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An Investigation of a Method of Balancing
Inertial Loads On a Slider - Crank
Mechanism

EDWIN O. DEIPARINE

Abstract

A machine is an assemblage of resisting bodies so arranged that it
transforms motion in order to compel work. The transmission of power is
being affected by the irregularities of motion due to the excess inertial
loads. These are being affected by the irregularities of motion due to the
excess inertial loads. These are being manifested by vibration, noise, and
even fatigue problems which lead to destruction and failure.

The problem of extra motion can be corrected through mass
balancing. In this study, two methods of balancing the excess inertial
loads; specifically on a Slider-Crank mechanism, was being investigated.

The Chiou and Davies Method determines the shaking forces and
moments and locates the position of the contra-rotating masses pivoted at
different location to attain equilibrium on the system. The basis of location
was done through analytical method using vectors and complex-algebra at
different speeds of the crank.

The point-mass method of balancing put equivalent masses on its
linkages to be at equilibrium. The putting of masses balances the system
dynamically through the kinetic analysis. The two methods were being
validated through numerical examples and the result was convincing.

EDWIN O. DEIPARINE, Faculty member, Department of Mechanical Engineering
Technology, School of Engineering Technology, MSU-IIT
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The slider- crank mechanism

A mechanism which translates a rotational motign into
translational one, as in reciprocating pumps and air compressors, Wherz
an electric motor drives the crank which in turn drives the piston that
compresses the fluid. In some cases the slider is used as the input link
and the crank as the output link. In this set-up, the mechanism transfers
translational motion into rotary motion, as for instance in an Internal
combustion engine. Fig.1 is an illustration of a slider — crank mechanism,

Fig.1. The Slider —

Crank
Mechanism
e

r2= length of the I‘
crank
r3 = length of the o | a\2 -
connecting rod - A
r4 = 1nstantaneous B % / 11

location of the piston

from Oz

g3 = location of the

centroid of the connecting rod

Balancing the slider - crank mechanism
The purpose of balancing is to mitigate the shaking action %Erht}el;
inertia force associated with the extra movement of the masses: =
masses move they develop forces which tend to destabilize the System;;n
in the rotation and reciprocation of masses in the slic!el' ‘;Eere
mechanism. Two different approaches of balancing will be conSl_dere otion-
to reduce the out-of-balance forces which result to the shaking ?th e
First, we consider the ideal location for the contra-rotating shafts W < and
balancing masses as presented by the Chiou and Davies M€ gby WO
second, a point - mass system where the connecting rod is replace ed with
kinetically equivalent point masses. One of the point mass 18 lum
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the piston and the other to the crank pin where they constitute the
reciprocating and rotating masses, respectively. The reaction at the pivot
point O: is the resultant of all the inertia forces acting on the system and
where it is balanced by a pair of contra-rotating masses rotating at the
appropriate radius properly proportioned based from the lengths of the
crank and the connecting rod. The results will be compared based on
Chiou and Davies methods on the different orders of the inertia forces, as
they vary harmonically at frequencies equal to crank speed, twice the
crank speed, four times the crank speed, respectively.

Computation for the instantaneous values of the shaking force and
moments requires kinematic and kinetic analyses of the system. All other
forces, such as weight and gas pressure, are left out of consideration.

Kinematic analysis of the slider - crank mechanism

From Fig. 1, 1t is assumed that individual links are to be rigid bodies in
which the distance between two given points remain fixed. But the

instantaneous distance of the piston from the pivot point varies according
to the expression

rs=rzsinf +rysin(180-¢)
=rzsin@+rysin @,
(1)
where
6 = the angle subtended by the crank to the horizontal axis
@ = the angle subtended by the connecting rod to the horizontal axis

Likewise, we can have the relationship of 8 and ¢ given as

cos@ =-K cos@ , ¢2)
where
S
h‘: %
£
From the trigonometric identity, eq.(1) can be written in terms of a
positive radical, because 13 is costrained to pivot only at point A from 0
<p<r,
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rs =12 sin @ + r3(1l —cos? @)!2

Substituting eq.(2) and by the binomial expansion for the expression
(1 —cos? @)V2, we can rewrite eq. (3) neglecting higher order terms as

1
ri=r2sinf + ra {1—%&'200829—§K‘400549} (4)

The expansion for sin@ has its greatest error when cos’@ takes its
largest value. This occurs when cos € = + 1 so that cos@= L k. Hence,

(1-x2)" =1—%K‘2 —%K“

For the typical case of x=1/3 |,
LHS = 0.9428 and RHS = 0.9429

: : o & o ; : low

Making use of trigonometric identities which are given be o |
without proof. Their derivation is left as an exercise in the use of comP
variable notation.

cos’ @ =%(l +¢0s26) P

)

cos® = i(B cos @+ cos36) £

) i (5.3)
cos 0=§(3+400526'+cos49)

i (5,4)

cos’ 9=E(100089+500839+ cos56) )

(5.5

1
cos® 9=5(10+1500329+Gcos49+c056€)
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so that eq. (4) can be written approximately as

)—lr2(1+lx2)0052€—~1-f€2 cos4d; (6)
4 4 64

r, =r,sin 9+r3{1—}:x‘2(1+%x2

By differentiating eq.(6) twice with respect to time, we get approximately

&y . . 1
dt; =¥, =w2{—rz Slné+r3x2(1+zx2)cos29+%r3x4 cos49} (7)
where,

o =dé@/dt

and

d’6 :
= (0, assuming the crank to rotate at constant angular speed.

dt

Let,

P=-ro’ (7.1)

' I
Q=r3w2x’(1+zx2] (7.2)
R=lr3m2x", £7.8)
4
so that eq. (7) can be rewritten approximately as
(8)

¥, = Psin @ + Qcos 26 + R cos46.

This is the magnitude of the acceleration of the piston representing the
different order of frequencies. In vector form we have

(9)

?‘4 =r,_;

39




1he Mindanao Forum Vol XX, No. | E. O. DEIPARINE
June

From Fig 1, each link can be represented in a vector form plotteq
as

Fig.2 Vector representation of slider- crank mechanism

The loop closure equation of the vector polygon in Fig.2 1s

r{ = r2 + rs (10)
Differentiating eq.(10) twice with respect to time we get

Fo=F 4+ R (11)

Solving for ¥ 3 from eq.(11) , we have

iy =~ F (12)
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Fig.d Locaton of the
contrond on the rod

Knowingthe location of the centroid on the connecting rod as shown in
g, 3, we can get the acceleration of that point as

=| (-7 )+ 7y (13)
where
Lai= location of the centroid from the crank pin

Laz-‘- ry

Simplifying eq.(13), we have

on — L,
Ay = -L—?’—JE. T e L (14)
12 L,
where

#, =—r,w*(cos @+ jsin6)
=Fel (15)
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The acceleration 4,, at the centroid is used to calculate the

inertia force which is responsible for the motion of the mechanism, This
inertia force which is sometimes known as the ‘ fictitious force ‘ jg the
driving force which is necessary to maintain the motion and transmitteq
as forces on the bearings. The inertia effects due to the motion of a rigjg
body is equivalent to a force ( - mA ) acting through the centroid and 5
moment (— I ) where ¢ is the angular acceleration of the body. To
determine a well-balanced system , it is necessary to evaluate the inertia
force and moment for each of the members of the mechanism throughout
the range of movement which will result to zero resultant force (which is
the shaking force) .

The first approach of balancing

Chiou and Davies developed two methods of finding the ideal
locations for contra-rotating shafts in order to reduce the effects of
shaking force ad moment. The shaking force at a certain order of
frequency can be represented by two, generally unequal, contra- rotating
force vectors of constant magnitudes. They are produced by
counterweights installed on shafts rotating at a multiple of the speed of
the crank, thereby neutralizing the out-of-balance forces in the system-

From Fig.1, we can sum the inertia forces as

. : X .1y be
The inertia force at link 2 is not considered because it can easily

balanced by a counterweight installed directly opposite to the crank.
So,the shaking force can then be expressed as

F.r =_(m3Ag3 +m4F4) ( 17)
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Substituting eq.(14) into eq.(17) and grouping like terms, we have

L =
o SR
32 2

By substituting eqs. (8) and (15) into eq.(18) and rearranging

terms, this will give us an expression for the shaking force in terms of
function of certain frequencies, written as

F, =.’I‘Pcosé?+(T+S)Pjsin9+SQjcos29+Schos46’ , (19)

where
L
S=-(m3[—£]+m4) (20)
Ly
L,-L
Iecm __} )
3[ Ly,

m, = mass of the connecting rod

m, = mass of the piston

Hence the shaking force that varies harmonically at frequency equal to
the crank speed is

F, =TPcose+j(T+S)PsinQ ; (22)
at twice the crank speed is

F, = jSQcos26 , (23)
and at four times the crank speed is

F., = jSRcos40 . (24)
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In general, the shaking force components can b

. e
complex polar form, written as d ip

F, = Acosk@+ Bjsin k6@ (25)

and can be represented by two contra-rotating force vectors,
exponential form as

eXpressed i
F,=F"e™®s+F & (26)

By comparing eqs. (25) and (26) and solving algebraically the
expressions of Fi* and Fi as functions of A and B, we get

F," =(A+B)/2 (27)
and

F, =(A-B)/2 . (28)
For k=1,

A=1TP (29)

B=(T+S)P (30)
so that ,

Fi*= (2T + S)P/2

=N —m L, —L;, _ i +m [ﬂ}
3 Ls, & L, ’ %
1 _L_31_ Ly, - Ly, 2% (31)
{2 [m}[Laz }-ﬁ- m4J+m3l:—"_L32 :’}(rzw

14



The Mindanao Forum Vol. XX, No. 1 E. O. DEIPARINE June 2007

and
Fi

- SP/2

= «|m —La—1+m Lk (32)
Nt ) B

If we have a second look at eqs. (23) and (24) and compare this to
eq.(25), the real term becomes the imaginary and the imaginary becomes
a negative real term. The physical meaning is that the position of line of
action of the shaking force advances by 90 © of rotation. So, we have a
new equation for the shaking force written as,

F. = jAcosk@ — Bsin k@ (33)
and the contra-rotating force vectors, we have

F, = jF,'e’ + jF, e/ (34)

= iy, @ PR Tl (35)

So, following the same algebraic processes for solving the two
contra-rotating force vectors, we have

For k=2,

ve
I
o
—_
(o]
-1
~
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ngg@
so that ,
Fot = SQ/2
1 L & § 1
=-—imy|—|+m, | n" K| 1+—x?
2[ 3[LJ “][3 4"’D (38)
= Fo
For k=4,
A=SR (39)
B=0 (40)
so that ,
Fst = SR/2
- m, s +m, (lr3w2r4] (41)
2 Ls, 4
= Fg¢

. _ 3

The shaking moment can be expressed as the summation of allﬁih

moments associated with the inertia forces passing through its cen roid,
written as

i 2)
M, = —-(— Mmyyy Az, + meanay + Igp) (4

and simplifying , we have

. (43)
Mk = mz,.}"_qAg;a,.r —m3x3A33y —'I(D
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where from Fig. 3, x; and y, can be determined as

&g = (Lsz —L“)Sin((p—%)
= (Laz —L,, )COSQ’
= K(‘Lﬂ —Ln)cosﬁ

= r2|:—(L32 -L“)] cosd (44)
L

32

and
Yy, =rsmf+L, sing (45)

where sin@ can be expressed using binomial expansion and eq.(45) can
be written as

ys:rzsinb"-i—]iﬂ(l—%x'2 cos® §—Lx* cos* 6) (46)

or in the order of different frequencies , x; and y; can be expressed as

x, =Gceosé (47)
and y, = D+ Csin@+ E cos26 + F cos 46 (48)
where,

C=n

D=L31(1_%K2 _33-?’(4)
E=-1L,c(+4x)
F:'?ZLMKA

L;z _le
=
32
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By expanding eq.(14) , writing down the components o
centroidal acceleration of the rod as the

A, =Hcos@ (49)

and

A, =Usin@+V cos26+W cos46 503

where,

Finally, the variation of magnitude of the inertia moment which
acts around the centroid of the rod is the result of its angular
acceleration. Mewes[5] presented certain equation of motion for the

expression of the angular acceleration. The law for the angular
acceleration is established from the identity

2 5 % 2
d Q = cOS m din d cos@ ( 51)
dt* dr’ dr’

; ; _ . usly-
where the expression for sing and cos @ was already derived }:11'6-“"1'3‘15-"y
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By differentiating the bracketed terms in eq.(7) , the sing
expression , twice with respect to time , we get

d? sin
——F—E:mz[xz(l+fx2)cosw+%x“ 00548] (52)
and
d? cos )
———— = K@ cosf 53
e (53)
so that eq. ( 54) becomes
d? .
f’ =@ = -_x-cose{xz (1 +1x? )cos 20+ 1kt cos4@]a)2
dt (54)
- [1 ~ 1?1+ x?)—Lg? (1+4x2 Jeos 26 — L x* cos 46 fkw® cos @
Making use of trigonometric identities given as
cosmbBcosnf = -{,—'(cos(m -+ n)ﬂ - cos(n - m)ﬂ)
cosm@sin n@ = L (sin(m + n)8 + sin(n - m)6)
eq. (56) can be written in the form
@ =acos6 + bcos36 + ccos 56 (55)

where, a = —(x+—!‘;x3 +2K° bz
s 342 5 |t
b“_(%"' tigk b

= =15 2552
C=—ipk O

and by substituting eqs.(44),(45),(49),& (50), into eq. (43)), we have the
expression of the shaking moment as function of # written as
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M (@) = g cos@ + hsin 26 + mcos36 + ncos 56 (56)

where ,

L
g=§m3|:2DH+EH—E£GQj|—Ia

32

h=1m,[CH-GP]

m= '3m3I:EH —[QJGQ—[E” JGR + FHi|-]b

32 32

n= %m{FH —[E}GR] —Ic
L32

At certain order of frequency, the shaking moment ca
expressed in a vector function as

n be

M) = M, e" + M, e (57)

reciprocating mass, has constant direction and gener
straight line hodograph along the z-axis. If this shaking momehe
treated as complex vector where the imaginary part is absent, t

+ - ” sed as
M," and M,” will be symmetrically disposed on the z-2x18 expres

the complex conjugate

: 8)

M =R, +1,j (5

" 9)
and M, =R, -1,j e
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In a more simplified form, it can be written as

M(6) =M, cos(k6+ ) (60)
Where M, =2 +1.2)’
d — :
an o, =tan S the angle subtended by M, to the z-axis.
k

Consequently, the vectors M," and M, having the same

magnitude are symmetrically disposed along the z — axis which are also

the locations of the real components while the imaginary components are
situated to lines along the xy plane.

For instance at k=1

M=20R* 21T (61)
The magnitude of the real component of the instantaneous shaking

moment can be picked out from eq. (55) as the coefficient of cosine term
written as

R =g
L31
=(1/2)m,| 2DH + EH —| = |GQ |~ 1a
Ly,
But I, =0 , since there is no sine term present in eq.(55)

at first order of frequency,
The instantaneous shaking moment can be expressed as

M, =2R,
So that, o, = tan_(%k )
For k=2 M2=2(Rj+1;‘)y’ (62)
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The magnitude of E]:ie Feal component of the Instantaneoyg shakip,
moment from eq. (55) is g

R,=0
And the imaginary component is

I,=h

= (1/2)m,[CH - GP]
And the magnitude of the instantaneous shaking moment is

M, =2h

Yy

So that, o, = tan ( %)
For k=3 M3=2(R32+132)%,the magnitude of the (63)
instantaneous shaking moment vector about the origin and

L. =0
So that the magnitude of the instantaneous shaking moment is

M, =2R,

=2m
So that o. = :tan“l 0
' =50 | Ve
For k=4 ;
There is no instantaneous shaking moment vector for this OrdeigZ)
frequency but only shaking forces. This can be verified from €d:
64)

For k=5 M, =22 +1.)* the magnitude of the {

Instantaneous shaking moment vector about the origin and

I,=0
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So that the magnitude of the instantaneous shaking moment is

M, =2R,
— 34 )
So that ta "(}’ J
" a. = tan
' : Rs

Chiou and Davies methods of balancing

Chiou and Davies developed two methods of locating the positions
of the two contra-rotating shafts with the corresponding counterweights
which turn this into a force that balances the out—of-balance forces in the
system.

The first method : By the solution of equations

By assuming any point within the system with coordinates either
x, ,y, orx, ,y, ,theother point can be found respectively. For

instance , let S,” be the assumed point that locates the axis of the shaft
that carries the counterweights ( - F, k*) and rotating in the same

direction as the crankshaft and with the coordinate points of x, ,y,” . The

other point can be found following this process
If x,”,y,  are chosen, then

x, =a,sind, —b, cosi, (65)
and

y, =-a,cosA, —b,sin4, (66)
where

a, = {M* Cos &, —E;L\rk+ sind, —y,” cosA, J}f’ E
and

+ + i ; 4 . | 5
b, :J['M* cosa, — F, lxk cos 4, +y, SmikJ}sh
However, if x, ,y, are being chosen, then the other pomt can be

found by the following equations as follows
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x," =d,sin A, +e, cosi (67)
and
y; = —-dk ICOS/?.J,r +é, sin ik (68)
where,
d, ={M,c cos &, +Fk_l—xk' sind, +y, cmns/l,,l}/!’?,,+
and

e, = % M, sma, +F,r_[x,‘+ cosA, +y, sind, ]}/’Fk+

The accuracy of these found points can be checked by satisfying
the condition that

x, F sing,’ -y, F'cos6,’ +x, F, sin6, - y, F, cosé,” (69
= M, cos(kf +a,)

where,
6" =A +k8

and 6, =4, —k6

The second method : By first finding the location of Ck
By locating first the invariant center Ck , where the two contra-

rotating force vectors F," and F,  are rotating at certain frequency. tne
corresponding coordinate points can be found by the following equation’

% =M F,” sin(4, —e'th,i})—l's}'Jsin(/l,‘E —ay) (70)
Fk ) —}'i d
and
0 =—M{F“+ COS(lk—a*?)—F*'cos(ﬂ.& -a,) (71)
F"”-F

where @ can have any value.
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After locating the coordinate points, the following procedural steps

are being suggested to locate for the other point where the axis of the
contra-rotating shaft passes.

Step 1. Draw a vector, either L," or L, , form Ck to the chosen

shaft axis whose locationis S,” or S,”

Step 2. Draw the X’ axis through Cx at an angle A, from the
horizontal.

Step 3. Measure 77, the angle subtended by the chosen vector to
the x axis.

Step 4. Draw the second vector at an angle -77 to the x’ axis and of
length

L, or L.~ such that
Lk- e Fk+
L, B

The second location of either S," or S, is located at the

end of this vector. The accuracy of this process can be checked, if
the summation of moments at points Cx would result to zero. It
must satisfy the following conditions,

F'L " cosn, —F, L, cosn =0 (72)
and

F'L'sinn,’ +F, L, sing, =0 (73)
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Numerical application

Consider a slider-
crank mechanism
with the following
data :

»  Crankshaft speed,

=160 rad/sec,cew
>  Stroke= 13.8 cm
»  Connecting rod

weight, m,= 1.5876 kg

> Piston weight m, =
1.134 kg
» Connecting rod length , 1, =30.48 cm
> Connecting rod moment of inertia . 1=0.01243 N-s2-m
> L;, =location of the centroid at link 3 from the crank pin, 8.89 ¢cm
¥ e BB

Since the bodies are in motion like the reciprocation of the :
shaft, the rocking the connecting rod, and the rotation of the crank,
the system will tend to shake or vibrate. Here, a method of

balancing the out-of-balance forces will be shown with the methods
developed by Chiou and Davies (1).

For k=1, frequency equals to the crank speed

The first method: By the solution of equations

L. The balancing masses can be picked out from egs. (31) and (32)
expressed as

ml* - (yz)[m-‘[zl‘ﬂ _LBl]/LSZ +m4]

= (1/2){1.5876[2(0.3048)-0.0889]/0.3048+1.134}
= 1.9231 kg
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And the other mass is
m = “(%)[m::r[zl'n = L3r]+ m4]

= -(1/2)[1.5876(0.0889/0.3048)+1.134]
=-0.798525 kg

2. The contra-rotating forces are
F'=m'ro
= 1.9231(0.1016)(160)?
= 5001.9062 N

F =m rao
-0.798525(0.1016)(160)2
-2076.9316 N

3. At the start of the cycle, the shaking force 1s
F0)=TP
= [m3 (Lsz — Ly, )/Lzz ](" rzwz)
=-2924.9096 N
or in exponential form

F,(0)=2193.682¢”* N
where,
A, =180 deg

4. The magnitude of the instantaneous shaking moment is

M,=2g

L
=2(%m{2DH+E —EiGQ}Ia)

32

-312.482835 Nm

Il

and

o =tan_1(%312.482835) = Lileg
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1‘&@1

5. Choose a point where the axis of the shaft that cap,:
counterweights will be located. In this case, it ig the 188 the

N X pivot Point ¢
the crank. So, the value of our x," =0 and Y

3 ) . . =0 . To locate the
other point, using the derived equation , we have

x, =-0.150454sin(180) — 0
=0

and

», =-(-0.150454)cos(180)-0
= -0.15054 m

To check
X, F,"sin€" - y,"F " cos@,* + x, F, sin6, — y,"F " cosé”
=M, cos(6+a,)

where,

6 =A — ko

So,

0-0+ 0 — (-0.150454)(-2076.9316)cos(180-60) =-312.48283cos(60+180)
156.241333 = 156.241417

Difference = -8.45 x 105
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The second method: by first finding the location of Cx

6. To locate the position of C1, we have to solve for its coordinate points as

x, = M[F | sin(4 —a) -~ F sin(4, —fm]

F.I+.'! _F.l—?_

{-312.482835[5001.90628111(0-180)-(-2076.93168111(0-180))]}/
[(5001.9062)2 — (2076.9316)2 ]
=0

and for

T F," cos(4, —al,) - F,;cos(/ll -a,)
By =8
=-{-312.482835[5001.9062cos(0-180)-(-2076.9316cos(0-180))]}/

[(5001.9062)2 — (2076.9316)2 ]
= 0.10683267 m

7. So the length of L,” can have a value measured from the origin
(0,0) as

-+

L’ =0.10683267 m

8 The other length L, where the end of it is the location of the
contra-rotating shaft and can be determined through the equation of

L, = 0.10683267(5001.9062)/(-2076.9316)
-0.2578676 m

9. To check :
F' L cos(n,)~Fy Ly cos(,) =0
Knowing that
771+ =90°
and 7, =-90°
SO 0=0
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\%
and F'L"sin(n,")+F L, sin(7, )=0
Knowing that
n 1+ =90°
and 77, =-90°
so that,

(5001.9062)(0.10683267)(1) — (-2076.9316)(-0.2578676)(-1) = -7.67x10%
For k = 2, frequency equals to twice the crank speed

1. The two balancing masses are equal to

m," = —(l/2)<m3(L3‘ 2 J + m4>[i'f2 e @

= .0.09612 kg
= m,
2. The contra-rotating forces are

F," =-50/2

= (m;)qa)z
= -750.0128 N
= B

3. At the start of the cycle, the shaking force is

Fz(o) = SQJ"

where

ol o]

0 =ra*c* |1+ ()]
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or in exponential form
F,(0)= SQe’* N
where, 4 =270deg

4. The magnitude of the instantaneous shaking moment is

M, =2(R,> +1,2)
since, R,=0
I, = (%)m;[CH - GP]
M, =-0.0137589 Nm

5 = tan“[‘0'01037589)=-90°

and

This is almost a zero moment condition where the two contra-
rotating forces are concurrent at the pivot of the crank.

For k = 3, frequency equals to three times the crank speed
In this instance, the shaking force action is zero. However, there is

still that shaking action produced by the instantaneous moment
expressed as

M, =2m
= 2{(%)m,[EH - GV — GW + FH |- Ib}
=my(H(E+F)-G(V +W))

M, =-15.576244 Nm

e @, =tan” (%15.576244) = g
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For k =4, frequency equals to four times the crank spe d
e

1. The halancmg masses are t\\u contra rotatmg WElghts equal
to

m, —('/lm % ]+n,4:|(y
= -2.4646x10° kg

m, = m,

| A

The contra-rotating forces are

F,' =SR/2

= (’??4* }ﬂ-.‘w:
= -19.23098 N
= F

4

3. At the start of the cycle, the shaking force is

Fy (0)=SRj

e L:] ,-’/ ‘
where . S =—m, L., +m,
and R=(} o' %"

or in exponential form . we have

F,(0)=SRe* N
where A =270 deg
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4. The magnitude of the instantaneous shaking moment is

M,=0

The value of the instantaneous shaking moment is zero

because at higher order of frequencies, the value of k at k >2 in the
series at eq. (69) is

k=(2n-1), n=2,3,...
and it is expressed in odd order of frequencies and graphically, the
zero moment is the result when the two contra-rotating forces are
concurrent at certain reference point.

For k = 5, frequency equals to five times the crank speed

The shaking force action is not present at this order of
frequency because the expression of the shaking force at eq.(19) is at
the even order of frequency and graphically, this is the result when
the two opposing co-planar forces are rotating in the same direction.
The shaking moment action is expressed as

M, =2n

= 2{(4)m,[FH - G]- Ic}

M, = -2.394346 Nm

and
o, =tan” (% 2.394346) =180 deg
Balancing slider-crank mechanism using point masses
system
Data:

Crankspeed , 160 rad/sec, ccw
m, = mass of link 3
m, = mass of the piston

r, = length of the connecting rod

». =instantaneous distance of the piston from the connecting rod
4

63



The Mindanao Forum Vol XX, No. | E. O. DEIPARINE

In balancing a shider-crank mechanism, the ugy 1
pomnt 1s balancing the reciprocating mass. Byt befor: take o
consider our one-cylinder engine to be complete, we haye tWe Can
mass or weight to the crank and connecting rod, The fOrO assign
easily be balanced by rotating counterweights on the Oppositf:eF ca
the shaft, thus making it simple and straight fOrWardslde of
connecting rod is a matter of subtle importance A g ﬁThe
approximation, we may consider to represent the connecting mdr;t
two point masses. The distribution of these masses depend on thz
location of the centroid. One part is grouped in the rotating mags
comprising the crank and part of the rod and the other part is
grouped to the reciprocating mass comprising the piston and the
other end of the rod.

The kinetically equivalent point masses of the connecting
rod can be calculated , as referred from Fig. 3, as follows

= L3l
’HB] =N, —
L32

By il
m, = mS(J-—‘“}
‘ LBZ

Since the connecting rod is the prime object in balancin

i 3 ; tio
— crank mechanism, the total inertia forces for the reciproca

rotation of masses on the connecting rod is expressed as

g the slider
n an

ZF - (msa +m4}"4 +m b,

Where, |
¥, =the acceleration of the piston
= [Psin 6+ Qcos26 + Rcos48]j

Also,
¥, =the acceleration of the crank

i1
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= Plcos6+ jsin6)|

A. So to balance the system at the frequency which is at

resonance with the crank speed, the shaking force at the pivot point
18

F,=-YF
= "[(mna * m,‘)ﬁ‘ +m43”2]

In general in complex polar form and at frequency equal to
the crank speed, the shaking force can be expressed as

F,=F"e®+F "

Where F,° and F, are the two contra-rotating forces developed

from the added masses other than the mass of the crank and
expressed as

F = {(%{ms L% +m4]+m3(Ln _Lal)/Ln}rza’z
7

F = _(%){mJ(LBZ _LJI)} L,, }rzf‘)l

and

B. To balance the system at the frequency which is twice the
crank speed , the shaking force at the pivot point 1s

F, =~(mg, +m, ),

= —[m3 %‘L +m, }Q}' cos 26

32
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and the two contra-rotating forces which represent the shaking
and the basis for our balancing are given as Oree

F,'" = _(%){”?3(1‘31 Ly J +m, };(z [1 +(%)x ]"3(02

= Fz_
So the shaking force 1s
F'_\ = Fz+ej{23+90} +F2“e—{29+90}

C. To balance the system at the frequency which is four times the
crank speed , the shaking force at the pivot point is

F, = _(maa +m, )’4
o Ly, :
= m32’~~+m‘1 Rjcos46

32

and the two contra-rotating forces which represent the shaking force
and the basis for our balancing are given as

F, = “(%){ms[[’%nj +m, }K4F‘3&33

= F;q
DISCUSSIONS
yank
_The two methods for balancing the slider — L;‘:ﬂ’e
mechanism by Chiou and Davies, and the point masses sYsFemfor .
some common aspects along the determination of the shaking he

The former determines the value of the shaking force throué’ the
summation of the inertia force for all moving bodies such 2
connecting rod and the piston, through their centroids. The i
not included because it can easily be balanced through
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counterweights installed opposite the crankshaft. However. the
latter determines the shaking force by converting the connecting rod
to a kinetically equivalent two point masses. Where the analvses are
based on the reciprocation and rotation of the point masses. referred
from their revolute joints. Analytcally. their results turn ourt to be
equal at three order of frequencies. specially on their shaking forces

For the shaking moments at frequencies equal to twice and four
times the crank speed. their values are zero. Graphically. the radn of
these contra-rotating forces have their loci at the pivot point of the
crank. With their frequencies equal to three and five times the crank
speed. their shaking forces are zero meaning. their counterweights
are positioned in such a way that their line of action 1z common
while rotating in the same direction. See illustration below for
graphical meaning of this phenomenon.

Zero Moment Zero Force

The results also show that as the order of frequency
increases the balancing mass decreases and approaches to zero. The
system reaches stability at a very high frequency and a tendency to
vibrate when it slows down. So balancing should start at lower order
of frequency in order to avoid unwanted motion of the mechanism.
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Chiou and Davies furthermore, developed 4
determining the ideal location for the axes of contra-r(,ta?ethod for
where the counterweights are being installed or rnoun:::g Sh&fts,
shafts will balance the inertial force and momentg i Theg,

: ; - ch
responsible for the shaking action. But there are conditiong h
the locations would be impractical because of the need for an“;tﬁre
space for the location of this contra-rotating shaft, Meanj.ug ther
there’s a need for a larger frame or space . However, for the‘poiﬁf
masses system, all of the contra-rotating shaft axes are located 4t
the pivot point of the crank. The first order of frequency resonate
with the crank speed and the rotating counterweights have radi
equal to the crank. The second and fourth order of frequencies, have
their radii being proportionated with the length of the connecting
rod. The advantage of this method is, there is no need for a larger
frame to balance the system. But a special linkages must be
developed to synchronize the motion of the counterweights.

Recommendation

For further investigation of the methods developed b
Chiou and Davies, an experimental rig with electronically actuated
sensors which, can be interfaced to personal computers t0 sho¥
changes of motion at different frequencies should be asselll'hled't ;
possible a vibration analyzer which is capable in evaluatiné ihis
extra movement of the linkages should be considered for
purpose.
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