Balancing

Balancing refers to the act of reducing (or even eliminating) the unbalanced forces and
couples in a mechanical system. Unbalanced forces prevailing in the system can cause
vibrations, noise, ear damage, structural damage, lack of precision and accuracy in the
machining process etc.

Static Balancing

In static balancing only the unbalanced forces are required to be balanced as the masses rotate
in the same plane.

Example 3.1 Three masses are attached to a shaft with following properties :

my = 3kg r1= 30mm 8y = 30° plane A
my = dkg ra= 20mm Gy = 120° plane A
my = 2kg ry= 28mm 6y = 270* plane A

Find the amount of counter mass at a radial distance of 35 mm for the static balance.
Solution : Let balancing mass, mp is attached at angular position 8

For static balance, conditions are

my r1 8in@) + m2 rg sin2 + m3 r3 sinB3 + my rp sinbp = 0

or 3 x 30 sin30° + 4 x 20 sin 120° + 2 x 25 sin 270° + mp x 35 x sindp =0

or 45+69.28 -50+ 35 mssinfp=0
or my sinfp = - 1.837 (1]

and mi r1 cosBi + mg rz cosbz + ma ra cosbs + mp rp cosbp =0
or 3 x 30° cos 30° + 4 x 20 cos 8 120° + 2 x 25 cos 6 270°
+mp %35 xcosBp =0 or 77.94 - 40 + 0 + 35 mp cosbp =0
or mp cosy = — 1.084 - if)
Squaring and adding (i) and (i)
mb? (sin? 6y + cos® Bp) = ( - 1.837)% + ( - 1.084)?

mb®=455 or mp=2.13kg

Dividing (i) by (i)
mp 8inBp _ - 1.837
mp cosbp - 1,084
or tan6y = 1.6956
or 8 = 59.4°
But as values of sinfj and cos8p are negative, 65 lies in third quadrant. Therefore,
65 = 180 + 59.4 = 239.4°

Dynamic Balancing

In dynamic balancing both the unbalanced forces and couples are required to be balanced as
the masses rotate in different planes.



Example 3.3 A shaft carries four rotating masses A, B C and D which are completely
balanced. The masses B, C and D are 50 kg, 80 kg and 70 kg respectively. The masses C and D
make angles of 90° and 195° respectively with mass B in the same sense. The masses A, B, C and
D are concentrated at radius 75 mm, 100 mm, 50 mm and 90 mm respectively. The plane of
rotation of masses B and C are 250 mm apart. Determine :

(i) the mass A and its angular position
(ii) the positiion of planes of A and D.

I

—250mm —={

(b) Position of Planes

Solution :
Masses, mp = 50 kg ; mc = 80 kg ; mp = 70 kg.

Radius of masses,
raA=T75mm ;rg =100 mm ; r¢
=50 mm ; rp = 90 mm.

Angles between masses,
ZBOC = 90° and ZBOD = 195° or 6¢
=90° and 6p = 195°
Distance between planes B and C = 250 mm.
Find : (i) ma and 6.
(i) Positions of planes A and D.
Analytical Method :

Fig. 3.6 (a) shows the position of planes A, B, C and D whereas Fig. 3.6 (b) shows the angular
position of masses, B, C and D in which the angular position of mass mg is assumed in horizontal
direction.

Hence, 65 = 0°
(i) The mass A and its angular position.
Let ma = Mass A
04 = Angular position of mass A with respect to mass B.
The four masses are completely balanced, hence, resultant force should be zero.
orImxrxcos0=0 and Emxrxsin0=0
Let us first find the product of known mass and corresponding radius.

mp % rg = 50 x 100 = 5000



Let us first find the product of known mass and corresponding radius.

mp xrg = 50 x 100 = 5000

me x r¢ = 80 x 50 = 4000

mp x rp = 70 x 90 = 6300
Also we know that 8g =0, 8¢ =90° and 6p = 195°
Now for £ m x r x cos 8 = 0 we have
mA XTA X cos 04 + mB Xrg X cos 08

+me Xrexcos 8¢ + mpxrpxcos 6p =0

or ma x 75 x cos 84 + 5000 x cos 0° + 4000 x cos 90° + 6300 x cos 195° =0

76 ma xcos 04 + 5000 +0 + (- 60853)=0
75 ma x cos 64 = 6085.3 - 5000 = 1085.3

For Em xr xsin 6 =0, we have

mAXraxsin@a+mpxrgxsin@g+mexrexsin@c+mpxrpxsinfp=0

or ma % 75 x sin 84 + 5000 x sin 0° + 4000 x sin 90° + 6300 x 8in 195° =0

or 75 ma x sin 64 + 0 + 4000 + ( - 1630.5) =0
or 75maxsin64= -4000 + 1630.5 = - 2369.5

Squaring and adding (i) and (ii), we get
752 x mA x (cos? B4 + sin® 64) = (1085.3) + ( - 2369.5)

or 5625 x m1 = 1177876 + 5614530 = 6792406
ma= 6’{;224506 = 34.75 kg Ans.

Dividing (i) by (i), we get

75 x ma x sin 04 _ - 2369.5

75 xmAxcos 84 1085.3
sin 04
cos 04

- 2369.5

=tan 64 ="7085.3

or

()

i)

In the above equation the numerator (i.e., sin 84) is —~ve whereas the denominator (i.e., cos
) is +ve. Hence, 04 lies in fourth quadrant as sine of an angle is —ve and consine of the angle

+ve in fourth quadrant.
eAsun“;lo-g‘”fj’g—s=un"(-2.lsa)
= - 65.4° = 360 - 65.4 = 294.6°. Ans.
(i) Position of planes A and D.
Take plane A as the reference plane.
Thenls=0

g = distance of plane B from plane A



lc = distance of plane C from plane A = [g + 250
Ip = distance of plane D from plane A
As the four masses are completely balanced, hence the resultant couple about the reference
plane should be zero.
or Emxrxlcos@=0 and EmxrxIxsind=0
For Imxrxlxcos@=0about plane, A, we have
mexrepxlpxcos@p+mexroxilgxcosBc+mpxrpxlpxcos8p=0
or 5000 x Ig x cos 0° + 4000 x (Ig + 260) cos 90° + 6300 x Ip x cos 195° = 0

(.. mpxrg=5000;mcxrc=4000;mpxrp=6300;Ic=I1g+250)
5000 Ig +0 + 6300 x lp x ( - 0.966) = 0
5000 [g - 6085.3Ilp=10

6085.3 Ip
B — = 7
5000 - 1217/ i)

Em xr xlxsin 0 = 0 about plane A, we have
mpxrpxlgxsin®p+mexrexicsinfc+mpxrpxipxsinp=0
or 5000 x /g x sin 0° + 4000 x (s + 250) sin 90° + 6300 x Ip x sin 195° =0
(~.lc=Ilp+250)

or 157}

or 0+ 4000 (I + 250) + 6300 xIp x (- 0.2588) =0
or 4000 Iz + 1000000 - 1630.5Ip=0
or 4000 (1.217 Ip) + 1000000 - 1630.5Ip=0

[ i = 1.217 Ip from equation (i)
or 4868 Ip + 1000000 - 163051p=0

or 3237.5 Ip = - 1000000
- 1000000
Ip= 30375 - - 308.8 mm
From equation (iif),
But lc=1lp+250= ~3758 +250= - 1258 mm

(C) The correct position of planes, A, B, C and D are shown in Fig. 3.7 whereas the angular
positiion of mass m4 is shown in Fig. 3.7 (b).

B, D '+ A

pe——— 260mm ——s=-1 25. Amm-=
f———308.8mm
375.8mm

{a) Carrect Position of Planes



2. A Shaft carries four masses in parallel planes A, B, C, D. The masses at B & C are 18 Kg
& 12.5 Kg respectively and each has an eccentricity of 60mm. The masses at A & D have an
eccentricity of 80mm. The angle b/w B & C is 100° & that between the masses B & C is 90°
measured in same direction. The axial distance between the planes A & B is 100mm & that
b/w B & C is 200mm. The shaft is in complete balance determine:

1. Masses at planes A & D
2. Distance b/w planer D & A.
3. Ang. Positions of mass D
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Balanced Couple Equation.

MgRgLeSIN@E + McRcLcSin@c + MpRpLpSindp =0
(18 x 60 x 100 x Sin D) + (12.5 x 60 x 300 x Sin 100) + MpRpLpSin@p =0

Sing X MoRo X x = -22158174 — (1)

MgRgLeCo0s@s + McRcLcCosdc + MpRpLpCosdp =0
(18 x 60 x 100 x Cos D) + (12.5 x 60 x 300 x Cos 100) + MpRpLpCosdp =0

Cos@p X MpRp X X = -68929.16 - @



@ 2 4 @2 = (MpRpx)? =5.384 x 10%°

ie; MpRpxX = 232055.374
Mp x X =2900.69 - @

@ / @ tan@p = -221581.74/-68929.16 ; @p = 72.72° in 3" quad

ie; @p =180+ 72.72 = 252.72 from+"® X taken CCW

Balanced force egn;

MaRASIN@A + MeRgSIiN@ + McRcSin@c + MpRpSindp =0

(Ma x 80 x Sin90) + (18 x 60 x SinD) + (12.5 x 60 x Sin 100) + MpRpSin@p =0
80 Ma+ MoRoSingo = 7386 - (4)

MaRACo0s@a + MgReCosds + McRcCosdc + MpRpCosdp =0

(MaRAC0s90) + (18 x 60 x Cos 0) + (12.5 x 60 x Cos 100) + Mpx 80Cos@p =0
ie; Mp x 80 x Cos (252.72) =949.76

ie; Mp = -949.76/(Cos(252.72) x 80) = 39.96Kg.

Sub Mp in @;

80MA + 39.96 x 80 x Sin (252.72) =-738.6

80Ma =2313.91

Ma =2313.91/80 =28.92Kg

Sub Mp in @ ;

39.96 x x =2900.69

ie; X =72.58mm

3. A disturbing mass 600 kg is attached to a shaft. The shaft is rotating at a uniform
angular velocity of wrad/sec. and the distance of the C.G. of the disturbing mass from the axis
of rotation is 270 mm. The disturbing mass is to be balanced by two masses in two
different planes. The distance of the C.G. of the balancing mass from the axis of rotation
is 450 mm each. The distance between the two planes of the balancing masses is 1.5 m and
the distance between the plane of the disturbing mass and one of the planes of the
balancing masses is 300 mm. Determine (a) the distance between the plane of the disturbing
mass and the plane of the other balancing mass. (b) the magnitude of the balancing masses
when (i) the planes of the balancing masses are on the same side of the plane of the disturbing



mass. (ii) the planes of the balancing masses are on either side of the plane of the disturbing
mass.

Case b (i) (Refer phase plane diagram)
Taking the plane of mz as RP, couple equations

m1 X (0.450) x (-1.5) x ? x sin 01 + 600 X (0.270) X (-1.2) X ®* x sin 62 =0
m1 X (0.450) x (-1.5) x ? X cos 01+ 600 x (0.270) X (-1.2) x ®? X cos H2 =0

-0.675 mi®? sin 01— 194.4 »%sin 6, =0
-0.675 miw?cos01— 194.4 ®?cos 02 =0
-0.675 m1 sin 01=194.4 sin 0>

-0.675 m1cos61=194.4 cos 62

(-0.675)%(M1)? = (194.4)?
ma= 288 kg

Taking the plane of my as RP, couple equations



600 x (0.270) x (0.3) x ? x sin 02 + m3 X (0.450) X (1.5) x w?x sin 63 =0
600 x (0.270) x (0.3) x ? X cos 02 + mz X (0.450) x (1.5) x w? x cos 03 =0

0.675 m3 w? sin 03+ 48.6 w2sin 02 =0
0.675 m3 w?cos 03 + 48.6 m?cos 0, =0

0.675 m3 sin 03=- 48.6 sin 0>
0.675 m3zcos 063 = -48.6 cos 02
msz= 72 kg

Case b (ii) (Refer phase plane diagram)
Taking the plane of ms as RP, couple equations

600 x (0.270) X (-1.8) x ®” x sin 02 + M1 X (0.450) X (-1.5) x @’ x sin 01 =0
600 x (0.270) x (-1.8) x ®? X c0S 02 + My X (0.450) X (-1.5) x ®? X cosO1 =0
my =432 kg

Taking the plane of my as RP, couple equations

600 x (0.270) x (-0.3) x ? x sin 62 + M3 X (0.450) X (1.5) x ” x sin 03 =0
600 x (0.270) x (-0.3) x w? x cos 02 + m3 x (0.450) x (1.5) x ®? X cos 03 = 0
ma= 72 kg

Balancing of Reciprocating mass
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TOLLLENSY

Forces to be balanced are mrw?cos8 which is the inertial force (due to reciprocating mass m) acting

along the L.O.S and centrifugal force due to equivalent revolving mass mgevat crank pin mgeyrw?.

mrw?2

Note that we have excluded the secondary force

cos20 from balancing. Therefore the

balancing is referred to as primary balancing. N is the length of the connecting rod (l) to crank radius

. l
(r) ratio; n=-

These unbalanced forces can be balanced by placing a radially opposing counterbalancing mass myat

any suitable radius rp, with speed of rotation w as shown below:
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The value of my rp is selected in such a way that mp, r,= (cm + mgev)r means mgevrw? gets cancelled in
the radially opposite directions. The remaining part cmrw? (radially) offers horizontal and vertical
balancing components as shown below:
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So after balancing has been done the net unbalanced force along X axis (LOS) will be

mrw?cosd - ¢ mrw?cosd = (1-c) mrw?cos® and along vertical direction will be cmrw?sin® and the

resultant unbalanced force after partial balancing will be \/[(1 — ¢) mrw?cos8 ]2 + [cmrw?sind]?

Note that we have effected only a partial balancing of reciprocating mass (m) by a fraction c (c less
than 1) and therefore the balancing is referred to as partial primary balancing (secondary force being
neglected) and this acts as a compromise between unbalanced forces in the vertical and horizontal
directions.



Problem 1 . A single cylinder reciprocating engine has the following data :
Speed of engine = 120 r.p.m. ; stroke = 320 mm ; mass of reciprocating parts = 45 kg and mass of

revolving parts = 35 kg at crank radius. If 60% of the reciprocating parts and all the revolving parts are to
be balanced, then find :

or

or

or

(i) the balance mass required at a radius of 300 mm, and
(if) the unbalanced force when the crank has rotated 60° from top dead centre.
Sol. Given :

N=120rp.m. or m=—2£N-=M

0 50 =4nrad/s;

stroke =320 mm =032m or crank radius r = _0_.;_3_ =0.16 m ; mass of reciprocating parts,

m =45 kg ; mass of revolving parts, m = 35 kg ; radius of revolving parts, r = 160 mm =0.16 m ;

fraction of reciprocating parts to be balanced = 60% = % =0.6

¢ = 0.6 ; all revolving parts are to be balanced.

() Balance mass required at a radius of 300 mm

Let m, = Balance mass required, and

r, = Radius of rotation of the balance mass = 300 mm = 0.3 m

Using equation (14.6), we have
myxp =(m_+cm yxr
myx03=(35+06x45)x0.16=(35+27)x0.16

- 535+2073!x0.l6 =33.06 kg Ans.

(if) Unbalanced force when crank has rotated 60° from top-dead centre
Here 0 = 60° (given)
The unbalanced force at any instant is given by equation
=m xm’xrf(l -c)fcos’0 +c?sin’ 0
=4.5 x (47)* x 0.16 V(1 - 0.6) x cos? 60° + 0.6 sin® 60°

=1136.98V.16 x 0.25 + 0.6 x 0.75 = 1136.98V0.04 + 0.45
=1136.98 x 0.7 =7959. Ans.




Effects of Partial balancing in Locomotives
The effects of partial balancing in locomotives are Variation in traction, Swaying Couple and
Hammer Blow. (Refer the figure given above)

Variation in Traction

The unbalanced forces along the lines of stroke of the two cylinders causes variation in
traction given by

V= (1-c)mre?cosd? + (1-c)mrm?cos(90 + 0)°

Max. Value occurs at 0=45° and 6=225jiven by

Vimax = i\/z_(l — C) mrooz

Swaying Couple

The unbalanced forces along the lines of stroke of the two cylinders constitute a couple about
the locomotive central plane called swaying couple which causes the vehicle sway from side
to side given by

S:-g(l-c) mro?2cose® +§(1-c) mrw2cos (90 + 0)°

1
Smax:i‘\/T—(l —-C) mrw?x

Hammer Blow (HB)

Hammer blow is the maximum vertical unbalanced forces on the plane of wheels caused by
the balancing mass placed in the same planes. The tendency is to lift the vehicle of the
wheels.

HB = +mirno? or HB = +mario?

Limiting speed condition of HB is given by HB = W where W is the dead weight on each
wheel.




Balancing of V-Engines
Unbalanced forces in V-Engines

In V-engines, a common crank OA is operated by two connecting

s . . A .
rods OB, and 0B,. Figure shows a symmetrical two cylinder . B, o

V-cylinder, the centre lines of which are inclined at an angle & to
the x-axis.

Let 0 be the angle moved by the crank from the x-axis.
Primary force

Primary force of 1 along line of stroke OB, = mra? cos (8- )
Primary force of 1 along x-axis = mra’ cos (6 - &) cos &
Primary force of 2 along line of stroke OB, = mra’ cos (0 + &)
Primary force of 2 along the x-axis = mra?” cos (6 + @) cos o

Total primary force along x-axis
= mra? cos ¢fcos (0 - @) + cos (8 + @)]
= mra’ cos o [(cos B cos o+ sin @ sin @) + (cos 6 cos & — sin @ sin )]
= mrer cos & 2 cos 0 cos &
7 2
= 2mrar cos” acos 0
Similarly, total primary force along the y-axis
mrar [cos (60— @) sin & — cos (0 + @) sin «]
7 - 2 -
=2mr@ sin” ¢ sin@

Therefore the resultant primary unbalanced force in V engines is given by :

2 2\/ [l_cu.t.: o cos 017 + (sin? a sin h'?:]
mro

While evaluating the secondary unbalanced forces the angle made by the crank with the line

of stroke gets doubled and the ratio n features in the denominator

Total secondary force along x-axis

mre’
= cosa[cos2(0 — @)+ cos 2(0 + )]
n

mro” . . . .
cos [ (cos 20 cos 2a + sin 28 sin 20x) + (cos 26 cos 2 — sin 20 sin 2¢x))

n
,
2mrm” .
= cos & cos 20 cos 2
"
2mra”

Similarly, secondary force along z-axis sin ¢t sin 28 sin 2o

Resultant secondary force n

2mre’ | 7 . . . 2
= y(cos ¢t cos 20 cos 2ex)” + (sin ¢ sin 20 sin 20¢)”
n

Balancing Procedure in V-engines

Select the angle of V, 20 = 90 ° . That is o = 45° the resultant primary unbalanced force
becomes equal to mrw?. This unbalanced force can be treated as a rotating mass m at crank
radius r (rotating with angular speed ) and therefore can be balanced by placing a radially



opposite rotating mass of same speed. Secondary forces are harmonic and smaller in value,
therefore usually neglected.

Balancing of Inline engines

In inline engines the cylinders are arranged in such a way that the lines of stroke of all
cylinder assembly are made parallel to each other. To balance the unbalanced force in an
inline engine, we normally need not add any counter balancing mass externally. But the
balancing is done by selecting a suitable configuration (lay out) and firing order. This
selection usually depends upon the number of cylinders. This type of balancing is called
inherent balancing.See the following example: most of the forces and couples are reduced to
zero by selecting proper angular positions , masses and axial distances and not by adding any
external counter balancing mass.

EXAMPLE 13.10 In a four cylinder in-line IC engine, the mass of reciprocating parts of
cylinder number 1 and 4 are 100 kg and that of cylinder number 2 and 3 are 173 kg. If the
crank radius is 150 mm, length of connecting rod is 450 mm and engine speed is 1200 rpm,
determine the primary and secondary forces and couples. The cylinders are placed 600 mm
apart as shown in Figure 13.26.

0.6 mm 06 m
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FIGURE 13.26

Solution: Angular velocity:

o< 2EN _ 27 x 1200
60 60

= 125.66 rad/s

Ratio: n=—=——=3

Assuming central plane R-R as reference plane, prepare the table as given below:

Plane Mass Radius Primary Secondary Distance Primary Secondary

m r Jorce Jorce Jrom couple couple
(kg) (m) mr mrin reference mrl mri/n
kg mm kg mm plane ! (m) kg mm? kg mm?

1 100 0.15 15 5 -09 -135 -45

2 173 0.15 2595 8.65 -03 -7.785 -2.595

3 173 0.15 2595 8.65 +03 7.785 +2.595

B 100 0.15 15 5 +09 135 +45




(1)

(ii)

(ii1)

(a)

(b)

Primary forces:
(a) Horizontal component:
Fpy = (15 cos 30° + 25.95 cos 120° + 25.95 cos 240° + 15 cos 330°) @?
=0
(b) Vertical component:
Fpy = (15 sin 30° + 25,95 sin 120° + 25.95 sin 240° + 15 sin 330°) o
=0
Thus, the primary forces are completely balanced.
Primary couples:
(a) Horizontal component:
Cen = (~13.5 cos 30° + 7.785 cos 120° - 7.785 cos 240° + 13.5 cos 330°) o
=0
(b) Vertical component:
Cpy = (~13.5 sin 30° + 7.785 sin 120° - 7.785 sin 240° + 13.5 sin 330°) &
=0
Secondary forces:
The crank positions for secondary forces are shown in Figure 13.27.

Horizontal component:

Fsy =[5 cos 60° + 8.65 cos 240° + 8.65 cos 480° + 5 cos 660°] of
= -3.65 &

Vertical component:

Fgy =[5 sin 60° + 8.65 sin 240° + B.65 sin 480° + 5 sin 660°)] o
=0



So the resultant secondary unbalanced force:
Fs = 3.65 @ = 3.65 x 125.66° = 57635 N Ans.
(iv) Secondary couple:
(a) Horizontal component:
Csn = [-4.5 cos 60° — 2.595 cos 480° + 2.595 cos 240° + 4.5 cos 660°) &’
=0
(b) Vertical component:
Cyy = [—4.5.sin 60° — 2.595 sin 480° + 2.595 sin 240° + 4.5 sin 660°] &
-12.2889 o°
~12.2889 x 125.66°
194047.0 Nm Ans.

Balancing Machines

A balancing machine is used to indicate whether a component is in balance or not. If it is out
of balance, then machine must be able to measure the magnitude and location of unbalance.
Mechanical components whose axial dimensions are small such as gears, pulley, fans and
impeller require static balancing. Such balancing is often done through a single plane
balancing machine. One typical static balancing machine is shown in Figure.
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FIGURE 13.12 Single plane balancing machine.

When an unbalanced component is mounted on the platform the pendulum tilts. The direction
of tilt gives the location of unbalance and the angle 6 indicates the magnitude of unbalance.
In the case of axially longer components such as turbine, rotor, armature, etc., the unbalanced
centrifugal forces result in couples whose effect is to cause the rotor turn over the end. Thus
the purpose of balancing is to measure the unbalanced couple and to add a new couple of
same magnitude in the opposite direction. Therefore, balancing of these components require
both static and dynamic balancing. The most common types of balancing machines are
discussed below:

Pivoted Cradle Balancing Machine



In a pivoted cradle machine the rotor to be corrected is supported on half bearings attached to
the cradle and is connected to an electric motor as shown:
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The cradle is mounted on spring-dashpots to provide a single degree of freedom vibration
system. Often they are made adjustable so that the natural frequency can be tuned to motor
speed. Further, the cradle is pivoted about two points which can be adjusted to coincide with
the plane of correction. The amplitude of vibration is measured through transducers mounted
at each end. In the test run, the pivots are positioned at the plane of correction. One pivot is
locked and other is kept free. When the rotor rotates, its amplitude of vibration is measured.
The readings obtained will be completely independent of the measurement taken at the other
correction plane because an unbalance in the plane of locked pivot will have no moment
about that pivot. The measured amplitude of vibration and amount of unbalance are related
by the following relation:

mger”
X =
my(1 = r*)? + (2&r)?

where mee = magnitude of unbalance, X is the amplitude of vibration at correction plane and
r = ratio of forcing frequency to the natural frequency (w/ w,) The angular position of
unbalance is determined by measuring the angular phase difference between a standard sine
wave and the wave generated by one of the amplitude transducer. Nowadays, electronic
phase meter is attached to measure the phase angle.



