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A Study on Dynamic Behavior of Connection Elements

with Clearance Including Lubricating Effect
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Nomenclature

P : Spring force in connection elements
a : Deformation of connection elements
& : Rate of deformation

a : Half the length of the pin

7 : Radial clearance

D,,D, : Pin and sleeve diameter

R, R, : Radii of pin and sleeve

b : Half-width of contact

) : Poisson’s ratio

E : Young’s modulus of connection ma-

terial
M; : Mass of 7** link
J: : Moment of inertia of #** link about
C.G.
: : Length of the #** link
L+ Li:

t~

Upper and lower length of the it
link

* E®R, RAKER #RIEH

X, Y. : Linear coordinates of link center

0; : Angular coordinate of the #** link

F. . F,,:: Joint forces in the X,Y directions
on ¢ joint

3 : Displacement vector, represents dis-

placement of pin center relative to

sleeve center

<

: Velocity vector, represents velocity
of pin center relative to sleeve center

ws,ws : Angular velocity of pin and sleeve

: Contact angle

: Pin length(2a)

: Oil filmthickness

: Rate of change of &

: Total force on connection elements

: Material damping loss factor

S ey e

L)

: Equivalent mass
: Material damping force

5
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o : Lubricant viscosity (= puqe™)
r : Pressure viscosity constant
P : Pressure
z : Unit vector in the direction of o
E’ : Reduced elastic modulus
1 _2(0—v»
! zkE
G : Material parameter (7E')
G : See equation (41)
U : Mean rolling velocity(E%(R,w,—i—
Ryw, —30))
R’ : Relative radius of curvatuce
11 1
" R, R,
he : Minimum film thickness
H :h/R’
H, : hy/R'
P : Dimensionless load, P/E'R'L
S R /U
t : Time
T : Dimensionless time (w?)
W : Time base
Q : Dimensionless reduced pressure, (1
e /G

&,y : Dummy variable
N : Speed parameter(lZ %‘%—)

X : Dimensionless coordinate (x/R’)

1. Introduction

Most clearances have been known to be
caused by manufacturing tolerances and wear
or so. They can result in the loss of perfgr-
mance, reduced stability, accelerated wear and
initiate noise and vibration. ‘

Clearance mechanisms show highly nonlinear
dynamic' behavior. In addition, inclusion of
lubricant effect increases nonlinearities in ter-
ms of mathematical analysis as well as dyna-
mic behavior. The approach to the general

problem of clearances in a planar mechanism
has been handled almost exclusively as kine-
matic approaches which provide limited infor-
mation. ‘

Lately, Dubowsky analyzed the dynamic
responses due to clearances quantitatively. He
introduced a simple one dimensional connection
model having surface compliance, which he
called “Impact Pair”. He has proven to produce
significant insight into the dynamic character-
istics of clearance system.(12) Subsquently,
he presented the result of his studies on dyn-
amic behavior of planar mechamism with cle-
arances. (13,14) More recently, Rogers, R.].
modelled the pin connection using the load-de-
flection relationship developed by Dubowsky
and included lubrication effect for the first

time. (15, 16)
As for elastohydrodynamic theory, various

developments account for the elastic deforma-
tion at rolling contacts simultaneously with the
generation of hydrodynamic pressures in oil
film. (19, 20, 21) Steady-state formulae for film
thickness between two loaded surfaces have
been developed by many researchers like Ma-
rtin, Grubin, Dowson and Higginsson, etc.
(5,6) In the prediction of the minimum film
thickness, most recently, Wang, K.L. and Ch-
eng, H.S. calculated the minimum film thick-
ness including almost all factors for the spur
gear lubrication and Simoin, V., for Hypoid
gears. (17,18) They gave a comprehensive
analysis and extensive numerical results.

This study will consider contact compliance
of clearance connections and thereby determine
the dynamic load and examine the lubricant
film thickness variation governed by the time
dependent Reynolds equétion’s and elasticity
equations. As a typical example, a slider crank
mechanism is chosen and its dynamic equati-
ons will be developed by direct use of New-
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ton's second law.

The followings are the objectives of the st-

udy;

1. Study of overall dynamic behavior inclu-
ding transient effects and prediction of film
thickness in clearance joint.

2. Investigation of the influence of squeeze
film effect on the minimum film thickness.

2. Basic Equations

2.1. Force-Deformation Relationship

The most common connection from an eng-
ineering point of view is the pin joint. the
force-displacement relationship for an elastic
pin in a circular hole was found out from a
literative search. (12)
The force-displacement relati-
onship is

o= (K D

10 (Ri— Ro)gate

— InP}

Fig.1 Connection

cross section. M
where
K‘— 1—2),2

2.2, Dynamic Equations of Planar
Mechanism

The study models planar mechanism as a

Fig. 2 i link free body diagram.

series of lumped masses connected by massless
joints. The kinematics of the mechanism are
included in the model by writing constraint
equations of motion of the elements.

Fig, 2 is the link free body diagram show-
ing the notation used to describe the dynamic
parameters and the variables selected.

Applying Newton’s law of motion yields;

F.i=Fu i =MX. @
Fy,i_Fy,i—leK (3)
Summing Torques about the center of grav-
ity results in
(F, L*+F,, . Li)cost— (F. L+
+Fx,{_1Li_)Sin0i+ Ti—TioyFTexe
=Jb: @

Constraint Equations for connection

Simple Pin Joint; Neglecting friction in the
connection yields

T:;=0

In addition, the pin joint requires that the
linear accelerations of the coincident points of
the links should be identical. Equating the
components of acceleration of common point
results in;

Xi—L:*6:2 cosh;— Li*Bisind
= ui+1+Li+1_€i2+1C056i+1+Li+1_3i+13in6i+1
()
Vi— L:*0.:2sinf:+ Li+f:cosb;
= Yisyt Lipy 024480004 1— Liyy 0141080144
)]

Clearance Joint; The force-displacement rela-
tionship in previous paragraph relates the for-
ces within the connection to the relative disp-
lacements along the line of contact.

X :
LiCose:

Fig. 3 Connection schérﬁatic.
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The planar motion of the pin center within
the bearing can be visualized the clearance
circle shown in Fig. 4

car

Fig.4 (a) Clearance circle. (b) Planar bearing model.

Point A represents the sleeve center and point
B, pin center. 3 and v are the relative displa-
cement and velocity of point B with respect to
point A. They are expressed by the followings:
3=5,+5,] (®
0=(0:2+0,)1"? ®
5xZAX;‘H—“L;'H—COS&'H—X;—Li+0056i ao
8y=Yi, —Li,sinfi— Yi—Li*sing:  (11)

V=vis Vi3 sir2a] 12
Ve=Xii+ Lis 0:p5in0:4— X+ Li*d:sind;
as
V,=Yis1—Lisy~0:110080;:4, — ¥i— Li*0:c086:
(14)
The contact angle is;
¢=tan‘1—gf (15)
Thus, the force components due to contact are;
F.,J3,=Pcos¢ 16)
F, 3,=Psin¢g an

For the non-contact condition, the effect of the
lubricant is determined by Phelan’s squeeze
film model which relates the bearing force
to the oil film thickness.
1t is;

*Fz—djz/h“z,s : (18)
where

d=3. 86,&LD{<—£,—>2(—%‘>2 el 9)

h=a—{V-7| 0

The film thickness and the rate of change
of 4 can be obtained from combined dynamic
and elastohydrodynamic equations to be deve-
loped later.

Once the spring force P is determined from
connection deformation @, material damping
force should be determined. The spring stiffness
K is obtained by dividing P by a. Given the
loss factor 7 and the connection equivalent mass
Me, the material damping force Fmd is obtai-
ned using the following;

Fmd=—p(Me- %)% D

Then, the components of the total connection
force are;

Fx,i=Fx,i]+Fx,iJmd 22
Fy,i=Fy,i}:+Fy,ilmd 23
Remembering that the joint is assumed to be
frictionless.
Ti=0 24

Now, Equations (22) to (24) provide the
required constraint relationships for the cleara-
nce connection.

2.3. Formulation of Elastohydrodynamic
Equations.

Reynolds Fquation; Clearance elements oper-
ate under dynamic conditions in which the load
and relative speed of rotation vary in magnit-
ude and direction with time.

Therefore, the approach for these problems

)

" Fig. 5 Coordinate system,

* Phelan’s equation will be employed with some cor-
rection.
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must consider the time dependent Reynolds
equation for the fluid flow,
It is;

%%%%%@%)
h(Uﬁ—U,
T ox ( )

(Vo= (25)

A
(b}
Fig. 6 Velocities.

For the system in Fig.5 and 6, the coordi-
nate x and pertinent velocities become as

follows
x=Rp (26)
U:=R,w; @7
U,= PwP—Bsin¢+Bﬁcos¢ (28)
Vo V= Ry 4 20 8

Substituting equations (26—28) into equation
(25) and neglecting lower order terms(0%/R<1)

results in
sl B )]
= (Rsws+ Ryw,+8sing —dfcosg)

ah oh
T2 (29)

Where w:,wl,,a,éﬁ can be obtained from Kine-
matic and dynamic relation.
At contact region, it seems reasonable to as-

sume that —g—ﬁ— is far higher than 9p/0z. Or,

the long bearing approximation will be made
which 0p/0z term is neglected. Neglecting the
second term reduces to

5 (i o5

=6(Rsws+ R,w,+5sing—d0cosg)

oh oh
3 +12—— o 30

Considering the pressure dependence of visc-
osity and introducing dimensionless variables,
we have

(H3 %)= N-ZE+s 22 (o
The load is obtained by
In(1—-GQ)
- ax 32

Film Thickness Formula; A film thickness
h(x) can be separated into three components;
A constant separation induced by the lubricant
film plus the rigid body separation (we use
the parabolic approximation) plus the elastic

distortion.

5 R, +g (33)

Where g is the combined displacement of
the two bodies, represented by the following

g(x):Sw P)o(x—x)dx' (34)
I)= ———111 15, +constant (35)

Substituting equations (34), (35) into eq. (33)
and using dimensionless variables, we obtain

H=Hyt 52" POmIX~tlde (6)

Calculation of Minimum Film Thickness; The
generalized theory for predictingthe transient
effect in lubrication of Hertzian contact was
developed by Vichard. (10) His analysis is
extended and employed. Grubin assumed that
loaded lubricated contacts, the

for heavily
existence of the film would not radically affect
the pressure profile and hence the profile wo-
uld be very nearly Hertzian. Under these ass-
umptions, the film thickness can be written as
the sum of uniform level Ho and Hertzian
deformation He.

or, H(x,7)=Ho(z) +He(x,7) 37D
where He=0 for | X|<2vP (38)
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X X

Hezzl_{—— oWl 4?—l—ln
e )]
for X<—24/P 39

Also, Grubin assumed that the pressure is
maximum when X=0 and at this point, € ap-
proaches its asymptotic value 1/G.

2
a—?(]o,fzo and Q(0,7)=1/G (40)

After integrating eq. (31) with boundary
conditions (40), substituting the relations (37)
—(39) for H, we obtain '

D3/2
'2£N “Gp: S:
VP

[Z%Gw-i%{;—(cs+4%;>] 4D

with
Gp={ | & Iz —ztin( 1 /1220 ~/Zl_——27 )]_‘ZL
oSl £ )] 4
ol
PR A S e

8=H,/P, z=dummy variable
The three G; functions in eq. (41) are app-
roximated by the following exponential functi-
ons of A
Gi=a:87¥ 42
where the constants a.’s and b/’s are taken
from reference. (10)

3. Application to Slider Crank Mechanism

The slider crank mechanism shown in Fig.7
is an example mechanism. The analytical app-
roach consists of formulation of dynamic and
elastohydrodynamic equations and solving these
equations. The equations of motion are written
by applying equations (2) through (4) to each
of the four links and the three constraint rela-

Fig. 7 Shder crank mechanism with clearance
connecton,

tionships for each joint. In this example, the
clearance connection is placed between the cra-
nk and the connection.

The derived equations form completely coupled
nonlinear ordinary differential equations. They
must be solved simultaneously with given intial
conditions. In this study, they are solved num-
erically using a combination of fourth order
Runge-kutta and Predictor-corrector methods.

A computer program was developed to pred-
ict the variations of dynamic load as well as
the lubricant film thickness. The dynamic load
was assumed to be unaffected by the film th-
ickness during contact interval but affected by
equation (18) during separation.

4. Results and Discussions

4.1. Introduction

The results were obtained for a range of
speeds and clearances for lubricant with isoth-
ermal exponential viscosity/pressure relations-
hips. The scope of the results presented is
limited with regard to dynamic load variation
and its effect on joint film thickness. Herein,
results for only two different speeds and clear-
ances, values of practcial interest, will be pre-
sented and compared mutually because results
for other ranges showed similar trends essent-
ially. The mechanism constants are almost
identical to the mechanism simulated in Ref
(12), (13), as can be seen in Table 1, except
that it is not off-setted. All results presented

are in dimensional terms.
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Table 1.
Dimension glgﬁgfgé jomnt
Link 1  ground Pin diameter 0.635cm
Link 2 Pin length 1. 27cm
1, 5.08cm E=20,68x10"**N/m?
M, 0.1366kg v=0.3
J. 5.37x 10 Skg-m? | Damping ratio
Link 3 7=0.01
1, 15.24cm viscosity (60°C)
M; 0.3406kg 10o=0.14 pa-sec
Slider Pressure/viscosity
constant
M, 0.3406kg 7=1.45x10"% pa™*

4.2. Dynamic Mechanism Behavior
Fig.8 demonstrates impact phenomena due to
initial conditions in clearance joint. Results are
compared with i= ideal system (no clearance),
N(4.448x10%)
ok

8t

5 - Impaet ee———— Ccnhnuous contact region
150rud/sec
r = 5080 mm

0 ) 2030 40 W & 7O 80 20 100 10 120 (degree)

@

N {4 448x1P)

9

8

7

6

1 R .
5 Impact ~————~p——— Contin.ous contuct region
region | w = 150rud/ sec

r = 10,1640 mm

0 1;) 20 0 40 50 6 7 83 90 100 10 .IZO(degree)

®

As illustrated, great impact forces occur and
increase significantly with the increase of forc-
ing frequency, however, seems to be little aff-
ected by clearance size. The duration of tran-
sient regime is proportional to frquency and
clearance size. High frequency content of imp-
act pulse is seen to have the possibility of noise
source. All transients decayed stably almost
past the half-cycle.

Once the system comes to steady-state, con-
nection elements remain in contact at all pos-
itions and peak force occurred at uniform pos-
ition independent of frequency and clearance
size, see Fig.9. (In Ref (13), which applied
dry contact theory, repetitive impacts occurred
with the loss of contact at two definite positio-
ns) The plots (Fig.9) represent the pin center

N {4.44870%)

Impect jinterval
.

. Continuous contact region
[ w = 300 rod/sec

\ ’2

o r = 528x10 mm

b

V yif WVUWWWW

Q 10 20 30 Ao =3 eo 70 80 80 100 no 120- 1130 714D (degree)

©

N (4.42840%)

0 |

'Fn:ﬂ/—_-:— Continuous conlact region
region ‘w = 300Tod/sec

|

7 H | r = 10.46x107mm
]
el

@
T
—

int
n ervol

~
r—=r—=T T

0 10 720 0 40 50 0 N0 & N WO 10 10 0 1) [Zegree)

@

Fig. 8 Dynamic connection force in transient ragion as a function of crank angle.
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paths relative to the sleeve center (circle radius
equal to clearance size) in transient and ste-
ady regime. The reference frame (X, Y) is
rotationally fixed in space. The diagrams show
striking differences in terms of change of con-
tact positions.

The former illustrates very arbitrary motion

which repeat contact and separation very
but the latter
shows cyclical response which rotates at the
same speed and direction at the forcing frequ-
ency. Fig.9(c) displays reverse turn occurs
once in the range of 170°—180° of loading
points (in ideal mechanism)

fast without any consistency,

1} Tronsient Condilion

2) Steady Candition

(a) Clearance; 0.0508mm (0. 002 inch)
Speed

; 150 rad/sec

83
120 50
Max.deform
150 30
160 0
210 330
240 300
210

2) Steady condition

1) Transient condition

(b) Clearance; 0.1016 mm
Speed

o Stidng

; 150 rad/sec

270 270
Angular veloity +150 rad/sec Angular velocity 2 300 rad/sec

(c) Variation of loading point (no clearance)

Fig. 9 Relative motion at pin connection.

As for dynamic load in steady condition(Fig.
10), it is clear that the presence of connection
clearance increases bearing forces than those in
ideal system (the behavior is quite similar to

Jae Bok Yun and Gun Bok Lee

that found in (13)). But this study shows that
the inclusion of lubricating effect has little inf-
luence on the reduction of peak force.
o

ronk Length (Dl
[}

or w,= 20000 rad/sec
20k o :r/L=0.001
A 1r/1L=0002

Max . Deformation per C
&
=)
T

n} Py Ideal system response
~ 5 (no clearance)
-80}+ .
] Lo ) . L
0.001 0.01 041 1 Y

Fig. 10 Connection deformation as a function of
exciting frepuency (steady-state).

4.3. Lubricating Performance
The variations of minimum film thickness in
the transient zone are plotted in Fig.11

mm | (2.56x1073) .
o Anguiar  Velocity : 300rmd/sec
" o : Saperation Point
Clearance [5.08x1o‘1mm _
0T 10.16x10" e —- —
9
8
M
¢ 7
£6
Es
g
£h \
z, . —
2
- T ——
z \/—-\O
1 1 N N
{Impact Poi 4 9. 1l R
mpact Point} 8 (XIOJ)(“')
mm5x10 ) (@)
2 L )
"k
10
S Aamqularveiocity : 150 rad/sec
8 0: Separation paint
Clecrunce[s-mﬂo‘_zr?m —
w7 10 160" Inm—-m
g6
]
Es
E
: 4
c
£3
2
1 1 1 )
Tmpact point 24 48 77 1

(b
Fig. 11 Variation of dynamic film thickness
(transient state).
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The graphs show the variation from the in-
stant impact occurs to separation. Film thickn-
ess varies toward a stable value somewhat
rapidly or slowly depending on initial values
at the impact point but reflects its slight dep-
endence on frequency, clearance and variation
of load rate.

Values are much larger over about two or-
ders of magnitude than those according to stea-
dy theory (Ref(6), (8)). The notable feature is
thought to be caused by the combined effect
of elastic deformation and viscosity variation,
in particular high squeeze motion. Accordingly,
it is expected that such large value plays imp-
ortant role of the reduction of joint damage of
failure while high impact load does harmful
effect.

Reaching continuous contact region (Fig.12),
film thickness falls to the steady-value gradu-
ally experiencing some oscillations. In steady
regime(after about one cycle), the configurati-
on shows the shape of increasing and decresing
with load variation.

wm [ 2.56x107)

Angular velocily : 150 rad/sec
c1mrme[soaxxo‘¥nm~ -
104600 Fm —-—

5 B
T

S

Mim. Fiim T-ckress
w“

C
150 {deqree)

@

Angular velotity: 300rad/sec
Cleurancels-OE\k)'zmm—
10.16x0 fan— —

Min. Flm Thickness
=

10C {degree)

<
w
o

(b)
Fig. 12 Variation of dynamic film thickness
(quasi steady-state).

It shows clearly that high frequency leads to
highsqueeze effect. (Fig. 13)

(2.54x10°%)

Film Thickness

—Nul‘u\m\lag
v

. s
90 180 270

360 {degree)

o

(a) Clearance 0.0508 mm, Speed 150 rad/sec.

mm ((2.54x107") N
-448x1¢H)

8 Oynamic Lood 16
w7 14
9
I 12
z 0¥
£53 2
E4 {82
i / ) o
-3 Q{ Film Thickness 6
£ . 8
B . \ / 4

1 — 2

0 0 180 270 360 (degree}

(b) Clearance 0.0508 mm, Speed 300 rad/sec.

Fig. 13 Steady-state dynamic load and film thick-
ness as a function of crank angle,

The results are in good agreement with the-
oretical ones by other researchers, (6) and up-
hold the theory of elastohydrodynamic lubrica-
tion and squeeze effect in the analysis of these
problems. However, the predicted minimum
thickness of 0.17um (6.8x10-¢ inch) though
relatively in low frequency (Fig.13(a)) is nea-
rly equal to possible surface roughness of hig-
hest quality which is uncommon in view of
engineering reality. The application of fuller
theory is thought to bring about improved

results.

5. Conclusions

The dynamic effects of clearance were inve-
stigated. And, also the correlation between dyn-
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amic load and oil film thickness was examined

by application of non-steady elasto-hydrodyna-

mic theory. The results of simulation can draw
the following conclusions.

(1) The presence of clearancecauses high dyn-
amic load within connection regardless of
the existence of lubricant. And peak force
is much affected by forcing frequency, but
little affected by clearance size.

(2) The duration of transient behavior increases
considerably with the increase of forcing
frequency and clearance.

(3) The squeeze film effect, particularly in
transient state, is very outstanding with
its near independence of parameter changes
like frequency, clearance size and relative
velocity, etc; In steady-state, more evident
as the frequency increases. Therefore, we
can expect that the phenomena give the
favorable effect on the prevention of joint
damage.

(4) The combined effects of elastic deformati-
on and viscosity variation, squeeze motion
increase the theoretical film thickness under
given conditions by nearly one order of
magnitude than in rigid hydrodynamic th-
eory and gives more of engineering reality.
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