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\., There are two tecnniques for vibration isolation, namely mechanical isolation and foundation
isolation. Mechanical isolation means the isolation of machines or structures from their foundations
or from larger structural elements using localized isolators. Foundation isolation may provide the

- required protection for vibration problems in which mechanical isolation is inadequate. This research
presents the selection. and design procedures of localized isolators. Also, vibration standards
developed by several international organizations are provided. If the vibration is found to be out of
the standard limits, then a suitable isolator is to be used. Finally, the dynamic analysis of different
structural elements of a paper manufacturing factory is presented. The analysis is performed by
means of the complex eigen value approach. The study indicates that mechanical balancing and
vibration isolation substantially reduces the transmitted force and motions.
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1. INTRODUCTION

Isolators insure a smooth running of the machine to
avoid harmful vibrations to both the workers and or
the structure. The machine foundation should be
designed carefully considering both static and
dynamic loads. The importance of machine
foundation design was not recognized in the past. It
was believed that the larger the mass of the machine
foundation, the smaller the amplitude of its
vibration. Therefore massive foundations were
designed using an estimated dynamic factor. Also, it
is not enough to base the design on vertical loads
only, multiplied by a dynamic factor because the
operation of any machine would generate also forces
acting in other directions. Fatigue must be
considered through the ‘design procedures too. Also,
the foundation natural frequency should be different

from the machine speed to avoid resonance. After
designing the foundation, the whole system should
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be analysed to find out whether its vibration ire
acceptable or not. If not, the machine should be
isolated. If the vibrations appear after a while in a
working machine, then this machine must be
mechanically rebalanced, first, to minimize these
vibrations and to get smaller dimensions of isolatcrs.

This research presents the design procedures of
machine foundations under several types of forces,
and the vibration standards for some types of
machines, structures, and for the human organism.
Also presents the isolator design procedures for
different types and shapes.

Practical examples are studied at a paper
manufacturing factory in one of its new buildings.
All machines in this building are divided into four
sections. The first section has all small machines
which do not cause any harm. The second section
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has four fans which produce dangerous vibrations.
The third section has two drums which produce high
vibrations and shocks. The fourth section has four
washing “straw vessels which cause dangerous
vibrations to the whole building.

2. MACHINES AND VIBRATIONS

An ideal machine would produce no vibration at all
because all energy would be channelled into the job
of work to be done. In practice, vibrations occur as
a by-product of the normal transmission of cyclic
forces through the mechanism. Machine elements
react against each other and energy is dissipated
through the structure in the form vibrations.

A fundamental requirement in all vibration work is
the ability to obtain an accurate description of the
vibration by measurements and analysis. Plot of the
measured vibration amplitudes against frequencies is
called vibration signal. Frequency analysis of
vibration signals of the machine will make it possible
to locate the source of many of the frequency
components present in the frequency spectrum and
to indicate which machine parts are deteriorating.
Unbalance of rotating members, misalignment, bent
shaft, bearing erosion,gear tooth damage,... etc. will
all have their characteristic frequencies which can be
revealed with the help of the frequency analysis.

The frequency spectrum of a machine in a normal
running condition can therefore be used as a
reference "Signature" for that machine. Subsequent
analysis can be compared to this reference so that
not only the need for action is indicated but also the
source of the fault is diagnosed. The diagnostic
charts (trouble shooting) given in Tables (1) and (2)
will help determining t'e common faults causing
excess vibrations [1].

3. VIBRATION STANDARDS

Standards should establish and control quality,
performance and safety of equipments, structures
and personal. The two recognized international
organizations for vibration standards are the
International Standards Organization (ISO) and the
International Electrical Commission (EC) [2]. The
International Standards Organization has adopted a
special quantity-vibration severity [3] for this
purpose. The RMS value of vibration velocity of a
machine is measured (at prescribed measuring points
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.compare similar

and in prescribed directions); the largest such
measured value is said to characterize the vibration
severity.

Table (3) shows a classification scheme [3] which
applies to rotating machine in the operating speed
range of 600 to 1200 rpm. It may be used to
machines or to compare the
vibration of normal machines with respect to their
reliability, safety and effects on the environment.
Also, Standards for acceptable levels of vibrations for
compressors, shafts, induction motors, ... etc. are
available in Ref. [4]. ‘

On the other hand, structures such as public
buildings, offices, factories, bridges and power plants
are subjected to vibration as a result of forces
generated by ground motion, wind traffic and
machinery. Vibration limits - for structures and
persons are shown in Figure (1) [5]. The figure
shows five curves limit the zones for different
sensitivities of responses by persons ranging from
"not noticeable" to "severe". The envelope described
by the shaded line as "limit for machines and
machine foundations" indicates a limit for safety and
not a limit for satisfactory operation of machines.
Two curves are also included in Figure (1) to
indicate limiting dynamic conditions for motions of
structures caused by blasting.

4 From Raiher and Meister (1931) - (Steady State Vibrations)
¢ From Rousch (1943) - (Steady Stats Vibrations)
& Fraom Crondel! (1949) - (Due 1o Biosting)
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Figure 1. General limits of displacement amplitude
for a particular frequency of vibration. Ref. [5].
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ble 1. Vibration Trouble-shooting.

*
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Frequency

[ Nature of Faunt of Dominant Direction Remarks
‘ Vibration (Hz=rpm/60) )
Rotating Members
oul of g-!onu 11 xrpm Radlal | A common cause of excess vibration in machinery
Mizalignment & Usuaily 1 x rpm Radial
Bent Shaft Often 2 x rpm & A common fault
Sometimes 384 x rpm Axial
Uheven vibration levels, often with shocks.
impact rates for. * Impact-Rates:
the Individual
bearing component® ﬁ::::c" Impsct Rates { (Hz)
«fy-B0
Damaged Rolling Radial N B:;rgla For Outer Rece Delect I(Hz) 3 (1 3] Cos )
Element Bearings o vibrations at & - For tnner Rece Detect fiHz) = 21, (1+ 82 ¢
(Ball, Roller, etc.)  igh frequencies Axial X e et sce Defect iHz) = 3 1. {1255 Cosh)
.2 10 60 kHz) often Dis  For Ball Defect {(Hz} = £2 g -(22 Cosp)’]
related to radial ) 80 PO
resonances In
benrlngs 0« number of balls or rollers
1, = relative rev./s between
inner & outer races
J Sub-harmonics of .
ournal Besrings shaft rpm, exactly Primarily | Looseness may only develop at operating speed and
Loose in Housing - 172 or 1/3 x rpm Radial temperature (e.g. turbomachines).
Ol Film Whird or  { Slightly less than Primaril
Whip in Journal half shait speed Radial Y Applicable 1o high-speed (e.g. turbo) machines.
Bearings (42% to 48%)
L]
. Table 2. Vibration Trouble-shooting
., Frequency :
Nature of Fault of Dominant Direction Remarks
Vibration {Hz=rpm/60)

L. Primaril Vibrations excited when passing through critical shaft speed are
Hysterésio Whirl | Shart critical speed poimary | maintained at higher shaft speeds. Can sometimes be cured by
gL Al checking tightness of rotor components.

5 Tooth meshing fre- Radial Sidebands around tooth meshing frequencies indicate modula-
Demaged or quencies (shaft rpm x a& tion {e.g. eccentricity) at frequency corresponding to sideband
Worn gears number of teeth) and Axlal spacings. Normally only detectable with very narrow-band analy-
harmonics sis and cepstrum
l'_‘::.h:n':::' 2xrpm Also sub- and Interharmonics, as for loose Journal bearings
H : The precise problem can usually be Identitied visually with the
Fauity Bell Drive 1,238 4 xrpmotbell | Radial | o0 "0 " oboscope )
Suiesisnoad 1 x rpm and/or
2:22;0“'“19 multiples for higher z’a'g::: ity
and Couples order unbalance
Incréased Blade & Vane passing Radial
Turbulence frequencies and har- & increasing levels indicate increasing turbulence
monics Axial
Electrically Radial
1 x rpm or | or 2 times
mg:l.c"iodm synchronous frequency A:llal Should disappear when turning off the power
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Table 3. Vibration severity ranges and examples of
their applications Ref. [3].

Range of kxamples of quality Judgment
vibration fur separate classes
severity of machines
Limits of Small Hedium Large Turbo-
range, machines, machlnes, machines, machines,
m/Eec class | class 11 class 111 class 1V
« KNS
0.28 A
Q.45 A A
0.71 A
1.12 I
1.80 B
2.80 Cc B
4.50 [ B
7.10 b C
11.20 c
18. 0v
26.00 D D
45.00 0

The latters A, B, C and D represent machine
vibration quality grades, ranging form good (A) to
unacceptable (D).

(Rotating machines for speeds from 600 to 1200

rpm)
4. VIBRATION ISOLATION

Two different classes of problem may be identified

in which vibration isolation may be necessary: (1)
operating equipment may generate oscillatory forces
which could produce harmful vibrations in the
supporting structure, then isolation of forces is
important, or (2) sensitive instruments may be
supported by a structure which 1s vibrating
appreciably, then isolation of motion becomes
important [6]. ,

The ratio of the ma imum base force to the
applied force amplint :, which is known as the
transmissibility T, of ..e support system, thus is
given by (for the first class)

T, =¢ l 1+@2D-2)? 1)
wo

where w= force frequency, w = natural frequency, D
= damping ratio, and &= dynamic magnification
factor. The transmissibility in the second situation is
defined as the ratio of the amplitude of motion of
the mass to the base-motion amplitude. The
expression for transmissibility is the same as that

given by Eq. (1). A plot of the transmissibility for
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both basic SDOF isolation classes, as a function o
the frequency ratio and damping ratio, is shown i
Figure (2). It is noted that an isolation system is

effective only for frequency ratio w/wy> y2and tha
the damping is undesirable in this range.It is more
convenient to express the behavior of the system in
terms of its isolation effectiveness R rather than the
transmissibility, where the effectiveness is defined as
1-T.

In fact there are three factors controlling isolation,
namely the mass of the vibrating system, m, the
stiffness, k, and the damping, c, of the system [7], as
shown by the equation of motion of a single DOF
system subjected to a dynamic force p(t),

mi+cz+kz= p(t) ()

Tr:
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Figure 2. Transmissibility for damped systems [Ref.
(611

The heavier the mass, the smaller is the movement
for a given disturbing force. Also the heavier mass
requires stronger springs for its support or thicker
absorber to bear that load. The stffer the springs,
the less effective is the vibration isolation.

In general, the first step to isolate any vibrating |
machine is to study its mechanical balance to get the
lowest vibrations transmitted to the supporting
structure and then a suitable isolator may be used.
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ESIGN PROCEDURES FOR MACHINE
OUNDATION

¢ design of a dynamically loaded structure
ires that certain site and loading parameters be
yn even before preliminary sizing of the
ture can be completed [8]. These design
ditions and requirements may be generally
ified into three groups: machine properties and
ements, soil parameters, and environmental
ments.

nce the proposed structure is modeled, trial sizes
-selected and an a~ .ysis is performed, the
dicted behavior of ae proposed structure is
ecked or compared against certain design
quirements. These design requirements include:
) the usual static strength check against soil or
ructural failures and excessive deformation; (2)
m parison to limiting dynamic behavior including
gssible  resonance  conditions and maximum
'smlss1b1hty factor; (3) consideration of possible
v_n igue failures in the machine or structure; and (4)
nsideration of environmental demands such as
physiological and psychological effects on people or
effect on adjoining sensitive equipment [8].

I"'DYNAMIC ANALYSIS OF MACHINE
FOUNDATION

The machine foundation should be designed
carefully considering both the static and dynamic
loads. Novak and Elhifnawy [9,10] were the first to
present a complete dynamic analysis on machine
foundation. With the aid of the computer their
Approach is suitable for any number of degrees of
freedom; this is an advantage particularly for multi
mass systems and eccentric forces on foundations.
“The solution is based on the notion of the complex
_eigenvalues. The foundation is considered as a rigid
‘body resting on an elastic bed. The elastic bed may
' be the subsoil, the piles of a pile foundation or an

artificially formed elastic pad consisting of steel

springs. The various types of machine foundations
can be modeled by lumped mass systems as shown

Ein Flgure (3). The one mass model (a) can be used

for a foundation with no elastic pad under the

Alexandria Engineering Journal, Vol. 34, No. 2, April 1995

ELHIFNAWY, ELMENOUFY and ELHAK: VIBRATION ISOLATION: DESIGN...

machine. In the two mass model (b), the mass m;,
represents the elastically mounted machine and m,
the foundation block supported by soil or piles.
Model (c) comprises the mass of the machine, my,
mass of the block, m,, and mass mj of a protective
through if it is needed to protect the isolation
elements from the environment.

Rachine E
| s |

m

LETR N
Aand itock
lock Trough|

g 0 !

%

i DO 2DOF ADOF
ar b) )

Figure 3. Basic mathematical models for machine
foundations.

If the machine forces are centric and the
foundation arrangement is symmetrical, only vertical
vibrations occur and the foundations have one, two
or three degrees of freedom as indicated. With
eccentric force and/or asymmetrical arrangement of
the system, horizontal translations and rotations of all
masses occur and the number of degrees of freedom
grows to three, six or nine for the three mocdels
shown in Figure (3).

7. EQUATION OF MOTIONS

By the aid of the schematic of a typical machine
foundation shown in Figure (3), the governing
equation of motion can be written as

[m] [i] + [c] [a] + [k] [u] = [p(v)] (2)
in which [m], [c] and [k] are mass, damping ind
stiffness matrices respectively of the machine

foundation system and [u] and [p(t)] are the
displacement and load vector respectively.

8. DESIGN OF ISOLATION

For designing the vibration isolators and selecting
the used material, many basic requirements should
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be considered. These requireménts are-

- The 1solator must support the vibration system
and have high vertical stiffness
The horizontal stiffness of the isolator must be
sufficient.

- The 1solator must contain sufficient damping to
limit transmitted vibrations.

- The isolator material and shape must be carefully
chosen to suit the environmental conditions.

Also the determination of the place of the isolator

is of a great importance. Isolator can be placed

between the machine and its foundation or under

the foundation or in both places as shown in Figure

).

; e JE

TTITITT 7T

(a) (b) (c)

Figure 4. Possible places for the isolators: a-
Between the machine and its foundation b- Under
the foundation c- Both Places.

Isolating materials

As. previously mentioned, a great care must be
given to the choice of the isolating material. The
used materials for isolate s may be grouped as:-

a) Natural and synthet” (ubber, b) Metal springs, c)
Crok, felt, and various _umpounded materials.

The materials listed in the third group are available
only in sheet form and are used principally to mount
machinery for easy and small applications. So, the
first and second groups only will be discussed. All of
these isolating materials posses damping as well as
elastic properties. In general, the good damping
properties of cork, rubber and felt make these
materials: very useful in isolating high frequency,
small amplitude vibrations.

On the other hand, the metalic springs have very
little damping capacity, so that high frequency
vib‘ration is transmitted through them. To eliminate
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this inconvenience, a layer of rubber or felt is often
placed between the metalic springs and the
foundation.

Rubber isolators

Natural and synthetic rubber find wide use because
they may be molded to many shapes and can be
easyly bonded to the isolated surfaces [11,12].
Natural rubber is made from the milky juice of the
Hevea Brasiliensis tree, and synthetic rubber 1s made
of polymers and copolymers of various organic
compounds. Table (4) shows a qualitauve
comparison of the properties of the common kinds of
rubber to select the suitable one for the
environmental conditions [12].

The main step for the isolator design is to
determine its static deflection (z). It depends on
the allowable percentage of the transmitted vibrating
force. These percentages are presented in Tables (5)
and (6) for various kinds of machines. The isolator
deflection is obtained through the working
frequency of the system, f, [7] using the following

equations
f=158 | L2R g, 3)
Z, 1-R
where
z.. = the deflection in millimeters.

st

The dynamic stiffness of the isolator is defined by
kd = W/ZSt (4)
where (W) is the machine weight.

Due to the rubber damping, the calculated stiffness
(ky) should be slightly reduced to obtain the
stiffness value to be used in the design (k).

where (dg) is a design factor always greater than one

depending on the rubber type (d=1.4 for synthetic
rubber) [13].
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Table 4. Relative properties of various polymers Ref. [12].

Mas. tensile &
Resilience
. sireagih = low
Poiae Jummon Shne A Com- Tear Heat Outdoor tompers- | Specific | Abrasion | Adbesion Fles
sad LAme prdacas peasan. | st resetance '-'::'.u fure gravily | resistance | streogth® life
e sagt ) o st 2 | Roea | Hipy Seibility
L temp. temp.
NR “Natuai | 30100 [ 4000 | 280 |Guod Good |[Bigh | Bigh | Fair Fair Escllent | 0.93 | Escellent | Escellent | Excellent
B
SER SBR 40-100 1 2000 | 210 |Good Faiz L Flirz Fair Faie Qood K] Excellest | Ezeslleat | Good
bigh bi
CH Nevicene | 40-95 3000 | 210 §Poor (ON) | Good | Pairly Farly Good Eacelleat Paic 1.8 [Good Good Good
Good (W) digh | digh ) ) . )
HR . " katyl 4078 {2000 | 140 | Fair Goad | Low hs".z Qood Good Fair on h;: Fair Pair to
EPDM ' EPDM 45-100 [ 2000 [ 140 |Fair Pair . Fairly | Escelleat | Excelient Exeslleat 0.90 ?-;: Faic Pair
igh high
NBR Norle 20-100 | 2500 | 178 |Good Fair Medivm | Medium | Good |;“ Poot Fale 1.00 |Good Good Faur
excellent
PG Propyleoe § 4550 2,000 | 140 | Fair Fair Fairly Faisty (™ Escellent Excelloat 101 Far bo Fair Faiwr
(de high high excelient pu‘
Triko, 20-R0 1,300 9} Poor Good | Medium | Fairly Fair Encollent Cood 13 Foir Poor
high
A - aere 209 1900 70 | Excelleat | Puor Fairly Medium | Excellent | Eacellent Ezestient 0.95 Poor Foor Good
y bigh
[ %] S * 28600 | 197 | Fair Faie Faily | High Escelient | Escallest Fair 1.10 | Escalient | Poor Good
good | high
AN %0 1200 | 127§ Good Fair low High Eacellest | Exenilent Poor 1.00 | Good Poor Good
poos
FEM W | 3000 | 210 | Eacelleat | Fair Mediuw | Medium | Facelleat | Exeellent Pair 1.8 Good Fair Good
poot.

Kind of Machines Transmissibility Isolation
Efficiency

Centritugal Compressors 0.5% 99.5%

Centrifugal Fans greater than 25 HP 2% 98%

Reciprocating Compressors greater than 50 HP

Pumps, greater than 5 HP

Axrai iow Fans grealer than 50 HP 4% 96%

Centriiugal Fans 5 to 25 HP

Reciprucating Compressors 10 to S0 HP

Fumps 3 to 5 NP

dnit Alr Conditioners  Supported

Fau Cco. dnits Supported

Axial) Ylow Fans 10 to H0 HP 6% 94%

Coentritugal Fans up to 5 HP

Reciprocaiing Compressurs up to 10 HP

tumpe. up to 3 HP

Air Hanaling Units

Axial Fiow Fans up Lo 10 HP 10% 90%

Uit A Conditioners Hung

Fap Coi. Unitc Hung

Pipes Hung

Giaw Fired Hoilers ( more than 100,000 BThU, 25 KV ) 7 to 12 hz

Ui, ¥uredd Bollers ( more than 60, 000 BThU, 15 KV O 4 to 7 hz

Alexandria Engineering Journal, Vol. 34, No. 2, April 1995

C 127



ELHfFNAWY, ELMENOUFY and ELHAK: VIBRATION ISOLATION: DESIGN...

Table 6. Recommended isolation efficiencies for concrete floor slabs (Less critical Areas) Ref. [7].

Kind oi Machines Transmissibility Isolation
Etliciency

Centritugal Compressors 6% 94%

v _

ventrizugal Fans greater than 25 HP 10% 90%

Rev Lprocating Compressors greater thaa 50 HP

Punps greater than 5 HP

Un.t Aur Uonditioners Supported

ran o linits Supported

Ax.al I ow Fang greater than 50 HP 20% 80%

Centritugnl Fans 5 to 2b HP

Kev inrocating Compressors 10 to 90 HP

fumpz 3 to 5 HP

Ai- Hondling Units

ilnit A:r vonditioners Hung

Fan Coii Unityg Hung

Ax.a) iFiow Fans 10 to 50 HP 25% 79%

Ax.al riow Fano up to 10 HP 30% 70%

Lentritugal Fana up to 10 HP

Reclprucating Compressors up to 10 HP

Fumpe. up to 3 HP

21 nes Hung

G Yired Boiler:s ( more than 100, 600 BThU, 25 K¥ ) 12 to 12 hz

U.i ¥ired Bollere ¢ wore than 60,000 BThU, 15 KV ) 12 Lo 20 hz

To get the isolator thickness (t) and the cross
section area A, the follov ing equation is used

k; - E.Alt 6)
The value of the thickness should not be less than
100/15 Z, [14].

Metal spring isolators

Springs are commonly used when the static
deflection under the working system is great, or
when temperature and other environmental
conditions are unsuitable for rubber. The final
deformation of steel springs occurs at the moment of
loading, but for rubber the final deformation occurs
after a certain time under loading and when the load
is relieved, rubber does not go back to its original
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shape for a long period of time, while steel springs
returns to its original shape at once.

There are three factors controlling the spring
stiffness constant; the diameter of the spring (d), the
diameter of the spring coil (D,) and the number of
turns in the spring (i). Because of the third factor,
springs considered more economic than rubber since
all sizes of springs are available and its stiffness can
be controlled easyly by cutting some turns of the
spring coil.

The stiffness factors for steel springs are [13]:

The vertical stffness factor

kV =N klsp (7)
1 44

d L . % 8)
an 1sp 8i Dg
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here

the number of springs, G = shear modules.
! .

" The horizontal stiffness factor

1
k
" (0.385)[1+0.77(h/D )

where:

h = the height of the spring, h/D = the slenderness
f the spring, and the coefficient « can be obtained
from Figure (5).

- The stiffness factor
: - plane

'r rotation in the vertical

k‘I’- kls I

(10)
’m which I = second moment of base area.

=
‘[— %
5P
é
R
F =
/ /_/0*
108 10% 420
H
205
A
4 o5 r0 ls :.a-d-

(3
Figure 5. Factor () as a function of slenderness

(b/D,) and of (z4/h) Ref. [11].
9. PRACTICAL APPLICATIONS

The applications presented in this paper were
chosen at one of the biggest paper manufacturing

Alexandria Engineering Journal, Vol. 34, No. 2, April 1995
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factory in the middle east (THE GENERAL
INDUSTRIAL PAPER COMPANY-RAKTA). The
washing straw building, which is relatively a new
building, is annalyzed.

The building height is 22.7 m and consists of 8
different levels. The straw is introduced into the
building to be washed and dewatered and then
comes out to another building through two large
spiral screws. The industrial process can be outlinzd
as: first, conveying the straw to the first pulpar to be
washed with water and when it floats, it is
transferred to the second pulpar to be rewashed.
When the straw floats again, then it is carried out to
the dewatering drum to get rid of water. Finally, the
dry straw will be moved out of the building through
a spiral screw. This building has two producing lines.
Every line consists of two pulpars, a drum, and a
spiral screw. The pulpar is a big cylinder 36 m®
capacity made of steel sheets and it has a fan that
rotates around the vertical axis by a horizontal telt
using a vertically mounted motor. The motor runs at
1000 rpm with a reduction ratio of 20:69 to run the
pulpar at 290 rpm. The drum is 2.5 m diameter, 5m
length, and rotates around its horizontal axis at a
speed of 800 rpm. Also, there are four suction fans at
the roof of the building running at 1500 rpm. In
addition, there are a lot of small motors inside the
building which may have small vibration effects and
they may be neglected in the successive vibration
analyses.

The four pulpars are established on two separaied
slabs at 8.4 m level. The Separation of slabs znd
columns from the rest of the building (2 cm) is to
avoid the vibrations due to the rotation of the
pulpars. The separation is not complete as all
columns rest on combined foundations. The entire
building is supported by pile foundations. The
company has started using the building since
September-1980, and according to the available
reports, in February-1981, some walls cracked. The
slabs vibrated highly causing fracture to the fixing
anchor bolts of the pulpar and cracking rhe
reinforced concrete pulpar knees. The pulpar was
repaired, but a cycle of failures and repairs hiive
been repeated every two months approximately.

On the other hand, drums cause another problem.
Every drum is supported over four wheels, as shown
in Figure (6). It has two steel rings to bear the drum
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over the wheels. Due to 1rregular loading, the rings
lost its circular shape and the wheels weared off. In
order to avoid this problem the wheels were brought
closer together to maintain the drum level as shown
in Figure (7). Consequently the angle between the
drum and the wheels became smaller causing the
drum to vibrate vigorously with very strong shock.
This shock is due to the drum falling at the wheels.
The shock can be felt clearly every where in the
building and became worst with overloading.

steel Ring

Figure 7. The drum problem.
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Measurements and diagnosis

The vibration measurements of the building are
presented in Table (7). All the measurements were
found to be off standard limits. The diagnosis and
the mechanical balancing procedures concluded from
the vibration measurements were as follows:

- Fans: were unbalanced and one of these fans had
a broken blade. Then, fans were balanced and
vibration was measured again in December-1988.
Considerable reduction of the peak velocity of
vibration is accomplished as shown in Figure (8)
and also in Table (8).

- Drums: were wunbalanced because of its
mechanical faults. The repairing procedures
included the supporting wheels and its places.
The wheels were replaced with other ones with
roller bearings covered with a rubber layer as
shown in Figure (9). Also they were returned
back to its original places in order to get a
suitable angle to avoid the drum jumping.

- Pulpars: Its mechanical procedures were to
replace the flat belt between the motor and the
pulpar with a "V" belt. This belt minimizes the
misalignment of the vertical shaft. The shaft
misalignment was a result of pulling the flat belt
very hard to prevent its sliding on the shaft.

Design of the drum isolator

As mentioned earlier, every drum is supported by
four wheels. It has been recommended that the
drum wheels be changed and roller bearings be
added, in order to get a smooth running conditions.

Also it has been adviced to cover the wheels with a

rubber layer in order to minimize the transmitted
vibrations to the building. The drum has a total load
(D.L. + L.L.) of 4 tons and runs at 800 rpm. Tables
(5) and (6) indicate that the suitable vibrations
reduction for this condition is, R=80%. Neoprene,
which has a shore hardness of 95 has been used to
cover the wheels. From Eq. 3, the deflection
Z4,=8.425 mm, and from Egs. 4,5 ky =W/Z,,
=118.689 kg/mm, and k=ky/1.4 = 84.778 kg/mm.

For a rubber width = 10 cm and a contact length
between the drum and the wheel = 7 cm (Figure
(9)), and if Neoprene has modules of elasticity E =
180 kg/cmz, then Eq. 6 yields the rubber thickness
t=14.86 cm.
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:l'e') ‘Specimen of The Vibration Table © Comparison of The Output Kesulte

Moscurdients for The Pulpar Slab Systemn

Direction of |Displacement| Velocity Accelera No Isolation Kind
Measurements pm na/sec 1
Isolation | Springs | Springs Springs
r Leg Horiz. 133 3.09 0. 060g + SBR + Butyl.
Leg Vert. 100. 1 1.62 0.025g 1 ; o
r Leg Vert. 58.5 0.71 0.000g vl 27..98 9.92 1.202 1.1
Leg Vert. 30.4 2.20 0.060g ) -
Leg Vert. 30.3 .00 0. 080g D1 0.66% 6.45% 6.50% 9.00%
Le vert. 51.6 1.28 0.168
“ e Vait. .7 18D 0. 0265 e 56.275 23.96 22.820 | 20.494
r Leg Horiz. 83.5 1.20 0.084g ; b / 5
par Leg Hoiis: 29.9 0. 81 0. 0685 2 1.5% 13.96% 14.50% | 20.80%
par Leg Vert. 44.0 1.23 0.023g
Ulimax 0.1544mm | 0.1490mm | 0.1560nm
8-9) vert. 26.5 1.20 0.034 }"-"753“
am (8-9) Hi:lz. 23.3 1.30 0.0602 U2max 0.0188om | 0.0161mm | 0.0145mn
an (14-13) Vert. 72.0 5.00 0.012 .
an (11-11) vert. 25.1 0.80 o.osgg ¥imax |y 136.4E-6. | 133.8E-6 || 141.2E~6
1. (18) | Horiz. 29.5 1.00 0.033g . }"-2‘5‘6 i
1. (13) Horiz.: 53.0 7.00 0.200g V2max 4.8E-6 4 1E-6 4 TE=0
. abn Horiz. 51.6 0.41 0.067g 7
1 a1 Horiz. © 51.6 0.67 0.066g
2
N
able & Overall Levels of Vibrations far Table 10 The output Results for Different
Suction Fans Spring Isolators Having
- peak velocity ( mw'sec ) - Same Vertical Stiftness
' and Different Dimensions
J
K = L9 g h>dx1 +2z
Fan : v ~ 81 D’ g st
F1 F2 F3 F4 e
I ¥o.
[Beartng\ | Axtal| Radial| Axial| Radial | Axial | Radial | Axtal | Radial Ue= | 20.0 20.0 20.0 17.0 17.0cn
m d = 4.t 4.3 4.85 3.8 3.8cn
‘ 1= 4 5 8 4.9 7.1
2.6 | 2.8 7.8 | 7.2 2.5 | 2.4 4.5 | 4.0 h/D =} 1.25 1.50 2.35 1.65 2.06
g 1
3.5 @e |eelesn e en
wi 0.925 0.920 0.915 0.917 0.920
5.3 6.2 3.2 2.4 D1 6.7% 6.45% 6.5% 6.5% 6.5%
2 : v
a.3 e I lae w2 27.04 23.96 17.95 23.06 16.26
D2 13.132 13.96% | 15.03% | 14.17% | 15.24%
5.5 I 71 by 2.7
i 3 .

; 2.6) Ulmax }§ 0.2397 0.1544 | 0.0758 ) 0.1401 | 0.06i4nw
b U2pax { 0.0397 0.0188 | 0.0049| 0.0157 | 0.0003mn
0.0 Before Repairing : B . :
© (0.0) AMter Repairing _ winax | 211.3E-6 | 136.4E-6 | 68.0E-6 | 124.2E-6 |, 56.4“E-6
{ . y2max | 10.048-6 | 4.8E-6 | 1.256-6 | 3.05E-6 | 0.83"E-6

4

3

EI il 52

Axial Motor o= o~ ]

=0 bl ]
L] ] 8
b H H :
X a i Fan .
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Figure 8. Vibration analysis for suction fan no. (2) before and after repairing (axial direction-bearing 1). |
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Figure 9. The isolated drum wheel.
Design of the pulpar isolator

The pulpar capacity is 36 m? and is made of steel
sheets weighing 2.2 tons with total load (D.L. +
Cargo L.) of 40 tons. The pulpar runs at 290 rpm.
For a vibrations reduction of R = 80%, then the
static deflection would be z, = 65.46 mm.

Because of this high value of deflection, rubber
may be unsuitable to be used as an isolator and
springs may be more suitable. The ,stiffness
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coefficient needed for this deflection is

Kieg = F/z, = 347.376 kg/mm
here F is the centrifugal force on the pulpar = 22.7
ton. With four springs for each leg

klsp = 346.376/4 = 86.844 kg/mm
The spring dimensions can be determined using Eq:
8.

According to this equation, one can choose the
suitable dimensions of the springs available at local
markets and its stiffness can be controlled easyly by
cutting some turns of the spring coil.

Theoretical modeling of pulpar

The pulpar and its structure are modeled as
lumped mass system. The number of degrees of
freedom depends on whether there is isolation or
not. All the required equations for base isolated
structures have been provided in Refs. [10].

For the case of no isolation (Figure (10-a)) a one
mass system with two degrees of freedom; the
horizontal translation, u(t); and rotation in the
vertical plan, ¥(t) is used. When the pulpar rests on
elastic springs, then, the two mass model shown in
Figure (10-b) is adequate. This model has four
degrees of freedom. For either models, the mass,
stiffness and damping matrices are listed in Ref. [4].
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Figure 10. Modeling the pulpar and its structure.

The Complete Solution and Result Analysis

"The response of the pulpar and its structure due to

I the unbalanced (centrifugal) force is treated as one

due to a sine load which has a frequency of Q=
Zﬁ'/t where tp=60/290=-0 2069 sec. Then the
unbalanced force can be defined as P=P  sin Qt, and

the resulting moment can be defined as M==P e sin

¢, where P = 101.16 ton, e = 1.3 m, and M=131.51
t.m.

Using the complex eigenvalue analysis, the
Eq. 2 (of order n), is

- transformed into 2n reduced differential equations of

the first order:

Az +Bz=F( (11
in which
[0 ml [—m 0}
A= | B= (12-a)
m ¢ o k
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(12-b)

= 0l

For the solution of the response to pulse loading,
free vibration has to be analyzed first. For fiee
vibration F(t)= 0 and the solution 'of the complex
eigenvalue problem yields 2n eigenvalues, y; and
corresponding elgenvectors Z; for j=1,2,... 2n.

The response to a given pulsc can be obtained
from Eq. (11) by means of the complex eigenvectcrs.
Using the linear transformation:

zZt)=Z q(v) (13)

In which, the components of the vector q(t) are the
generalized coordinates. Then Eq. 11 becomes
AZ q4+BZq-=F() (14)

The complete solution to Eq. 14 is established as
a sum of the homogeneous solution, given by the
initial condition q; {0), and a pamcular integral of the
nonhomogeneous equation. For a sine pulse and z:ro
initial conditions, the solution is [15]

g0 = —(ZF +Z,,) *

J"

—pjsith+Q[e“j‘—coth]

u+Q?
where F is the load vector defined as{F(t)}=<0 O P,
P e >T for before isolation case and {F(t)}=<0 0 )O
P Pe 00 >T for after isolation case and [A]]=[z ]T
[A] [Z] The complete solution of the problem h:.ve
been obtained using a suitable computer program
The following remarks are prescribed:

Figure (11) shows the damped vibration modes for
the two cases, before and after isolation. Figure (11-
b) shows absolute values of the complex damped
modal displacements but does not indicate the phuse
shift between the pulpar and its supporting
structure.

The damped horizontal and rocking response
calculated for the sine load are shown in Figures (12)
and (13) for both cases. The importance of vibration
isolation is clearly obvious.

(15)
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Figure 11. Damped vibration modes for the pulpar
and its supporting structure.
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Figure 13. Damped horizontal and rocking response
at pulpar working frequency for the cases of four

spring units (w=30.38, %
D,=13.96%, D;=1.0%, D, =3.81%).

=206.9 ms, D;=6.45%,

For the case of before isolation, the maximum
horizontal and rocking responses are 0.0783 mm and

9.21E-6 rad respectively. After isolation,

the

maximum horizontal response for the supporting slab
is tremendously decreased (24% of its previous
value). The rocking response dropped down to one
half of its value before isolation. Naturally the pulpar
body responses increased because the pulpar body is
mounted on springs which produce high response for
low frequencies. This increase i1s within the machine

standard limits [Ref. 5 and Figure 1].

The importance of mechanical balancing is clearly
obvious by comparing the pulpar measurements from
Table (6) and the response calculated for before
1solation case, Figure (8), and how these values have

been reduced considerably after balancing.

The same pulpar slab system is isolated using
rubber in addition to springs. Special rubber cylinder
is arranged in parallel to the spring system to

increase the horizontal damping. The springs

and

rubber cylinder are combined in one unit as shown
in Figure (14). The rubber cylinder is designed not
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carry any vertical load. The rubber cylinder is 0.3
iameter and 0.1m thickness. Two kinds of rubber,
8BR and Butyl rubber are used. The SBR rubber
properties are: G = 20.5 kg/cm?, shore hardness = 90,
ind material damping = 5%. The Butyl rubber
properties are: G = 13.9 kg/cm?, shore hardness =
70, and material damping = 10%. The damped
horizontal and rocking response for the two kinds of
.‘ bber are shown in Figure (15) and (16).
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. Figure 15. Damped horizontal and rocking response
at the pulpar working frequency for the case of four
spring units and four SBR rubber cylinders (w=30.38,
3-206.9 ms, D;=6.5%, D,=14.5%, D;=0.01%.

4-2.6%. .
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its horizontal stiffness for z /h=20.
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Table (9) illustrates comparisons of the results of
the two cases of before isolation and after isolation
using: springs, springs + SBR rubber cylinder and
springs + Butyl rubber cylinder. In general, springs -
rubber isolation resulted in less slab response than
springs isolation. This may be due to the decrease of
the stiffness and increase of the damping of the
system in the horizontal direction by adding the
rubber. The springs-SBR isolators is stiffer than the
springs-Butyl isolator, and its response is more than
the latter one. This is due to the high structural
damping ratios obtained using Butyl rubber.

Adding rubber to the springs is not the only way to
decrease the honzontal response, but it could be
controlled by increasing the slenderness ratio of the
spring (h/D,) (Eq. 9). This result can be seen in
Table (10) which illustrates comparisons of the
response parameters obtained using spring isolators
having different dimensions but same vertical
stiffness. In additon, Table (10) indicates that
decreasing the coil diameter may result considerable
decrease in the response of both the pulpar and its
supporting slab. Figure (17), shows the effect of the
slenderness ratio on the horizontal stiffness of the
spring. It can be seen that the horizontal stiffness
decreases with the increase of the slenderness ratio.
Consequently, the second natural frequency and
response displacements decrease considerably.

10. CONCLUSIONS

The practical applications introduced in this paper
have illustrated the steps of vibrations level control
of both the machines and its supporting structure.
The study suggestes the following conclusions:-

- The natural frequen~ of the supporting structure
must be smaller n the frequency of the
machine.

- Mechanical balancing of the machine is essential
to minimize its working vibrations.

- If the vibration of the mechanical system is not
within the standard limits, a suitable isolator must
be used to control the dynamic force and motion
of that system.

- 'The material and shape of the isolator must be
chosen with a great care in order to have high
vertical stiffness, sufficient horizontal stiffness
and sufficient material damping.
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