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Abstract

This paper shows results of numerical solutions the modified Reynolds equations for laminar unsteady oil flow in
slide journal bearing gap. Laminar unsteady oil flow is performed during periodic and unperiodic perturbations of
bearing load or is caused by the changes of gap height in time. Above perturbations occur mostly during the starting
and stopping of machine. During modelling crossbar bearing operations in combustion engines, bearing movement
perturbations from engine vertical vibrations causes velocity flow perturbations of lubricating oil on the bearing race
and on the bearing slider in the circumferential direction. This solution example applies to isothermal bearing model
with infinity length. Lubricating oil used in this model has Newtonian properties and constant dynamic viscosity.
Perturbations connected with unsteady lubricating oil velocity in the circumferential direction on the slide bearing
and on the slider of bearing were taken into consideration. Results are presented in the dimensionless hydrodynamic
pressure and velocity distribution diagrams. Received solutions were compared with the solution received by the
stationary lubrication flow in the slide journal bearing, which were made with the same parameter assumption by
constant dynamic oil viscosity. Isothermal bearing model is similar to friction node model by steady-state heat load
conditions.
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1. Introduction

This article refer to the unsteady, laminar flows issue, in which modified Reynolds number Re”
is [4, 5] smaller or equal to 2. Laminar, unsteady oil flow is performed during periodic and
unperiodic perturbations of bearing load or is caused by the changes of gap height in the time.
Above perturbations occur mostly during the starting and stopping of machine. Lubricated oil
disturbance velocity the pin and on the bearing shell was also consider in the article. Reynolds
equation system describing Newtonian oil flow in the gap of transversal slide bearing was
discussed in the articles [3, 4]. Velocity perturbations of oil lubricated flow on the pin can be
caused by torsion pin vibrations during the rotary movement of the shaft. Perturbations are
proportional to torsion vibration amplitude, frequent constraint and to pin radius of the shaft. Oil
velocity perturbations on the shell surface can be caused by rotary vibration of the shell together
with bearing casing. This movement can be considered as kinematical constraint for whole bearing
friction node. Isothermal bearing model can be approximate to bearing operation in friction node
under steady-state thermal load conditions for example bearing in generating set on ship.

2. Reynolds equation and hydrodynamic pressure

The unsteady, laminar and isotherm flow Newtonian oil in journal bearing gap is described for
modified Reynolds equation [1, 2] from Newtonian oil with constant and variable dynamic
viscosity depended for pressure. In considered model we assume small unsteady disturbances and
in order to maintain the laminar flow, oil velocity V; and pressure p; are total of dependent

quantities \7, ; P, and independent quantities V;; p; from time [3, 5] according to equation (1).
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Vi =V.+V, , pi=p+p,, i=123. (1)
Unsteady components of dimensionless oil velocity and pressure are [4] in following form of
infinite series:

Vi(o,1,,25,1) = > V¥ (o,1,,2,) exp(jkototy) i1, 2, 3,
k=1
. (2)
~ k .
bl ,1,2,t) = ZP{ (.1, z)) exp(jkagtyt)
k=1
where:
o - angular velocity perturbations in unsteady flow,
j = V-1 imaginary unit.
Components of oil velocity V,, V., V. in cylindrical co-ordinates r,p,z have presented as
V1,V2, V3 in dimensionless [1] form:

vV =UV, V, = pUV,, v, :LUV3, (3)
1
where:
U - peripheral journal velocity U=0R,
® - angular journal velocity,
R - radius of the journal,
v - dimensionless radial clearance (10 <y <107®),
2b - length of bearing,
L, - dimensionless bearing length,
¢ - radial clearance:
p=t, L, =2, (4)

R R
Putting following quantities [1], [4]: dimensionless values density ps;, hydrodynamic pressure
p;, time t, longitudinal gap height h;, radial co-ordinate r; and co-ordinate z;.

P=PoP1, P=DPoP> t=to (5)
z=bz,, r=R(+yr), h=ch,.

Rule of putting dimensionless velocity and pressure quantities in unsteady and steady part of
the flow stays similar. Following symbols with bottom zero index signify density, dynamic
viscosity, pressure and time describe characteristic dimension values assigned to adequate
quantities. Reynolds number Re, modified Reynolds number Re” and Strouhal number St are in
form [1]:

R x
P O:Ugo ; Re:M, Re =ywRe. St=-2. (6)
YR Mo Ut,
In work [1], [3] are presented general equations for dimensionless components circumferential
velocities V' and longitudinal velocities V.*) in form:

vk J ap{k) 1- exp(”l Ak )+ eXp[(hl -n )\/ jAk] +
‘ mA, 0x; 1+ exp(hlw/ JAL )

1 {Vio eXp[(”l -h )\/E]_ eXp[— (”1 -hy )\/E] LV exp(— rl\/E)_ exp(rl\/E) }, (7)

+

k? exp(— hy \ JAx )— exp(hlﬂ/jAk ) in exp(— Ry~ JAK )— exp(hlq/jAk )
where: A, =kPL ReStoyt,, k=1;2;3....1=1,3, x,= ; X3 =2,. )
T

Dimensionless quantities Vio, Vin are components perturbations in circumferential velocities
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(i=1) and longitudinal (i=3) on the journal (r1 = 0) and the sleeve (r; = h;). Dimensionless
components V,") unsteady flow for circumference of oil velocity and V. for longitudinal of oil
velocity we assume on the oscillating journal and sleeve surface the following boundary
conditions:

K V,
Vl( )( ;h =0;2)) = VVﬁg’ Vs(k)( s =05z5t)=vyy

k2
) . o Vin = |/) ©)
ViY(sn :hpzptﬂ:VVF’ V3 sn= hyszt)= vy 5
Quantity yy are factor of scale for velocity perturbations, dependent for acceptant of term series
(2). Velocity perturbation Ug in direction ¢ on the journal and velocity perturbation U, on the
sleeve, velocity perturbation Vy in direction z; on the journal and V on the sleeve have following
dimensionless form:

U U
Vig=—2 Vy =—I,
U U (10)
V, V
Vo 2Tu Ve ST
1 1

Presented for formulas (7) components velocity perturbations include derivatives components
of pressure perturbation pf‘) by coordinates ¢ and z;. Reynolds equations [1, 3, 4] for pressure

components p{*) by laminar unsteady oil flow have form:

3 A(k) 3 Aplk)
O hiopr cos(kwotot1)+ 1 0 [ hiopr cos(kaytot;) = =12y, &&sin(km0t0t1)+
o\m 0 5 m 0z ® k

6 0 1 0
—kng{a [h (Vi +V1h)]+f%ale

o, , 1 oh,

1
[hy (V3 + V2 )]—Q(V =1y J}cos(kwttﬂ
1\¥30 3h 1h P L% azl 0*0"1

1 0
+ zkng{a [Akhlg(Vlo +Vip )|+ )] 2 oz [Akhl (V30 + Van )]} sin(kaotot;) . (11)
Zy
Reynolds equation describing total dimensionless pressure p;” (sum steady and unsteady
components) in oil journal bearing gap [1] by unsteady, laminar, isotherm Newtonian flow along
with disturbances of peripheral velocity Vi on the journal and Vi, on the sleeve and disturbances
of velocity on journal length V3, on the journal and V3, on the sleeve has following form:

2 (pepi), 1 0 (haopl) g0,
0 0 L 0z, 0z, 0

1 * 0 1 0
+ - PiRe nVV{ [h13(v10 +V1h)]+727
2n 0 )

12 6z, [h13 (Vso + V3 )]}Z Ay +

k=1

1 0 oh 1 &
- 6Vv{ [h1(V10 + Vi)l + )] Lf o2, [h (Vso + Vs )]— Q[Vm 871 L1 V3h J};
for 0<<q; 0<p<hy ;-1<z<1; 0<ty <t ; p; =py(@;z4:ty) . (12)

Sum for series ZA and ZBk in right side of Reynolds equation (12) are results from
k=1

conservation of the momentum solutlons and were define in work [1, 2].
: — Wptot
© Z, sin(kogtyt =l ¢ <1,
3 Agy= Y, SN ’{ 2 1

SR =01, (13)
< 2, cos(kaptot;) 1 2

ZB(k) =Z(k2001)=4|:(7'[:—a)0t0t1)2—3j|1 OStIS].

k=1 k=1
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The equation solution (12) for bearing with infinity length determine unsteady dimensionless
hydrodynamic pressure function p, in following [2] form:

o0

o1 d |
Pi=50 Re” nyy (Vo + Vlh)[ - hlse.[ h3 ]Z Ay =¥y Pro(Vio = Vin )2, B (14)
o' Jk=1 k=1

Pressure pio is located in the oil gap by steady flow and by constant oil dynamic viscosity.

= 1

$=160

Fig. 1. Pressure distributions p, in place ¢=160°in the time t; by velocity perturbations: 1) V1,=0.05; V1,=0; 2)
V1=0.05; V1,=0.05

Pressure perturbation p, course in point ¢=160° presented Fig.1 by following circumferential
velocity perturbations:
1. velocity perturbations on the journal Vo= 0.05 and on the sleeve V1,=0,
2. velocity perturbations on the journal V10= 0.05 and on the sleeve V3= 0.05.

Two velocities perturbations will analysed in this article.

3. Velocity distribution in bearing gap

We analyst cylindrical bearing infinite length with circumferential velocity perturbations on the
journal Vi and on the sleeve Vi, Circumferential velocity perturbations are caused by torsional
vibrations shaft (on the journal) or circumferential displacement frame bearing (on the sleeve).In
the further numerical analysis relation time to was taken into account as a propagation period of
axial velocity perturbation of lubricating oil. Express by a formula (7) are in form:

Ay = kPLRest @ by —kPLlRe'n, k=1;2;3..... (15)
™ Ui
In case where oil velocity perturbations are caused by forced vibrations of engine then the
number n in equation (5) define multiplication of perturbation frequency o to angular velocity of
engine crankshaft . Multiplication factor n is equal to number of cylinder ¢ in two-stroke engine
(s=2) or in four-stroke engine (s=4) to number of cylinders c/2:

c, s=2
_G)O_ 1 1
”—w—{c, s=4. (16)

Solution Reynolds equation (11) for cylindrical bearing infinity length and Reynolds boundary
conditions where film oils ended = are in form:
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opld 6 h, - hy,
L cos(kwytot)) = - k’? vv (Vio - 1h)%cos(kwotot1)+
1
hd -h}
+yvy DL Re” n(Vyo + Vi, ) =15 ¢ sin(kay tot, ), (17)
2k h
where: h; and hye height of gap
hy()=1+2Acos ;hle=hl(ee). (18)
Velocity circumferential perturbation (7) are in formula:
> 6n, —he v Plk)
Vi=————vv(Vig -V, € cos(2kmt,) +
1= lee nVV( 10 lh) h13 kZ::l ( 1)

(V10+V1h) ~—hie > (k)sin(ant1)+
[

= Ak = B(k
+vvVio z k(z) cos(2kmt)) + vy Vip Z k(2 )
k=1 k=1

cos(2kmt;). (19)

Components of series P(k), A(k) and B(k) from formula (19) are in following forms:

sin(sh; X, ) sinh[(L—s)h, X, ]+ sin[(1—s)h; X, ]sinh(sh; X))
cosh(shy X, ) +cos(sh; Xy)

P(k) =

—cosh(sh;X, ) cos[(2 —s)h; X ]+ cosh[(2 —s)h, X Jcos(sh, X})

Ak) =
cosh(2h;X ) —cos(2h; X, )

(20)

cosh[(L+s)h,; X, Jcos[(L-s)h,; X ]—cosh[(1—s)h; X, Jcos[(1+S)h; X ] ,
cosh(2h; X, ) —cos(2h; X))

B(k) =

b 2my

Additional symbol s marking dimensionless parameter height of gap (0 <s<1). In numerical
calculation example oil with constant density was assume, what is equivalent to quantity p;. In
presented calculation way an expression value is assumed np;Re* = 12, what is approximately
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Fig. 2. Velocity distribution \71 in the circumferential direction, by velocity perturbations V;o = 0.05, Vi, = 0 in gap
height s, in the time t;: 0; 0.2; 0.3; 0,4; 0,5; 0,6; 0.7; 0,8; 0,9; 1
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Fig. 3.Velocity distribution \Z in the circumferential direction by velocity perturbations V10 = 0.05, V1h = 0.05, in
gap height s, in the time t1: 0; 0.2; 0.3; 0,4; 0,5; 0,6; 0.7; 0,8; 0,9; 1

equivalent to force over first frequency torsion vibrations force of six cylinder engine shaft.
Examples apply to bearing with constant dependent eccentricity A=0.6. Numerical examples
velocity distributions are by two circumferential velocity perturbations.

Determine a distributions of circumferential velocity in gap height s by gap crosswise section
of coordinate ¢=160°. The results velocity distribution in the time t; show Fig. 2 and 3. Velocity
perturbation are values different from initial perturbations Vi, Vi, They are smaller than initial
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Fig. 4. Velocity distribution \71 in the circumferential direction in gap height s in the time t1 by velocity
perturbations a)V10 = 0.05, V1h = 0; b) V10 = 0.05, V1h = 0.05

values, the values of the opposite sign achieve, and the amplitude of changes are larger than
initial disorders (in the example about 25%). Graphs velocity distributions from Fig. 2 are
unsymmetrical in the time t;. Graphs velocity distributions from Fig. 3 are symmetrical in the time
t;. Causes are pressure distributions [2] in the time t; from Fig. 1. In Fig. 4 presented three-

dimensional graphs distributions of velocity perturbation V; for description two case velocity
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Fig. 5. Velocity distribution Vl* in the circumferential direction in place =160 ¢ in gap height s, in the time t1 by
velocity perturbations a)V10 = 0.05, V1h = 0; b) V10 = 0.05, V1h = 0.05

perturbations in dimensionless gap height s (vertical axis) in the time t;. Velocity perturbation are
presented values for horizontal axis V;. Additional in Fig. 4 mark frame zero plane, when
perturbations of velocity are zero. In Fig. 5 presented three-dimensional graphs distributions of

velocity V, for description two case velocity (a and b) in the circumferential direction in
dimensionless gap height s in the time t; by formula (2) in place ¢=160°.

4. Conclusions

Presented Reynolds Equation solution for unsteady laminar Newtonian flow of lubricated oil to
enable initial opinion to hydrodynamic pressure and velocity distribution as a basic slide bearing
operating parameter. Unsteady velocity perturbation on the journal and sleeve effect on
hydrodynamic pressure and velocity distribution in lubricated gap. Pressure variation in bearing
have periodical character equal to periodical velocity perturbation time and this variations value
and character depend on type of perturbation. Pressure increase and decrease and velocity
distributions is not symmetrical during the perturbation time. Author is aware of simplifications
that were assumed in presented model which apply to Newtonian oil and to isothermal bearing
model. Despite that presented calculation example apply to bearing with infinity length, obtained
conclusions can be useful to pressure and velocity distribution by laminar, unsteady lubrication of
cylindrical slide bearing with finite length.
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