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Abstract
Applications of rotating machinery ranges from house hold 
appliances to turbines, aeroplanes etc. In rotor systems, it is 
important to predict the characteristics of the systems like critical 
speed, natural frequency and stability. These characteristics can 
easily be found out by using finite element method e.g. by using 
ANSYS software. Modal analysis and transient analysis has been 
carried out on a single disc rotor system using finite element 
method. Such results can be helpful in dynamic design of the 
rotor systems.
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I. Introduction
Modal analysis of structures gives information about their dynamic 
characteristics i.e. natural frequencies, modal damping factors 
and mode shapes ([4]; [9], [11], [12]). Simple models can be 
used for this purpose. However, it may be difficult sometimes 
to model complex structural systems using simple models. The 
alternatives to this may be in the form of use of finite element 
models. Finite element method is widely used for this purpose ([1]; 
[13]). Readily available software packages e.g. ANSYS can be 
used reliably for this purpose ([2]). ANSYS Multiphysics software 
has inbuilt capabilities for dynamic analysis. Applications of 
rotating machinery ranges from house hold appliances to turbines, 
aeroplanes etc. The modelling of rotating machines is not as simple 
and direct and that of non- spinning structures. This is due to the 
presence of many spin-speed dependent forces associated with 
rotor system, e.g. tangential forces, circulatory forces, gyroscopic 
forces etc.

A. Campbell Diagram and Stability Analysis
Critical speed and stability limit speed are two important parameters 
for rotor systems. Critical speed of rotor systems can be found 
out with the help of Campbell diagrams ([5]; [10]). In Campbell 
diagrams, the variation of natural frequencies is plotted against spin 
speed of rotation. The intersection of excitation order lines with 
these natural frequency lines gives the locations of critical speeds. 
Unbalance is the primary source of excitation in rotor systems. 
The excitation order line for unbalance bears a ratio one to the 
spin speed frequency. Stability of rotor systems can be judged by 
studying the modal damping factors or real part of eigenvalues or 
logarithmic decrement. The estimation of critical speed or stability 
limit speed of rotors calls for their modal analysis. There are many 
studies which deal with variation of natural frequencies or modal 
damping factors for rotor systems using simple models ([10]; [8]). 
Finite element methods are widely used for structural analysis 
including rotor systems. This gives not only natural frequencies 
or modal damping factors but spatial modal pattern also. This 
work reports modal analysis studies for a single disc rotor system 
to predict its critical speed and stability limit speed. The single 
disc rotor system is considered to be supported on rolling element 
bearings and the effect of shaft material damping is included in 
the model.

B. Transient Analysis
Transient analysis is an analysis where dynamic response of the 
system is investigated under transient time- varying load. The 
time frame for this type of analysis is such that inertia or damping 
effects of the rotor system are considered to be important. Loading 
conditions considered is step or impulse loading, for example, 
where there is a sharp load change in a fraction of time. If inertia 
effects are negligible for the loading conditions being considered, 
a static analysis may be used instead. Transient analysis of rotating 
structures is also very important as it reveals the response of the 
structures to any transient excitations. There may be many agents 
present in rotor systems which may make the rotor system unstable, 
e.g. journal bearings, shaft material damping, nonaxisymmetric 
rotor etc. This work investigates the transient analysis of the single 
disc rotor system under the i nfluence of shaft material damping. 
Shaft material damping has been modelled using internal viscous 
damping. Stiffness matrix multiplier β is used to form the viscous 
damping matrix [C] = β [K], where [K] is the stiffness matrix. 
Values of β may also be input as a material property (use the 
BETD label on the MP command). The transient analysis of the 
rotor system has been carried out below and above the stability 
limit speed of the rotor system.

II. Theory
The finite element method has been used in the present work as is 
available in ANSYS software. The effects of shear deformation, 
rotary inertia and tangential forces are considered in the model. 
Rolling element bearings are considered to provide both stiffness 
and damping to the system. Nonproportional damping model has 
been used to model damping. The references ([6], [8]) may be 
referred to study the mathematical equations or the theory of 
modal analysis.

III. Numerical Example
Here a single disk rotor is considered for the transient analysis after 
following [12]. Model as shown in Figure 1 is used for transient 
analysis in ANSYS. The coefficient of shaft material damping 
is considered as 0.0002 s. And bearing stiffness and damping 
coefficient are taken as Kyy=Kzz=1.75e7  N/m and Cyy=Czz =0 Nsec/ 
m respectively at both the ends.

Fig. 1: Single Disc Rotor System

A. Modeling of Single Rotor System
Firstly above rotor system is modelled in ANSYS. While 
modelling of this single disc rotor system beam188 element for 
the shaft, mass21 element for the disc and combin14 element for 
the bearing properties have been considered.
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IV. Results and conclusion

A. Campbell Diagram
For the Campbell diagram and stability plot, modal analysis of the 
rotor system has been carried out by considering internal viscous 
damping for shaft material. Campbell diagram is the plot between 
rotational speed and natural frequency. It is shown in fig. 2.

Fig. 2: Campbell Diagram

B. Stability Plot
Stability diagram is the plot between modal damping factor or
logarithmic decrement or real part of eigenvalues against rotational 
speed. It shows the variation of these quantities with the rotational 
speed in backward and forward modes. When modal damping
factor changes its sign for any mode then rotor gets unstable in 
that mode. By the study of the stability diagram it can be seen 
that rotor gets unstable due to material damping at a particular 
speed and this speed is called stability limit speed. The value of 
stability limit speed decreases as the material damping goes on 
increasing. Stability diagram for the rotor system is shown in 
fig. 3 In the plot the real part of eigenvalues in various modes in 
Hz, called as stability values, are plotted. It shows the Stability 
Limit Speed (SLS) for the rotor system is 3338 rpm.

Fig. 3: Stability Diagram

C. Mode Shapes
Mode shapes of any structure show the displacement pattern for 
the system at any mode. Such information may be helpful in the 
design of a system. Initial four mode shapes of the rotor system 
are shown in the fig. 4.
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Fig. 4: Mode Shapes in xy, xz Plane for Two Modes (a) First Mode; 
(b) Second Mode; (c) Third Mode; (d) Fourth Mode

D. Mode Orbit Plot
Mode orbit plots are used to study the rotor response under a 
natural frequency. Mode orbit plot shows whirl of the mode. This 
is plotted against the natural frequency 147 Hz. It is shown below 
in fig. 5.

Fig. 5: Mode Orbit Plot

E. Transient Response
Transient analysis of the rotor system has been predicted on node 
4 by applying transient force on node 4 by considering the speed 
of 2000 rpm which is below the stability limit speed. If this rotor 
rotates below SLS then response of the system is decreasing and 
if this rotor rotates above SLS then response of the system is 
increasing. It has been shown that the transient response decays 
out with time if the operating speed is below the stability limit 
speed which for the case considered is 3338 rpm. Figure 6 shows 
the transient response of the rotor system at node 4, when transient 
excitation is applied at node 4.

Fig. 6: Response Before Stability Limit Speed

Considering the speed of 4000 rpm which is above the stability limit 
speed. On this speed, response of the rotor increases exponentially. 
Fig. 7 shows the transient response of the rotor system at node 7, 
when excitation is there at node 7. 

Fig. 7: Response After Stability Limit Speed

V. Conclusion
In this chapter a single disc rotor system is modelled considering 
the rotor dynamic properties such as stiffness, external damping
coefficient, material damping etc. Modal analysis has been carried 
out and Campbell diagram and stability diagram are plotted. 
Stability plot gives the value of stability limit speed which is 
the limit of the speed for stable operation of the rotor system. 
Response of the rotor system is seen under and beyond the stability 
limit speed. It has been shown that the transient response decays 
out with time if the operating speed is below the stability limit 
speed. On the other hand it has been shown that the transient 
response increases exponentially if the operating speed is above 
the stability limit speed.
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