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Hydrodynamics of slip wedge and optimiza-
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The hydrodynamic load support generated by a slip wedge of a slider bearing was
studied. The surface slip property was optimized so that a maximum hydrodynamic
load support could be obtained. A multi-linearity method was given for the slip
control equation of two-dimensional (2-D) wall slip. We investigated 2-D wall slip
and the hydrodynamics of a finite length bearing with any values of the surface
limiting shear stress. It was found that the hydrodynamic effect of the slip wedge is
greater than the traditional geometrical convergent-wedge. Even though the geo-
metrical gap is a parallel or divergent sliding gap, the slip wedge still gives rise to a
very big hydrodynamic pressure. The optimized slip wedge can give rise to a hy-
drodynamic load support as high as 2.5 times of what the geometrical conver-
gent-wedge can produce. Wall slip usually gives a small surface friction.

wall slip, slip wedge, limiting shear stress, optimization

The boundary condition of fluid flow over a solid surface is one of the important factors to de-
termine the hydrodynamic effect of the fluid film flowing in a solid surface gap with relative mo-
tion. The classical fluid mechanics and lubrication mechanics are based on the same assumption:
no slip occurs at the interface of solid and fluid, i.e., the so-called no-slip boundary condition.
This assumption has been widely used in various macro-engineering designs and experiments.
Almost all the computations of macrofluid mechanics and rheology tests are based on this as-
sumption. Based on the no-slip assumption, the famous Reynolds equation, a foundation of lu-
brication theory, was set up in 1886, The classical Reynolds theory shows that a geometrical
convergent wedge (convergent gap) is the first important condition for the generation of hydro-
dynamic pressure of a steady sliding gap. No hydrodynamic pressure can be built up in either a
parallel or a divergent gap. For over one hundred years since Reynolds theory came out, the con-
vergent wedge has been a precondition for the design and manufacture of all the hydrodynamic
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bearings. It is also one of the important foundation stones of lubrication mechanics.

Cameron'®! presented a concept of the temperature-viscosity wedge in 1958. He found that if the
temperature of the fluid film changed in the gap direction, there was still a considerable hydro-
dynamic load support even though for a parallel sliding gap. However, due to its small hydrody-
namic effect, the temperature-viscosity wedge has been hardly used in engineering design.

With the continuous progress of the nano-measurement techniques during recent years, a

B8 of fluid flow over a solid

nanoscale measurement is possible for the wall slip (boundary slip)
surface. Wall slip is paid much attention to and is considered as one of the new directions in me-
chanics research™ . Experiments showed that wall slip takes place not only at a hydrophobic
surface but also at a hydrophilic surface. When the surface shear stress reaches a critical (limiting)
value, wall slip occurs; otherwise no slip occurs'®. If the surface is ultrahydrophobic, the critical
shear stress for wall slip to occur is so small that the surface looks like a perfect slip surface™.
Besides the experimental observations, molecular dynamics (MD) simulation also confirmed that a
slip occurs on the interface of solid and fluid"#3. Wu et al. 2% developed a limiting shear stress
model to analyze the wall slips in one-dimensional gap flow and spherical surface squeeze film
flow. A striking agreement exists between theoretical prediction and the experiment. Spikes[m’ul
studied the mechanics behavior of a half-wetted bearing. He found that wall slip can decrease the
friction drag, but gives rise to a low hydrodynamic load support as well. All the studies mentioned
above were based on the convergent wedge, the basic frame of the classical Reynolds theory. It was
found that wall slip causes the hydrodynamic effect to decrease. Therefore, those studies showed
that wall slip has a negative contribution to the generation of the hydrodynamic pressure. Salant
and Fortier™ conducted a numerical analysis of a finite slider bearing with a heterogeneous
slip/no-slip surface by means of a modified slip length model"* and found that such a bearing can
provide a high load support but a low friction drag. However, they met an instability problem in the
numerical solution when the critical shear stress is nonzero and thus concluded that the bearing
operates in an unstable state.

This paper studies the hydrodynamic load support generated by the slip wedge based on the
limiting shear stress model. According to the distribution of the interfacial shear stress and the
fluid pressure, the surface slip property is optimized so that a maximum hydrodynamic load sup-
port can be obtained. The surface slip property and the size of the slip zone are a function of the
location coordinate. Numerical analysis of 2-D slip flow is more complicated than 1-D slip flow
since both of the slip magnitude and direction are unknown a priori. We give here a
multi-linearity method for the slip control equation of 2-D wall slip. We investigate 2-D wall slip
and the hydrodynamics of a finite length slider bearing with any values of the surface limiting

shear stress.

1 Multi-linearity method for the slip control equation

It is supposed that the sliding (lower) surface of the slider bearing has a surface limiting shear stress
high enough to inhibit wall slip, as shown in Figure 1. But the stationary (upper) surface consists of

the slip zone (TE =0 ) and the no-slip zone. We call such a wedge with a designed slip zone the slip
wedge. Suppose that the lower surface (surface b) moves with a velocity U in x direction. Let U,

and V, denote respectively the slip velocity components in X and y directions on the stationary

(upper) surface. The magnitude and direction of the slip velocity are determined by the magnitude
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Figure 1 The schematic of geometry of a slider bearing.

and direction of the surface shear stress. If the surface shear stress components are denoted by 7,
and T, the shear stress vector can be written as

T=rd+7], €))
where i and j denote the unit vectors in X and y direction respectively. If the limiting shear stress is
denoted by 7, , the surface shear stress should be within a closed set:

C,(r)={r: f =|e|-7 <0}. 2)
Eq. (2) denotes an infinite large circular cone, as shown in Figure 2(a). If the shear stress is inside

. . 2 2 .
the circular cone, i.e., |T| =T=|7, + 7, <7, no slip occurs. If the shear stress reaches the cone

surface, i.e.,7 = 7, a slip takes place. In the 1-D wall slip, the slip occurs either in positive X

. . . . . . . . . . 16.17.2
direction or in negative X direction. Therefore, either an iterative techmque[—(”i’—01

quadratic programming algorithmw

or a parametric
is used for the numerical solution. For 2-D wall slip,
however, the iterative technique is impossible since there are countless possible slip directions. The
parametric quadratic programming algorithm cannot be realized too. Now we use the regular
pyramid with N side faces, as shown in Figure 2(b), to approach the circular cone as shown in
Figure 2(a). In this way, eq. (2) is replaced by a group of the multi-linearity slip control equations.
The closed set can be approximately written as

Cy(r)=1z: fi=rcos B +rysinff -4 <0, i=1 2, ---, N} 3)

(b) (c)
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Fal |

19) T

Figure 2 The constitutive model of slip control equations.
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with the limit case
lim Cy (z,)=C, (7,), “4)
N—o

where
5 =2N—”<i 1), =1, 2, N, 5)

{'is the distance from the center of the polygon (cross section of the pyramid) to the polygon side
(see Figure 2(c)). The regular pyramid can be either a circumscribed pyramid or an inscribed
pyramid or any other one. In the present paper, an amended pyramid dominating the same volume

as the circular cone is used (¢ = \/ (n/N)/tan(n/N) 7, ), giving the highest approximation com-

pared with the former two. Therefore, a group of the linear slip-control equations can be ob-
tained:

fi =t cosf +r sinff—¢ <0, i=12,---,N. (6)
The upper surface shear stress components areu‘l—sl'
_h 6p -U
T -1, Ta
KT h n (7a)
hop v
=Ry By (7b)
2 ay h

Because the slip velocity at the stationary surface always gives a negative sign with the fluid shear
stress, the slip velocity can be written as

Us=iﬂi cos(nt+ ) » VS:ZN:/li sin(m + £,) (i=1,2, ---,N), (8)
i=1 i=1

where /; is the magnitude of the possible slip velocity caused by the shear stress in £ direction.
Combining eqgs. (6—8) and introducing a slack variable y, we have the following general expres-
sion of the slip control equations:

fO(p,0p/ox. 0,4 Ay, A ) + 7 =0, (9a)
A-7=0, =0, =0 (i=1,2, -, N). (9b)

2 Variational principle of 2-D wall slip

The modified Reynolds equation for the slider bearing system as shown in Figure 1 can be written

agll415.21]
h? h oh
V. |—Vp|= u, +U)i+— v 10
[1 2 p] [ (ug +U)i J} e (10)
For a steady flow, the variational function for eq. (10) is
J(p)= J.{{—Vp——((u +U )i +V j} VP 1dA+ [ g, pds, (11)
Sq
where A is the domain area of the bearing system, (s the known boundary volume flow, ps the

unknown fluid pressure corresponding to gs. Making variational operation for eq. (11) under con-
trol of eq. (9) together with the finite element technique and quadratic programming algorithm, we
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can obtain both the fluid pressure and wall slip in one solution step™.

3 Computation and optimization results

For the finite slider bearing, as shown in Figure 1, L and B denote the length and width of the
bearing respectively. In this paper, the case of L/B=1 is studied. Surface a is a complex surface
consisting of two zones with no-slip and perfect slip (zero limiting shear stress), i.e., a so-called
‘slip wedge’. A maximum hydrodynamic load support can be obtained by adjusting some geo-
metrical parameters, such as the shape and size of the slip zone at surface a. Strictly speaking, this
is a topology optimization problem with a very big mathematical difficulty. For simplicity, however,
we carry out a parametric optimization in the present paper. We first give several simple shapes of
the slip zone, and then find the maximum hydrodynamic load support by optimizing the geometry
size of the slip zone. By taking advantage of the X-axial symmetry, half of the bearing is analyzed.
The studied domain is meshed by linearity triangle elements. The following non-dimensional pa-

rameters are used in this paper: dimensionless limiting shear stress, rz =(hy,/Un)z_ ; dimen-

sionless hydrodynamic fluid film press, p = (hg /UnB)p; dimensionless friction drag in X di-
rection, F' = (hy /UnBL)F ; dimensionless friction coefficient, u =F /W' = ,u%, where the

superscript symbol * denotes the dimensionless parameter but the corresponding parameter
without the star * denotes the dimensional value. The convergence ratio & is defined as
E=h/hy-1.

Table 1 lists several profiles of the slip zone at the stationary surface (surface a) and the opti-
mization results, where the subscript ¢ denotes the classical no-slip solution, max denotes the op-
timal value, s denotes the slip solution. The optimized geometrical parameters of the slip zone were
obtained at £= 1. It can be found that, for the classical no-slip slider bearing (see Table 1-I), the

maximum load support Wc*_ =0.0698 is obtained while &=1.3. If the slip occurs at the entire

max

*

surface (see Table 1-II), the maximum load support, W, is half of the value of W,

—max ? C—max

while

& =1.3. For the optimized slip wedge, a higher optimal load support can be acquired. Especially,

when the slip zone looks like a trapezium (as shown in Table 1-VII) , W:, =0.1743, which is 2.5

max

times the value of W, __ .

equals 0.1218, which is 1.74 times the value of W,

Even if surface a is simply separated into two parts in X direction (see

Table 1-II), W,

drag in X direction, Table 1 shows that almost the same friction drag is obtained corresponding to
the maximum load support for the classical slider bearing and the optimized slip wedge. Due to the
higher hydrodynamic load support, the optimized slip wedge always has a lower friction coeffi-

As for the friction

max max °

cient than that of the classical slider bearing. In other words, compared with the traditional ge-
ometry wedge, the slip wedge can get a higher hydrodynamic load support, but has a lower friction
coefficient. It should be pointed out that when & equals zero the slip wedge has the maximum load
support. However, for the traditional slider bearing, no fluid load support exists when &= 0122,

In order to discuss the effect of the convergence ratio, & on the hydrodynamic load support and
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Table 1 The geometry size, optimal hydrodynamic load support, friction drag and the friction coefficient of a slip wedge com-
pared with the traditional no-slip gap®

Optimal sl Optimal Hydrodynamic force, Comparison with
No. Geometry of slip zone , OI; . p convergent friction drag and traditional optimal
ratio friction coefficient results
4
W, .. =0.0698 W' =1
I 3 / Ex13 ' =0.6634 F =1
4 =9.504 u =1
X
W, =0.0349 W, =0.5
n S Slip / £x13 F. =0.0340 F =0.05
v 4 =0.974 4 =0.1
- B(b‘() > X
y
W, . =0.1218 W, =1.74
Q 4 H * *
mr = Slip B,/B~0.55 £=0 F. =0.5998 F'=09
Y = < > U =4.92 4 =0.52
— 5 >
}I
W, .. =0.1588 W, =228
v B./B065 F’ =0.6470 F =098
L/L~08 - S T
U =4.074 =043
a=45° W, .. =0.1691 W, =242
y B,/B~0.8 £=0 F. =0.6563 F' =0.99
L /L~09 4 =3.881 4 =0.41
W, .. =0.1699 W' =243
VI BIB=065 F. =0.6758 F =1.02
L/L~09 - S T
u, =3.978 =042
W, =0.1743 W' =2.50
a=70° —0 * *
VII B./B~07 E= F. =0.6469 F’=0.98
ue =3.711 =041

a) W', F', 4 are defined as W, =W, /W, ., F =F/F, u =u/u.

S—max

the friction drag, Figure 3 shows the relationship of W" and F versus ¢, respectively. For con-
venience, four typical surfaces are discussed in the present paper, i.e., cases I, II, III and VII as
shown in Table 1. Obviously, as shown in Figure 3(a), the convergence ratio, &, affects the hy-
drodynamic load support in two opposite ways. For the slider bearing whose stationary surface is
either no-slip or perfect slip, W' obtains the maximum value when & =1.3. However, for the slip
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Figure 3 Comparison of the performance of the slip wedge and the no-slip wedge. (a) The optimal hydrodynamic load support;
(b) the non-dimensional friction drag.

wedge, W increases continuously with & ranging from 1.5 to 0, and reaches the maximum value
when & = 0. Moreover, the hydrodynamic load support of the slip wedge can maintain at a high
level compared with the traditional slider bearing. This is beneficial to enhance the dynamic sta-
bility and the operation security of the slider bearing system. As shown in Figure 3(b), except for
the perfect slip taking place at the entire stationary surface (slider bearing II), the lower the con-
vergence ratio & the higher the friction drag. For the same value of £, slider bearing II has the
lowest friction drag, but slip wedges III and VII have the moderate friction drags, and the tradi-
tional slider bearing I has the highest value of the friction drag.

Figures 4(a) and (b) give the pressure distributions for the slip wedge VII with the maximum
load support (&= 0) and for the traditional slider bearing when &= 1.3, respectively. Obviously, the
differences between them are very big. The former gives the similar pressure distribution as the
Rayleigh step bearing. The pressure gradient is not continuous at the boundary of the slip zone and
the no-slip zone, where the maximum pressure occurs. Figure 5(a) gives the slip velocity field in
the slip zone, where the slip velocity at the inlet gives the same direction as the sliding velocity of
the lower surface. Figure 5(b) shows the volume flow in the slip wedge versus the convergence
ratio &, while the inset gives the corresponding volume flow of the traditional slider bearing. It can
be seen that volume flow in the slip wedge increases due to velocity slip at the stationary surface.
However, at the two sides and the outlet, there is no wall slip to accelerate the leakage. In order to
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Figure 4 Pressure distributions of the slider bearing for (a) the VII slip wedge (£= 0) and (b) the traditional
slider bearing (&= 1.3).

keep the volume continuity, the system has to build up a high pressure to accelerate the leakage.
This can explain why slip wedge 111 gives the lower fluid load support than the other slip wedges.
On one side, the slip wedge should be so designed that the inlet volume flow is increased utilizing
the wall slip. On the other hand, the side leakages should be inhibited utilizing the no-slip boundary
condition. Under the coupling of the two actions mentioned above, the gap flow produces a very
high hydrodynamic pressure. If £is equal to zero, the friction drag vanishes (see Figure 3(b)) while
a perfect slip occurs at the entire stationary surface. In other words, a perfect slip can give rise to a
low friction drag. Because the perfect slip occurs at a big domain of the slip wedge, as a whole, a
small value of the friction drag is obtained and thus the friction coefficient is kept at a very low
level.

4 Discussion

This paper mainly studied the hydrodynamics of a slip wedge consisting of the no-slip zone and the
slip zone with a zero limiting shear stress. We have also studied the hydrodynamics of the opti-
mized slip wedge when the limiting shear stress at the slip zone is considerably large. It was found
that with the increase of the limiting shear stress, the hydrodynamic effect decreases and finally
reaches the level of the traditional no-slip solution. The limiting shear stress was found to depend
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Figure 5 (a) Slip velocity field when slip wedge VII obtains its highest hydrodynamic load support; (b)
volume flow versus convergence ratio.

on surface roughness, wettability, fluid viscosity, nanobubbles, etc., among which surface wet-
tability and roughness were considered as the two important effect factors. Wettability describes
the surface interaction of the moleculars of the solid and liquid. Usually the better the surface
wettability, the higher the surface limiting shear stress. The reported limiting shear stress of the
wetting interface of oil and steel is very large, ranging from 0.16 to 8 MPa>!. However, the surface
limiting shear stress of the ultrahydrophilic surface is as low as 0.33 Pa~*!1 which can be con-
sidered as a perfect slip surface. In one word, the worse the wettability, the larger the slip. However,
there are two opposite opinions for the roughness effect on slip. Pit et al.} and Granick et al.l%!
reported that roughness inhibits the slip, but Bonaccurso et al.”?*! and Craig et al.”! reported that
roughness increases the slip. Surface limiting shear stress can be controlled by many methods, but
at the present time the chemical method (controlling wettability) and machining method (control-
ling roughness) are usually used.

We can also change the slip property of the moving surface in order to change the hydrody-
namics of the slip gap. But we find that if the limiting shear stress on the moving surface is de-
creased to a level that a slip occurs at, the hydrodynamic response will decrease very much.
However, if the moving surface is designed as a composite slip surface, the system is in an unsteady

MA GuoJun et al. Sci China Ser G-Phys Mech Astron | June 2007 | vol. 50 | no. 3 | 321-330 329



state and no great significance exists in engineering applications.

5

Conclusions

This paper presents the concept of the slip wedge. It is shown that controlling the shape and size of
the slip zone can give many advanced properties for the slip wedge compared with the traditional

no-slip gap. The main conclusions can be summarized as follows:
(1) The slip wedge can give rise to more than twice (with a maximum 2.5 times) the hydrody-

namic load support as large as the traditional no-slip gap.

(2) The slip wedge usually gives a large fluid load support, but gives a low friction drag.

(3) Generally speaking, a slip wedge obtains its highest hydrodynamic pressure in a parallel slip
gap. The hydrodynamic load support is not so sensitive to the convergent ratio, which is helpful to

improve the operation stability of the system.
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