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EFFECTS OF NON-NEWTONIAN COUPLE STRESSES ON THE
STABILITY OF JOURNAL BEARINGS WITH FINITE LENGTHS
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Department of Mechanical Engineering
Nanya I nstitute of Technology
Taoyuan, Taiwan 32091, R. O. C.

ABSTRACT

On the basis of the Stokes micro-continuum theory, the linear stability boundary of
finite journal bearings with a non-Newtonian couple stress fluid is presented. Taking
into account the couple stress effects resulting from the base oil blended with vari-
ous additives, the two-dimensional non-Newtonian couple-stress dynamic Rey-
nolds-type equation is numerically solved by the Preconditioned Conjugate Gradient
Method. Application of the linear stability theory to the nonlinear journal-motion
equations, the equilibrium solutions and the linear dynamic characteristics are then
evaluated. From the results obtained, the non-Newtonian couple stresses signify ap-
parent influences on the linear dynamic characteristics and stability behavior of the
finite journal bearing. By replacing the classical Newtonian lubricant with the cou-
ple stress fluids, the finite journal bearing with 1 =1 predicts better stiffness char-
acteristics (S, , S, » S and S, ) and better damping characteristics (D,, , D,

and D,, ) at low or moderate values of the steady eccentricity ratio. On the whole,
the effects of non-Newtonian couple stresses on the linear stability boundary are
more pronounced for the bearing tending to be short and operating at higher steady
eccentricity ratios. The present results provide engineers useful information in bear-
ing designing and applications of journal-bearing systems.

Keywords : journal bearings, finite lengths, couple stress effects, Stokes micro-continuum the-
ory, linear stability characteristics

I.INTRODUCTION ids as lubricants has been emphasized owing to the re-
quirement of severe operating conditions for the bearing
system. Many experimental researches have shown that
the use of complex fluids can improve the lubrication
properties of hydrodynamic bearings. The presence of
dissolved polymer in the lubricant is found by (Oliver,
1988) to result in load-enhancement and fric-
tion-reduction effects in a short journal bearing. A base
oil blended various additives is observed by (Spikes,
1994) to stabilize the behavior of lubricants in
elasto-hydrodynamic contacts. The use of extreme
pressure/anti-wear additives is seen by (Scott and Sun-
tiwattana, 1995) to provide beneficia effects on the

The steady-state performance is a basic consideration in
bearing designing and selection. However, journa
bearings under certain disturbances are prone to an os-
cillation of whirl instability. This oscillation depends
upon the bearing operating conditions. When the rotat-
ing speed of the journal increases above the whirl
threshold speed, the large orbiting amplitudes may en-
danger bearing components and result in the jour-
nal-bearing contact. Understanding of dynamic charac-
teristics of the journa bearings shows therefore great
important. Recently, the increasing use of complex flu-
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frictional performance and the wear of friction material
in a wet friction clutch. Because of the conventional
continuum theory failing to describe the flow behavior
of these kinds of non-Newtonian complex fluids, a mi-
cro-continuum theories taking into account the intrinsic
motion of material constituents are developed by
(Stokes, 1966). The Stokes micro-continuum theory is
the development of classical theory allowing for polar
effects such as the presence of non-symmetric tensors,
body couples and couple stresses. It is intended to take
account for particle-size effects. On the ground of the
Stokes micro-continuum theory, the couple stress fluid
model has been successfully applied to many researches
in engineering applications, such as the peristaltic
transport by (Shehawey and Mekheimer, 1994), the
rolling elements by (Sinha and Singh, 1981) and (Bu-
jurke and Naduvinami, 1990), the line contacts by (Das,
1997), the sgueezing film bearings by (Bujurke and
Jayaraman, 1982), and the dlider bearings by (Ra
manaiah, 1979). Although the steady-state performance
of short journal bearings has been analyzed by (Lin,
1997) and the dynamic characteristics of short journal
bearings have been presented by (Lin, 2001), the analy-
sis of stability for a finite journal bearing is absent.
Since the results of journal bearings with finite length
show more practical in engineering application, it moti-
vates us an interest in the further study.

On the basis of the Stokes micro-continuum theory, the
stability of finite journal bearings with a non-Newtonian
couple stress fluid is investigated in the present paper.
To account for the couple stress effects resulting from
the base oil blended with various additives, the
two-dimensional non-Newtonian dynamic Reynolds-ty-
pe equation is obtained from the Stokes equations of
motion. By applying the linear stability theory to
nonlinear equations of the journal motion, the equilib-
rium solutions, the dynamic characteristics, and the sta-
bility boundary are obtained. Comparing with the con-
ventional Newtonian-lubricant case, the effects of cou-
ple stresses upon the steady-state attitude angle, the dy-
namic stiffness and damping coefficients, and the stabil-
ity threshold speed of finite journal bearings for differ-
ent lengths are discussed with various steady-state ec-
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centricity ratios.

II. ANALYSIS

Figure 1 shows the geometrical configuration of the
cross section at the mid-plane z' =0 for ajourna rotor
supported on afinite bearing. The journal rotor of radius
R is rotating with angular velocity «  within the
bearing shell. The lubricant in the film region is taken to
be an incompressible Stokes couple stress fluid.
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Figurel Geometrical configuration of the cross section at the
mid-plane z° =0 for afinitejournal bearing.

Under the fundamental assumptions of thin-film lubri-
cation theory, the non-Newtonian couple-stress dynamic
Reynolds-type equation can be extended from (Lin,
1997) and (Lin, 2001).
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In the equationd =x"/R is the circumferential coordi-
nate, C isthe maximum clearance, ¢ is the attitude
angle, £=e/C isthe eccentricity ratio, t* isthetime,
h"=C+ecosf is the film thickness, p’ is the film
pressure, u isthe shear viscosity, and

£ (1) =h° 1210 + 241 tanh(h* /21" (2.2)
' =(n/u)'? (23)

where 7 represents the new material constant with the
dimension of momentum and is responsible for the cou-
ple stress property. Asthevaue of I" approaches zero,
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the non-Newtonian couple-stress dynamic Rey-
nolds-type equation (2.1) reduces to the classical form
for the Newtonian-lubricant case by (Gardner, et a.,
1985). Introduce the non-dimensiona variables and
parameters defined as follows.
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r
C
f(h1)=f'(h",1")/C*=h*-12*h+ 24*tanh(h/2l)  (2.5)

where L denotes the length of the bearing, 1 is de-
fined as the length-to-diameter ratio, and | the couple
stress parameter. As a result, one can obtain the
non-Newtonian couple-stress dynamic Reynolds-type
equation expressed in a dimensionless form.

i{f(h,l @}Jrizi{f(h,l @}
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= 6{(1- 29 \(~&sind) + 26 cos} (2.6)

where the dimensionless time derivative ¢ =de/dt
and £=de/dt. The boundary conditions for the film
pressure are the Reynolds boundary conditions.

p=0 a z=12 and z=-1/2 (2.7)

p=0 a #=0 ad @=0, (2.8)
(2.9)

In the equations it is assumed that the positive pressure
terminates at 9, , the zero pressure-gradient angle. The
dimensionless non-Newtonian couple-stress dynamic
Reynolds-type equation (2.6) is solved using the pre-
conditioned Conjugate Gradient Method of iteration of
(Golub and Van Loan, 1985). The film pressure can be
numerically obtained. As a result, the dimensionless
hydrodynamic force components can be determined via
the integrals.

(2.10)
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where W™ denotes the steady load-carrying capacity
and S isthe Sommerfeld number.

S_yw’R 52
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The nonlinear motion equations of the journal rotor in
the X and Y directions are expressed in a dimen-
sionless form respectively.

(2.12)

Fo(X,Y,X,Y)=F, cosp—F,sing +1=0’X (2.13)

F, (X.Y,X.,Y)=F sing-F, cosp = 0* (2.14)
In the equations the dimensionless coordinates and an-
gular speed are defined as the follows.

X =¢gcosp, Y=¢sSng, a)=a)*(mC/W*)]/2 (2.15)

and M denotes the mass of the journal rotor. The
equilibrium solution for the steady state (¢,,¢,) is de-
termined from equations (2.13) and (2.14) by letting

e=¢, p=¢,, £€=0, ¢=0 (2.16)
To obtain the dynamic coefficients and the threshold
speed of stability, the linear stability theory is applied.
Expanding the right hand side of equations (2.13) and
(2.14) as a first-order Taylor series about the equilib-
rium solution, one can obtain the linear motion equa
tions of the journal rotor.

@*AX + Dy AX + Dy AY + S, AX + S, AY =0 (2.17)

@*AY + Dy AX + D,y AY +S,,AX +S,,AY =0 (2.18)

where AX =X - X,, AY =Y -Y,, and the dimensionless
stiffness and damping coefficients are defined by the
follows.
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oF,
S, = -[a—Y] (2.19)

oF oF R,
oF,
o {5

Seeking solutions of the linear equations leads to the
characteristic equation.

(2.20)

a)‘%ﬁ + wz(Dxx + Sw)/ﬁ + [a)Z(SXX + Sw) + Dxx Dw - va Dvx ]/192
+(Dxx SYV + Dwsxx - DXY va - DYXSXY )ﬂ’e

+(SyySyy =Sy Sy ) =0 (2.21)
where 4, denotes the eigen-value of the system. The
threshold speed of linear stability «, can be deter-
mined by employing the Routh-Hurwitz stability crite-
rion to this characteristic equation as in (Gardner, et al.,
1985).

Y2
o, :{ @, } (2.22)
W, —
where
@, = Dy, Dyy = D,y Dy (223)
= (SuSw =S45u)(Do +Dy) (2.24)
SyyDyx +Sxx Dyy = Syx Dy = Sxy Dix
Sy Dyy + Sy Dy + Sy Dy + S, D
, =X T O Sy T Oy T 9y e (2.25)

DXX + DYY

If. RESULTS AND DISCUSSION

Since the dimension of I defined in eguation (2.3) is
of length, it could be identified as the molecular dimen-
sion of the couple stress fluid. With the aid of the defi-
nition in equation (2.4), the non-Newtonian effects of
couple stresses are dominated by the couple stress pa-
rameter |. As the value of | approaches zero, the
non-dimensional non-Newtonian couple-stress dynamic
Reynolds-type equation (2.6) reduces to the classical
form of the Newtonian-lubricant case by (Gardner et a.,
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Figure 2 Variation of equilibrium solution ¢, and threshold speed
@, with steady eccentricity ratio ¢, for 4=1.

Steady performances. Figure 2 presents the variation of
steady |load-carrying capacity W and the steady attitude
angle w, with steady eccentricity ratio &, for
length-to-diameter ratio 1 =1. The steady load-carrying
capacity W is seen to increase with the steady eccen-
tricity ratio; however, the steady attitude angle . de-
creases with the value of ¢,. Comparing with the
Newtonian-lubricant case, the bearing with a
non-Newtonian couple-stress fluid (1=0.1) results in a
higher load capacity and a smaller attitude angle. In-
creasing the values of | increases the effects of couple
stresses on the steady-state performances of the journal
bearing.

Linear dynamic coefficients. Figure 3 shows the varia-
tion of stiffness coefficient S,, with steady eccentric-
ity ratio &, for length-to-diameter ratio 21=1. The
stiffness coefficient S,, is observed to increase with
the steady eccentricity ratio. The effects of couple stress
(1=0.1) increase the stiffness S,, especialy at higher
&, as compared to the Newtonian-lubricant case. In-
creasing the values of couple stress parameter (1=0.2
and 1=0.3) increases the effects of couple stresses on
the dynamic stiffness coefficient S,,. Figure 4 de-
picts the variation of stiffness coefficient S,, with

Jaw-Ren Lin, Rong-Fang Lu, Chih-Yi Chang and Won-Hsion

Effects of Non-Newtonian Couple Stresses on the Stability of Journal Bearings with Finite Le

uli



RIF57] 37165 R[$LH 2y 21

steady eccentricity ratio ¢, for 1=1. The stiffness
coefficient S,, decreases to a minimum and theresfter
increases with &£;. The effects of couple stresses on
S,, are seen to be dight at lower ¢ . However, the
couple stress effects on the damping coefficient are ap-
parently observed for the bearing operating at higher

& -

s

0.1

Figure 3 Variation of stiffness coefficient S,, with steady eccen-
tricity ratio ¢, for A=1.
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Figure 4 Variation of stiffness coefficient S,, with steady eccen-
tricity ratio &, for A=1.
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Figure 5 Variation of stiffness coefficient S,, with steady ec-

centricity ratio &, for A=1.
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Figure 6 Variation of stiffness coefficient S,, with steady ec-

centricity ratio &, for A=1.

Figure 5 shows the variation of stiffness coefficient
S, With steady eccentricity ratio &, for A=1. It is
seen that the stiffness S,, increases rapidly at lower
&,. Comparing with the classica Newtonian-lubricant
case, the effects of couple stress (1=0.1, 1=02 and
1=0.3) increase dightly the stiffness S,, a higher
steady eccentricity ratios. Figure 6 presents the variation
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of dtiffness coefficient S,, with steady eccentricity
ratio &, for A=1. The effects of couple stresses
(1=0.1) are found to provide a higher stiffness coeffi-
cient S, as compared to the classica Newto-
nian-lubricant case. Increasing the values of couple
stress parameter (1=0.2and 1=0.3) enhances the ef-
fects of couple stresses on the stiffness S, at low val-
ues of &,. However, an interesting event is observed
that the effects of couple stresses (1=0.3) resulting in a
lower S,, for the bearing operating at higher ¢ as
compared to the classica Newtonian-lubricant case.
Figure 7 shows the variation of damping coefficient
D,, Wwith steady eccentricity ratio &, for 1=1. The
damping coefficient D,, is observed to fall rapidly at
lower values of & . Comparing with the classical
Newtonian-lubricant case, the effects of couple stresses
(1=0.1) give avisible increment in the value of D

at higher steady eccentricity ratios. Increasing the values
of couple stress parameter (1=02 and 1=0.3) in-
creases the effects of couple stresses on the damping
coefficient D,, . Figures 8 and 9 present the variations
of damping coefficients D,, and D, with steady
eccentricity ratio &, for 2=1. The damping coeffi-
cients D,, and D, are observed to decrease rapidly
at lower values of the steady eccentricity ratio. Com-
paring with the classical Newtonian-lubricant case, the
effects of couple stresses (1=0.1) increase the value of
damping coefficients D,, and D, . Increasing the
values of couple stress parameter (1=0.2 and 1=0.3)
increases the effects of couple stresses on the damping
coefficients at low eccentricity ratios; however, the
effects of couple stresses on the value of D,, and
D,, aredlight for the bearing operating at higher values
of the eccentricity ratio near ¢, =0.8. Figure 10 depicts
the variation of damping coefficient D,, with steady
eccentricity ratio ¢, for A=1. The vaue of D,, is
observed to decrease with the steady eccentricity ratio.
It is found that the effects of couple stresses on the
damping coefficient D,, are observed to be dight as
compared to the classical Newtonian-lubricant case.

Linear stability threshold speed. The linear stability
threshold speed w, is a function of the steady-state
eccentricity ratio ¢,. When the values of o, corre-

sponding to ¢, are obtained, the linear stability bound-
ary is determined. Below the value of «, al four &-
gen-values of 1, have negative rea parts, the steady
equilibrium positions for the journal rotor under small
disturbances are stable. At the value of o, two @
gen-values locate at the imaginary axis of the complex
plane and the journal rotor is neutrally stable. Above the
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Figure7 Variation of damping coefficient D,, with steady eccen-
tricity ratio &, for A=1.
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Figure8 Variation of damping coefficient D,, with steady eccen-
tricity ratio &, for A=1.
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Figure 9 Variation of damping coefficient D,, with steady eccen-
tricity ratio &, for A=1.
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Figure 10 Variation of damping coefficient D,, with steady ec-

centricity ratio &, for A=1.

value of @, two eigen-values cross the imaginary axis
into the right half of the complex plane, and the instabil-
ity setsin for the system. From equation (22) the inter-
active effects of eight dynamic stiffness and damping
coefficients result in the stability threshold speed of the
system. Figure 11 shows the variation of stability
threshold speed @, with couple stress parameter | at
&, for 1=1. For the bearing operating at low or mod-
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erate values of the steady eccentricity ratio (&, =0.1,
£=02,5=03, ¢=04, =05 and ¢ =06), the
threshold speed w, is observed to increase gradually
with the value of couple stress parameter. As & in-
creases up to &, =0.7, the stability threshold speed in-
creases rapidly with the couple stress parameter until a
maximum, and thereafter decreases rapidly with the
value of 1. However, when the bearing operating at a
higher eccentricity ratio (&, =0.8), the threshold speed
w, isfound to decrease with 1 ; in addition the decre-
ment is more emphasized at lower values of the couple
stress parameter. Since the couple stress parameter is
defined by 1=1"/C=(n/u)"?/C , amateria constant 7
such that 1=02 or 1=03 may change the
non-Newtonian effects upon the dynamic coefficients
Sy, D, and D, (shown in Figures 6, 8 and 9) for
the bearing operating at higher eccentricity ratio. As a
results, the tendency of the variation of stability thresh-
old speed w, with & may vary especiadly for the
bearing with higher values of the couple stress parame-
ter and the eccentricity ratio as shown in Figure 11.

12 —

11 —

Figure 11 Variation of stability threshold speed @, with couple
stress parameter |” at different steady eccentricity ra-
tios.

Figure 12 presents the variation of stability threshold

speed @, with ¢ for 1=1. The threshold speed for

the classical Newtonian-lubricant case is seen to de
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Figure 12 Variation of stability threshold speed @, with steady
eccentricity ratio &, for A=1.
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Figure 13 Variation of stability threshold speed @, with steady

eccentricity ratio &, for different 4.

crease dightly with &, until a minimum at is reached,
and thereafter risesas ¢, continues to increase. For the
bearing lubricated with a couple stress fluid (1=0.1), a
maximum threshold speed at ¢ =08 is observed.
Increasing the values of 1 (1=02 and 1=0.3) shifts

the position of the maximum threshold speed to
&, =0.8. Comparing with the Newtonian-lubricant case,
the effects of couple stresses (1=0.1) yields a higher
threshold speed at eccentricity ratios about ¢, =0.76.
Increasing the couple stress parameter (1=02) in-
creases the maximum threshold speed up to the value of
@, =10.83 occurring a ¢, =0.7 . However, a maximum
threshold speed of @,=4.73 occurring a & =0.7 is
obtained for the bearing with the couple stress parame-
ter 1=0.3. To get a further insight into the effects of
bearing length, Figure 13 presents the variation of sta-
bility threshold speed @, with the steady eccentricity
raio ¢ for different length-to-diameter ratios
(A=025 and 1=5). It is shown that increasing the
bearing length decreases the stability threshold speed.
The bearing lubricated with couple stress fluids pro-
vides higher stability threshold speeds at low or moder-
ate values of the steady eccentricity ratio depending
upon the value of couple stress parameters. The
non-Newtonian effects of couple stresses upon the lin-
ear stahility boundary are more pronounced for the
bearing tending to be short and operating at higher ec-
centricity ratios.

IV. CONCLUSIONS

Based upon the Stokes micro-continuum theory, the
linear stability analysis of finite journal bearings lubri-
cated with a non-Newtonian couple stress fluid is pre-
sented. By applying the linear stability theory to the
nonlinear journal-motion equations, the linear dynamic
characteristics are predicted. According to the results
discussed, conclusions are drawn as the following.

The influences of non-Newtonian couple stresses on the
dynamic characteristics of the journal-bearing system
are significantly apparently. By replacing the classica
Newtonian lubricant with the couple stress fluids, the
finite journal bearing with 1=1 predicts better stiff-
ness characteristics (S,, ,Sy ,Sx and S, ) and better
damping characteristics (D,,, D,, and D, ) a low
or moderate values of the steady eccentricity ratio.
Comparing with the classical Newtonian-lubricant case,
the non-Newtonian couple stress effects provide higher
stability threshold speeds at low or moderate eccentric-
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ity ratio depending upon the couple stress parameters.
Totaly the effects of non-Newtonian couple stresses
upon the linear stability boundary are more pronounced
for the bearing tending to be short and operating at
higher steady eccentricity ratios.
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