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7 ; Low Reynolds number Couette flow in a varying gap: To
Moving wall maintain continuity, the gap pressure rises to a maximum and
supenmposes Pmseuﬂle flow toward both ends of the gap.
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- Figure 22.3 Flow in a slipper pad bearing is locally the sum of a Couette flow and a Poiseuille
flow.
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9.4 Generalization for planar squeeze film

0.30
For planar squeeze-film problems, the time of approach has the foll ing f Moore, r
19%1; nar squeeze-film pi e ppro: as the following form (Moore ‘ )
sh 0.25 section 1
AL/1 1 8 Circular @
ar=kEE (- ~;) 9.13) C sector
w \n mn % 9200
where K is the shape function. Taking the time derivative of Equation (9.13), the surface -E 1\
approach velocity can be obtained: E L
> 045 ‘\
o
1 BW & f Rectfmgular {:HB
Vs = EE—I—IA—Z- (9.14) @ - section |—Z——l
010
where A is the plate area and  is the squeeze-film thickness. F y
- = ‘ . ’ . : g Concentric
Forms of the function K for a series of planar squeeze-film geometries are shown in L ‘annulus
Table 9.1 and plotied in Figure 9.5 for convenience (Khonsari and Jang, 1997). Using cither 0.05 iy
the table or the figure, one can readily evaluate K. Then, for a given load, W, Equation (9.13)
givesthetimeofapproachfortheﬁlmthicknesstodropfrornaninitia]h,toaﬁnallzz. 0.00 il R TS PR D BN RIS RRE RS RS
%o o1 02 03 04 05 08 07 08 09 10
Example 9.1 Estimate the time of approach in a wet clutch system modeled as two rigid Ratio, R
concentric annuli with B, = 0.047m and R, = 0.06 m submerged in a lubricant with viscosity
of p = 0.006Pas. Hydraulic pressure is P = 1.25MPa, and the initial separation gap is Figure 9.5 Variation of constant X with shape ratio %

k=25 % 10~ m. Bstimale the initial squeeze velocity and the length of time necessary [or
{he film thickness lo drop o /i =5 x 1075 m.

Using Equation (9.13), the time of approach is

Table 9.1 Types of planar squecze m A2 /1 1 pA (L 1
ar o= KSr\g R®)T P \B R
Type Ratio, r Configuration Constant, K 2 M 2 1
3 0.019(0.006)(0.0044) i B 1 — 0025
Circular section — e - 1.25 x 10¢ (5x 1002 (25x 10-0)? :

The squeeze velocity can be estimated using Bquation (9.14):

1BW 1P

Ve=e—— =
ipti ; o o $T 2K pA? T 2K pA
Elliptical section H=- O ] b 2a(1+}) 1 (@25 10_6)”.25 % 10°

’ = 2(0.019)  (0.006)(0.0044)

ale

=0.02m/s

The time of approach predicted above is a representation of the first stage of the engagement
1 192 = tanh(nmR/2) duration while the clutch operates in the hydrodyl?ami.c regime. This engage.ment begigs
M [ TR et ;i - _"",[5—_—} when pressure is applied hydrautically by means of a piston and hydrodynamic pressure is
o developed in the ATF as a result of squeeze action which supports most of the applied load.
Since the surfaces are separated by a relatively thick film of fluid, behavior of the clutch is

governed by the theory of hydrodynamic lubrication. This period lasts only 0.02s.
During engagement, the [luid film thickness drops to the exient that surface asperilies
come into contacl. As a result, contact pressure at the asperitly level begins (o support
a major portion of the imposed load, significantly influencing the behavior of the wet

Rectangular section R =—

Triangular section 2

sl%

clutch. The film thickness is further reduced as the friction-lining material is compressed

Ciroular sector 24 and deforms clastically. The surfaces are subsequently pressed together and ‘locked” when
frcular segtor Y - S, [q & ( - ]2 their relative speed drops to zero. The timescale of the engagement process is typically of
TLU N2 the order of Ls, during which the squeeze action is of paramount importance. It follows,

therefore, that in a typical engagement cycle, the lubrication regime undergoes a transition
from hydrodynamic to mixed or boundary lubrication. This shift in the lubrication regime
has important implications on the signature of the total torque, i.e. the combination of the
viscous torque and contact torque. The total torque reaches a peak value when the film
thickness drops to a minimum. After this peak value, the torque initially remains relatively
flat for a short period of time and then begins to rise gradually as the relative speed
between the clutch disks decreases. This increase in the torque is a direct consequence of the
change in the coefficient of friction as a function of speed, in accordance with the Stribeck

Concentric annulus R

i

o=

3 Tin®— 94 I+ (1 —92)?
4 (1=92)2In

<

N
¥)»
N {D i
& A D>
) bed
L

The shape factor X [or the concentric annulus can be evaluated from Table 9.1 friction curve. The most interesting torque signature is a highly undesirable sudden spike or
“rooster’s tail’ toward the end of the engagement. lts occurrence can be predicted analytically
A= (R3—R}) =0.0044 m? (Yang and Khonsai, 1999) and can be treated to minimize its effect by altering the friction
R 0047 behavior.
= =2 = ——=0.783 Note that the friction material is rough, porous, and deformable. Also, the large disk
R, 0.06 & 9 o . . ;
ameters used in wet clutch systems may require consideration of the centrifugal forces.
_3n ) -RImR+(1 - 02)2 These elements can affect the engagement time and torque-transfer characteristics, as well
= ir (1 — 22 In(R) as the temperature field in the ATF and on the surface of the separator. The interested
4 — 2y2 reader may refer to Jang and Khonsari (1999) for detailed analysis of automotive wet clutch
= 3 1n(0.783) — (783" In(0.783) + (=0re) = 0.019 systems. More recent studies of wet clutches have included parametric analysis of variance

Har (L—~0783 )P In((.753) and experimental results (Mansouri e al., 2001, 2002; Markiund er al., 2007).
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Figure 22.8 Flow around circular cylinder model in a Hele- aratus. Streamlines form th-
potential flow pattern. Photograph courtesy of Professor Bloor, University of Edinburgh, is attribu==
to Institute of Naval Architects in Bloor (2008).
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The Saffman-Taylor instability, also known as viscous fingering,
is the formation of pattemms in a morphologically unstable interface
between two fluids in a porous medium, described mathematically
by Philip Saffman and G. L Taylor in a paper of 1958.11121 This
* situation is most often encountered during drainage processes
through media such as soils. 2! It occurs when a less viscous fluid is
injected, displacing a more viscous fluid; in the inverse situation,
with the more viscous displacing the other, the interface is stable
and no instability is seen. Essentially the same effect occurs driven N
by gravity (without injection) if the interface is horizontal and  ap example of viscous fingering in a
separates two fluids of different densities, the heavier one being  nele-Shaw cell.
above the other: this is known as the Ravleigh-Tavlor instability. In
the rectangular configuration the system evolves until a single finger
(the Saffman-Taylor finger) forms, whilst in the radial configuration the pattern grows forming fingers by
successive tip-splitting.[4]

Most experimental research on viscous fingering has been performed on Hele-Shaw cells, which consist of
two closely spaced, parallel sheets of glass containing a viscous fluid. The two most common set-ups are
the channel configuration, in which the less viscous fluid is injected at one end of the channel, and the radial
configuration, in which the less viscous fluid is injected at the centre of the cell. Instabilities analogous to
viscous fingering can also be self-generated in biological systems. Bl




