the subsequent sections
we show that in the presence of the damping and non-conservative positional forces
similar conclusions can be made not only with respect to the Campbell diagram but
also to the decay rate plots.

5 Stiffness and damping modifications

Assuming v = 0 in the equation (21), then separating real and imaginary parts in it
and equating the real part of the perturbed eigenvalues to zero we find the linear
approximation to the surface separating stability and instability domains of the
axisymmetric rotor perturbed by the potential and damping forces coming from its
interaction with the stator

trK,s  trK trD,,  trDy \]°
trDgstrDyy |4(se — to)AQ + & - _ AR KQ ' _ M u
aws Puwy aws By

+ /§2 tI‘DSS + tI‘Dtt
QW Buwy

2
) [trD,strDy (1K 1o5)? + (1K1 J .0 )?) — Q%

- 62W0

Dy, Dy
2 < I8 + ! tt) tI‘DsstI‘Dtt((trDstIEJ)z
QWg 5wt

+ (trDStJEU)2 — trDsstrDtt), (34)

where @ = trK I, trDg 1., + trKJo,trDg:J ... In general, equation (34) describes
a conical surface in the (2, k, §)-space. Orientation of the cone depends on the structure
of the matrices K and D, that is, on the modification of the stiffness and damping
characteristics of the stator.

For the crossings of the Campbell diagram situated on the axis 2 =0 the
expression (34) greatly simplifies. Indeed, substituting s = ¢, 0 = —¢, and o = (3 into
equation (34) and rearranging its terms we find

K2A.s + t92(22(2(,ustrDss)2 = —det Dé,,s((,ustrDss)ng7 (35)
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with the coefficient A, defined as

Ass = det Dss (Pl (Kss) — P2 (Kss))Q
+ (dQS—l,Zs(kQS—l,Qs—l - k2s,2s) - k25—1,25(d25—1,2s—1 - d2s,25))27 (36)

where p1 (Kss) and pa(Kss) are the eigenvalues of the 2 x 2 submatrix K, of the
4 x 4 stiffness matrix K.

For the definite submatrix D,, we have A,, >0 because detD,, > 0.
Consequently, for D, > 0 the stability conditions

StrDy, > 0, K2Ags 4 52Q%(2wstrDy,)? > — det Dy, (wstrDy,)?6% (37)

are always fulfilled. Since detD,; <0 in case of indefinite matrix Dg,, the
inequalities (37) indicate that the flutter instability domain for A,s > 0 is inside the
conical surface extended along the J-axis and the stability domain is adjacent to
the cone’s skirt selected by the condition otrD, > 0, see Figure 2(a).

Figure 2 Domains of the subcritical flutter instability associated with the doublet iw, situated
on the axis 2 = 0 of the Campbell diagram for the indefinite submatrix D, in the
absence of the non-conservative positional forces when: (a) Ass > 0; (b) Ass =0
and (c) Ass <0
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stability
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The conical domain is stretched along the x-axis when A, tends to zero and it is
transformed into a dihedral angle when A = 0, as shown in Figure 2(b). With the
further decrease in A, the dihedral angle is again wrapped into the conical surface
which is then extended along the Q2-axis, Figure 2(c). The domain of asymptotic stability
is inside the half of the cone selected by the inequality dtrD,, > 0. Note that the
threshold A s = 0, separating the indefinite damping matrices, coincides with that
found first by Kirillov (2007a) from the criteria of Routh and Hurwitz for a general
two-dimensional non-conservative gyroscopic system with dissipation.
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In the plane (2, k) for a fixed & > 0 the instability domain has, respectively, the
form of an ellipse, Figure 2(a), a stripe, Figure 2(b), or a region contained between the
branches of a hyperbola, Figure 2(c). The latter picture shows that even considerable
stiffness modification separating the eigenvalue branches of the undamped system,
cannot always prevent from the development of the flutter instability in the presence
of indefinite damping, which originates from the brake pads with the negative
friction-velocity gradient (Hagedorn, 1988; Spurr, 1961).

Bifurcation of the stability diagrams with the change of the entries of the
matrices D and K can also explain the well-known unsatisfactory reproducibility
of experiments with disk brake. Indeed, some parameters like rotational speed and
pressure on the brake pads can be regulated precisely, while the topography of the
pads’ surface as well as the material properties of the pads undergo uncontrollable
changes from one run of the experiment to the other owing to the heating, cooling, and
wear. As a consequence, the very same values of stiffness parameter x and rotational
speed €2, which yield flutter instability and squeal for A,; < 0, Figure 2(c), make the
brake quiet for A;s > 0 owing to the qualitative change of the stability diagram with
the change in the structure of the matrices D and K, Figure 2(a). This effect becomes
even more pronounced in the presence of non-conservative positional forces, because,
as we show in the next section, the conical stability boundaries are not structurally
stable under small perturbations vIN.

Now we demonstrate how the developed perturbation technique allows one to
predict the onset of the flutter instability and the critical value of the eigenfrequency
at the onset. The real and imaginary parts of the eigenvalues A that are born after the
splitting of the doublet iw, situated on the axis {2 = 0 are

Dy, K, —
Re\ — _tI‘ LY le| + Rec7 Im\ = w, + tr LIS | Rec’ (38)

4 2 4wy 2

with
2 2
Rec — Ml(Dss) —,UQ(DSS) (52 _ pl(Kss) _pQ(Kéé) l§12 —Q282,
4 dws
2t Kssts —t I<sst Dss

Ime = 6k r r ) (39)

8wy

where 111 (Dygs) and po (D) are the eigenvalues of the submatrix Dy;.
With the variation of the speed (2 the eigenvalues (38) move along the branches of
the hyperbola in the complex plane

trD,s trK .. I
Red + 225 ) (Im\ —w, — =%y | = — 2 (40)
4 Ao, 2

When Imec = 0 the strong modal resonance occurs (Dobson et al., 2001) with the
coupling of eigenvalues at Re\ = —%6 and Im\ = w, + ‘“:{T:SH. This new double
eigenvalue has only one eigenvector and strongly influences the eigenvalue trajectories
for small values of x and § when Imec # 0 and is known to be a precursor to flutter
instability in hydrodynamics (Jones, 1988) and in electrical circuits (Dobson et al.,

2001). The branch, which crosses the imaginary axis from left to right, is determined
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by the sign of Imc. Assuming ReA = 0 in equation (40), we find the eigenfrequency of
the mode at the onset of self-excited vibrations

trK strDgg — trK 4Dy
K .
2wtrDgg

(41)

Wer = Ws

The corresponding value of the rotational speed (2 is found from the equation (35).
As we have shown in the previous section the stiffness variation with the matrix
K = K3 leads to the divergence instability near the crossing (5, 0), see Figures 1(d), (f)

and 3(a), and to the veering of eigenvalue branches in the Campbell diagram near the
crossing (0, 5) as shown in Figure 1(d).

Figure3 D = D, K = K3, v = 0: Numerically calculated eigenvalue branches (black
circles) and their approximations (37) and (39) (red lines) for (a) x = 0.8 and 6 = 0;
(b) Kk =0;6 = 0.2 and (c)—~(f) x = 0.8 and § = 0.2 (see online version for colours)
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Let us consider the two damping matrices
-1 200 -1 05 0 3
2 300 05 3 2 1
Di=lo 000 P20 2 -32f (42)
0 00O 3 1 2 4

In the absence of the stiffness perturbation (x = 0), the damping modification with
the matrix D = D; yields a non-trivial decay rate plot with the bubble of instability
in the vicinity of 2 = 0, Figure 3(b). The magnitude of the positive real part for
the unstable arc of the bubble is of the same order as for the unstable eigenvalues
caused by the stiffness variation with the matrix K = K3 near the crossing (5,0),
Figure 3(a). Consequently, the indefinite damping submatrix D is the source of flutter



Perspectives and obstacles for optimisation of brake pads 157

instability as dangerous in the subcritical speed range as the stiffness variation is in the
supercritical speed range, in agreement with the results of Kirillov (2008b) obtained
for the systems with two degrees of freedom.

Moreover, numerical computations show that even if the eigenvalue branches
in the subcritical speed range of the Campbell diagram are well-separated by the
stiffness modification P + kK3, the inclusion of dissipation with the indefinite
matrix D=D; causes flutter instability in the vicinity of the crossing (0,5),
see Figure 3(c)—(f). The stiffness variation leads to the partial destruction of the bubble
of instability created by the indefinite damping, Figure 3(c). The arc of unstable
eigenvalues, corresponding to the first vibration mode, however, persists. Comparison
of the numerical results with the predictions given by the analytical formulas (38)—(40)
shows a very good qualitative and quantitative agreement visible in Figure 3.

For the matrices K = K3 and D = D; we find from the equation (36) that
Aj; = —48 and hence the conical stability boundary

48k2 4 7006 = 40002, (43)

calculated with the use of the expression (35), is oriented along the Q-axis as shown
in Figure 2(c). Such a geometry of the stability domain yields flutter instability in the
vicinity of the crossing (0, 5) for nonzero values of the parameters § and «, which is
confirmed by the numerical calculations shown in Figure 3.

Inthecasewhens = t,0 = —¢,and a = — (3, corresponding to the doublets situated
on the Q-axis, the conical instability domain degenerates into the half-space

9 swotrD,
K < £5wstDss AQ. (44)

2k2571¢25d2571,2s - k2571,2571d25,25 - k25,25d2571,2571

In the vicinity of the crossing (5,0) the formula (44) predicts instability for
Q>540.1xk due to perturbation by the matrices K3 and D;. This agrees with the
results of the numerical calculations shown in Figure 3(c).

Now we modify the damping matrix so that D = Ds. Comparing to the matrix
D, the entry dy5 is changed from di2 = 2 in Dy to di2 = 0.5 in Ds. In both cases the
submatrix Dy is indefinite but the coefficient A;; = 12 in the latter case contrary to
Aq; = —48 in the former. This yields the conical flutter domain oriented along the
d-axis with the boundary

1262 4 4000% = 32562, (45)

as shown in Figures 2(a) and 4(a). This example clearly demonstrates how the
relatively small variation of the coefficient dyo qualitatively changes the instability
domain from one with the boundary described by the equation (43) to that with the
boundary described by the equation (45). Therefore, the system which was unstable
for § = 0.1 and x = 0.7 when D = D; becomes stable for the same values of these
parameters when D = D,. The corresponding eigenvalue branches of the first and
second modes have now negative real parts, which is confirmed also numerically in
Figure 4(c) and (d).

The non-trivial submatrices D5 and D,y of the matrix Dy cause the excitation
of the unstable modes in the vicinity of the crossings (1/3,16/3) and (0,6),
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see Figure 4(c) and (d). The corresponding flutter instability domains shown in
Figure 4(a) are dihedral-angle-like with the boundaries

295936
675

(1/3,16/3) : (24Q — 8)* — 62 =0; (0,6):0%—-¢6*=0. (46)
For § = 0.1 and x = 0.7 the matrix D5 selectively inhibits instability of the first two
modes in the vicinity of {2 = 0. Instead, the fourth mode is unstable near Q2 =0
and the third one makes the excursion to the right side of the complex plane near
Q = 1/3, see Figure 4(c) and (d). Approximation (21) shown in Figure 4 by the red
lines simulates well the behaviour of eigenvalues both qualitatively and quantitatively.

Figure4 D = D, K = K3, v = 0: (a) linear approximation to the flutter domains and
(b)—(d) numerically calculated eigenvalue branches (black circles) and their
approximations (37) and (39) (red lines) for k = 0.7 and § = 0.1 (see online version
for colours)
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Therefore, the influence of damping on the real parts of the eigenvalues is not
homogeneous with respect to 2. The smaller the gap between the imaginary parts of
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the eigenvalues in the Campbell diagram the bigger the increment to the real parts
due to development of the imperfect bubbles of instability in the decay rate plot,
Figure 4(c). Numerous examples of such dissipation-induced imperfect bubbles of
instability developed in the supercritical speed range of high-speed propellers and
bladed disks of turbines can be found in Genta (2007). Numerical calculations of
Yang and Hutton (1995) revealed them in the subcritical range for the rotating circular
string passing through the eyelet with friction (see also Kirillov, 2008b). Xiong et al.
(2002) found the same effect for the rotating disk in frictional contact with the
point-wise stationary load system. Due to the ability of damping to create a strong
inhomogeneous increment to the real parts of the eigenvalues, it has to be considered
as a serious reason for the self-excited vibrations in the subcritical speed range.

The relation of the pronounced decay rates to the small spectral gaps is explained
by the conical singularities of the stability boundaries associated with the doublets
in the Campbell diagrams of the unperturbed isotropic rotor. Even for the fixed
structure of the perturbing matrices the geometry of the stability frontiers in the
(Q, K, §)-space is complicated by the different orientation of the cones leading to the
controversial requirements to the choice of the intensities of the perturbations 2, ,
and ¢ (cf. Ouyang, 2008). Sensitivity analysis of the doublets and approximation of
the stability boundaries plays the role of a ‘cartographic plotting’ of the obstacles
for the stabilising eigenvalue assignment due to stiffness and damping modifications.
Possible bifurcations of the stability domains due to modification of the structure of
the perturbing matrices can also be predicted by the sensitivity analysis. In the next
section we study such obstacles in the most complicated case when the non-conservative
positional forces are taken into account.

6 Modifying the matrices of stiffness, damping, and circulatory forces

In general, sensitivity of a doublet with respect to the perturbation by the matrices of
stiffness, damping, and circulatory forces is described by the formula (21). For brevity
we analyse in this section only the crossings situated on the axis 2 = 0. Substituting
s=t,e # o0,and a = §into (21) we find that the perturbed eigenvalues are

t Dss t Kss -
Rox — _ 1 Dss o || + Rec7 I\ =, 4 Bes c] R667 (47)
4 2 4w, 2
with

Dss B Dss 2 Kss‘ _ Kss ? n2 s—1,2s
Rec— 1 (Diss) — pa( ) 52 _ p1(Kss) — pa( ) K2 §202 4222 7
4 dws 4?2
SN25-1,2s 5 2trKssts - trI{sstrDss
— 0K .
Ws 8Ws

Ime = Qv

(48)

In the presence of non-conservative positional forces (v # 0), stability conditions,
following from equations (47) and (48) under the requirement ReA < 0, are
6trDgs >0 and B, > 0, where
By = (2Q5(6%w2(trDy,)? — 4u2ngs_1728)
+0(2trK4sDgs — trKSStrDSS),‘iz/ngs,ms)2
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—+ 52(trD55)2(A5852w§ - VQ”%s—l,Qs(pl (Kss) — P2(KSS))2)"€2
— 62(trDSS)2(52w3(trDss)2 — 41/2ngs_1723)(1/2n38_1723 — 524413 det Dgy).

The coefficient A, defined in equation (36) we represent in the form

((tr]:)ss)2 — 16ﬁg)(p1 (Kss) — p2(Kss))2
4

Ass = (49)

with

8, = 2trK Dy — trK  trDgg
° 4(p1(Kss) — p2(Kss))

(50)

In the assumption that v = 0 the inequality By > 0 is reduced to the second one of
the conditions (37).

For the fixed parameters § and v the equation B, = 0 generically describes either
an ellipse or a hyperbola in the (2, k)-plane, Figure 5(b) and (d). For A,; > 0 and
sufficiently big §, the domain of subcritical flutter is inside the ellipse Bss = 0, and the
domain of asymptotic stability is outside the ellipse similarly to the system without
non-conservative positional forces, whose stability diagram is shown in Figure 2(a).
With the decrease in ¢ for the fixed v the ellipse is rotated around the origin in the
(Q, k)-plane and simultaneously it is stretched along one of its main axes. At the
threshold A,,0°w? = v?n3, | 5,(p1(Kss) — p2(Kss))? the ellipse is transformed into
two parallel lines, which with the further decrease in § are bent into two branches of
hyperbola B,s = 0. Then, the flutter instability domain lies between the two branches,
Figure 5(b). When ¢ tends to zero, the hyperbolic branches are shrunk to the union of
the intervals (—oo, —ko] J[Ko, 00) of the k-axis, where the critical value

2UN2s-1,25

p1(Kss) — p2 (KSS)’

(51)

Ko =

follows from the conditions Rec = 0 and Ime = 0 implying existence of the double
eigenvalues at the points (2 = 0, k = +ko, 6 = 0), which are shown as open circles
in Figure 5.

Remarkably, the value (51) of k., obtained from the perturbation formulas (47)
and (48) coincides with the exact one following from the characteristic equation of
the system (6) in the assumption that 6 = 0 and €2 = 0 and that the anti-diagonal
subblocks of the perturbing matrices vanish

M+ (2w? + ktrK )N + 52 det Kg + rwltrKos + 1703, 5, +wi = 0. (52)

Substituting x = k., into (52) yields the frequency of the corresponding double
eigenvalues +iw,

P1 (Kss) + P2 (Kss)
Wo = 4 [wWZ 4+ vNos_1 25 . 53
\/ Zoml2 p1(Kss) — p2(Ks) (53)
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Figure 5 Unfolding the conical boundary of subcritical flutter (dashed lines) by the
perturbation vIN into a couple of Whitney’s umbrellas with their level curves
depicted for § > 0 when (a)—~(b) Ass > 0 and (c)—(d) Ass <0

420 420

:
(c) (d)

The double eigenvalue iw, has the eigenvector u, and the associated vector u; of the
Jordan chain

w ( kos—1,26—1 — k25,26 )  — 21w, (p2(Kss) — p1(Kss)) (1)
° 2k2s—1,25 + P1 (Kss) - P2(Kss) ’ ! VNos—1,2s 0)
(54)

which are the solutions to the equations
(—wi s + Pos + koK )uo =0, (—w?Iy, + Pys + roKoo)uy = 2iwou,. (55)

Therefore, in the parameter space the coordinates (0, £, 0) correspond to exceptional
points (EPs, Kirillov et al., 2005), at which there exist double eigenvalues with the
Jordan chain, Figure 5.

In the vicinity of the EPs the expression Bss = 0 for the stability boundary yields

4Bok + 11D\ /RZ — K2
= ok R )
Ko

(56)
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Thus, in the (€2,0)-plane the domain of asymptotic stability is bounded in the
first-order approximation by the two straight lines (56). When « goes to £, the slopes
of the both lines 5 := Q/d tend to the value 5 = +0,, where (3, is defined in (50).
Extracting x from the equation (56) we find another representation for the stability
boundary near exceptional points

4530, itrDSS\/m — 32 + (UDs)?

iR — (B

~ +Ko

K = Ko

BF 6\
1+8<trDSS) ] (57)

which has a canonical for the Whitney’s umbrella singularity form Z = X2/Y?
(Bottema, 1956; Kirillov, 2007a, 2007b).

Therefore, we explicitly demonstrated that the conical boundary of the domain
of subcritical flutter for Ags > 0 is structurally unstable under the perturbation vN.
With the increase of v the cone opens up and simultaneously the plane § = 0 foliates
into two sheets intersecting along the branch cuts (00, +£,] on the x-axis, which are
shown as thick lines in Figure 5. The new surface has a couple of Whitney’s umbrella
singularities at the exceptional points (0, o, 0). The domain of asymptotic stability,
which for v = 0 was adjacent to the conical domain of subcritical flutter is now wrapped
into the pockets of the two Whitney’s umbrellas, selected by the inequality jtrD > 0.
With the increase in § the stability boundary gradually tends to the conical surface
with the flutter instability inside it, Figure 5(a).

Inclusion of the non-conservative forces qualitatively changes the stability diagram
in the (2, k)-plane transforming the elliptic flutter domain of Figure 2(a) to a larger
one located between the hyperbolic branches, Figure 5(b). For v = 0 and § = 0 the
(Q, k)-plane is stable, while for v # 0 and 0 — 0 the stability domain dramatically
shrinks to the branch cuts (£oo, +k,]. Consequently, under small perturbation vIN
a point in the (€2, k)-plane, which was in the stability domain for » = 0 can suddenly
find itself in the instability region when v # 0, similarly to the scenario described in
the previous section.

For Ass < 0the conical stability boundary of Figure 2(c) unfolds into two surfaces
with the Whitney’s umbrella singularities at the exceptional points (0, =+, 0) as shown
in Figure 5(c). The local approximations to the surfaces near the singularities are
given by the same equation (56), where (3, has a value different from the case when
Ags > 0. For v =0 and 0 # 0 the stability domain in the (2, k)-plane is inside of the
two hyperbolic regions extended along the 2-axis, as shown in Figure 2(c). When
v # 0 with the decrease of ¢ the stability domain rotates around the origin until it
is completely reoriented and shrunk into the branch cuts (+00, +£,] extended along
the k-axis, Figure 5(d). Due to such a reorientation one can again observe sudden
stabilisation /destabilisation at the very same values of 2 and x when v is slightly
changed.

Finally, we demonstrate how the obtained knowledge on the geometry of the
instability domain improves the understanding of the perturbed eigenvalue behaviour.
We calculate numerically the eigenvalue branches for the matrices K = K3, D = Dy
and N = N, where

0 -1

N; = (58)

O O =
o O O
o O OO
o O O O
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In this case the crossing (0, 5) of the Campbell diagram is affected by the perturbation.
As in the previous section the constant A;; = —48 so that in the absence of the
non-conservative positional forces the stability boundary is a cone (43) oriented along
the Q-axis. This leads to the typical instability arc visible in Figure 6(a).

In the absence of damping § = 0 the gyroscopic system with the potential and
non-conservative positional forces cannot be asymptotically stable in accordance
with the theorem by Lakhadanov (1975). It is unstable almost everywhere in the space
of the parameters and can be only marginally stable on the set of measure zero in the
parameter space. This result is illustrated in Figure 6(b) and (d). In Figure 6(b) the real
parts cross at the origin in the (2, Re))-plane, because the value of x = 0.9 exceeds
ko = 0.1 so that with the variation of Q at k = 0.9 we intersect the branch cut [k, 00)
in the (2, k)-plane. For § = 0 the system is marginally stable at the points of the branch
cut, which is the set of measure zero, and unstable at all other points of the parameter
plane. In Figure 6(b) the real parts do not cross in the (£2, ReA)-plane, because the
value of k = 0.01 is less than k. = 0.1, so that the branch cut is not intersected with
the variation of €.

Perturbation formulas for eigenvalues (47) and (48) allow us to plot the real
and imaginary parts of the non-conservative gyroscopic system without damping as
functions of x and 2 for a given v # 0, see Figure 7. Hence, the transition from
the eigenvalue configuration shown in Figure 6(d) to that shown in Figure 6(b) is
just an evolution of the cross-sections of the eigenvalue surfaces of Figure 7 under
variation of the parameter x. The qualitative changes of the eigenvalue branches due
to this evolution is caused by the passage through the exceptional points at kK = £k,
where the eigenvalue surfaces have Whitney’s umbrella singularities. According to the
formulas (47) and (48) the asymptotic behaviour of the real parts of the eigenvalues at
K = Ko 18

Re)\:j:% /%Q+O(Q3/2)7 (59)
ws

in agreement with the results by Yang and Hutton (1995) and Kirillov (2008b) obtained
for the rotating circular string passing through the eyelet with friction. For k < k,
we have constant real parts in agreement with Figure 6(d)

Re)\:ipl(Kss) *PQ(KSS)\/W+O(92)’ (60)

4wy
whereas for k > k. the real parts linearly depend on 2

2vsNgs_1,2s

(p1(Kss) — pa(Kys))y/k2 — K2

as shown in Figure 6(b). For Q) tending to infinity we find that

Re) = + Q+0(2%), (61)

Re\ = i””zT‘” +0Q72), (62)

which is seen in Figures 6(b), (d) and 7. The singular eigenvalue surface shown
in the right picture of Figure 7 is well-known in the physical literature on wave
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Figure 6 K = K3, D = D;, N = Nj: eigenvalue branches calculated for (a) v = 0, § = 0.02,
and Kk =0.9;(b)» =0.2,0 =0,and kK = 0.9; (c) » = 0.2, 6 = 0.02, and k = 0.9;
(d)rv=0.2,6=0,andk =0.0land (e) » =0.1,6 = 0.04,and kK =0
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propagation in anisotropic media as the ‘double coffee filter’ (Kirillov et al., 2005).
We notice that eigenvalue surfaces where used in a recent work by Chevillot et al.
(2008) who studied the onset of squeal in an aircraft braking system.

Introduction of damping into the gyroscopic system with non-conservative
positional forces leads to the origination of the zones of the asymptotic stability,
Figure 5(c) and (d). Indeed Figure 6(c) demonstrates that the crossing of the real parts
occurs at the negative values thus creating an interval of asymptotic stability on the
Q-axis in agreement with Figure 5(c) and (d). For x = 0 the instability develops in the
vicinity of {2 = 0, see Figure 6(e) in full agreement with the qualitative Figure 5(c) and
(d) as well as with the analysis of a two-dimensional rotor system by Kirillov (2008b).

Figure 7 Real and imaginary parts of the perturbed eigenvalues as functions of « and 2
for a given v # 0 in the absence of damping (§ = 0) (see online version for colours)

7 Conclusion

Stability of a symmetric rotor in contact with the friction pads is sensitive to the
structural modifications of the latter. From the other hand, the relative simplicity of
the unperturbed symmetric system allows us to develop an efficient sensitivity analysis
of the eigenvalues and the critical values of parameters with respect to the stator
design variations. This reveals the complex geometry of the stability domain which is
determined, however, by a finite number of well known singularities such as conical
points and Whitney’s umbrellas. Therefore, the complex behaviour of eigenvalues
can be efficiently dealt with using the sensitivity analysis developed in the present
work. The results obtained illuminate the perspectives and difficulties for structural
optimisation of the elements of brakes.

Acknowledgements

The work has been supported by the research grant DFG HA 1060/43-1.



166 O.N. Kirillov

References

Abu Bakar, A.R., Ouyang, H., James, S. and Li, L. (2008) ‘Finite element analysis of wear
and its effect on squeal generation’, IMechE Journal of Automobile Engineering, Vol. 222,
No. 7, pp.1153-1165.

Bottema, O. (1956) “The Routh-Hurwitz condition for the biquadratic equation’, Indagationes
Mathematicae, Vol. 18, pp.403—-406.

Campbell, W. (1924) ‘The protection of steam-turbine disk wheels from axial vibration’,
Transactions of the ASME, Vol. 46, pp.31-160.

Chen, F., Tan, C.A. and Quaglia, R.L. (Eds.) (2006) Disc Brake Squeal: Mechanism, Analysis,
Evaluation and Reduction/Prevention, SAE, Warrendale, pp.1-401.

Chevillot, F., Sinou, J-J., Mazet, G-B., Hardouin, N. and Jézéquel, L. (2008) ‘The
destabilization paradox applied to friction-induced vibrations in an aircraft braking
system’, Archive of Applied Mechanics, Vol. 78, pp.949-963.

Dobson, 1., Zhang, J., Greene, S., Engdahl, H. and Sauer, P.W. (2001) ‘Is strong modal resonance
a precursor to power system oscillations?’, IEEE Trans. Circuits Syst. I, Vol. 48, pp.340-349.

Fieldhouse, J. and Beveridge, C. (2000) ‘Comparison of disc and drum brake rotor mode
movement’, Seoul 2000 FISITA World Automotive Congress, 12-15 June, Seoul, Korea,
paper F2000H241.

Fieldhouse, J.D., Steel, W.P., Talbot, C.J. and Siddiqui, M.A. (2004) ‘Rotor asymmetry used to
reduce disc brake noise’, Brake Colloquium and Exhibition, October, Anaheim, CA, USA,
SAE, Warrendale, SAE Paper 2004-01-2797.

Fieldhouse, J.D., Ashraf, N. and Talbot, C. (2008) ‘The measurement and analysis of the
disc/pad interface dynamic centre of pressure and its influence on brake noise’, SP-2188,
Brake Technology, SAE, Warrendale, SAE Paper 2008-01-0826.

Gabrielson, T.B. (1999) ‘Frequency constants for transverse vibration of annular disks’,
Journal of the Acoustical Society of America, Vol. 105, No. 6, pp.3311-3317.

Genta, G. (2007) Dynamics of Rotating Systems, Springer, New York, pp.1-658.

Hagedorn, P. (1988) ‘Neuere Entwicklungen in der technischen Schwingungslehre’, Zeitschrift
Fiir Angewandte Mathematik Und Mechanik, Vol. 68, pp.22-31.

Hoffmann, N.P. and Gaul, L. (2008) ‘Friction induced vibrations of brakes: research fields and
activities’, Brake Colloquium and Exhibition, October, San Antonio, TX, USA, Session:
Friction-Induced Vibration, SAE, Warrendale, SAE Paper 2008-01-2584.

Jones, C.A. (1988) ‘Multiple eigenvalues and mode classification in plane Poiseuille flow’,
The Quarterly Journal of Mechanics and Applied Mathematics, Vol.41, No. 3, pp.363-382.

Kang, J., Krousgrill, C.M. and Sadeghi, F. (2008) ‘Dynamic instability of a thin circular plate
with friction interface and its application to disc brake squeal’, Journal of Sound and
Vibration, Vol. 316, Nos. 1-5, pp.164-179.

Kinkaid, N.M., O’Reilly, O.M. and Papadopoulos, P. (2003) ‘Automotive disc brake squeal’,
Journal of Sound and Vibration, Vol. 267, pp.105-166.

Kirillov, O.N. and Seyranian, A.P. (1998) ‘Optimization of stability of a flexible missile
under follower thrust’, 7th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary
Analysis and Optimization, 2-4 September, St. Louis, Missouri, USA, pp.2063-2073,
AIAA Paper 98-4969.

Kirillov, O.N., Mailybaev, A.A. and Seyranian, A.P. (2005) ‘Unfolding of eigenvalue surfaces
near a diabolic point due to a complex perturbation’, Journal of Physics A: Mathematical
and General, Vol. 38, No. 24. pp.5531-5546.

Kirillov, O.N. (2007a) ‘Destabilization paradox due to breaking the Hamiltonian and reversible
symmetry’, International Journal of Non-Linear Mechanics, Vol. 42, No. 1, pp.71-87.



Perspectives and obstacles for optimisation of brake pads 167

Kirillov, O.N. (2007b) ‘Gyroscopic stabilization in the presence of nonconservative forces’,
Doklady Mathematics, Vol. 76, No. 2, pp.780-785.

Kirillov, O.N. (2008a) ‘How to play a disc brake: a dissipation-induced squeal’, Noise and
Vibration, SP-2158, SAE World Congress and Exhibition, 14-17 April, Detroit, MI, USA,
pp.167-180, SAE Paper 2008-01-1160.

Kirillov, O.N. (2008b) ‘Subcritical flutter in the acoustics of friction’, Proceedings of the Royal
Society A, Vol. 464, No. 2097, pp.2321-23309.

Lakhadanov, V.M. (1975) ‘On stabilization of potential systems’, Prikladnaya Matematika i
Mekhanika, Vol. 39, pp.53-58.

Lee, C-W., Han, D-J., Suh, J-H. and Hong, S-W. (2007) ‘Modal analysis of periodically
time-varying linear rotor systems’, Journal of Sound and Vibration, Vol. 303, pp.553-574.

MacKay, R.S. (1986) ‘Stability of equilibria of Hamiltonian systems’, in Sarkar, S. (Ed.):
Nonlinear Phenomena and Chaos, Adam Hilger, Bristol, UK, pp.254-270.

Mottershead, J.E. (1998) ‘Vibration- and friction-induced instabilities in discs’, The Shock and
Vibration Digest, Vol. 30, pp.14-31.

Ostermeyer, G.P. and Miiller, M. (2008) ‘New insights into the tribology of brake systems’,
IMechE Journal of Automobile Engineering, Vol. 222, pp.1167-1200.

Oura, Y., Kurita, Y., Matsumura, Y. and Nishizawa, Y. (2008) ‘Influence of distributed
stiffness in contact surface on disk brake squeal’, Brake Colloquium and Exhibition,
October, San Antonio, TX, USA, Session: Friction-Induced Vibration, SAE, Warrendale,
SAE Paper 2008-01-2584.

Ouyang, H., Nack, W., Yuan, Y. and Chen, F. (2005) ‘Numerical analysis of automotive disc
brake squeal: a review’, International Journal of Vehicle Noise and Vibration, Vol. 1,
Nos. 3-4, pp.207-231.

Ouyang, H. (2008) ‘Prediction and assignment of latent roots of damped asymmetric
systems by structural modifications’, Mechanical Systems and Signal Processing,
DOI: 10.1016/j.ymssp.2008.08.001

Penninger, C.L. and Swift, R.A. (2004) ‘Disc brake lining shape optimization by multibody
dynamic analysis’, SP-1866, ABS/TCS, Brake Technology and Foundation Brake NVH, and
Tire and Wheel Technology, SAE, Warrendale, SAE Paper 2004-01-0725.

Seyranian, A.P., Lund, E. and Olhoff, N. (1994) ‘Multiple-eigenvalues in structural optimization
problems’, Structural Optimization, Vol. §, No. 4, pp.207-227.

Spurr, R.T. (1961) ‘The ringing of wine glasses’, Wear, Vol. 4, pp.150-153.

Spelsberg-Korspeter, G., Hochlenert, D., Kirillov, O.N. and Hagedorn, P. (2009) ‘In- and
out-of-plane vibrations of a rotating plate with frictional contact: investigations on squeal
phenomena’, Trans. ASME, J. Appl. Mech., Vol. 76, No. 4, p.041006.

Xiong, L.G., Chen, H. and Yi, J.M. (2002) ‘Instability mechanism of a rotating disc subjected
to various transverse interactive forces’, Journal of Materials Processing Technology,
Vol. 129, pp.534-538.

Xiong, Y. and Hutton, S. (1994) ‘Vibration and stability analysis of a multy-guided rotating
string’, Journal of Sound and Vibration, Vol. 169, No. 5, pp.669-683.

Yang, L. and Hutton, S.G. (1995) ‘Interactions between an idealized rotating string and
stationary constraints’, Journal of Sound and Vibration, Vol. 185, pp.139-154.



