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1. Introduction

The process industries in our country utilize a large
number of rotating and reciprocating machines which
run continuously for 24 hours a day and for several
months at a stretch. Process industries include sugar,
cement, paper, steel, non-ferrous, power, chemical and
fertilizer plants. There are more than 1200 of them in
our country. Their productivity, for the country as a whole
runs to several crores of rupees per annum. If any one or
more of machines in these plants fail, the productivity
loss incurred by the industries is colossal. The machines
include compressors, pumps, turbines, diesel engines,
gear boxes and electrical motors.

Most of the symptoms of malfunctioning of the
machines are indicated by the vibration signals which
are obtained at site. With the availability of vibration
transducers along with real time analysers, nowadays, it
is easy to record these signals. This approach has been
very handy since the instruments are user friendly and
are available at affordable cost. But the fall out of this
facility is the mushrooming of ill qualified and ill trained
Engineers with no exposure to basic vibration concepts.
There are more than 200 groups of Engineers doing
condition monitoring today. All of them do monitoring,
but many are not equipped to suggest remedies on
scientific lines.

Besides another major problem faced by the industry
is connected with the expansion of the existing plant by
increasing the capacity of the units by altering the process
parameters like flow, speed, pressure and drive horse
power. Quite often the units are reoriented to optimize
the space and equipment. All these, invariably, result in
changing the dynamic behavior of the machines and
coupling between different rotating units (rotor
dynamics) and structures in which they are located.
(structural dynamics)

Suggesting remedies for these two sets of problems,
viz. one on existing machines and another on modified
units, needs a clear understanding of basic subjects like
strength of materials, theory of machines and machine
design. For more complicated cases finite element
analysis is needed. This powerful tool, finite element
method, has also problems similar to site measurement.
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No doubt today standard packages are available which
can run on personal computers. Unfortunately people
who undergo two weeks short-term programme on CAD
and finite element are lured to think that they can handle
any problem after this short training. But one needs a
clear grasp of the rudiments of this subject if he aims at
meaningful and acceptable solutions.

The material presented here involves six case studies
in the areas of machine foundation, structural dynamics
and rotor dynamics to drive home the importance of these
two important tools, measurement at site and analysis
after choosing an appropriate finite element model. The
study covers cement, paper and power plants located in
six different States of India. The findings are strengthened
by the improved performance of the units analysed after
the modifications were executed. The case studies
presented in Sections 2 and 3 are on structural dynamics,
4 and 5 on rotor dynamics and 6 and 7 on machine
foundations.

Housing Frequency Close to Exciting Frequency

This kind of problem is a very common occurrence. This
is primarily due to the supporting unit having a natural
frequency close to the exciting frequency. Two practical
cases are reported here wherein the exciting frequencies
measured at site were 10 and 20 cps. The computation
of natural frequencies of the housing needed accurate
modeling by finite element method.

2. Cooling Tower Fan

The cooling fan (Figs.1 and 2.) made up of 5 FRP blades
of outer diameter 8.5 meters and inner diameter of 1.4
meters rotating at a speed of 117 rpm on a vertical shaft
is driven by an induction motor of 55 kW running at
1440 rpm with the first stage reduction through bevel
gears and the next two through helical gears. The rotor
can be run at 720 rpm, if needed. The gearbox along
with the fan housing is located mid span on two RCC
beams of rectangular cross section 250mm’ 600mm. It
has been reported that of the 20 units in operation in one
the failure has been due to the failure of the drive shaft
of the gearbox and in two others due to the failure of the
bevel gears. After a preliminary study it was found
desirable to record the vibration levels of the RCC beam
while in operation. The measurements were made while
the fan was working at the rated speed and at half speed.
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Seismic inductive accelerometers and LVDT were used.
The signals were conditioned by carrier frequency
amplifiers. In addition a piezoelectric accelerometer was
also used. This output was conditioned by a charge
amplifier. All the signals were analysed using a portable
analyser. Table 1 shows the measured values. The
vibration spectra recorded is shown in Fig 3.

Gearbox—y| | HII 7
i
Concrete |
Foundation |
i
i

Frequency components of the signal from the beam
supporting the housing consistently indicates the
presence of substantial amplitude around 10 cps. The
rated speed of the blades is 117 rpm and there are 5 blades
in the rotor. Hence the predominant forcing frequency
component for the normal speed of operation is around
10 cps (57117 rpm). For half speed it is 5 cps. A quick
check of the analysis of the supporting beam indicates a

Table 1 Vibration spectra for the beam

Case 1, full speed frequency, cps 9.8 156 195
horizontal acceleration(g) 0.016 0.0023 0.0029
Case 2, full speed vertical frequency, cps 10,25 1225 185
displacement (u) 31 6.8 5.6
Case 3, half speed vertical frequency, cps 5 12.6 15
displacement (u) 7 19 2
10u m/m
0
0 10 20

Fig. 3: Vibration spectrum

X

value around 5.8 cps for the horizontal direction and 9.4
for the vertical direction. Fig 3 also indicates a
predominant frequency at 10 cps. The remedy lies in
increasing the natural frequency of the supporting beam
from the zone of 5 to 10 cps by connecting the two RC
beams by two cross beams which will increase the second
moment of area substantially.

3. Paper Machine Base

Shown in Fig 4. is a paper machine occupying an overall
space of 5250x 2000x2000 mm installed at a height of
5000mm from the ground. This is supported by two box
beams of 250x 350, 20mm thick on a span of 5.25 meters.
This unit experienced severe vibrations in the horizontal
direction in the vicinity of the beams of the order of 40
to 50mm/sec at a predominant frequency in the range of
12,5 to 20 cps which are in the range of roller speeds.
(Fig. 6) In most paper machines, the exciting frequency
can be attributed to the speeds in rpm of the rolls
connected with the belt drives which connect series of
parallel shafts at considerable distances. The
misalignment between shafts gives rise to excitation at
frequencies coinciding with roller speeds. It could be
inferred from the vibration measurements that the support
has natural frequencies in this range. The two

Fig. 4: Paper Machine
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Fig. 5: Strengthening the Base Structure
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Fig.6: Spectrum before strengthening

independent beams supporting the machine were
modeled using beam element and the natural frequencies
computed.

The natural frequencies in the horizontal direction
were observed to be 6,14, 18 and 31 cps. It was decided
to strengthen the beams horizontally by connecting them
transversely at the two ends by two plates 16 mm thick
at the top and bottom as shown in Fig.5. This increases
the moment of inertia of the composite beam
substantially. Finite element method used to compute
the natural frequency gave a value of 78 cps for the
fundamental frequency. When this modification was
implemented, the vibration velocity came down to 4 mm/
sec.

4. Support for a Heavy Duty Pump

This pertains to a specific case of procuring the drive
motor and the pump separately without checking the rotor
dynamic problem associated with assembly. Fig. 7 shows
a heavy duty pump driven by a flange mounted motor at
the top weighing 7 tonnes. The height of the assembly
was around 7 meters from the ground. The motor and
the pump met the specifications of the expected

performance of the driver and the driven individually.
But the assembled unit vibrated violently with the
horizontal vibration velocity at the motor bearing
exceeding 12 mm/sec. From the vibration signature
obtained,(Fig 8) it was found that the predominant
exciting frequency was around 480 cpm. The unit was
modeled using shell (for the casing) and beam (for the
shafts). The fundamental natural frequency was around
8.5 cps. There was good agreement between the
analytically computed value and the value from the
spectrum. It was decided to strengthened the assembly
as shown in Fig 7. The computed natural frequency went
upto 11.6 cps. This modification was implemented. The
unit is performing satisfactorily for the past two years
since implementing the modifications.

5. Impeller Shaft

Another case of rotor dynamics refers to an impeller
shaft. Shown in Fig 9. is the shaft supporting the impeller
of an ESP fan running at 960 rpm. The impeller details
are given in Fig.10. It was reported that this rotor was
balanced at site frequently. Unfortunately the rotor
bearing vibrations used to record vibration velocities
exceeding 30 mm/sec in about 6 hours from the starting

3R MODIFICATION
15t Mode Shifted from 8.5 Hz to 11.5 Hz
Plate = 1800 x 1300 x 40 mm
Jertical column = 4 Nos. Connected with each other

Rectangular plates 300 mm
Thick 16 mm

Fig. 7: Heavy Duty Pump
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w
> <|z|>[<|z[>|<|z|>|<|z[>|<]|z
=la
=5
ol
Sla
NN
©
> <|I|>|<|[IT|F|<[T|>|<|T|>|<|T
‘ -

|IB300 @225 2125
i
— N
—850 + 1670
Fig. 9: Impeller Shaft
i
12300

21842 - - -

———585 585 —

Fig. 10: Impeller

of the rotor after balancing necessitating a shut down
every 6 hours for rebalancing. The reasons were earlier
attributed to unbalance, fragile base frame housing the
rotor and improper selection of isolators. When this was
brought to the author’s attention it was thought prudent
to undertake a thorough investigation.

Specifications of the impeller are given in Table 2.
Fig.11 shows the locations of the measuring points.11,
21, 31 and 41 represent locations along the bearing centre
line, 12, 22, 32 and 42 represent locations on the top of
the base frame, 13, 23, 33 and 43 locations at the bottom
of the base frame (also the top of the isolators) whereas
14, 24, 34 and 4-4 the bottom of the isolators. Readings
along the vertical, horizontal and axial directions were
taken at each location. They are shown in Table 3 All
the readings were at an exciting frequency of 960 rpm.
(running speed of the rotor)

Table 2 Details of fan assembly

Motor Weight 4.1 tonnes
Output 300 Kw
Shaft  Weight 1.65 tonnes
Span 4.02 meters
Bearings 23228
Speed 960 rpm
Fan Weight 1.38 tonnes
Isolator Type Gerb

Table 3 Vibration Velocities (impeller assembly) mm/sec

Location H \Y Location H \Y% A
11 15.7 135 31 33.0 16.7 5.8
12 20.2 135 32 22.0 22.8 21.3
13 20.1 12.6 33 21.4 28.0 115
14 1.0 6.4 34 0.7 16.4 2.3
21 15.3 7.0 41 7.0 6.5 4.6
22 10.3 11.2 42 21.3 19.3 9.0
23 10.0 9.6 43 22.6 18.5 10.0
24 44 1.7 3.7 11

Impeller
' ) M ()
! 731 4 I‘m
32 42
Base Frame
13 23 33 43 |
[ [ ] [ ] | [1solators
14 24 34 44

Fig. 11: Details of measuring points

The following observations can be made from these

readings

i. Readings on the top of the isolators are roughly 20
times more than the readings on the bottom of the
isolators. This indicates that the isolators are very
effective.

ii. There is negligible difference between the readings
on the top and bottom of the base frame at each
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location. This leads to the conclusion that the base
frame is rigid.

iii. All the readings in locations along the centre line of
the rotor are far above 15mm/sec. Since they are at
the running frequency of the rotor, it is likely that
the lateral critical speed of the rotor is close to the
running speed. Unbalance is ruled out since the rotor
was balanced a few hours earlier.

Based on these observations, the following

investigation was carried out.

i. finite element analysis of the impeller to determine
the lateral critical speed.

ii. finite element analysis of the base frame to ascertain
whether the natural frequency is away from the
exciting frequency.

Impeller analysis: This was modeled using 2D beam
element. This was assumed to have hinged ends at the
supports since the bearings used are spherical roller type.
(23228) The first three critical speeds obtained by the
finite element method are 16, 108 and 180 cps. This
clearly indicates that the rotor is operating close to
resonance. This unit was strengthened by introducing
two sleeves of 400¢/ 299¢ of length 575 mm each shrunk
fitted on either side of the impeller. The first critical speed
got shifted to 23 cps.

Base frame analysis: The base frame was modeled using
shell elements. The deflections were arrested at the
isolator locations. Weights of impeller, shaft and the
motor were taken into account. The first three natural
frequencies obtained by the finite element method are
22, 27 and 34 cps. The fundamental frequency of 22 cps
is away from the exciting frequency of 16 cps. This was
the reason why there was no appreciable change in
response between the top and the bottom of the readings
on the base frame.

6 Kiln Foundation

Shown in Fig. 12 is the foundation for the drive end of a
kiln. The specification of the drive are shown in Table 4.
As one could observe from the figure, this is a massive
unit weighing 1500 tonnes. This unit has been
experiencing excessive vibrations since its
commissioning. The response spectrum along the
horizontal direction (OY) at the drive end is shown in
Fig. 13.

Table 4 Kiln Specifications

Drive motor 190 KW.
Motor speed 1500 rpm
Weight drive unit 41 tonnes
Kiln shell weight 385 tonnes
Kiln speed 3.7 rpm
Foundation weight 1480 tonnes
Soil constant Cz 60 N/ cm®
Number of teeth on the girth gear 148

h=13.2m
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[=10.5m
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b=13.6 m

Fig. 12: Kiln Foundation
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Fig. 13: Response of the foundation along OY

This response in the horizontal direction was felt at
most locations when the measurements were made along
the depth of the foundation. It may be observed from the
figure that the excitation frequency is predominantly
around 560 cpm.t was very easy to identify the cause
since this frequency is very close the gear meshing
frequency of (148 x 3.7) 547 rpm. It was thought prudent
to determine the natural frequencies of the foundation,
Since the foundation weight around 1500 tonnes exciting
it with an exciter was not possible. Analytical expressions
derived [1] were used to commute the three natural
frequencies in plane ZOY. (plane normal to the axis of
the kiln) The following are the details.

Base area sitting on the soil = 13.6x10.5=143.7 m?

K,, = 143.7x0.06x 108 N/mm
m (mass of the foundation)= 1628 Nmm sec?

J (mass moment of inertia)=m (b?+ h?) 12
= 45X 10°N mm sec?

K,,. k= 28.9x 10° N

K,,= 774 x 10> N mm/rad.

Hence o, (the natural frequency along OZ, Eq 2.21)=
11.5 cps

The coupled frequencies along OY and rotation in OZY
(Eq 2.22) are

w,=7.3cps, 0, =21.2 cps
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One may observe the natural frequency of 7.3 cpsis
very close to the exciting frequency of 547 rpm.

In order to avoid operating the kiln close to
resonance, the operating speed of the kiln may be
reduced. This results in reduced production. Otherwise
the natural frequency of the foundation has to be
increased by increasing the surface area of the foundation
resting on the soil.

1. Cement Mill Foundation

Shown in Figs.14 and 15. is the lay out of a twin drive of
a 4.4X16meter cement mill running at 15.5 rpm driven
by two pinions The pinions have 31 teeth each and are
running at 127 rpm. Vibration levels recorded at locations
9 and 10 on the pinion bearings were of the order of 12
and 17mm/sec.with a predominant frequency component
of around 65 cps.(the gear meshing frequency is equal
to (127X31/60) 65 cps. (Fig. 16) It was thought
appropriate to check the natural frequency of the
foundation. The overall weight of the foundation was
around 160 tonnes. Using the standard procedure for
computing the natural frequencies of the foundation, this
aspect was investigated. The natural frequencies of the
foundation were nowhere in the vicinity of 65 cps. It
was decided to critically examine the drive system. The
drive, as one could observe from Figs. 14 and 15, to the
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pinion is through a torque tube nearly 10 meter long,
connected at the two ends through a number of
diaphragms in parallel).It was also noticed that there have
been a few cases of diaphragms yielding or torque tube
cracking There were instances where the solid shaft was
strengthened by an outside sleeve. There were also
attempts to replace the entire torque tube using hollow
shaft (Fig 17 to 19). All the three were critically examined
using semi analytic finite element method [1]. The results
obtained for a typical torque tube are been shown in Table
5and 6 [2] In Table 6, for the same span of 5000 mm,
the three cases are tried. The first one is a solid shaft, the
second, the same solid shaft has an extra outer sleeve,
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Table 5 Details of torque tube
(Dimensions in mm)
Solid shaft length 5000
Diameter 165
Shaft with sleeve sleeve dia 230
Sleeve thick 12
Hollow shaft inner dia 225
Outer dia 265
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Table 6 Natural frequencies of the three models

(Frequencies in cps)

Model | Model 11 Model 111
Mode | 14.03 14.33 28.0
Mode 1l 53.8 55.5 108.7

Mode Il 119.2 108.1 234.7

the third a hollow shaft of same span and comparable
total weight.

From the results of Table 6, the following can be

inferred.

The second natural frequency of 53.8 cps reported
for the solid shaft is close to the exciting frequency
of 65 cps observed.

Introduction of the sleeve has not altered the natural
frequencies substantially and hence is not beneficial
The hollow shaft has provided a wide gap between
the first and the second natural frequencies, viz 28
and 108 cps. Both are far away from the exciting
frequency of 65cps.Hence this is the best solution.,

From the six case studies presented it is clear that

scientific approach to solve vibration problems in
Industry is desirable. This has become fairly easy with
the advent of user friendly vibration analysers and finite
element packages on PC platforms.
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