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Dynamics of a Multibody
Mechanical System With
Lubricated Long Journal Bearings
Clearances exist in different kinds of joints in multibody mechanical systems, which
drastically affect the dynamic behavior of the system. If the joint is dry with no lubr
impact occurs, resulting in wear and tear of the joint. In practical engineering desi
machines, joints are usually designed to operate with some lubricant. Lubricated j
bearings are designed so that even when the maximum load is applied, the joint s
do not come into contact with each other. In this paper, a general methodolog
modeling lubricated long journal bearings in multibody mechanical systems is pres
This modeling utilizes a method of solving for the forces produced by the lubrican
dynamically loaded long journal bearing. A perfect revolute joint in a multibody
chanical system imposes kinematic constraints, while a lubricated journal bearing
imposes force constraints. As an application, the dynamic response of a slider
mechanism including a lubricated journal bearing joint between the connecting ro
the slider is considered and analyzed. The dynamic response is obtained by num
solving the constraint equations and the forces produced by the lubricant simultan
with the differential equations of motion and a set of initial conditions numerically
results are compared with the previous studies performed on the same mechanism
a dry clearance joint. It is shown that in a multibody mechanical system, the jo
bearing lubricant introduces damping and stiffness to the system. The earlier s
predict that the order of magnitude of the reaction moment is twice that of a p
revolute joint. The proposed model predicts that the reaction moment is within the
order of magnitude of the perfect joint simulation case.fDOI: 10.1115/1.1864112g
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Introduction
Modeling different kinds of joints in multibody mechanical s

tems has recently received considerable attention in many
neering applications. Hydrodynamic journal bearings have
widely used in various types of high speed rotating machin
The concept of perfect kinematic joints is quite often use
modeling the multibody system. Clearance exists all the tim
these joints, which makes the perfect joint concept unreal.
squeeze and viscous forces developed by the lubricant in
cated journal bearings prevents the surface contactf1g. The lubri-
cant in the mechanical systems provides protection against
and tear. The force built up by the lubricant film supports
external load. In multibody mechanical systems, the external
varies with time in magnitude and direction, which results
dynamically loaded lubricated journal bearing. Figure 1 sho
dynamically loaded journal bearingf2g. If the viscosity is assume
to be constant and the bearing is taken as long, then usin
nomenclature Fig. 1, the lubricant forces in thex andy direction
can be written asf3g

For E.0:

Fx =
− mvLRj

3

c2 3 6pjs1 − Gd
s2 + j2ds2 − j2d1/21 k + 3

k +
3

2
2sing

+
3E

s2 + j2ds2 − j2d3/214kj2 + ps2 + j2d
k + 3

k +
3

2
2cosg4 s1d
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Fy =
mvLRj

3

c2 3 6pjs1 − Gd
s2 + j2ds2 − j2d1/21 k + 3

k +
3

2
2cosg

−
3E

s2 + j2ds2 − j2d3/214kj2 + ps2 + j2d
k + 3

k +
3

2
2sing4 s2d

For E,0:

Fx =
− mvLRj

3

c2 3 6pjs1 − Gd
s2 + j2ds2 − j2d1/21 k

k +
3

2
2sing

−
3E

s2 + j2ds2 − j2d3/214kj2 − ps2 + j2d
k

k +
3

2
2cosg4 s3d

Fy =
mvLRj

3

c2 3 6pjs1 − Gd
s2 + j2ds2 − j2d1/21 k

k +
3

2
2cosg

+
3E

s2 + j2ds2 − j2d3/214kj2 − ps2 + j2d
k

k +
3

2
2sing4 s4d

where

2 1 − G 2
−2

e

k =Îs1 − j dFS
C

D + j G s5d
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andE =
2

v

dj

dt
G =

2

v

dg

dt

Herev is the relative angular speed between the journal an
bearing.RB is the bearing radius andRJ is the journal radius. Th
radial clearances=RB−RJd is denoted byc. The dimensionles
eccentricity ratio at any instant of time is defined as the dist
measure between the journal center and the bearing center d
by the radial clearancescd. g is the angle between the line
centers and thex axis. This model showed a considerable de
tion between the calculated forces and the ones obtained b
merically integrating the lubricant pressure distribution equa
It has been shown by Alshaer et al.f4g, that the following relation
for the lubricant forces yield accurate results.

For dj /dt.0:

Ft = 12mmL
Rj

3

c2S− 2sdj/dtdj cos3su1d
h1 − fj cossu1dg2j2 +

jÃs1 − j2d
2s2 + j2ds1 − j2d3/2hs2mp

+ d2 − d1d + fsins2d2d/2 − sins2d1dg/2 + jssinsd1d − sinsd2ddjD
s6d

Fr = 12mmL
Rj

3

c2S− sdj/dtds4mp + 2d2 − 2d1d + sins2d1d − sins2d2d
4s1 − j2d3/2

+
j2Ã cossu1dfs2 + j2dcos2su1d − 3g

s2 + j2dh1 − fj cossu1dg2j2 D s7d

For dj /dt,0:

Ft = 12mL
Rj

3

c2S− 2sdj/dtdj cos3su1d
h1 − fj cossu1dg2j2

jÃs1 − j2d
2s2 + j2ds1 − j2d3/2hsd2 − d1d

+ sins2d d/2 − sins2d d/2j + jfsinsd d − sinsd dg s8d

Fig. 1 Journal bearing under dynamic loading
2 1 2 1 D
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Fr = 12mmL
Rj

3

c2S− 2sdj/dtdsd2 − d1d + sins2d1d − sins2d2d
4s1 − j2d3/2

+
j2Ã cossu1dfs2 + j2dcos2su1d − 3g

s2 + j2dh1 − fj cossu1dg2j2 D s9d

where

u1 = − tan−1S−
s2 + j2dsdj/dtd

jÃ
D

d:Sommerfeld variablef1 + j cosq = s1 − j2d/s1 − j cosddg

d1 = dsu1d

d2 = dsu1 + pd

Ã = v − dg/dt

m= 1 if Ã . 0

=− 1 if Ã , 0

The forces in thex andy direction can be now written as

Fx = Fr cossgd − Ft sinsgd

Fy = Fr sinsgd + Ft cossgd

For constrained multibody mechanical systems, the equatio
motion can be written asf5g:

Mq̈ = g + gscd s10d

where

M = diagsM1,M2, . . . . . .Mbd mass matrix of the system

Mi = 3m 0 0

0 m 0

0 0 I
4 mass matrix of bodyi and I:

polar moment of inertiaIzz of body i

q = fq1
T,q2

T, . . . . . .qb
TgT Global Position

coordinates for bodies in the system

g = fg1
T,g2

T, . . . . . . ,gb
TgT External force vector

gi = ffx, fy,ngi
T External forces and moments applied on bodi

gscd = Fq
TG

F = 0 constraint equations

Fq = Jacobian matrix forF

G = vector of Langrange multipliers

The equations of motion for a system of constraint bodies ca
written as

Mq̈ − Fq
TG = g s11d

F = 0

In dynamic analysis, a unique solution is obtained when the
straint equations are considered simultaneously with the diff
tial equations of motion with proper set of initial conditions. T
main task now is to introduce the constraint equations for
lubricated dynamically loaded journal bearing into the equa

of motion.
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Modeling Lubricated Journal Bearings in Multibody
Mechanical Systems

In traditional bearing design task, the load is known and
motion of the journal is calculated by solving the differen
equations for the time dependent variables in the lubricated
ing journal bearing. In the present analysis, however, all the
variablesv ,g ,dg /dt,j ,dj /dt are known and the instantaneo
reaction forces on the journal from the fluid film need to be
culated. It implies that the journal bearing joint does not prod
any kinematic constraints like the perfect revolute joint. Instea
will act like a force element producing time dependent for
These forces are a function of the time dependent param
v ,g ,dg /dt,j, and dj /dt, which can be evaluated at any giv
instant of time. Figure 2 shows two bodiesi and j connected by
journal bearing joint, where part of bodyi is the bearing and pa
of body j is the journal. The center of mass of bodyi is Oi and the
center of mass of bodyj is denoted byOj. The local coordinate
of the bodies are attached at their center of mass while thxy
coordinates represent the global coordinate system. PointPi indi-
cates the center of the bearing, and the center of the journa
point Pj. The vector«W is the vector of centers between the bea
center to the journal center and it makes an angleg with thex axis
as shown on the same figure. The forces produced by the jo
areFxj in the x direction andFyj in the y direction. These force
are evaluated using Eqs.s6d–s9d. In order to evaluate these forc
the different parameters on which these forces depend need
evaluated.

Considering Fig. 2 again, the vector loop equation can be
ten as

rWi + sWi
P − sW j

P − rW j = «W s12d

This can be written in an expanded form as

Fig. 2 Lubricated journal bearing joint
Fig. 3 Slider-crank mechanism with
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F«x

«y
G = Fxi + zi

P cosfi − hi
P sinfi − xj − z j

P cosf j + h j
P sinf j

yi + zi
P sinfi + hi

P cosfi − yj − z j
P sinf j − h j

P cosf j
G

s13d
Equations12d can be used to calculate the eccentricity as a ve
The magnitude of this vector is

« = s«WT«Wd1/2 s14d

A unit vectoruW is defined as

uW =
«W

«
= Fux

uy
G s15d

This unit vector has the same direction as the line of centers
bearing and the journal, whileg is the angle between the line
centers and thex axis. Hence,

Fcosg

sing
G = Fux

uy
G s16d

Equations16d yieldsg, which is the second parameter required
evaluating the bearing forces. The next step is to evaluated« /dt
which can be done by differentiating Eq.s13d with respect to time
This results in

d«W

dt
= 3

d«x

dt

d«y

dt
4 = Fẋj

ẏj
G + ẇ jF− sinf − cosf

cosf − sinf
G

j
F zP

hPG
j

− Fẋi

ẏi
G

− ẇiF− sinf − cosf

cosf − sinf
G

i
F zP

hPG
i

s17d

where · representd/dt. From Eq.s11d, d« /dt can be written as

d«

dt
=

s«WdTSdW«

dt
D

«
s18d

The last parameter required to calculate isdg /dt. From Eq.s12d:

g = tan−1Suy

ux
D

Thus

dg

dt
=

uy
·ux − ux

·uy

uy
2 + ux

2 =

d«y

dt
«x −

d«x

dt
«y

«y
2 + «x

2 s19d

From the eccentricity ratioj=« /c and Eqs.s12d–s19d, the journa
forces Fxj and Fyj can be evaluated from Eqs.s6d–s9d. These
forces needed to be transferred to the center of masses of b
the bearing and the journalsOi andOj, respectivelyd. Again refer-
ring to Fig. 2, the forces and moments are given by
a lubricated journal bearing

MAY 2005, Vol. 127 / 495
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For the journal atOj

3 fxj

fyj

nj
4

j

= 3 fxj

fyj

fxjsz j
P cosf j + h j

P sinf jd − fyjsz j
P sinf j + h j

P cosf jd
4 s20d

For the bearing atOi

3 fxj

fyj

nj
4

i

= 3 fxj

fyj

− fxjszi
P cosfi + hi

P sinfid + fyjszi
P sinfi + hi

P cosfid + nb
4 s21d

Fig. 4 Reaction moment on the crank „perfect joint …
rom
n echa-

the
ered.
ting
wherenb is the moment produced by transferring the forces f
the center of the journal to the center of the bearing, which ca
evaluated from

nb = fxj«y − fyj«x s22d
Fig. 5 Reaction moment on the crank „dry joint …

496 / Vol. 127, MAY 2005
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Example

As an example, the dynamic response of a slider-crank m
nism shown in Fig. 3 is analyzed as an application using
various formulations. Three different simulations are consid
In the first simulation, the revolute joint between the connec
Fig. 6 Journal center path „dry clearance joint …
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Fig. 8 Reaction moment on the crank Ott’s Solution

Fig. 9 Reaction moment on th

Journal of Mechanical Design
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rod and the slider assumed to be perfect. The crank reactio
ment required to run the mechanism at a constant speed is
in Fig. 4. With perfect joints there are no sharp peaks in
dynamic response of the mechanism and the reaction mom
of the order of 150 N M. When there is no lubricantsdry jointd,
internal impact occurs. The modified Hertzian equation is us
evaluate the contact forcef6g. The moment on the crank requir
to maintain a constant angular velocity is shown in Fig. 5 and
motion of the pin center inside the circular clearance regio
shown in Fig. 6 for a period of 0.05 s. As observed, due to
lubrication, there are abrupt changes in the motion of the sy
For such cases, the driving moment required to give the cra
constant speed of 5000 rpm would need sharp spikes of two-
of magnitudes larger when no clearance exists in the pisto
f6,7g. The slider-crank mechanism is analyzed next utilizing
s1d–s4d to evaluate the lubricant forcesf6g. The result from th
simulation is shown over four revolutions. Figure 7 shows
journal path inside the clearance circle and Fig. 8 shows the
moment required to maintain a constant angular velocity. It ca
observed that the crank moment shows considerably fewe
lower peaks compared to the case when no lubrication is uti
indicating a more steady and desirable journal motion.

Finally, The analysis is performed adopting the proposed
drodynamic lubrication formulation, i.e., Eqs.s6d–s9d. Figure 9
shows the crank moment required to maintain a constant cra
angular velocity, while Fig. 10 shows the path of the journal
ter inside the clearance circle in terms ofj components. It can b
observed that the crank moment shows lower peaks compa
the two cases discussed before. The reaction moment in Fig
almost of the same order as the one for a perfect joint show
Fig. 4. Also there is a considerable difference in the journal c
path between the two solutions of the lubricated journal bea
The solution presented in Fig. 10 is more likely to happen, du
the fact that the motion of mechanism is almost periodical.

Conclusions
A generalized model of a lubricated journal bearing in a m

body mechanical system is introduced. In multibody mecha
Fig. 7 Journal center path Ott’s Solution
e crank „new Solution …
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systems, perfect joints provide kinematic constraintssunknown
reaction forcesd while lubricated journal bearings provide for
constraints. The dry clearance revolute joints produce high im
forces in multibody mechanical systems. In a multibody mech
cal system, the journal bearing lubricant introduces damping
stiffness into the system. Absorbing a part of the bodies’ inert
the lubricant results in reaction moments that have the same
of magnitude of the reaction moment using perfect joints.
new model presented is more accurate for evaluating the lub
forces than the widely used Ott’s solution.
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