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Balancing of Masses

Unit 4: Balancing of Rotating Masses

 Static and dynamic balancing

» Balancing of single rotating mass by balancing
masses in same plane and in different planes.

» Balancing of several rotating masses by
balancing masses in same plane and in different
planes.

What is Balancing ?

* Often an unbalance of forces is produced in rotary or
reciprocating machinery due to the inertia forces
associated with the moving masses.

* Balancing is the process of designing or modifying
machinery so that the unbalance is reduced to an
acceptable level and if possible is eliminated entirely.

A particle or mass moving in a circular path experiences a centripetal
acceleration and a force is required to produce it.

An equal and opposite force acting radially outwards acts on the axis
of rotation and is known as centrifugal force .

This is a disturbing force on the axis of rotation, the magnitude of
which is constant but the direction changes with the rotation of the
mass.

In a revolving rotor, the centrifugal force remains balanced as long as
the centre of the mass of the rotor lies on the axis of the shaft.
When the centre of mass does not lie on the axis or there is an
eccentricity, an unbalanced force is produced
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Why Balancing is necessary?

* The high speed of engines and other machines is a
common phenomenon now-a-days.

It is, therefore, very essential that all the rotating and
reciprocating parts should be completely balanced as
far as possible.

If these parts are not properly balanced, the dynamic
forces are set up.

* These forces not only increase the loads on bearings
and stresses in the various members, but also produce
unpleasant and even dangerous vibrations.

Balancing of Rotating Masses

* Whenever a certain mass is attached to a rotating shaft, it
exerts some centrifugal force, whose effect is to bend the
shaft and to produce vibrations in it.

In order to prevent the effect of centrifugal force, another
mass is attached to the opposite side of the shaft, at such a
position so as to balance the effect of the centrifugal force
of the first mass.

* This is done in such a way that the centrifugal force of both
the masses are made to be equal and opposite.

* The process of providing the second mass in order to
counteract the effect of the centrifugal force of the first
mass, is called balancing of rotating masses.

Balancing of Rotating Masses

* The following cases are important from the subject point of
view:

1. Balancing of a single rotating mass by a single mass rotating in
the same plane.

Balancing of a single rotating mass by two masses rotating in
different planes.

Balancing of different masses rotating in the same plane.
Balancing of different masses rotating in different planes.

|
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Balancing of a Single Rotating Mass By a Single Mass Rotating in the

Same Plane

* Consider a disturbing mass m1 attached to a shaft rotating at w rad/s as shewn in
Fig.
Let r1 be the radius of rotation of the mass m1 (iLe. distance between the axis of
rotation of the shaft and the centre of gravity of the mass m1).

We know that the centrifugal force exerted by the mass m1 on the shaft,
Fej=m; @
This centrifugal force acts radially outwards and thus produces bending moment on

the shaft.

In order to counteract the effect of this force, a balancing mass (m2) may be
attached in the same plane of rotation as that of disturbing mass (m1) such that
the centrifugal forces due to the two masses are egual and opposite.

Balancing of a Single Rotating Mass By a Single Mass Rotating in the
Same Plane

Let r,= Radius of rotation of the balancing mass m, (i.e. distance between the
axis of rotation of the shaft and the centre of gravity of mass m, ).

-, Centrifugal force due to mass m,,

Foy = my ul“‘r:

Equating equations (/) and (if),
~ %
M w0y OF My ey T,

Notes ¢ 1, The product m,.r, may be split up in any convenicat way. But the radius of rotation of the
balancing mass (m,) is geacrally made large in order to reduce the balancing mass s,

2. The centnifugal forces arc proportional to the product of the mass and radius of rotation of
respective masses, because @ is same for cach mass.

|
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Balancing of a Single Rotating Mass By Two Masses Rotating in
Different Planes

In the previous arrangement for balancing gives rise to a couple which tends to
rock the shaft in its bearings.

Therefore in order to put the system in complete balance, two balancing masses
are placed in two different planes, parallel to the plane of rotation of the disturbing
mass, in such a way that they satisfy the following two conditions of equilibrium.

L. The net dynamic force acting on the shaft is equal to zero. This requires that the line of
action of three centrifugal forces must be the same. In other words, the centre of the
masses of the system must lic on the axis of rotation. This is the condition for static
balancing.

2. The net couple due 1o the dynamic forces acting on the shaft is equal o zero. In other
words, the algebraic sum of the moments about any point in the plane must be zero.

The conditions (1) and (2) together give
dynamic balancing.

Balancing of a Single Rotating Mass By Two Masses
Rotating in Different Planes

* The following two possibilities may arise while
attaching the two balancing masses :

1. The plane of the disturbing mass may be in between
the planes of the two balancing masses, and

2. The plane of the disturbing mass may lie on the left or
right of the two planes containing the balancing
masses.

1. When the plane of the disturbing mass lies in between the planes
of the two balancing masses
Consider a disturbing mass m lying in a plane A to be balanced by two rotating
masses m1 and m2 lying in two different planes L and M as shown in Fig.
Letr, r1 and r2 be the radii of rotation of the masses in planes A, Land M
respectively.

[, = Distance between the planes A and L,

I, = Distance between the planes A and M, and

I = Distance between the planes L and M.

m,/ :;"-_*
l"[.’) P

DEPT. OF ME, NRCM Mr. R Sai Syam, Asst. Prof.




DYNAMICS OF MACHINERY (23ME501)

We know that the centrifugal force exerted by the mass m in the plane A, |
Fe= mowr
Similarly, the centrifugal force exerted by the mass m, in the plane I,
Foir=my - -n
and, the centrifugal force exerted by the mass m, in the plane M,
Foy=my o -1y
Since the net force acting on the shaft must be equal to zero, therefore the cenirifugal force
on the disturbing mass must be equal to the sum of the centrifugal forces on the balancing masses,
therefore
Fo=Foy +Fey m-w r—-m,,m: o+ my (o:-r_.

m-r=nm T+m-r,

Now in order to find the magnitude of balancing force in the plane L (or the dynamic force
at the bearing Q of a shaft), take moments about P which is the point of intersection of the plane M
and the axis of rotation. Therefore

Foxl=F.xl, of m-w nxl=mo rxh

)
mn-dwmr-l, or  myn=m n(—}—

Similarly, in order 1o find the balancing force in plane M (or the dynamic force at the
beanng P of a shaft), tuke moments about Q which is the point of intersection of the plane L and
the axis of rotation. Therefore

Foaxl=Foxl, of m.@ nxl=mw  rxl

[}
1
My ty-l=m-r-l, or Mmy-n=m rx—l—

* It may be noted that equation (i) represents the condition for static
balance, but in order to achieve dynamic balance, equations (ii) or (iii)
must also be satisfied.
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When the plane of the disturbing mass lies on one end of the planes of
the balancing masses

* In this case, the mass m lies in the plane A and the balancing masses
lie in the planes L and M, as shown in Fig.

As discussed above, the following conditions must be satisfied in order
to balance the system, i.e.

FetFa=Fg or me ey -0 =m0 N

LR MRS A o liv)
Now, 1o find the bulancing force in the plane L (or the dysamic force at the bearing Q of »
shaft), take moments about P which is the point of intersection of the plane M and the axis of
rotation. Thesefore
Fooxl=F %l of m-o-fxI=mo -rxi

I,

myn o dwmrdy, of m.p=mirx "

[Same as equation (/1))

Similarly, to find the balancing force in the plane M (or the dynamic force at the bearing P
of 0 shafty, ke moments about © which is the point of intorsection of the plane L and the axis of
rotation. These fore

Faxl=Fxl, o my-o nxlemw rxl,
ll

my rol=mrd or ™ l-:ml-’ (vi

[Same as oquation i)
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Balancing of Several Masses Rotating in the Same Plane

Consider any number of masses (say four) of magnitude m,, m,. m, and m, at distances of
Ty ryoand r, from the axis of the rotating shaft. Let 6,,0,,0, and 6, be the angles of these
masses with the horizontal line OX, as shown in Fig. 21.4 (a). Let these masses rotate about an axis
through O and perpendicular to the plane of paper, with a constant angular velocity of o rad/s.
* The magnitude and position of the balancing
mass may be found out analytically or

graphically as discussed below :
‘Fc %"k 'Fc-
" 0 —,',

g

g (7
% @
o Ma

‘R

(a) Space diagram.

1. Analytical method

* The magnitude and direction of the balancing mass may be obtained, analytically,
as discussed below :

1. First of all, find out the centrifugal force exerted by each mass on the rotating shaft.

2 Resolve the centrifugal foraes horzontally and vertically and find their sums, Le. TH
and YV . We know that
Sum of horizontal components of the centrifugal forces, g D" . For
EH = my 1, 0080, +m, 1y co80, + S oy ~zh
and sum of vertical components of the centrifugal forces, - .{?’—{\t\ o

IV wm nsin® +m, rysin®, +, .. 4

A Magnitude of the resultant centrifugal force, "Z‘n o
"M ;

Fo =EHY +(EVY L) S Saram
4. 11 9 is the angle, which the resultant force makes with the horizontal, then
un®-LvV/LH
5. The balancing force is then equal to the resultant force, but in opposite direction.
6. Now find out the magnitude of the balancing mass, such that

Fe=mr
whene m = Balancing mass, and
r = Its radius of rotation,
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. Graphical method

The magnitude and position of the balancing mass may also be

obtained graphically as discussed below :

. First of all, draw the space diagram with the positions of the several masses, as shown in
Fig. (a).

. Find out the centnfugal force (or product of the mass and radius of rotation) exerted by
each mass on the rotating shaft

. Now draw the vector diagram with the obtained centrifugal forces (or the product of the
masses and their radii of rotation), such that ab represents the centrifugal force exerted by
the mass m, (or m,.r,) in magnitude and direction to some suitable scale, Similarly, draw
be, ed and de to represent centrifugal forces of other masses m,, m, and m, (or m,.r,,
m.r, and m_r,)

sFe2
\‘Fc( @W

2. Graphical method

P \
Fou W

(a) Space dingram (h) Vector diagram

. Now, as per polygon law of forces, the closing side ae represents the resultant force in
magnitude and direction, as shown in Fig. 21.4 (b).
. The balancing force is, then, equal to the resultant force, but in opposite direction.
. Now find out the magnitude of the balancing mass (m) at a given radius of rotation (r),
such that
m-@ -r = Resultant centrifugal force

m.r = Resultant of m r,, m,r,, m,r,and m,r,

|
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my, my and m, are 200 kg, 300 kg, 240 kg and 260 kg

Example 211 Four massex m,,
respectively, The corresponding radii of rotation are 0.2 m, 0,15 m, 0.25 m and 0.3 m respectively

and the angles between succesyive masses are 45°, 75° and 135°, Find the position and magnitude

of the balance mass required, if its radius of rotation is 0.2 m
=240 kg:m, =260kg:r,=02m:

Solution. Given @ m, = 200 kg i m, = 300 kg 2 m, =
6, =45°+75

L=015m:r=0255m:r,=03m: 6, =0°: 6, =45°; 0, =45 +75° = 120°;

+ 135" =255 :r=02m

Since the magnitude of centrifugal forces are
proportional to the product of each mass and its radius,
therefore

my -, =200x0.2=40kg-m

my-ry =300 %0,15=45Kkg-m

my - r; =240x0.25= 60 kg-m

’"4 i r‘ = 2(*’)( ().3 = 78 kg-l“

L. Analytical method

The space diagram is shown in Fig.
Resolving my.r . myty. myry and myr, horizontally,

EH = my 1y cosB, +m; -1y cosB, +my 1y cosBy +my -1, cosB,
=40 ¢c0os0° + 45cos45° + 60 cos 120° + T8 cos 255°
=40+31.8-30-202=21.6 keg-m

Now resolving vertically,
EVi=my nsin®, +n, - 155100, +01, 15500, +my 1y sin,
=40sin0° + 455in45° + 60 sin 120° + 78 sin 255°

=0+318+52-753=85kg-m

~ Resultant, R = ,/(}_'”,3 +(EVY = \ftll_m" +(8.35)° =232 kg-m

We Know that
mr=R=232 o m=232/r=232/02=116kg Ans.

and tan® =LV/EH =85/21.6=03935 or & =21.48

Since @ is the angle of the resultant R from the horizontal mass of 200 kg, therefore the

angle of the balancing mass from the horizontal mass of 200 kg,

B = |807 & 21 487 = 20| 48" Ans.
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2. Graphical method
The magnitude and the position of the baluncing mass may also be found graphically as

discussed below :
1. First of all, draw the space diagram showing the positions of all the given masses

»

Since the centrifugal force of cach mass s proportiosal 10 the product of the mess and

@:cuq;

radius, therefore
mr o= 00 x02= 40 kg-m
oasm | e
S

m,r,= 300 x 015 = 45 kg-m
b s -
i v
B L —

myr, = 240 x 0.25 = 60 kg-m -
Wae ¥
260 x 0.3 = 78 kg-m Take: 10kg-m=1cm @ "

BiGm

Hl‘ =
X Now druw the vector diagram with the above values, 1o some suitable scale.
The closing side of the polygon ae represents the resultant force. By mea-

surement, we find that e = 23 kg-m.
4. The bulancing Torce 18 cquad (0 the resedant Torce, bul eppevite in direction as shown in
Since the balancing force is propoctional 10 s, therefore

Fiy
of w2302 = 1S kg Ans,

mx 0.2 = vector ea = 23 kgem
By meosurement we also find that the anglo of clination of the balancing mass (m) from

the honzontal mass of 200 kg
8 =201 Ans

|
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Balancing of Several Masses Rotating in Different Planes

*  When several masses revolve in different planes, they may be transferred to a
reference plane (briefly written as R.P.), which may be defined as the plane passing
through a point on the axis of rotation and perpendicular to it.

The effect of transferring a revolving mass (in one plane) to a reference plane is to
cause a force of magnitude equal to the centrifugal force of the revolving mass to
act in the reference plane, together with a couple of magnitude equal to the
product of the force and the distance between the plane of rotation and the
reference plane.

-vge—fP, —esve

L@ Owm @
[ [ . 1

(&) Angular position of the masses

Balancing of Several Masses Rotating in Different Planes

* In order to have a complete balance of the several revolving masses
in different planes, the following two conditions must be satisfied :

1. The forces in the reference plane must balance, i.e. the resultant force must
be zero.

The couples about the reference plane must balance, i.e. the resultant couple
must be zero.

- ) @[ P, ——— s y0
1) L @ G G
- - : v/ . ms

\H m" @m

;0{' -
j “";.'01\0 5 @ﬂh
N/ 0y

"

m fa

rm
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Balancing of Several Masses Rotating in Different Planes

* Let us now consider four masses m1, m2, m3 and m4 revolving in planes 1, 2, 3 and
4 respectively as shown in Fig. (a).
The relative angular positions of these masses are shown in the end view [Fig. (b)].

-voo—RP, ——ee ve mu

DL O G o &
[ ] N e

Oy

/e
7‘ 0y 1‘,01\4 T; @my
.o‘rt [ &

my fa
o™

(@) Position of planes of the masses (&) Angular position of the musses

The magnitude of the balancing masses m_and m,, in planes L and M
may be obtained as discussed below :

1. Take one of the planes, say L as the reference plane (R.P.). The distances of all the other
planes to the left of the reference plane may be regarded as megative, and those to the
right as positive.

., Tabulate the data as shown in Table The planes are tabulated in the same order in
which they occur, reading from left to nght

)
Mane Maxs (m) Radiusir) Cent force = oF | Dstance from Couple + o

for) | Plase L () (meed)
th (4 5 (6

r mr, -mr I

n m, 0

) My 2 my.raly
msyry myrl,

my . redy

L l‘
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A couple may be represented by a vector drawn perpendicular to the plane of the couple,
The couple C, introduced by transferring m, to the reference plane through O is propor-
tonal 1o m.r. 0, and acts in a plane through Om, and perpendicular to the paper. The
vector representing this couple is drawn in the plane of the paper and perpendicular (o
Om, as shown by OC, in Fig. 21.7 (¢). Similarly, the vectors OC,, OCy and OC, are
drawn perpendicular to Om,. Om, and Om, respectively and in the plane nl the paper

Cu

-we—RFE ——se W

G

& ‘o OO0

. Y

A 4 @

s """

n oo B my

[ e

ol Tb Oy w2 Y L
| sl - ""\\ % @
! - e
G | m In
N @ "

(0 Anpular poution of S masses

() Couple vector (o) Couple vectors turned
counter clockwise through
a nght angle

4. The couple vectors as discussed above, are turned counter clockwise through a right angle
for convenience of drawing as shown in Fig. 21.7 (). We see that their relative positions
remains unaffected. Now the vectors OC,, OC; and OC, are parallel and in the same
direction as Om,, Omy and Omg, while the \ulnl OC, is parallel to Om, but in "opposite
direction. Hence the ¢ couple vectors are drawn mdmll) outwards for Iln masses on one
side of the reference plane and radially inward for the masses on the other side of the
reference plane.

5. Now draw the couple polygon as shown in Fig. 21.7 (¢). The vector ¢’ ¢ represents the

balanced couple. Since the balanced couple C,; is proportional to my,.r therefore

M '\!

vector d* o’

.o T Ao o My = ——————

Cyy = iy -1y - by = vector do”  or M 7
MM

From this expression, the value of the baluncing mass my, in the plane M may be obtained.

and the angle of inclination ¢ of this mass may be measured from Fig. 21.7 (b).

c

N
Fcat E\Fca

[\\Cs
af Db f Ny

<Fem
‘a’ //o-' Fc‘) dll
[, R /
| %0 o 5’“\ ~s—a

o Fey

() Couple vectors turned (¢) Couple polvgon,

Fea

(¢) Couple vector (/) Force polygon

counter clockwise through
a right angle
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6. Now draw the force polygon as shown in Fig. 21.7 ( f). The vector ee (in the direction

from e 10 o ) represents the balanced force. Since the balanced force is proportional to
m, .r, , therefore,

vector ¢o
my - = VeClor eo or my = n
From this expression, the value of the balancing mass my in the plane L may be obtained

G P O .
t Cs 2 _Co N
S W ’
O

Cy

; \Cs
NG
|

. | a’ //.02
\ - a‘o

N W | “Ne
¥ "Ca p 1
G YCs {‘f’ Ca

d

(«) Couple vector (d) Couple vectors trned (¢) Couple polygon,
counter clockwise through

a right angle

!,’/,
a ;*;_
N .

( /) Force polygon

Example 21.2. A shaft carries four massex A, B, C and D of magnitude 200 kg, 300 kg,
400 kg and 200 kg respectively and revolving at radii 80 mm, 70 mm, 60 mm and 80 mm in planes
measured from A ar 300 mm, 400 mm and 700 mm. The anglex between the cranks measured
anticlockwise are A to B 45°, B 1o C 70° and C 1o D 120°, The balancing masses are to be placed
in planes X and Y. The distance beyween the planes A and X is 100 mm, between X and Y is 400

mm and between Y and D is 200 mm. If the balancing masses revolve ar a radius of 100 mm, find
their magnitudes and angular positions.

Solution. Given : m, = 200 kg ; my = 300 kg : m = 40D kg : mg = 200 kg : 7, = 80 mm
=008m g =T0mm=00Tm:r,=60mm=006m:r,=8mm=008m:ry=r,= 100 mm
=0l m

A2
—e . e
L
A C{ ]
X80
\_T70°

120°( QN

100 | 400
I 100.
— 300 —] | 80 o
- @@
500
700 Mx D(\f;
200 kg

1

All dimenxions m mm,
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Rstinn d | Comtforer o ur’ | DNabwmew o | Comple o g

WA Mowe vilim twr ) dgoaw
1% 4

"

4 )
M

o/ B,
:“’_Cnne
‘“"‘l L EAE
- 5
00y () Couple polygon
=7 %
.“v -
— 0N
lxr,/g.\“‘f 2
'.
e A T
P &0
9.3 “
o) e
me 200 kg o"ﬂy '6"
AR dinsessbons in men ‘

o, b
() Position of plomes 12 Angalar pesition of mmes A% ddb

9,
> o » oy M "2‘
0.04 my = vector do=7 lkp.m‘ or my = 1825 k;‘ \ns. e > "
16

(dy Force polygon.

5_
i } 0N
0
0
|

A

0.0 my = vecwr eo = IS5 kgm  or my = ASS kg Ans,

004 my = vector d’ o = 7.3 kg-m®  or my = 1825 kg Ams,

Ol my =vectoreo=35.5kg-m  or  my = 355 kg Ans.
o M"’%u "2

c"“m

y

8, =12° in the clockwise direction from mass m, ) Couple polygon

al g o
-8

: . 16y
8y =145° In the clockwise direction from mass m, / »24

[

-
@\

=
My
\“:‘;‘,&“ =

&
b

(d) Force polygon
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Example 213, Four masses A, B, C and D as shown below are to be completely balanced,

A B C ‘ D
Mass (kg) - 30 S0 40
120 150
The planes containing masses B and C are 300 mm apart. The angle between planes

comtaining B and C isx %0°. B and C make angles of 2107 and 1207 respectively with D in the same
sense, Find

Radius (mum) 180 240

1. The magnitude and the angular position of mass A } and
2. The position of planes A and D,

Solutlon. Given : r, = IS0 mm = QI8 m i mg = 30 kg { ry = 240 mm = 0.24 m |

me=50Kkg re=1200mm=012m: mp=40kg 2 v = IS0 mm=015m: ZBOC =90 :
ZBOD =210 . £COD= 120

A 60 K

T

o8
=353
-

Cc
i

10“)—0-;
. Ve

P,

Mane Radiuy |  Cent fowee 5 o | Distance from Couple o

ir)m .y Ko plane B (1) m . d) lr-m"
I [RJ) 4 (5 i

A 018 0,08 m,
024 7.2
012

015

018 m, ¥
0
1.8
L1
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Maw Raodiun Cent force & oy | Distance from | Couple + of

(m) by (rim (mr) hggem plane B i) m (m.rl) l;:-m"

2 =) (4 5 3

m, 0.08 m, -y ~0.18m, y
&1 7.2 0 0
50 6 1.5
6 G

6x=vector ¢'d =23 kg’ orx=0383 m

018 m, .y = vector o' d” = 3.6 kg-m®
—0ISxWy=36 or y=—1Im

£

(d) Couple polygon

Example 214, A, B, C and D are four masses carvied by a rotating shaft ar radit 100,
125, 200 and 150 mm respectively. The planes in which the masses revolve are spaced 600 mm
apart and the mass of B, C and D are 10 kg, 5 kg, and 4 kg respectively,

Find the required mass A and the relarive angular settings of the four masses so that the
shaft shall be in complete balance.

Solution. Given : 7, = 100mm =01 m:ry=125mm=0125m 7. =200mm=02m

IS0mm=015m:m,=10kg:m-=5kg:m,=4kg
+ ve

‘c  —e

(R 8

\A’ >/
[ |
| «-600—

—> 600>,
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th

Masys (m)
kg
(2)

Radius (r)
m
(R

Cent, Force = gy

(m.r)kg-m
4

Distance from
plane A (I

(5

Couple =~ o
(m.rd) kg-m’
(6

AR.P)

my

1)
1w

0

0

B 10 0,125 1.25
c 5 0.2 I
D 0n.1s 0.6

0.75
12

108

1.2

|.8

R.P. + Ve

® ® © ®

A1.08 A

12y !

/ \
/ \

y A—
0 0.75

ot 1
Mo

740"

(¢) Couple polygon
ZBOA =
Z BOC =

155° Ans.
240° Ans.

£ BOD = 1007 Ans.

Mass (m) Radius (r)

m
(3

Cent, Force = gy | Distance from | Couple = oy
(m.rikg-m

4

plane A (D

(5

(mrd) kgem’
(6)

0.1 o1 m, 0
01258 1,25 0.75
02 1 12
015 108

0.6

0.1 my ™.

o\ ‘108
0.6 /
)

>
0.1 m, =07 kg-m~ or m, =7 kg Ans.
(d) Force polygon B - n N
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