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NOMENCLATURE

X,4X,,X, - Displacement, Veloeity, Acceleration of element 1

Xg,iz,ig - Displacement, Velocity, Acceleration of element 2

B - Ampiitude of harmonic dispiacement

By - F;/Kz static dispiacement of Harmonic forceé motion
w - Circular Frequency of harmonic forcing function
t - time in seconds

K - Stiffress of linear spring to replace compliance
K2 - Stiffness of external spring

C - Viscous damping coefficient at the compliance
Cd - Viscous damping coefficient |

T ~ Clearance

€ - Amplitude of relative input motion

G = Gain of non-lirear element, Clearance

qb - Phase shiftmof non-linear element, Clearance

¥y - Mass of element 1

M? - Mass of element 2

w - Resonant PFrequency of impact pair

4 - Non-dirensional damping ratic

w, = g)//,_g” |

Feo - Awmplitude of forecing function

A = C/C4

R, = My/My

M = K/K2
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DYNAMIC EFFECTS OF CLEARANCE
IN MECHANISMS

Upendra Nath Sinha, Ph.D,
University of Nebraska, 1973
Adviser: Dr. James C. Wolford

ABSTRACT:

Two models are studied to get a basiec understanding
of the dynamic force ampiification due to cliearance ih
mechanism joints. The describing function method used
in control theory and applied by Freudenstein tc the problem
of mechanism clearance is shown to give a simple rela-
tionship between force amplification and parameters of the
system such as clearance ratio, resonant frequency, and
forcing frequency of the system. The system differential
equations are alsc solved numerically and the results
cbtained by the numerical method correlate well with the
relationship obtained with the describing function technique
with two exceptions. The numerical analysis shows that the
damping ir the system has an effect on force amplification,
which was found negligibie when using control theory;also.
the force amplification factor minus 1 was found to be
inversely proportional to a power of the foreing fregquency
which is greater tThan one but considerably less than two

as deterrined by Freudenstein.
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viii

To perrit a better understandirg of the results,
one clearance connection in a system is considered. How-
ever the methods used are applicable to some systems con-
taining more than one clearance. ‘

The idea of model analysis is extended to an offset
slider crank and a crank and rocker mechanism with clisar-
ance at both the joints. Equivalent clearance at the joint
under study is used to find the force amplification due

to clearance.,
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CHAPTER I

INTRODUCTICON

Clearances in mechanical joints and connections are
very common and often inevitable. Sometimes cleara:nces
are provided i~ a mechanism to permit asserbly of the parts
rade ir rass production. For interchangeable assembly,
the pirs ard bearings are rade within certain tolerances
and it may happen that the smallest pin is assambléd in
the largest hole causing the total e¢learance to be con-

siderably larzer than the rnominal clearance the desigrer

oy
m

ras recommended, As will wn later in this study,
large clearances cause an increased dynamic load and a

mecharism having large clearances will deteriorate much
faster than a mechanism with small initial eclearances

Backlash or clearance in machinery is essentially

a cost probler. If the performance warrants a very small
clearance, selective assembly is the solution. For example,
coupling bolis for large rotating machines like sicam-

turbires and turbo-generators are individually fitted to

aveid amplification of high torques transmitted through

the eot
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The cost of improved dynamic performance can be assessed
and compared with costs due to breakage, wear, service
failures, noise, and decreased customer acceptance,
Clearance or backlash implies a freedom betwéen two
sections of a system such that the driven section can free-
ly move some amount forward from the drive peosition before
encountering a "stop®¥. If, under idle conditions, the
driven part of the system is partly moved forward from

or, the sudden application of an external

fte

the drive posit
force to the driven section will camse it to slow 4
without immediate restraint from the remaindér of the system.'
Wher contact between the two parts of the system takes
place, the difference in velocity between two sections
can cause excessive shock forces or torques and vibration
in the system before the two parts are bronght together
in speed.

The botential sources of baeklash in a power trans-
mission s
wear in these components can provide dangerous sources
of shock loading on the system.

When clearance is present in a mechanism, the motion,
even in the case of srall oscillations, is generally accom=
panied by impact between the elements of the kinematic
couple due to the interruptions in the kinematic chain,

me. .. - At ——n e T W A A & R — ] .
1fiu8, Tn€& propiém OI dynamic analysis
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ror=lirear in character and linear equations are not appli-
‘cable in describing the motion as a whole but apply only

for seperate intervals betweer collisions.

[l

ITERATURE SURVEY

F

. The analysis of the effect of clearances on the accu-
racy of the output motions of mechanisms and of the dynamic
effects of clearances has beem the subject of a number
of investigations.

Garret and Hall [}] developed equations which define
a mobility band for linkages. This mobility band defines
the cutput motion error due to clearances in the Jjoints
and tolerances in the link lengths. Garret and Hall aiso
considered the probier statistically.

Mabie and Corderman [2 presented charts which could

be used to design a linkage with an cutput within specified

ing clearances, and link-length ratics were consldered.
Lakshmirnarayana and Narayanamurthi Eﬁ considered

irdividual loop clcsure equations rather than the input-

the influence of tolerances, and they suggest their method
as a convenient procedure for complexhiinkagesa

aawannaae in tha mashandinrnal
e - AL SPA W as R T

[~ e - o

chains of control systems was studied by Tustin EJ .

Humbers in parentheses refer to the Bibliography at the
end of the dissertation,
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He built a model of metor driving a load through backlash.
In this wodel the displacement cf the motor produces egual
displacement of the load, but only after taking up a defi-
nite clearance in the direction of drive. The fundamental
rotion of the load is determined when a simple harmonic
force, F cosWt, is applied to the motor. The assumption
made in the analysis is that the motion cf the center of
mass is waiffected by mutual forces and collision between
the two masses. Motion with periodic impact is considered,
but only on the assumption that the coefficient of resti-
tution of the velocity cn impact is zero, and that after
irpact both rmasses rove together for a certain time after
collisicn., A graphical method of solution was developed.
I3 '

L/J pre senteﬁ an

Sa

cr
%
jol )
cu
]
[

work and employed an analytical rather then a graphical
a

method of harmonic analysis. The system he used consisted

(]
)

a

echanieal linkage in which the load member was sub-
jected to a restraining force. Describing functions were
dedueced analytically that represent the load response for
firite values of irertia, clearance, and Coulomb ffiction
between the lcad mepber and the extermal surface.
Freeman Bﬂ and Thomas EE investigated the effect
of speed dependent friction on the stability and limit

]

yele phenomenon using the deseribing fumetion techniqgue.

‘p-

Some studies made for a vibro-impact mechanism system
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ére worth mentioning here although they were applied.to
the dynamics of vibration dampers based om impact action,
Feigin Eﬂ- studied the dynamics of a2 two mass system cou=-
pled through a clearance, The motion of the masses is
accompanied by intermittent impact under the action of

an external harmonic foree or a periodiec sequence of im-
pulses. Partial elastic impact takes place at the stops
so that the reflected velocity 18 a given fraction of the
impact veldcity. Mapping in the phase plane is explained.
The technique used is one advocated by Besapaioya [é]

in his study of the stability of vibro-impact mechanisms
and 1s called the point transformation technique. It is
shown that perlodic motion of the system is possible only

with

]
&)
[
(o]
2
5
3
Pk
2]
{5
(¥
0
0
=3
2
=3
ot
kdo
v}
e}
(i}
(9]
ky
ct
3
1]

exciting force. The behavior of the system is characterized
by two parameters, mamely, the impact velocity ratio and
a non-dimensional measure of clearance. It is shown that
a steady-state condition with one impact per half period
exists when the period is an odd multiple of the exeiting
force period. When the impact of masses is entirely in-
elastic; an arbitrary number of complex steady-state con-
ditions exist in which sliding motion is included.

Masri and Gaughey [1(2] studied the stability of a
mass constrained to oseillate with elesrance in s container

having mass. Analytical and experimental studies of an
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impact damper were made in which pericdic (2 impacts/cyclie)
soiutions were obtained and stability boundaries were de-
termined. It was assumed that the time of impact was small
in comparison with the period of motion. The elasticity
of the compliance was considered and was replaced with

a very hard spring. To simulate different coefficisnts

of restitution on impact, a viscous damping was provided.
The results of experimsnts and analog éomputer solutions
were presented.

Barkan and Touhy [1 i] analyzed the behavior of four-
ber linkages when subjected to external impact, They used
the energy balance criterion to find the effective moment
of inertia for the entire linkage and the equation of motion
of a quasi-rigid fonV-h ar linkage was developed, A sim
but limited ansiytical solution of the.problem was presented.

Artobolevskiil [12] reduced all forces and masses to
a crank rotating about a fixed axis, and introduced the
concept of a characteristic criterion. This criterion
is the ratio of what he defines as the instantaneous power
of the Jerk to the instantaneous power of the kinetic ener-
gy, in the position of the linkagk considered. The largsr
the value of the criterion, the more important is the role
of Jerk in the machine and the greater are the additienal
dynamic loads on the links and the kinematie pairs of the

rmachine., Detailed expressiocns for the characteristic cri-
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terion under different assigned parameters are presented.
Goodman [13] studied the dynamic effects of backlash
in & film transport mechanism and an oscillating mixzer
drive., He formulated an equivalent dynamic system, or
box-car diagram as he called it. All masses, spring gra-
dients, ccefficients, forces, torques, displacements, and
backlash'are referred to the one point of most interest
in the mechanism. The experimental reguits of two models
- are presented to show that the analysis gives a qualitative
description of the effects of backlash. This was an intere
rediate step towards setting-up the pieeewise-contiﬁuous

equation of motion, which can be solved by analog or digital

computer,

approximate

‘g
=
&
s\
ct
]
o
0
-
=]
=
=2
L]
Hy
[s)
2]
ot
o o
[¢]
[ ]
o
o
(1
]
E
]
dn
’6:
=
o)
=ty
ct
B

he shock forces and the permissible clearances

the impact force on various parameters is shown. The impact
force S for a mechanism scheme with n+1 masses conpected
in series and an elastic connection of the last component

with rigidity C is determined by the espproximate dependence

&€ is the coefficient of mass,
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G is the rigidity of the elastic connection
of the last component,

Lytlotlate.itly is the sum of clearances,

M 1is the coefficient of restoration under

shoek.

_____

designers when 1t is necessary to obtain approximate values
of the impact forces or their dependence on the parameters
of the mechanism scheme,

Kozhevnikov and Leninskii [151 studied the effect of
clearance on the dynamics of a heavily loaded machine, a
rclling mill. This machine is characterized by a cyclic
loading due tc insertion and withdrawal of the sheet being
rolled, The dynemic analysis is effected in two stages,
first for an idealized scheme without any cléarance9 and
then with clearance. The rates of the impact of the ele-
ments in the system, arising in the roving or sliding joints,
are determined, Results of experiments carried out with
an actual rolling mill are presented.,

A similar study was done by Rieger end Smally [16] .

terque values as a function of time following the shock
b4

4 term "torgue amplificat

‘deTined as- the ratio of peak transient torgue at the point

with clearance to steady torque without cleararce, Numeriecsal
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results of torgue smplification wers presented with varying
degrees of backlash or clearance, The effect of clearance
at different points in the complex geared system were pre-
sented. Test results obtained under actual rolling caﬁdi—
tions were compared with the numerically calculated results,
Yudin and Serigeyevﬁ?,‘ﬁi?jstuéied the dynamic effects
of clearance in a slider crank mechanism with the elearance
at the crank. The condition wnder which the kinematic chein
is mmlocked are determined, Different variants for the
~position of the connecting rod and the point-of contact
are i1llustrated. Their computer solution revealed a sub-

stantial amplification of reaction force at the clearance

joint., The reaction force reaches a maximum value at those

nogsitione where the position error of the mechanism and

thé angular velocity of the cramkpin motion éround the Sura
face of the crank bearing are a maximum in absolute terms.
The minimum value of the reacticn force occurs when the
position error goes through 2zero.

Takaki [19] studied the dynamic effects of highere
order harmonics caused by nonlinearity of the bearing clesar-
ances of a vehicle engine. An idealigzed five-bearing crank-
shaft and a vibration model of the five=bearing cylinger
block were used in the study. A PFourier analysis was made
of the forces on the bearing portion and slso of the verti=-
cal acceleration of the cylinder bloek. The results in-
dicated that the force tramitted includes a great propor-
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10

tion of higher o;der terms. By decresasing the cleareamce
the effect of third, fourth and sixth order harmonics are
reduced., The effeets of other parameters like flywheel
mess, engine rpm, gas pressure, and first order inertis
forces were also discussed.

Kobrinskii EZGEI introduced 2 mechanical model of a
two-mass system Qith clearance at the joints and studied
the analytica solution of the equation of motion. 1Impact
was ccnsidered to be rigid body at various coeffients of
restitution. The stability analysis was based on pertur-
batiohitechnique.

Dubowsky and FreudensteinE?t;,,zz:]studied Kobrinskii‘s.
model but included the surface compliance and allowed uni-
lateral as well as bilateral impact on the surfaces. This
results in dynamic cocupling, stress, and time duration of
eccntact. The latter affects the frequency of oseillation
and ¢
analytically and numerically. A technique like the des-
eribing function method used in control thgo:y was applied
to study the stability and the 1imit cycle criterioa. The
model analysis was further extended to a slider crank mecha-
nism with clearance at the crankpin., A loop equation of
equilibrium was developed to find the reaction forces at

L~
<

i & o o
(33 Jv 7

dll Ve

This short list by no means exhausts the collection

of works which discuss the effect. of clearance on the be-
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