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• In the previous section, the rotor system ––the
shaft as well as the rotating body––was
assumed to be rigid.

• However, in many practical applications, such
as:

- turbines,

- compressors, heavy weight

- electric motors, and

- pumps

a heavy rotor is mounted on a lightweight,
flexible shaft that is supported in bearings.



• There will be unbalance in all rotors due to design

and manufacturing errors.

Problems in shaft and a rotor systems:
i. Unbalance in rotor/disc

ii. Improper assembly

iii. Weaker bearings

• These unbalances as well as other effects, such as:

- the stiffness and damping of the shaft,

- gyroscopic effects, and

- fluid friction in bearings,

will cause a shaft to bend in a complicated manner at certain

rotational speeds, known as the whirling, whipping, or

critical speeds.



Cont …

• Whirling is defined as the rotation of plane

made by the bent shaft and line of centers of

bearings.

• Whirling is also defined as the rotation of

the plane made by the line of centers of the

bearings and the bent shaft.

• In this Chapter we consider the aspects of

modeling the rotor system, critical speeds,

response of the rotor system, and stability.



Equations of Motion

• Consider a shaft supported by two bearings and
carrying a rotor or disc of mass m at the middle:

• We shall assume that the rotor is subjected to a
steady-state excitation due to mass unbalance.



Cont …

• The forces acting on the rotor are:

- the inertia force due to the acceleration of the mass
center,

- the spring force due to the elasticity of the shaft, and
- the external (Stationary) & internal (Rotary) damping

forces.

• The equations of motion of the rotor (mass m) can be
written as:

Inertia force (Fi) = Elastic force (Fe) 

+ Internal damping force (Fdi)

+ External damping force (Fde)

-- (6.1)



Critical or whirling speed of shaft
• In actual practice, a rotating shaft carries different

mountings and accessories in the form of gears,
pulleys, etc.

• The centre of gravity of the pulley or gear is at a
certain distance from the axis of rotation due to
this, the shaft is subjected to centrifugal force.
This force will bent the shaft.

• The bending of shaft not only depends upon the
value of eccentricity but also depends on the
speed at which the shaft rotates.

• The speed at which the shaft runs so that the
additional deflection of the shaft from the axis of
rotation becomes infinite, is known as critical or
whirling speed.



• All rotating shafts, even in the absence of external

load, will deflect during rotation.

• The unbalanced mass of the rotating object causes

deflection that will create resonant vibration at

certain speeds, known as the critical speeds.

• The magnitude of deflection depends upon the

following:

a) stiffness of the shaft and its support

b) total mass of shaft and attached parts

c) unbalance of the mass with respect to the axis

of rotation

d) the amount of damping in the system



Whirling Speed of a Shaft
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Natural Frequency of Free Transverse Vibrations For a 

Shaft

Subjected to a Number of Point Loads

• Consider a shaft AB of negligible mass loaded with

point loads W1 , W2, W3 and W4 etc. in newton's, as

shown in figure. Let m1, m2, m3 and m4 etc. be the

corresponding masses in kg. The natural frequency of

such a shaft may be found out by the following two
methods: :



1. Energy (or Rayleigh’s) method
• Let y1, y2, y3, y4 etc. be total deflection under loads

W1, W2, W3 and W4 etc. as shown in figure.
We know that maximum potential energy:

• and maximum kinetic energy



• Equating the maximum kinetic energy to the

maximum potential energy, we have



2. Dunkerley’s method

• The natural frequency of transverse vibration for a shaft

carrying a number of point loads and uniformly distributed

load is obtained from Dunkerley’s empirical formula.

According to this:



• Now, consider a shaft AB loaded as shown in figure below:





Therefore, according to Dunkerley’s empirical

formula, the natural frequency of the whole system,





Ex. A shaft 50 mm diameter and 3 metres long is simply supported at the ends and 

carries three loads of 1000 N, 1500 N and 750 N at 1 m, 2 m and 2.5 m from the left 

support. The Young's modulus for shaft material is 200 GN/m2. Find the frequency 

of transverse vibration.





Ex. Calculate the whirling speed of a shaft 20 mm diameter and 0.6 m long 
carrying a mass of 1 kg at its mid-point. The density of the shaft material is 
40 Mg/m3, and Young’s modulus is 200 GN/m2. Assume the shaft to be freely 
supported.





























Summary

Due unbalance in a shaft-rotor system, rotating shafts tend to bend

out at certain speed and whirl in an undesired manner.

The speed of the shaft under the condition when

r =1, i.e =n is referred as critical speed of shaft.

The theory developed helps the design engineer to select the 

speed of the shaft, which gives minimum deflection




