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Abstract There is an increasing range of applications fotoreo made of
composite materials and operating at supercritigpdeds. Design of such
structures involves specific features which havésg¢oaccounted for in order to
allow safe operations. A proper modeling of the nagical characteristics of the
composite is first needed. But, as far as the strads rotating, the effect of stress
stiffening and spin softening may be consideredtardeffect of internal damping
has to be studied in order to avoid possible inlétab Internal or rotating
damping modeling remains an active field of reseanhere both theoretical
developments and experimental results are needed.

Keywords: Rotating Shaft, composite material, instabilityternal damping,
rotating damping.

1 Introduction

Damping, coming from different sources, is one lef tmost difficult issues for
structural dynamic predictions. Damping effectsmegnly modeled using viscous
and hysteretic damping. The main difference betweath types of damping is
that the energy dissipated per cycle by viscouspilagnis frequency (spin speed)
dependent, whereas the energy dissipated by hiistdeemping is not. Damping
associated to the non-rotating parts of the strachas a usual stabilizing effect
while damping associated to rotating parts cargsignstability in supercritical
ranges. Internal viscous damping is well known. telgetic damping is often
substituted by an equivalent viscous damping fomaaic motions.

First investigations by Newkirk [1] showed thatargt may experience violent
whirling at speeds above the first critical dueinternal damping. Since then,
many researchers have studied the combined influehdnternal (material, dry
friction) and external damping (bearings...). Cleals results were obtained,
showing that rotor stability is improved by increasthe damping provided by the
bearings, whereas increasing internal damping mdyae the instability threshold



[2-4]. Genta [5] demonstrated that an error is madeen considering that
hysteretic rotating damping is destabilizing at apeed. Until now internal
rotating damping modeling remains an up to dateaieh area [6,7...].

Because of the specific strength and stiffness igh hperformance fiber
reinforced materials, attempts are being madeptace metal shafts by composite
ones in many applications: driveshafts for heliesptand cars, centrifugal
separators, cylindrical tubes [8-10]. These maleaovide advantages in terms
of weight reduction and give designers the possibilf obtaining predetermined
behavior by changing the arrangement of the conptsyers [11,12]. For a rotor
made of composite materials, internal damping aasignificant [13] due to the
damping capacity of the matrix. Optimization tecjug@s have been used in order
to avoid instability, minimize the unbalanced rasg®m and maximize the stability
limit speed. For composite shafts, equivalent maslileam theory (EMBT) based
on classical laminate theory, has many limitati¢h4], and is only valid for
symmetric stacking. General homogenized beam thd@WBT) has been
developed to reduce the previous limitations [T%je equivalent flexural moduli
are in this case evaluated using the Young’s magdear modulus and specific
damping capacity of each layer. The distance tmthedral axis and the thickness
of each layer are explicitly taken into accounte&heffects are considered by
evaluating the flexural warping function.

Beam based models are generally useful but maybsEsguestionable. In the
case of tubes, multilayered shell models may beledeFinally, most of the
published studies remain purely numerical and thera lack of experimental
results that may be used for a better understandinthe effect of rotating
damping as well as for validation purpose [16, 17].

This paper gives first some brief descriptions leé theoretical background
concerning internal damping modeling and the equatiof motions. Then,
applications are presented in order to illustraig discuss specific features.

2 Equations of motion — Composite rotor

Most existing rheological models are based on thealination of elastic and
viscous basic elements such as those of MaxwebkHmd Kelvin-Voigt [18]. In
this work, the Kelvin-Voigt model has been choskrtonsists of a spring and a
damper in parallel and is commonly used for lingsicoelastic systems. The
associated equations of motion of the rotor [18] ar the rotating frame:

(M{d}+[C + CONd} + [K + K(@{d} = {0} )
where [M ] represents the mass,;[@e internal damping, [€))] includes an

antisymmetric gyroscopic matrix (function d® speed of rotation) and a
frequently asymmetric matrix owing to the charastars of bearings, [K] is the



elastic stiffness matrix and [{Q)] is the stiffness matrix associated to internal
damping as well as stress stiffening and spin softgeffects.{d}, {d} and

{d} are respectively nodal accelerations, velocities a@isplacements. The
Campbell diagram and instability regions are deteech from the solution of the
eigenvalue problem obtained after reduction by pgbheudo modal method [19].
The natural frequencies are obtained from the imagi part and stability
criterion is defined from the real part of the eigalues.

Considering formulations based on beam theoriesdaading with homogeneous
materials, the stiffness of the structure is a fiemcof the product El, where E is
the Young’'s modulus and | the inertia of the setti®imilarly, dissipation due to
internal damping is a function of il where n is the loss factor. When
considering composite rotors, two formulations nb@yused. The most classical
one uses equivalent homogenized material approactteieads to the Equivalent
Modulus Beam Theory (EMBT). On the other hand, Galndomogenized Beam
Theory (GHBT) is based on a direct homogenizatibthe products El and El
GHBT has the advantage of being valid for any lat@nstacking of the rotor
wall. The homogenized parameters of the rotor areved from the strain energy
and are expressed as follows [15]:
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with: E, E, vy, G; respectively Young’s moduli, Poisson’s ratio arftbar
modulus in the orthotropic axes, c=d@)s§¢=sin@), Ry, R.1 give the beginning and
the end of the kth layer from the neural a¥ids the layer orientation angle and
E'n® is the damped Young modulus of layer k along thrr axis. Damping
factorn is obtained from the specific damping capacityagers according to the
longitudinal, transversal and shear directions eeSpely. For the effect of
transverse shear, the homogenized shear modulus Gi8ained from the shear
strain energy.

3  Application

Two different applications are presented and usedlifistration. The first one
concerns a thin wall composite shaft and the seectwmposite rotor with discs.



3.1 Thin walled composite shaft

The application considered first is a simply suppedrthin-walled tube with two
lateral inner discs at both ends. The shaft lemgth=1.5 m, its outer diameter is
D=0.09 m and its wall thickness is e=7.0*1@. The discs lie at a distance of 0.05
m from both ends of the tube, their thickness @&s1%° m and their inner radius is
0.0075 m.The shaft is made of 5 layers of Boron/Epopy1600 kg/mi E;=3.0

10" Pa, B=6.2 10 Pa, G=G17=G=4.1 10 Pa andV,,=0.26). The stacking

sequence considered is [0°, -30°, +30°, 0°, 90¢kryfrom the inner to the outer
surface of the cylinder. Mechanical damping is herglected.

As shown in Fig. 1, only 1/2(30°) of the whole structure is meshed using a
multilayered shell element, constructed from thiidssoparametric element with
16 nodes, by applying Reissner-Mindlin hypothesd@$e resulting element is
geometrically characterised by 16 nodes and kiniealbt by 8 nodes and 5 dof
per node. A shear correction coefficient equal /& iS considered and reduced
integration is used to prevent shear locking.

Fig. 1 Cylindrical tube. Only 1/12of the mesh (dark) is considered by the numerizadel

Table 1. Natural frequencies at rest (Hz) and first critggeeds (rpm).

Freq. at rest Freg. atrest A (%) Critical speed ~ Critical speed A (%)

Rotorinsa 3D Model Rotorinsa 3D Model
508.4 475.4 6.7 31820 28 570 11.4
1749.2 1446.7 18.9 116 625 91 660 27.2
3305.7 2564.7 24.0

The three first bending frequencies obtained ferdtiucture at rest are reported in
Table 1. These values are compared with those cemipusing ROTORINSA
[19] associated with an EBMT. Differences in resute significant and can be
explained by the effect of the simplifying assurops associated with EBMT: a/
contribution of each layer independent of its rhgiasition, this hypothesis being
only valid for thin-walled shafts with symmetricgdquences. b/ longitudinal shear



deformations associated with bending not conside€xdical speeds obtained
with both shell and beam models are also repoBed.to stress stiffening effects,
accuracy of the beam model decreases when rotgteed increases.

3.2 Composite rotor with two discs

In order to emphasize the influence of internal pisugy in rotordynamic analysis,
Campbell diagram and instability thresholds aredeined for a rotor made of a
filament wound shaft when considering different figurations of stacking
sequences. The structure, proposed by Pereiraifld]composite shaft with two
rigid steel disks supported by two bearings as showFig. 2. Rotor: L=1.2m,
D=0.096m, e=0.008m, Disc;;£0.096m, R=0.3m, h=0.05 m.

2L/3

Fig. 2. Filament wound shaft with two disks

Table 2 Material data for the shaft (carbon expoxy)

E(GPa) EGPa) Gy(GPa) Uu pkg/m) W% W% W%

172.7 7.20 3.76 0.3 1446.2 045 422 7.05

Material properties of each ply made of carbon/gpase summarized in Table 2
and the anisotropic bearing stiffness charactesistare: Kxx=1.10 N/m,
Kzz=1.10 N/m, Kxz= Kzx=0 (no external damping considere@he first
configuration consists in 8 plies of 0.001m thicksén a balanced and symmetric
configuration £6°]s. Figure 3 gives the Campbell Diagram obtainsidgt GHBT.
Frequencies and instabilities thresholds are ia tiaise in very good agreement
with those obtained by Pereira using EMBT. As thisreno external damping,
instability occurs just after the critical speed.



The same structure with different symmetrical amslynametrical stacking
sequences is then considered. When examining Balthee influence of stacking
on the first frequency as well as on the instabtlireshold appears clearly.
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Fig. 3. Campbell diagram and instability regions for aileaie 6=75° with anisotropic bearings
(red = unstable)

Table 3. Mechanical characteristics of the shaft

Stacking sequence Freq (Hz) Instability threstigidh)
1 [90,,45,0k 39.87 5864
2 [90,0,90,45,90,45,0,90] 40.08 5913
3 [90,45,Q]s 50.71 10981
4 [45,0,45,0,90,0,90,0] 51.36 11395

As shown in Table 4, where both results obtaineinflGHBT and EMBT are
compared, the distance to the neutral axis congghto the calculation of the
mechanical characteristics of the rotor with GHBI bot accurately with EMBT.
When using EMBT, an error up to 16% on instabilitieshold and 7% on the first
frequencies is observed. The Campbell Diagram #ssoc with the second
configuration considered above is presented in&ig.

Differences between configurations is up to 21 ¥diflequencies at rest and about
47% for instability thresholds, and for differermtses, not presented here, the rotor
may exceed the third critical speed without geregainstability. The greater the
number of fibers oriented close to the longitudidiaéction of the tube, the more
they contribute to shaft rigidity and, consequentlye higher frequencies are.
Similarly, the lower the orientation angle, the &vthe internal damping due to
composite materials is and, consequently, the lagtability occurs.



Table 4.Comparison between GHBT and EMBT. Instability tin@s — first frequency.

GHBM EMBT % GHBM EMBT %

(rpm) — (rpm) (Hz) — (H2)
[90,,45,0k 5864 6956  15.7 39.87 4276 6.7
[90,0,90,45,90,45,0,90] 5913 6965 151 40.08 .7@2 6.3
[90,45,Q]s 10981 12064 9.0 50.71 5237 3.2

[45,0,45,0,90,0,90,0] 11395 12064 5.5 51.36 52.32.0

Frequency [Hz]

1
| | |
| | |
1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000
speed of rotation [rpm]

Fig. 4. Campbell diagram for configuration [90,0,90,454%8)0,90]

4  Experimental analyses

An experimental set up developed at the LMA of Mdks France, shown in
Fig. 5 is used for illustration and validation. Thet up allows studying the
stability of shafts made of different materials lwitarious lengths ranging
between 0.5m and 3m.

To allow supercritical behavior, passive dissipatie introduced at bearing
level using viscoelastic supports (damping fact®¥@. Bearings are classical
ball bearings. The main characteristics of theettsbtors, made of PVC, are:
Young modulus 2.2 GPa, density 1350 kij/external radius 0.025 m, internal
radius 0.0215 m, damping factor 1.25%. Isotropiarimgy mass is 2.608 Kg and
foundation stiffness is 567.161/m.



Fig. 5. Testing machine for high-speed tubes
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Fig. 6: PVC Tube: numerical and experimental results.

Fig. 6 shows the evolution of the computed freqiesnand instability thresholds,
with respect to the rotor length L. Legends aréollews: F. i frequency of the
system; Sli"™ associated instability threshold. The instabitine (grey) of this
rotor is greater than the instability zone of retorade of classical materials due to
the material damping which is more significant RAfC (1.25% here compared to



0.2 associated to an aluminium rotor for exemajperimental results obtained
at the LMA are also given. They are symbolized bgirele O for the first
frequency and by a stak for the instability thresholds. Four experimerttsts
were performed for tubes of lengths 0.6m, 0.8mm0aid 1m. The experimental
instability was detected at the first critical speeTendencies shown by
experimental results are in good agreement witlritecal results and the first
frequency identified matches very well.

Observation points out two instability zones meggat a length L near 0.8m.
Within this zone the different components of thesteyn are highly coupled.
Frequencies associated to the rigid rotor withifilexbearings match frequencies
of the tube supported by rigid bearings. For tlaigtipular length of rotor, bearings
are highly responding and then provide more extedaanping to the system,
increasing stability. Such behavior has also beesewed by Dutt [20] who
shows that a proper selection of the value of stpparameters can increase
significantly instability threshold for a system wiscoelastic supports.

5 Conclusion

The presented paper deals with the dynamical aisabfsinternally damped
rotating composite shafts. Usual rotordynamics ringeis based on beam
theories. In this case, the General HomogenizednBEaeory is needed to avoid
the main drawbacks associated with formulation$ ¢basider only symmetrical
and balanced stacking sequences and do not takeagtiount the distance of
layers from the neutral axis. As already showns¢hsimplifications may lead to
significant discrepancies in terms of frequenciad astability thresholds. The
method also allows accurate characterization ofsthécture’s internal damping,
based on the specific damping capacity of eachoplthe composite assembly.
Another limitation illustrated here concerns theeavhere the rotating structure is
more a tube than a shaft. In this case classifettsfsuch as stress stiffening and
spin softening shall be accounted for. Then beaortbs are no more valid and
shall be replaced by multilayered shell theories.

Finally an experimental set up is described andd uee illustration and
validation. New techniques are under developmedtraajor improvements are
clearly needed to overcome the large limitationthefclassical equivalent viscous
damping model. But the development of those tealesghas to be clearly
associated with much more fine available experialenesults (transient
response...)
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