UNIT-— 11 BALANCING

2.1 INTRODUCTION:

Balancing is the process of eliminating or at least reducing the ground forces and/or
moments. It is achieved by changing the location of the mass centres of links. Balancing of rotating
parts is a well known problem. A rotating body with fixed rotation axis can be fully balanced 1.c.
all the inertia forces and moments. For mechanism containing links rotating about axis which are
not fixed, force balancing is possible, moment balancing by itself may be possible, but both not
possible. We generally try to do force balancing. A fully force balance is possible, but any action
in force balancing severe the moment balancing.

2.2 BALANCING OF ROTATING MASSES:
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.

2.2.1 Static balancing:

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 lie on the axis of the rotation. This is the condition for static balancing.

2.2.2 Dynamic balancing:
The net couple due to dynamic forces acting on the shaft 1s cqual to zero. The algebraic
sum of the moments about any point in the plane must be zero.

2.2.3 Various cases of balancing of rotating masses:

Balancing of a singlc rotating mass by single mass rotating in the same planc.
Balancing of a single rotating mass by two masses rotating in the different plane.

Balancing of a several masses rotating in single plane.
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Balancing of a several masses rotating in different planes.
2.3 BALANCING OF A SINGLE ROTATING MASS BY SINGLE MASS
ROTATING IN THE SAME PLANE:



Consider a disturbing mass m, attached to a shaft rotaiing at @ rad/s as shownin Fig.
Let ry be the radius of rotation of the mass m, (1.e. distance between the axis of rotation of the shaft
and the centre of gravity of the mass m).

We know that the centrifugal force exerted by the mass m; on the shaft,
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This centrifugal force acts radially outwards and thus produces bendinz mcment on the
shaft. Ir. order to counteract the effect of this force. a balancing mass (m,) may be attached 1n the
same plane of rotation as that of distarbing mass (m,) such that the centnﬁwal forces due to the
two masses are equal and cpposite.
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Ealancing of a siagle rotating mase by a single mass rotating 1n the came plane.

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

Centnfugal force due to mass m,.

» i
Foro=my -0 n —

Equating equations (7) and (i),
m.ot oy =m0y OF My =my -

Notes : 1. The product m,.r, may be split up in any convement way. But the radws of rotation of the
balancmg mass (m,) 1s generallv made large in order to reduce the balancing mass m,.

2. The centnnfugal fortes are proportional to the product of the mass and radius of rotation of
respective masses, because ®" is same for each mass.

2.4 BALANCING OF A SINGLE ROTATING MASS BY TWO MASSES ROTATING
IN THE DIFFERENT PLANE:



We have discussed m the previous article that by mtroducing a single balancing mass 1n the
same plane of rotation as that of disturbing mass, the centrifugal forces are balanced. In other
words, the two forces are equal in magnitude and opposite m direction. Bus this type of arrange-
ment for balancing gives rise to a couple which tends to rock the shaft in its bearings. Therefore in
order to put the system in complets balancs, two balancing masses are placed i two different
planes, parallel to the plane of rotation of the disturbing mass, i such a way that they sansfy the
followmg two conditions of equ:librium.

1. The net dvnamic 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 lie on the axis of rotation. This is the condition for static
balancing.

2. The net couple due to the dynamic forces acting on the shaft is equal to zero. In other
words, the algebraic sum of the moments about any point in the plane must bz zero
The conditions (1) and (2) together give dynamic balancing. The followmng rwo possibili-

ties may arise while attaching the two balancing masses ;

1. The plane of the disturbing mass may be in berween the planes of the rwo balancing
masses. and

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

We shall now discuss both the above casas one by one.




Let [, = Distance between the planss 4 and L.
[, = Distance between the plates 4 and M, and
[ = Dastarce between the planes L end M.
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Fig. 11.2. Balancing of a siagle rotating mass by twe rotating masses in different planes when the
plane of single retating mass lies in between the plaaes of two balancing masses.

Wa know that the centrifugal force exerted by the mass n 1 the plane 4.
Fc=m- o -7
Sinularly, the centrifugal force exerted by the mass m, m the plane L.
Fey=my -7
and. the centrifugal force exerted by the mass m, in the plane M.
Foa=m o L

Since the net force acting on the shaft must be equal to zero, therefore the centrifugal force

on the disturbing mass must be equal to the sum of the centrifugal ferces on the balancing masses,
therefore
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Now m order to find the magninude of balancing force in the plane L (or the dynanuc force
at the bearmg Q of a shaft). take moments abou: Pwhich 15 the pomt of mtersection of the planc M
and the axis of rotatior.. Iherefare

Foyxi=Fe xh m ?Hl-ll.l?-?le:.‘n-w?-?'xfz
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myni=m-r-lh or  myon=merx—= .. D
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Similarly, m order to find the balancing force i1 plane M (or the dynamuc forcs at the
Deaning F of a shaft). take moments abour £ which is the point of intarsection of the plane I and
e axis ol mbhon Theraline

i 3 1 .
Tegxl =fexiy or mz-ﬁ)“-;'zx"_m.(g'".r):;z
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It may be noted that equation () represenss the condition. for stauc balance, but in order ¢
achieve dynamie balanc2. equations (f7) or (iff) must also be satisfied

1. When the plane of the disturbing mass lies on one end of the planes of the balancing
MAssSes
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Balancing of a single rotanng mass by nwo rotanng masses n differenr planes. when the
plane of singl= rofating masc lies 2t ane end of the planes of kalancing masses
In this case, the mass i li=s in the plane 4 and the balanciag massas li= in the olanes L and
M. &s shown m Fig. 21.3. As discussed above, Cie following condilions must Le satisfied 11 order
t0 balance the system 7e

1 ‘p 3
Fr+Fpy -y af e om0 =My 0F o

T+ T =R .-~ (W)

Now, to find the balancing force in ths plane L (or the dvnzmuc force at the bearmng @ of a
shafl), take mwoments about P wloch 1s e pomt ol mterseciaon of e plaoe M and the axas of
rofation Therefore




2.5 BALANCING OF A SEVERAL MASSES ROTATING IN SAME PLANE:

Consider any number of masses (say four) of magnitude . m,, m, and m, at distances of
Yy i Iy and 7, from the axis of the rotating shaft. Let 6,.8,.09; and 6, be the angles of these
masses wirth the horizontzl line QX as shown in Tig. . T et these masses rotate abont an axis
threcugh O and perpend:cular to the plane of paper. with a constant angular velocity of ® rad/s.

The magnitude and position of the balancing mass may be found out analvtically or
graphically as discussed below :
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Fig 21 4 Balancing of saveral masses rotating in the same plane.

1. Analytical method
The magnimde #nd direction of tha balancing mass may he obtained. analytically. as
discussad below :
L. First of all, find out the centrifugal force™ (or the product of the mass and 1ts radius of
rotation) exerted by each mass on the rotating shaft.

2. Resolve the cantrifugal forces horizonrally and vertically and find their sums. i.e. LH
and Ly . We kncw that
Sum of horizontal components of the cantrifugal forces.
LH =my-1yc080; +m;y 150088, —......
and sum of vertical components of the cantrifugal forces,
LV =my sl +myonsmb, +l

3. Magnitude of the resultant centrifugal force,

Fo =y(ZHY +(ZV)
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5.

If O 1s the angle. which the resultant force makes with the honizontal. then
tan0=XV/IH
The balancing force 1s then equal to the resultant force, but i eppesite direction.

6. Now find out the magnitude of the balancing mass, such that

F=mr
where m = Balancing mass. and

- = ts radmus of rotation.

). Graphical methed

The magnitude and position of the balancing mass may also be obtamned graphically as

discussed below :

or

1.

(=

LA

Furst of all. draw the space diagram with the positions of the several masses. as shown 1n
Fig

Find out the centrifugal 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 obtamned centrifugal forces (or the product of the

masses and their radu of rotation), such that ab represents the centrifugal force exerted by
the mass m, (or m,.7;) in magnitude and direction to some suitable scale. Similarly. draw
be. cd and de to represent centrifugal forces of other masses m,. m, and m, (or m,.r,,
my.ry and myr,).

Now, as per polygon law of forces. the closing side ae represents the resultant force in
magmtude and direction. as shown in Fig.

The balancing force is. then. equal to the resultant force. but in eppesire direction.

Now find out the magnitude of the balancing mass (m) at a given radius of rotation (7).
such that

2 .
m-@ - = Resultant centrifugal force

m.r = Resultant of .7, m,.ry, my.r; and myr,

2.6 BALANCING OF SEVERAL MASSES ROTATING DIFFERENT PLANE:



When several masses revolve in different planes. they
may bz transferred to a reference plane (driefly 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 ansferring a revolving mass (in one plane) to a
reference plane is to cause a force of magnitude equal to the
centrifugal foree of the revolving mass to act in the reference
plane. together with 2 couple of magnitude equal 'o the
product of the force and the distance befween the plane of
rotation and the reference plane. In order to have a complets
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 zaro.

2. The couples about the reference plane must balance,
i.e. the resultan: couple must be zero.

Let us now consider four masses m,, n,. i, and m,
revolving in planes 1. 2. 3 and 4 respectively as shown in

Diesel enginz.

Fig. (a). The relative angular positions of these masses are shown in the end view [Fig. 21.7
(b)]. The magnitude of the balancing masses m; and my in planes L and M may be obtamed 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 negative, and those to the
night as pesitive.

2. Tabulate the data as shown m Table 21.1. The planes are tabulated 1n the same order 1
which they occur, reading from left to right.




Table 21.1

Piane Mass (m) Radinsir) Cent.force + o | Distance from | Couple + o
fm.r) Plane L () (rrrd)
(1) (2 (3 (4) (3) (6)
1 m; " my.ry 1 —mpr
L(.R.P .) mL P‘L IﬂL. rL 0 0
2 m, rs My.1 I My.Ty.0
3 My 3 Mm3.T3 I myrydy
M My g "\ My Ty !M My g Ppe-hg
4 m, Ty Myt Iy myryd,
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(a) Position of planes of the masses.
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(d) Couple vectors turned (e) Couple polygor. (f) Force polygon.
counter clockwise through
a night angle.
kig. Balancing cf several masses rotating in different planes.
3. A couple may be represented by & vector drawn perpendicular to the plane of the couple.
The couple C; mtroduced by transferring m, to the reference plane through O 1s propor-

(¢) Couple vector.
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tional to m.7./; and acts in a plane through Om, and perpendicular to the paper. The
vector representing this couple is drawn 1n the plane of the paper and perpendicular to
Om; as shown by OC, in Fig. (¢). Similarly. the vectors OC,, OC; and OC; are
drawn perpendicular to Om,. Om, and Om, respectively and in the plane of the paper.

The couple vectors as discussed above, are turned counter clockwise through a right angle
for convenience of drawing as shown in Fig. 21.7 (d). We see that their relative positions
remains unaffected. Now the vectors OC,. OC; and OC, are paralle] and in the same
direction as Om,. Om; and Om,, while the vector OC; is parallel fo Om, but in *opposite
direction. Hence the couple vectors are drawn radially eutwards for the masses on one
side of the reference plane and radially inward for the masses on the other side of the
reference plane.

Now draw the couple polygon as shown 1n Fig. (e). The vector d’ 0" represents the
balanced couple. Since the balanced couple C,; is proportional to iy ry.h . therefore
vectord’ o

Cyp =myg -1y -hy = vector d o o M™Mu=

VRLY

From this expression. the value of the balancing mass m,, m the plane M may be obtamed,
and the angle of mchnation ¢ of this mass may be measured from Fig. 21.7 ().

Now draw the force polygon as shown in Fig. (f). The vector eo (in the direction

from e to o ) represents the balanced force. Since the balanced force 1s proportional to
my .y, therefore.

vector eo

mp-n =vectoreo or ML= T

From this expression. the value of the balancing mass m; i the plane L may be obtamed

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

2.7 BALANCING OF RECIPROCATING MASSES:

Mass balancing encompasses a wide array of measures employed to obtain partial or

complcte compensation for the inertial forces and moments of incrtia cmanating from the
crankshaft assembly. All masses are externally balanced when no free inertial forces or moments
of inertia are transmitted through the block to the outside. However, the remaining internal forces
and moments subjcct the cngine mounts and block to various loads as well as dceformitics and
vibratory stresses. The basic loads imposed by gas-based and inertial forces



2.7.1 Primary and secondary unbalanced forces of reciprocating parts:
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Reciprocaling engne mechanmsin.
Let F, = Force required to accelerate the
reciprocating parts.

Let m — Mass of the reciprocating parts,
I =T.engih of the conmecling rod P,
7 = Radius of the crank OC.
8 = Angle of inclination of the crank with the line of stroke PO,
® = Angular speed of the crank,
n = Ratio of lengrh of the connecting rod to the crank radins =7/ 1,

We have already discussed in Art. 15,3 that the acceleration of the reciprocating parts is
approximately ziven by the expressiorn.

) cos 26
iy — @ 7] cosO+

1

. Inertia force due to reciprocarng parts or force required o accelarate the reciprocating
parts.

F, — Fp — Mass ~ acceleration — - -r| cosf+ "

We have discussed in the previous article that the horizontal component of the force exerted
on the crank shaft bearing (i.e. igy) s equal and opposite to mertia force (77). This force 1s an
unbalanced cne and is denoted by F,.

Unbalanced force,

( "
- cos 28
Ey=n-0 7| cos€ |
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n
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n =Fy + Fy

The expression (m-m’ -rensB) Is known as primary unbalanced force and

5 cos26
IRE 0 g s

]is called secondary unbalanced force.

2.8 BALANCING OF SINGLE CYLINDER ENGINE:



A single cylinder engine produces three main vibrations. In describing them we will assume
that the cylinder is vertical. Firstly, in an engine with no balancing counterweights, there would be
an enormous vibration produced by the change in momentum of the piston, gudgeon pin, connecting
rod and crankshaft once every revolution. Nearly all single-cylinder crankshafts incorporate
balancing weights to reduce this. While these weights can balance the crankshaft completely, they
cannot completely balance the motion of the piston, for two reasons. The first reason is that the
balancing weights have horizontal motion as well as vertical motion, so balancing the purely
vertical motion of the piston by a crankshaft weight adds a horizontal vibration. The second reason
18 that, considering now the vertical motion only, the smaller piston end of the connecting rod (little
end) is closer to the larger crankshaft end (big end) of the connecting rod in mid-stroke than it is at
the top or bottom of the stroke, because of the connecting rod's angle. So during the 180° rotation
from mid-stroke through top-dead-center and back to mid-stroke the minor contribution to the
piston's up/down movement from the connecting rod's change of angle has the same direction as
the major contribution to the piston's up/down movement from the up/down movement of the crank
pin. By contrast, during the 180° rotation from mid-stroke through bottom-dead-center and back to
mid-stroke the minor contribution to the piston's up/down movement from the connecting rod's
change of angle has the opposite direction of the major contribution to the piston's up/down
movement from the up/down movement of the crank pin. The piston therefore travels faster in the
top half of the cylinder than it does in the bottom half, while the motion of the crankshaft weights
1s sinusoidal. The vertical motion of the piston is therefore not quite the same as that of the balancing
weight, so they can't be made to cancel out completely.

Secondly, there is a vibration produced by the change in speed and therefore kinetic energy
of the piston. The crankshaft will tend to slow down as the piston speeds up and absorbs energy,
and to speed up again as the piston gives up energy in slowing down at the top and bottom of the
stroke. This vibration has twice the frequency of the first vibration, and absorbing it is one function
of the flywheel.

Thirdly, there is a vibration produced by the fact that the engine is only producing power
during the power stroke. In a four-stroke engine this vibration will have half the frequency of the
first vibration, as the cylinder fires once every two revolutions. In a two-stroke engine, it will have
the samc frequency as the first vibration. This vibration is also absorbed by the flywhecl.

2.9 BALANCING OF INERTIAL FORCES IN THE MULTI-CYLINDER ENGINE:

In multi-cylinder engines the mutual counteractions of the various components in the Crank
shaft assembly arc onc of thc cssential factors determining the sclection of the Crank shafts
configuration and with it the design of the engine itself. The inertial forces are Balanced if the
common centre of gravity for all moving crankshaft-assembly components lies at the crankshaft's
midpoint, i.c. if the crankshaft is symmctrical (as vicwed from the front). The crankshaft's symmetry



level can be defined using geometrical representations of 1st- and 2ndorder forces (star diagrams).
The 2nd order star diagram for the four-cylinder in-line engine is asymmetrical, meaning that this
order is characterized by substantial free inertial Forces. These forces can be balanced using two
countershafts rotating in opposite directions at double the rate of the crankshaft (Lanchester system).

2.10 PARTIAL BALANCING OF LOCOMOTIVES:

The locomotives, usually. have two cylinders with cranks placed at right angles to each
other in order to have uniformiry in turning moment diagram. The two cylincer locomotives may
be classifiad as :

1. Tnside cylinder locomotives : and 2. Ontside cylinder locomofives.

In the inside cylinder locometives. the two cylinders are placed in between the planes of

two cdriving wheels as showi in Fig. (@) , whereas n the autside cviinder locemotives, the two
cvlinders are placed outsidz the driving wheels, one on each side of the driving wheel. as shown in
Fig. (D). The locomotives may be

(er) Single or uncoupled locomotives © and (&) Coupled loconotives.
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(a) Inade eyhinder locomotives (b) Oursade eylincer locomotives.

2.10.1 Variation of Tractive foree:

The resultant unbalanced force due to the cylinders, along the line of stroke, is known as
tractive force.
2.10.2 Swaying Couple:

The couplc has swaying cffect about a vertical axis, and tends to sway the enginc alternately
in clock wise and anticlockwise directions. Hence the couple is known as swaying couple.



The unbalanced forces along the line of stroke for the two cylinders constitute a couple
about the centre line Y'Y betweern the cylinders as shown m Fig. 22.5

This couple has swaying effect about a verticel axis, and tends to sway the engme altemately

m clockw:se and anticlockwise directions. Hence the couple 1s known as swaying couple
Let a = Distance between the centre lines of the two cylinders.
. Swaying couple

(1=r)m m reos
o [
=1 —c)m.m"-rcosex; P,

_ +
N Ung of strcke % T
; a for cylinder 1
~(=Oma’ reos(90°40) = | Yo—m— —— \cg :
2 Line of stroke for| 4
5. ..a _ /F cylinder 2 2
=(1-cmo°r x;-(cose+sme) <
2 (=) m & rcos (90°+ §)
The swaymg couple s maximum or minurum when
(cosB+s1n0) 15 maximum or minimum. For (cos@+smé) to Fig. Sway:ng coupls.
be maxumum or nunimum.

%(c059+9m9]=0 of —smB+cosh=0 or —smB=-—cosO

tan€=1 o1 0=45° or 225°
Thus. the swaying coupl? 15 maximum or mmmum whan 6 = 45° or 225°.
-, Maximum and minmmum valu2 of the swaying couple
bk —c)m'.(o2 J‘X%(COS 45°+4s51145%)=1¢% i {1- c‘)m.(u)2 r

2 >
2.10.3 Hammer blow:

-

The maximum magnitude of the unbalanced force along the perpendicular to the line of
stroke is known as Hammer blow.



We have already discussed that the maximum magmitude of the unbalanced force along the
perpendicular to the line of stroke 1s known as hamimer blow.

We know that the unbalanced force along the perpendicular to the line of stroke due to the
balancing mass B, at a radius b, i order to balance reciprocating parts only 15 5. ®>.bsin @ This
force will b2 maximum when sin 0 1s unity. ie. when 8 =90° or 270°.

Hammer blow =B @25 (Substinuting sin § = 1)

The effect of hammer blow 1s fo cause the variation 1n pressure between the wheel and the
rail. This veriation 1s shown m Fig. 226, for one revolution of the wheel

Let P be the downward pressure on the rails (or static wheel load).

.. Net pressure between the wheel and the rail

= P+Ba’h

Harrmer blow

- :.. - — -7...
l \__,//

0° 90° 180° 270° 360°

Fig. Hammer blow.
If (P-R. (ol.b) 1s negarive_then the wheel will be lifted from the rails. Therefore the limuting
condition 1 order that the wheel does not lift from the rails 1s given by

P=B®'b
and the permissible value of the angular speed.
P
= |]—
BE
2.11 BALANCING OF INLINE ENGINES:

An in-line engine is one wherein all the cylinders are arranged in a single line, one behind
the other as schematically indicated in Fig. Many of the passenger cars found on Indian roads such
as Maruti 800, Zcn, Santro, Honda City, Honda CR-V, and Toyota Corolla all havc four cylinder
in-line engines. Thus this is a commonly employed engine and it is of interest to us to understand
the analysis of its state of balance.



For the sake of simplicity of analysis, we assume that all the cylinders are identical viz., 1, £, and

1,

L M gy .
are same. Further we assume that the rotating masses have been balanced out for all

cylinders and we are left with only the forces due to the reciprocating masses.

2.12 BALANCING OF RADIAL ENGINES:

A radial enginc is onc in which all the cylinders arc arranged circumferentially as shown in
Fig. These engines were quite popularly used in aircrafts during World War II. Subsequent
developments in steam/gas turbines led to the near extinction of these engines. However it is still
interesting to study their statc of balance in view of some clegant results we shall discuss shortly.

Our method of analysis remains identical to the previous case i.e., we proceed with the
g
ol

assumption that all cylinders arc identical and the cylinders arc spaced at uniform interval ( L
around the circumference.






2.13 SOLVED PROBLEMS

1. A shaft has three eccentrics, each 75 mm diameter and 25 mm thick, machined in one piece
with the shaft. The central planes of the eccentric are 60 mm apart. The distance of the centres
from the axis of rotation are 12 mm, 18 mm and 12 mm and their angular positions are 120°
apart. The density of metal is 7000 kg/m®. Find the amount of out-of-balance force and couple at
600 r.p.m. If the shaft is balanced by adding two masses at a radius 75 mm and at distances of
100 mm from the central plane of the middle eccentric, find the amount of the masses and their

angular positions. (AU-MAY/JUNE-2013)

Solotion. Given D=7 mpm =007 m ;1=25mm =002 m;», =12mm=0012m ;

p=18om=001Bm:r-=12mm=0012mm : P =
=2~ 60O — 62 R4 raills T e 5 =0075m
We know that maszc of each eccentric,
£ .3
m, — g — mc — Volume ¥ Density — —*D »rxp

= zwmj ¥ (0.025)7000 = 0.77 kg

Let L and M be the planes at distances of 100 mm from the central plane of middle eccentric. The position
of the planes and the angular position of the three eccentrics is shown in Fig. 21.12 (a) and (b)
respectively. Assuming L as the reference plane and mass of the eccentric A in the vertical direction, the

data may be tabulated as below :

7000 kgf’nil N =600 rpm or

Plane Mass Radins Cent. force (,)2 ustance frem Cenple : (1)3
) kg (ry m fm.r) kg-m plane L.()wm fem.2.4) I:_g-m"
7 (2} (3 r<} %) (fhh
LRD: niy 0.075 75 % 107 my 0 0
4 077 0.c12 224 %107 0.04 0.3626 = 107
B Q.77 0.ClS 1386 x 10° 0.1 1386 % 10°
&l Bl 0.C12 2.24 » 107 0.16 1.4734 » 107
M My 0ess 5% 107 my, 0. 15 % 107 my,

hiraf-balance force

I'he out-of-balance force 13 obtarncd by drawing the force polygon. €5 shown mm kg 21.12
(¢). from the datz given in Tabl= 21.6 (colnmn 4), The rzsuliant a¢ reprasents the out-of-balance

force W |.mM

H.H |
. Ve |

L) (&) (B) e W
be— g0 —afe—8¢
—— 10—+ e— 100 —

L~
o

(%) Angula positiom of masses

All dimegeicne in mm
() Poxihim of planes

Since the centrifugal force is proportional to the product of mass and radius (i.e. m.r), therefore

by measurement.
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e

Out-of-balance force = vector oc =4.75 x 10 kg-m

=4.75x103x w2=4.75 x 107 (62.84)*=18.76 N Ans.

a,
: |
a s 4
" a
3 o ; .
‘ -
l S 4 Balancing couple b’ &
b : : ' .
- ; Out-of-balance d -~ b
o & : o T couplo » . » ‘i a
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Ohitnf=nalance ¢
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oa =924x10~> 5 ¢’ =0.3696x10" va=924x10""
ab—13.86x%1073 A b —1386x10" ab—1386%10~
be=924%10"" Ye'=14784x107° Be=024x10""
cd=75%10 my
(c} Foice poliygon {d) Cougle polygon. (e) Force polygon
Fie. 21.12

Out-of-balance couple

The out-ol-balance couple is obilained by drawing the couple polygon [rom the data given in Table 21.6 (column 6),
as shown in Fig. 21.12 (d). The resultant o ' ¢’ represents the out-ofhalance couple. Since the couple is
proportional to the preduct of force and distance (m.r.1), there-fore by measurcment,

Out-of-balance couple = vector o'c’ = 1.1 x 10~ kg-m"
=1.1x107 x@" =1.1x107°(62.84)* = 434 N-m Ans.

Amount of balancing masses and their angular positions

The vector ¢" ¢ (in the direction from ¢' to o’ ), as shown in Fig. 21.12 (d)

represents the balancing couple and is proportional to 15 % 10 m, i.e.
15 x 10-% mp = vector ¢’ o' = 1.1 % 103 kg-
m’or  mu=0.073 kg Ans.

Draw OM in Fig. 21.12 (b) parallel to vector ¢ " o' . By measurement, we find that the
angular position of balancing mass (mwm) 1s 5° from mass 4 in the clockwise direction. Ans.
In order to find the balancing mass (s1.), a force polygon as shown in Fig. 21.12 (e) is drawn,
The closing side of the polygon i.e. vector do (in the direction from d to o) represents the balancing
3 force and is proportional to 75 x

10 mL. By measurement, we find that,
3 3

75 x 10 mz=vectordo = 5.2 x10  kg-m or m1. = 0.0693 kg Ans.
Draw OL in Fig. 21.12 (b), parallel to vector do.
By measurement, we find that the angular position of mass () is 124° from mass A4 in the
clockwise direction. Ans.



2.(i) A, B, C and D are four masses carried by a rotating shaft at radii 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 relative
angular settings of the four masses so that the shaft shall be in complete balance.

(AU-NOV/DEC-2012) (8)

Solution. Given : rFa=100mm=0.1m ; rs=125mm=0.125m ; c=200mm=02m ; mp=

150 mm=0.15m; mp=10kg ; mc=5 kg ; mp=4 kg

1. The position of planes is shown in Fig. 21.10 (a). Assuming the plane of mass A4 as the

reference plane (R.P.), the data may be tabulated as below :

Piane Mass (m) Redins ir) | Cemt. Ferce - of | Distance from | Comple « ¢
wg Ul (m.rikg-m plare A (imm im.r.l) kg-m’
(i) 12 (£} (4) i3} (b}
ARD) m, 2.1 01m, 0 0
B L0 0125 135 05 0.75
C 5 02 1 12 12
D - 0.15 0.¢ 18 1.08

First of all, the angular setting of masses C and D is obtained by drawing the couple polygon from
the data given in Table 21.4 (column 6). Assume the position of mass B in the horizontal direction OB
as shown in Fig. 21.10 (b). Now the couple polygon as shown in Fig.(c) is drawn as discussed below :

1. Draw vector o' b’ in the horizontal direction (i.e. parallel to OB) and equal to 0.75

kgm?, to some
suitable scale.

and ', draw vectors o' ¢ and b’ ¢ equalto 1.2 kg-m®and

g A From points o'

1.08 kg-m’
respectively. These vectors intersect at ¢ .

3. Now in Fig. 21.10 (b), draw OC parallel to vector o' ¢’ and OD parallel to vector b’

¢ . By measurement, we find that the angular setting of mass C from mass B in the
anticlockwise

direction, i.e. £ BOC = 240° Ans.

and angular setting of mass D from mass B in the anticlockwise direction, i.e. £ BOD = 100°
Ans,

In order to find the required mass 4 (ma) and its angular setting, draw the force polygon to
some suitable scale, as shown in Fig. 21.10 (d), from the data given in Table 21.4 (column 4).
Since the closing side of the force polygon (vector do) is proportional to
0.1 ma, therefore by

measurement,

0.1 m=0.7 kg-m? or mA=7 kg Ans.



Now draw OA in Fig. 21.10 (b ), parallel to vector do. By measurement, we find that the angular

setting of mass 4 from mass B in the anticlockwise direction, i.e.

¢ BOA4=155° Ans.

D—.
AP = Ve f ‘;1 +kg
-—e
A 8 C D
150
o {55
<500+ = 600> +-E00-» 22~1% /1 o\
me {J ‘;}fg‘i}\'

All dimensions in mm

(&) Position of plancs.

&1.08

{¢) Couple polygon.

(0) Angular position of masscs.

U - > b
0.1 my ¥~

* .08
0.6

(d) Force polygon.

Fig. 21.10

in’kg

2(ii) Derives the expressions for the following: (i) Variation in tractive force and (ii) Swaying couple.

(8) (AU-NOV/DEC-2009)

Variation in tractive force

The resultant unbalanced force due to the two cylinders, along the line of stroke, is known as

tractive force. Let the crank for the first cylinder be inclined at an angle 8 with the line of stroke, as

shown in Fig. 22.4.

Since the crank for the second cylinder is at right angle to the first crank, therefore the angle of

inclination for the second crank will be (90° + 8 ).

Let m = Mass of the reciprocating parts per cylinder, and
¢ = Fraction of the rcciprocating parts to be balanced.
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Similarly, unbalanced force aleng the line of sweke for cylinder 2,
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- [ig. 22 4 Vardation of tractive force.
= ({1 )" rlost sind)
We know that unbalanced force along the line of stroke for cylinder 1
The tractive foree (s maximum or minimurt when (cos 8 sin 8) is maximum or mini
mum. For (cos A - sin §) to be maximum or minimum,

i{mq&—m‘nﬁj:ﬂ ur —sin®—-cos6—-0 w —sinB—cosO
0

. tan0—-1 or p-135° or 315°
Thus, the tractive force is maximum or minimum when 8 = 1357 or 315°.
. Maximum and minimurm value of the tractive torce or the variation in tractive force
- L{1—¢) me® r(cos135°—sin135") = L2 (1— o) meo® s

The unbalanced forces along the line of stroke for the two cylinders constitute a couple about
the centre line YY between the cylinders as shown in Fig. 22.5.

This couple has swaying effect about a vertical axis, and tends to sway the engine alternately in
clockwisc and anticlockwise directions. Hence the couple 1s known as swaying ceuple. a = Distance
between the centre lines of the two cylinders.

Let ¢ = Distanee between U centre Hues ol (i twu cylinders,

2 Swaying conple :
(l—=eimam reosi

a
=l c}m.w? JUusOx 9 <~— "
Line of stroke a ]
R fer elinger 1 2
—[l—c)m.mz.: cos (90 -O-EL-,3 YooY @
Z L’re of slroke for| &
. cylindor 2 2
- ﬂ—:‘}m.o)d_rx'-'?—(:::he | sinf) <l v,
2 4 2
: y ; s L -zim e ruos(80°+ 8)
The swarying comple i waxinnmn or smimimm when
[cosB8+sin8) is maximum or winimurn, For (cos8+sin6) Fig 22.5 Swaying couple.
e moax i romn o vdininan,
¥ i : lnB=—co58
(cos8 | sing) =0 or sin9 1 cosP=0 ofr —slnfB=-cos

a
tani) =1 ar (=35 or 225

Thus, the swaving conple is maximum or minimom when 6 — 457 or 225",
+ Maximum and riininmim value of the swaving touple

a
2

3. A shaft carries four masses 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

= 1{1-¢) nio rx %(cos 457 45ind5%) =1—/(l—¢) M’ r



at 300 mm, 400 mm and 700 mm. The angles between the cranks measured anticlockwise are A to
B 45°, B to C 70° and C to D 120°. The balancing masses are to be placed in planes X and Y. The
distance between 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 at a radius of 100 mm,
find their magnitudes and angular positions. (AU-MAY/JUNE-2012)
Solution. Given : ma= 200 kg ; miz =300 kg ; mc =400 kg ; mp=200 kg ; ra= 80 mm =0.08m
r3=70mm=0.07m;rce=060mm=0.06m ;rp=830mm=0.08m;rx=ry=100mm=0.1 m
Let mx = Balancing mass placed in plane X, and my = Balancing mass placed in
plane Y.

The position of planes and angular position of the masses (assuming the mass A as horizontal)
are shown in Fig. 21.8 («) and (b) respectively.
Assume the plane X as the reference plane (R.P.). The distances of the planes to the right of
plane X are taken as + ve while the distances of the planes to the left of plane X are taken as — ve. The
data may be tabulated as shown in Table 21.2.

Flnue Vass (o) Radies (1) Contforce — gt | Disiance from | Couple 5 pf
rg o (ner) kg-m Plawe T (e, v-d) )‘g-m"
() 2 (i (<) (5 %)
4 200 003 18 -01 —10
ARP) i 0.1 0.1 my 0 a
B 300 .07 21 02 4.2
¢ 402 0.06 24 03 72
g i 0.1 21, 04 0.04 m,.
D 203 008 18 06 D5

The balancing masses mx and my and their angular positions may be determined graphi-cally
as discussed below ;

1. First of all, draw the couple polygon from the data given in Table 21.2 (column 6) as shown in

Fig. 21.8 (c) to some suitable scale. The vector d "o’ represents the balanced couple. Since the
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proportional to 0.04 m , therefore by measurement,

The angular position of the mass sy is obtained by drawing Omy in Fig. 21.8 (b), parallcl to vector d
o' . By measurement, the angular position of myis 8 v 0O 120 in the clockwise direction from mass ma

(i.e. 200 kg ). Ans.
2. Now draw the force polygon from the data given in Table 21.2 (column 4) as shown in Fig. 21.8
(d). The vector eo represents the balanced force. Since the balanced force is proportional to 0.1
mx, therefore by measurement,

0.1 mx 0 vector eo O 35.5 kg-m or mx= 355 kg Ans.

The angular position of the mass mix 1s obtained by drawing Omx in Fig. 21.8 (), parallel to vector eo.
By measurement, the angular position of mx is 0 x 0 1450 in the clockwise direction from mass

ma (i.e. 200 kg ). Ans.

4. Four masses A, B, C and D as shown below are to be completely balanced.

| A | B | C D
Mass (kg) — 30 50 40
Radius 180 240 120 150
(mm)




The planes containing masses B and C are 300 mm apart. The angle between planes containing
B and C is 90°. B and C make angles of 210° and 120° respectively with D in the same sense. Find

1. The magnitude and the angular position of mass A ; and

2.  The position of planes A and D. (AU-NOV/DEC-2011)

Solution. Given : r4a= 180 mm =018 m ; mg=30kg ; =240 mm =0.24 m ;
mc=50kg,rc=120mm=0.12m; mp=40kg ; rp=150mm =0.15m ;

4 BOC=90°;2 BOD=210°;,2 (COD=

120
1. The magnitude and the angular position of mass A
Let ma= Magnitude of Mass 4,

x = Distance between the planes B and D, and y = Distance between the planes 4 and 5. The
position of the planes and the angular position of the masses is shown in Fig. 21.9 () and ()
respectively.

Assuming the plane B as the reference plane (R.P.) and the mass B (mp) along the horizon-tal line as
shown in Fig. 21.9 (b), the data may be tabulated as below :

Plane Wass Radius (ent force __f_.;; Disiance fram | Couple = ._.‘-‘
(m) kg ir) m (nr.r) kg-m plane B (1) w (m.r ) kg™
(1 () (5 41 (5 (b}
4 My 013 0.08 m, =3 —0.18.m, )
B (RP) 30 0.24 o ¢ 0
¢ 30 012 0 03 1.8
L 4 0.13 6 X ox

The magnitude and angular position of mass 4 may be determined by drawing the force polygon from
the data given in Table 21.3 (Column 4), as shown in Fig. 21.9 (¢), to some suitable scale. Since the
masses are to be completely balanced, therefore the force polygon must be a closed figure. The closing
side (i.e. vector do) 1s proportional to 0.18 ma. By measurement,
0.18 ma= Vector do = 3.6 kg-m or ma= 20 kg Ans.

In order to find the angular position of mass 4, draw OA in Fig. 21.9 (/) parallel to vector do. By
measurement, we find that the angular position of mass 4 from mass 8 in the anticlockwise direction is
£ AOB =1236° Ans.



D B G A

I = r

e3B3 » 200 000 .

w3 B3 4

L cosmme. e
W @ © ©) -
' G

: . 30 kg
L —»| L0 =

re S AC

(¢) Force polveon. (d) Counle polveon.

Fig. 21.9.
2. Position of planes A and D

The position of planes 4 and D may be obtained by drawing the couple polygon, as shown in Fig.
21.9 (d), from the data given in Table 21.3 (column 6). The couple polygon is drawn as discussed below

1. Draw vector 0" ¢’ parallel to OC and equal to 1.8 kg-m?, to some suitable scale.

2. From points ¢’ and o' , draw lines parallel to OD and OA respectively, such that they intersect at

point &' . By measurcment, we find that
6x=vectorc’ d =23kg-m’orx=0.383m

We see from the couple polygon that the direction of vector ¢ ' d' 18 opposite to the
direction of mass D. Therefore the plane of mass D is 0.383 m or 383 mm towards lcft of planc B

and not towards right of planc B as alrcady assumcd. Ans. Again by mcasurcment from couple
polygon,

—0.18 ma.y =vectoro' d' = 3.6 kg-m?

—-0.18x20y=3.6 ary=—~1m

The negative sign indicates that the plane A4 is not towards left of B as assumed but it 1s 1 m or
1000 mm towards right of plane B. Ans.

5. An inside cylinder locomotive has its cylinder centre lines 0.7 m apart and has a stroke of
0.6 m. The rotating masses per cylinder are equivalent to 150 kg at the crank pin, and the

reciprocating masses per cylinder to 180 kg. The wheel centre lines are 1.5 m apart. The cranks
are at right angles.

The whole of the rotating and 2/3 of the recipro-cating masses are to be balanced by masses
placed at a radius of 0.6 m. Find the magnitude and direction of the balancing masses.



Find the fluctuation in rail pressure under one wheel, variation of tractive effort and the
magnitude of swaying couple at a crank speed of 300 r.p.m. (AU-NOV/DEC-2008) Solution. Given
ca=0.7m; ln=lc=06mor

re=rc=0.3m; m=150kg; ma=180kg; ¢ =2/3; ra=rp=0.6 m; N=300 r.p.m. or w

0200 300/ 60 =31.42 rad/s

We know that the equivalent mass of the rotating parts to be balanced per cylinder at the crank
pin,

m = mp=mc=m + c.my= 150 + 2rx 180 = 270 kg

Magnitude and direction of the balancing masses Let ma and mp = Magnitude of the

balancing masses 0 aand 8 p= Angular position of the balancing masses ma and mp

from the first crank B.

The magnitude and direction of the balancing masses may be determined graphically as discussed
below :

1. First of all, draw the space diagram to show the positions of the planes of the wheels and the
cylinders, as shown in Fig. 22.7 (a). Since the cranks of the cylinders are at right angles, therefore
assuming the position of crank of the cylinder B in the horizontal direc-tion, draw OC and OB at
right angles to each other as shown in Fig. 22.7 (b).

Tabulate the data as given in the following table. Assume the plane of wheel 4 as the reference plane.

Plane ass. Radliies Ceni. farce + @ Dstance from | Coople = -
(m) kg r)m (nir) Kg-m plane A (I)m n.rf) jc.,rg—:.-rJ
(i) () (¥ ) r3) (6
A(RP) i, 06 06 0 C
1 270 0.3 B1 0.4 32.4
C 270 0.3 81 L1 89.1
D my, 0.6 0.6, 1.5 9 my

3. Now, draw the couple polygon from the data given in Table 22.1 (column 6), to some
suitable
scale, as shown in Fig 22.7 (¢). The closing side ¢ ‘o’ represents the balancing
couplc and it 1s proportional to 0.9 mn. Thercfore, by measurcment,
0.9 n, = vactor ¢o’ = 945 kp-n” o mp = 105 kg Ans.

- 105 =125_0><'.05 -58.3kg

-

m [ie
and balancing mass for reclprocating masses,
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4. To determine the angular position of the balancing mass D, draw OD in Fig. 22.7 (b)

L}

parallel to vector ¢’ 0 . By measurement,

B p=250°
Ans.
5. In order to find the balancing mass A4, draw the force polygon from the data given in
Table 22.1 (column 4), to some suitable scale, as shown in Fig. 22.7 (d), The vector do represents
the balancing force and it is proportional to 0.6 ma. Therefore by measurement, (.6ma = vector
do = 63 kg-m or ma= 105 kg Ans.
6. To determinge the angular position of the balancing mass 4, draw 04 in Fig, 22.7 (b)
parallel to vector do. By measurement,

6 a=200°

Ans,
Fluctuation in rail pressure

Wc know that cach balancing mass105 kg

~ Balancing mass for rotating masses,
%105 — éx‘ 180
3 270

A i
This halancing mass of 46.6 kg for reciprocaring masses gives rise 1o the centrifugal foree
., Fluenation in rall pressure ar hammer blow

L8 .’]2

|

x105— 466 kg

= Bw b—166 (31127 06=27 602 N, Aus. . (or U= 1y = 1)

Variation of tractive effort
We know that maximum variation of tractive effort
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Swaying couple
We know thal maximum swaying couple
¢ 2"
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- 8797 N-m Ans.

6. The following data apply to an outside cylinder uncoupled locomotive :
Mass of rotating parts per cylinder = 360 kg ; Mass of reciprocating parts per cylinder = 300 kg ;
Angle between cranks = 90° ; Crank radius = (.3 m ; Cylinder centres = 1.75 m ; Radius of balance
masses = (.75 m ; Wheel centres = 1.45 m. If whole of the rotating and two-thirds of reciprocating
parts are to be balanced in planes of the driving wheels, find :

1.Magnitude and angular positions of balance masses,

2.Speed in kilometres per hour at which the wheel will lift off the rails when the load on each
driving wheel is 30 kN and the diameter of tread of driving wheels is 1.8 m, and

3.Swaying couple at speed arrived at in (2) above. (AU-NOV/DEC-2013) Solution : Given

cm1=360kg;m:=300kg; £ AOD=90° ;ra=rp=03m;a=175m; rs

=rc=075m;c=2/3.
We know that the equivalent mass of the rotating parts to be balanced per cylinder,

9

m-my -y - ay - cm, - 360 + - x 300 - 550 kg

|

1. Magnitude and angular position of balance masses
Let  mpand mc= Magnitude of the balance masses, and

© pand Oc=angular position of the balance masses mj; and mc from the crank A.

The magnitude and direction of the balance masses may be determined, graphically, as discussed
below :
1. First of all, draw the positions of the planes of the wheels and the cylinders as shown in Fig.
22.11 (a). Since the cranks of the two cylinders arc at right angles, therefore assum-ing the
position of the cylinder A in the horizontal direction, draw OA4 and OD at right angles to each
other as shown in Fig. 22.11 (b).

Plane Mass R dtus Cenr. force +w'  Disiance fram | ¢ oupie + o'
(i) hy frj (.l hg-m plamy B w furrd) ilr_'-r,';"'
) (2 1) ) () 4
A akll 04 1HH — [ 1h - Zhi?
B (RDP my 0.75 075 my 0 0
¥4 m 0.75 075 m 1.43 1.08 m,
2 260 0.3 158 LE 268 8




2. Assuming the planc of wheel B as the reference planc, the data may be tabulated as be-low:

3. Now draw the couple polygon with the data given in Table 22.4 column (6), to some suitable scale
as shown in Fig. 22.11(¢). The closing sided* o' represents thebalancing couple and it is
proportional to 1.08 mc. Therefore, by measurement,

1.08 m = 269.6 kg-m® or me = 249 kg Ans
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\
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(c) Couple polygon. () Force polygon
Fig. 22.11
4. To determine the angular position of the balancing mass C, draw OC parallcl to vector &' 0

as shown in Fig. 22.11 (b). By measurement, 8 ¢=275° Ans.

5. In order to find the balancing mass B, draw the force polygon with the data given in Tablecolumn
(4), to some suitable scale, as shown in Fig. 22.11 (d). The vector co represents the balancing
force and it 1s proportional to 0.75 mg. Therefore, by measurement, (.75 mp= 186.75
kg-m or mi = 249 kg Ans.
4. To determine the angular position of the balancing mass B, draw OB parallel to vector ¢oc as shown

Fig. 22.11 (b). By mcasurcment, 8 g = 174.5° Ans.

2. Speed at which the wheel will lift off the rails

Given : P=30kN=30x10°N;D=18m



Let w = Angular speed at which the whecls will lift off the rails in rad/s,
and v = Corresponding linear speed in km/h.

We know that each balancing mass, mp = mc= 249 kg

+ Balancing mass for reciprocating parts,

b ? [
G 240 — ::3{}1_.._ i -

s~ 3 560

T {_P 3010
‘e know that W=, [—=, -
s bl \ AL \B9xD.73

and v=mx{W2=212%18/2=18.08m's
= 10.08 » 3600/ 1000 = 68.7 kmvh Ans

=21.2 rad/s wl B =1y =8

3. Swaving caupie at speed w = 211 rad’s

We know thar the swaying couple
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7. The three cranks of a three cylinder locomotive are all on the same axle and are set at 120°. The
pitch of the cylinders is 1 meter and the stroke of each piston is 0.6 m. The reciprocating masses
are 300 kg for inside cylinder and 260 kg for each outside cylinder and the planes of rotation of
the balance masses are 0.8 m from the inside crank. If 40% of the reciprocating parts are to be
balanced, find :

1. the magnitude and the position of the balancing masses required at a radius of 0.6 m ;

And

2. the hammer blow per wheel when the axle makes 6 r.p.s. (AU-MAY/JUNE-2013)

Solution. Given : £ AOB=+ BOC=+4 COA=120°;la=h=I=06morra=
re=rc=03m;m=300kg; mo=260kg;c=40%=04;b=bh=06m;N=6r.ps.

=6x2m =37.7rad/s
Since 40% of the reciprocating masses are to be balanced, therefore mass of the reciprocat-ing
parts to be balanced for each outside cylinder,
ma=mc=c > mo=0.4x260=104 kg and mass of the
reciprocating parts to be balanced for inside cylinder, mp
=cxm=04x300=120kg
1. Magnitude and position of the balancing masses
Let  Bjand B>= Magnitude of the balancing masses in kg, 8 and 8 2= Angular

position of the balancing masscs 581 and B2 from crank

A.

The magnitude and position of the balancing masscs may be determined graphically as
discussed below :

1. First of all, draw the position of planes and cranks as shown in Fig. 22.8 (a) and (b) respectively.
The position of crank A4 is assumed in the horizontal dircction.
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Tabulate the data as given in the following table. Assume the planc of balancing mass B (i.e.
plane 1) as the reference plane.

lable 22.2
Plage Mass Radius Cent. force = wE Digstance from | Couple + (u2
(im)kg fr) m {mi.s) kg-m plaae! (I\m fmrel) kg-m”

(1) ) (3 ) i (8

A 104 0.3 31.2 0.2 §.21
1{RF) B 06 06 & 0 0

k 120 0.3 3t u.8 ZBB

2 B, 0.6 NA R 1R .96 B,

C 104 03 312 L& 561G

. Now draw the couple polygon with the data given in Table 22.2 (column 6), to some suitable

scale, as shown in Fig. 22.8 (¢). The closing side ¢ ' o' represents the balancing couple and it is

proportional to 0.96 B>. Therefore, by measurement,

0.96 By=vectorc’' o' =552kg-m?or Bo=57.5 kg Ans.

. To determine the angular position of the balancing mass Bz, draw OB: parallel to vector ¢

o' as shown in Fig. 22.8 (). By measurement,

8 >=24° Ans.

. In order to find the balance mass B\, draw the force polygon with the data given in Table

22.2(column 4 ), to some suitable scale, as shown in Fig. 22.8 (). The closing side co
represents the balancing force and it is proportional to 0.6 B,. Therefore, by measurement,
0.6 By = vector co = 34.5 kg-m or B1=57.5 kg Ans.

. To determine the angular position of the balancing mass B, draw OB, parallel to vector co, as

shown in Fig. 22.8 (b). By measurement, 6 | = 215° Ans.
tve

= = - = 120 kg 2z
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(a) Position of planes, (b) Position of cranks.
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(0) Couple polygon, () Foree polygon,
Fig. 22.8

2. Hammer blow per wheel

We know that hammer blow per wheel

= B1.w 2.h1=57.5(37.7)*20.6 =49 035 N Ans.



8. The following data refer to two cylinder locomotive with cranks at 90° :

Reciprocating mass per cylinder = 300 kg ; Crank radius = 0.3 m ; Driving wheel diameter = 1.8
m ; Distance between cylinder centre lines = (.65 m ; Distance between the driving wheel central
planes = 1.55 m.
Determine : 1. the fraction of the reciprocating masses to be balanced, if the hammer blow is not
to exceed 46 kN at 96.5 km. p.h. ; 2. the variation in tractive effort ; and 3. the maximum
swaying couple. (AU-MAY/TUNL-2009)

Solution. Given : m=300kg; r=03m ;D=18morR=09m; ¢ =0.65 m ; Hammer blow
=46 kKN =46 x 10° N ; v=96.5 km/h = 26.8 m/s
1. Fraction of the reciprocating masses to be balanced

Let ¢ = Fraction of the reciprocating masses to be balanced, and
B = Magnitude of balancing mass placed at each of the driving wheels at radius b.

We know that the mass of the reciprocating parts to be balanced O ¢.m O 300¢ kg

H.R
e
Wheal Gylinder  Oylindar Aol
lo.2m
‘ 00 okg
1 _ m R
e -|. e 1 (&) 03k W B
4065 M| —
145 m Udar |

1.55m

*

(@) Position of plancs.
Fig. 22.9

The position of plancs of the wheels and cylinders is shown in Fig. 22.9 (a), and the position of

(h) Position of cranks.

Plane Mass Radius Cent. facoe+ t° Distaace from | Cauple + '’
(m) kg {1t} {urr) kg-m plare A (Yin (rri) kg.'-u.r"
(1) ) (*) (4 15 (6)
A(RP) B b Bh 0 C
B 300 ¢ 0.3 90 ¢ 0.145 10,5
C U0 ¢ 0.3 U e 1.1 9 ¢
D B b Bb 1.55 1.55 B.b

cranks is shown in Fig 22.9 (b). Assuming the plane of wheel 4 as the reference plane, the data may be
tabulated as below :

Now the couple polygon, to some suitable scale, may be drawn with the data given in Table
22.3 (column 6), as shown in Fig. 22.10. The closing side of the polygon (vector ¢’ o' ) represents
the balancing couple and is proportional to 1.55
B.b.

From the couple polygon,

bl
1.55 B.50(40.5¢)20 (99 ¢) 20 107¢



s (Bh=J00el L35=09¢
We know that angular speed,

W =v/R=26.8/0.9=29.8 rad/s - Hammer
blow,
46 x 10°=B.w?>.h
=69 ¢ (29.8Y°=61275¢
¢ =46 x 10°/61 275 = 0.751
Ans.

2. Variation in tractive effort

We know that variation in tractive effort,
= =\2(-c) mao.r= £v2(1-0.751) 300(29.8}°0.3
=28 140 N = 28 14 kN Amns

3. Maximum swaying couple
We know the maximum swaying couple

all-c) »  0.6511 0.751)
- — = -

Ve Y
= 4,148 kN-m Auns.

%500 (29.8120.3=2:48 N-m

<

r

2.14 REVIEW QUESTIONS
1. Discuss how a singlc revolving mass 1s balanced by two masses revolving in different plancs.

2.How the different masses rotating in different planes are balanced ?

3. In order to have a complete balance of the several revolving masses in different planes?

4. What are in-line engines ? How are they balanced ? It is possible to balance them completely ?

5. The primary unbalanced force 1s maximum when the angle of inclination of the crank with the lincof
stroke 1s

6. In order to facilitate the starting of locomeotive in any position, the cranks of a locomotive, with
twocylinders, are placed at. . . ... to each other

7. When the primary direct crank of a reciprocating engine makes an angle 8 with the line of stroke, then
the secondary direct crank will make an angle of . . . . . with the line of stroke.

2.15 TUTORIAL PROBLEMS:

1. Four masses 4, B, C and D revolve at equal radii and are equally spaced along a shaft. The mass B is 7 kg
and thec radit of C and D make angles of 90° and 240° respectively with the radius of B. Find the
magnitude of the masses A, C and D and the angular position of 4 so that the system may be completely
balanced.

[Ans. 5 kg ; 6 kg ; 4.67 kg ; 205° from mass B in anticlockwise direction]

2. A rotating shaft carrics four masscs 4, 8, C and D which arc radially attached to it. The mass centres arc
30 mm, 38 mm, 40 mm and 35 mm respectively from the axis of rotation. The masses 4, C and D are 7.5
kg, 5 kg and 4 kg respectively. The axial distances between the planes of rotation of 4 and B is 400 mm
and between B and C is 500 mm. The masses 4 and C arc at right angles to cach other. Find for a complete
balance,

1. the angles between the masses B and D from mass 4,



2. the axial distance between the planes of rotation of C and D,
3. the magnitude of mass B. [Ans. 162.5°, 47.5° ; 511 mm : 9.24 Kkg]
3. A three cylinder radial engine driven by a common crank has the cylinders spaced at 120°. The stroke
is 125 mm, length of the connecting rod 225 mm and the mass of the reciprocating parts per cylinder
2 kg. Calculate the primary and secondary forces at crank shaft speed of 1200 r.p.m.

[Ans. 3000 N ; 830 N]

4. The pistons of a 60° twin V-engine has strokes of 120 mm. The connecting rods driving a common
crank has a length of 200 mm. The mass of the reciprocating parts per cylinder is 1 kg and the

speed of the crank shaft is 2500 r.p.m. Determine the magnitude of the primary and secondary forces. |Ans.
6.3 kN ; 1.1 kN]

5. A twin cylinder V-engine has the cylinders set at an angle of 45°, with both pistons connected to the
single crank. The crank radius is 62.5 mm and the connecting rods are 275 mm long. The reciprocating
mass per line is 1.5 kg and the total rotating mass is equivalent to 2 kg at the crank radius. A balance
mass fitted opposite to the crank, is equivalent to 2.25 kg at a radius of 87.5 mm. Determine for an
engine speed of 1800 r.p.m. ; the maximum and minimum values of the primary and secondary forces
due to the inertia of reciprocating and rotating masses.

[ Ans. Primary forces : 3240 N (max.) and 1830 N (min.) Secondary forces : 1020 N (max.) and 470 N
(min.)]



