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ABSTRACT: The present study investigates the effect of cylindrical surface texturing obeying power law model on
finite parallel plates. The modified Reynolds equation is solved numerically through finite difference approach with
central differencing scheme. It has been observed that the combined effect of non Newtonian rheology and cylindri-
cal surface textured improve the performance of parallel plates according to the operating parameters i.e. speed,

load and dimple depth.
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INTRODUCTION: Lubrication between two parallel
sliding surfaces separated by a micro lubricant film
thickness is of critical importance for precision ma-
chinery parts like mechanical seals. Micro-dimples or
surface textures provide the lubrication effect between
the two interfaces, if the interface operates under
boundary and mixed regimes. In the textured surface,
a sub atmospheric pressure is generated, when the
lubricant passes through the land and reaches the inlet
of dimple. It generates a pressure drop, which sucks
the lubricant between the parallel plates, this increased
lubricant flow enhances the pressure generation at the
interface, which cause to generate the load carrying
capacity in comparison to smooth parallel plates™>.
Brizmer et al.* theoretically investigated the effect of
laser spherical surface texturing on the performance of
parallel thrust bearing. Authors have been founded
that the surface texturing has the form of micro dim-
ples with preselected diameter, depth and area density.
These authors adopted optimum parameters of the
dimples, and best LST mode, to obtained maximum
load carrying capacity for thrust bearing having paral-
lel mating surfaces. Olver et al.’ concluded that the
maximum load carrying capacity occurs, when the
pocket is located near the inlet to the bearing.

Meng et al.® investigated an effect of dimples on fric-
tion of parallel surfaces under different sliding condi-
tions. Authors observed that the dimples can reduce
the friction coefficient, when the film thickness to
roughness ratio is small. Yu et al.” has been investigat-
ed the effect of different dimple shapes on the
tribological performance of surface texturing. Authors
concluded that a better friction reduction effect com-
pared with untextured specimens can be obtained by
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selecting a suitable dimple area ratio and dimple depth
for each dimple shape. Yuan et al.? investigated the
orientation effect of micro-grooves on sliding surfac-
es. Authors observed that the grooves perpendicular or
parallel to the sliding direction have a strong impact
on the friction performance of sliding surfaces, and
the merits of perpendicular or parallel orientation may
swap under different contact conditions. Fesanghary et
al.’ using mathematical optimization methods for op-
timum periodic surface groove that provide the high-
est load carrying capacity(LCC) in parallel flat surface
bearings are obtained. Authors found that optimally
designed grooves can provide up to 36% more LCC
compared to the conventional spiral grooves.

Malik & Kakoty™ analyzed the effect of texturing on
parallel and inclined slider bearing. Authors observed
that the forward texturing has better performance than
backward texturing. Uddin & Liu™ has been opti-
mized the geometric texture for the enhancement of
hydrodynamic lubrication performance of parallel
slider surfaces. Authors observed that the potential
benefit of the proposed new shape enhancing the hy-
drodynamic lubrication performance of slider bearing
contacts. Kasib et al.”* investigated the isothermal
analysis of the cylindrical textured hydrodynamic
parallel plates. Authors found that the load carrying
capacity of textured parallel plate increases with the
increment of the number of textures in z direction.
However, the fruitfulness of texturing deteriorated in
the x-direction after certain point.

Recent days, the multi grades oils are used in me-
chanical machinery. These multi grades improved the
viscosity index of the lubricant, which improves the
performance of mechanical machinery. Based on the
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above literature review, it is noticed that surface tex-
turing concept is very fruitful in the case of lubrica-
tion problems. However, in above literature, all the
research has been done with Newtonian fluids. The
Power law model can be used to describe the lubri-
cant rheology easily and accurately. Both pseudo
plastic and dilatant fluids (two important classes of
non-Newtonian lubricants) can be characterized by
the Power law model. Dien and Elrod*® proposed
the generalized Reynolds equation for analyzing the
non-Newtonian effects in hydrodynamic bearings
with Power law model. Various researchers***’ has
been used this Power law model to investigate the
non- Newtonian effects on slider and journal bearing.
Huynh™ concluded that the performance of bearings
relates strongly to the extent and location of such lim-
ited corrugation as well as the non- Newtonian effect.
Authors™*" observed that the load carrying capacity
and friction force is increased with shear thickening
fluids in both bearings (smooth and rough journal
bearings). In above discussion, authors found that the
research articles on the combined effect of surface
texturing and Power law model on the performance of
slider and journal bearing is available in open litera-
ture. However, authors did not find the research article
for textured parallel plates along with Power law
model. Thus, the objective of this paper is to present a
numerical model for the isothermal analysis of hydro-
dynamically lubricated parallel plates having cylindri-
cal surface dimpling on the bottom plate with Power
law model.

MATHEMATICAL AND COMPUTATIONAL
METHODS: The variation of pressure in y-direction
is very small as compared to pressure in x and z direc-
tions respectively as the film thickness is in microns;
the continuity and Navier stokes equations in Carte-
sian coordinates thus reduce to:
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where; u and w are the velocity component in x and z
direction respectively, and # is the dynamic viscosity
of the lubricant.

Tyz =n
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Figure 1: Schematic diagrams for (a) Smooth par-
allel plates (b) Cylindrical Surface texture details
(c) Textured bottom plate.

The power model for lubricant viscosity is given by
[Jang and Chang (1988)]:

au n-1
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Where; m denotes the consistency index and n repre-
sents the flow behavior index. For n = 1, the lubricant
is Newtonian, for n < 1, it is pseudo plastic (shear
thinning) lubricant whereas, for n > 1, it characterizes

dilatants lubricant (shear thickening). Equations (3a)
and (3b) reduce to:
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Using equations (2a), (2b), (5a) and (5b), the new
equation becomes:
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The boundary conditions at bearing surface are:
y=0:u=0;y=h:u=Uandy=0:w=0;y=h:w=0

()
In present work, binomial expansion method is used
to obtain the velocity component. In Binomial expan-
sion higher terms are neglected for simplification.*
Integration of equation (6a) with respect to y, and
using binomial method while applying boundary con-
ditions from equation (7), the velocity component in
x-direction becomes:
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Similarly, equation (6b) is used to obtain velocity
component in axial direction. To obtain the same the
second term on right hand side of equation (8a) is
neglected, to avoid complexity arises due to pressure
gradients in x and z directions encountered while solv-
ing equation (6b).
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h (8b)
Differentiating equation (8b) with respect to y, we get:
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Now equation (6b) reduces to:
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Using equation (10), the velocity component in z-
direction is expressed as:
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Substituting velocity components from equations (8a)
and (11) in equation (1) and integrating with respect to
y, the non-Newtonian Reynolds-type equation for a
parallel plate with power law fluid is obtained:

0 {h”* Gp} [h oh
oz

} emuU" —

oX| n ox OX

Where; p & h are the bearing pressure and nominal
film thickness respectively whereas, m and U are no-
tations for lubricant’s viscosity and shaft speed re-
spectively.
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The lubricant film thickness in case of smooth parallel
plate is written as:
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h =C (13)

smooth

In the proposed investigation, the cylindrical surface
textures have been considered as shown in Fig. 1 (b).
Three dimensional geometry and scheme of a cylin-
drical dimple is defined as follows [17]:

r, =\/(x—xc)2 +(z-2,)

Where; r. is the radius of cylinder

(14)

Dimple centre O¢ (X, Yo Zc) has been indicated in Fig.
1(c). The centre of the dimple is located on the surface
of the bearing (i.e. y. = 0). The expressions for x, X,
and z are written as [14]:
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Where; Ly & L, are the dimensions of unit cell & n; is
number of dimplesi.e. 1, 2, 3 SO on.

Expression for film thickness (h) in the computational
domain is expressed as:
h=h if r=r,

smooth

(15)
= Ngoom + 1, if r<r,

The pressure field in the lubricant film is numerically
computed through equation (12) using finite differ-
ence method (FDM) with central differencing scheme.
The pressure is computed iteratively through Gauss-
Seidal method and an over relaxation factor of 1.7 is
used for finding the solutions. The convergence crite-
rion for Reynolds equation (3) is given below for
pressure:

>3 |(pis ) = (pis), |
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Where, i, k represent the number of nodes in x and z
direction respectably and | is the number of Iterations.

<107 (16)

The performance parameters viz. the load carrying
capacity (W), the friction force and (F), and friction
coefficient (f) are calculated for parallel plate.

Load carrying capacity is calculated from the integra-
tion of pressure parallel to the x-axis and z-axis as:

BL
Load (W) = [ | p(i, k)dxdy (17)
00
BL
Friction force (F) = J”TW dxdy (18)
00 =
oul
Where 7, =m| — (19)
e
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Coefficient of friction (f) = VEV (20)

Load carrying capacity and friction force are obtained
numerically through double integration by Simpson’s
1/3rd rule.

RESULTS AND DISCUSSION: The input data for
parallel plates attributes of textures and operational
parameters employed in this work are presented in
table 1 and some of the data has been taken from pub-
lished experimental paper [Shen and Khonsari
(2016)].

Table 1: Input data.

Sr. Input parameters Value

No

1. | Length of the plates(L) 0.1413m

2. | Width of the plates(B) 0.1413m

3. | Dynamic viscosity(n) 0.0064 Pa.s

4. | Viscosity consistency(m) 0.0064 Pa.s"

5. | Speed(N) 100 & 1000

rpm

6. | Number of nodes in x- 150
direction(N,)

7. | Number of nodes in z- 150
direction(N,)

8. | Number of textures in x-direction 6
(Nt

9. | Number of textures in z-direction 10
(Nt,)

10. | Dimple depth (ry) 1-7um

11. | Dimple radius (r;) 0.004m

12. | Length along x-direction (L) 0.008m

13. | Length along z-direction (L,) 0.008m

14. | Distance between two successive 0.0055m
unit cells in x-direction (a)

15. | Distance between two successive 0.0055m
unit cells in z-direction (b)

16. | Clearance(C) 10um

The input data are also provided along with figures
being presented. Kasib et al."” has been investigated
the effect of number of cylindrical textured on the
performance of parallel plates for Newtonian lubri-
cants & observed that the 6 number of textures in x-
direction increase the load carrying capacity of the
parallel plates. Beyond this, the fruitfulness of textur-
ing deteriorated. Therefore, in present investigation,
authors used 6 numbers of textures for further study.
3-Dimensional representations of lubricating film
thickness are shown in Fig 2 (a) & (b) for smooth and
cylindrical textured plate respectively.
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Figure 2: Dimensional representation of lubricant
film thickness (a) Smooth Plate (b) Texture Plate.

Figure 3: Dimensional representation of lubricant
pressure (a) Smooth Plate (b) Texture Plate.

Fig 3 (a) shows that there is no generation of lubricant
pressures in the case of smooth plate. However, there
is the generation of lubricant pressures between the
smooth & textured surface as shown in Fig 3 (b).
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Figure 4: Effect of dimple depth on coefficient of
friction for different speed [m=0.0064 Pa.s",
C=10um, n=1, Nt,=6, Nt,=10].

The combined effect of different speeds and dimple
depth are presented in Fig.4. It has been observed that
at low dimple depths the slope of the reduction of
coefficient of friction is more as shown in fig 4 for
both the speeds. However, at high dimple depths, the
reduction is almost constant. The gap between two
profiles at low & high speed is also very less as com-
pared with the gap at low dimple depth.

It has been seen that the load carrying capacity in-
creases with slow rate up to n=1 & after that it is very
high for n=1.1 as shown in fig 5 for both the speeds. It
may be happened due to the high viscosity in the case
of shear thickening fluids.
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Figure 5: Variation of load w.r.t flow behaviour
index at different speed [m=0.0064 Pa.s", C=10um,
Nt,=6, Nt,=10].

Combined effect of dimple depth, flow behaviour
index & speed on the performance of parallel plates
are presented in fig. 6. It has been observed that more
reduction in coefficient of friction is achieved for
shear thinning fluid at low speed. However, the coef-
ficients of friction are almost same in the case of
Newtonian and shear thickening fluids. At high speed,

the shear thickening fluids show more reduction as
compared with rest of two lubricants.
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Figure 6: Variation of coefficient of friction w.r.t
flow behaviour index at different speed [m=0.0064
Pa.s", C=10um, Nt,=6, Nt,=10].
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Figure 7: Effect of speed on coefficient of friction
for different flow behaviour index at constant load
[W=100N, r,=7 micron, m=0.0064 Pa.s", Nt,=6,
Nt,=10].

In figs. 4 to 6, authors calculated the performance
parameters at constant clearance (10 um). However, in
figs. 7 to 9, the clearances between the plates are vary-
ing by keeping the load constant.

Combined effect of coefficient of friction, flow behav-
iour index & speed are presented in fig 7. It has been
observed that more reduction in coefficient of friction
is achieved for shear thinning fluid, then Newtonian
and then shear thickening fluid for high and low
speed.

It has been depicted from fig. 8 that shear thickening
fluids show maximum clearance between two parallel
plates for both the speeds. As the generated lubricant
pressures are very high in this case, this caused to
high coefficient of friction in these fluids as shown in
fig. 7. However, the shear thinning fluids show less
clearance and less lubricant pressures are generated as
compared with Newtonian and shear thickening flu-
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ids, which cause to less frictional coefficient for tex-
tured parallel plate.
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Figure 8: Effect of speed on clearance for different
flow behaviour index at constant load [W=100N,
ry=7 micron, Nt,=6, Nt,=10].
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Figure 9: Effect of speed on clearance for different
flow behaviour index at constant load [W=100N,
U=1000rpm, Nt,=6, Nt,=10].

Fig. 9 shows the effect of dimple depth and flow be-
haviour index on the friction coefficient performance
of textured parallel plate at high speed. It has been
observed that by increasing the dimple depth the coef-
ficient of friction reduces for all types of lubricants.
However, at high dimple depth the performance is
almost constant.

CONCLUSION: The influence of cylindrical textures
along with lubricant rheology has been investigated
for parallel plates. Following are the broad outcomes
of present study:

1. Shear thinning fluids (n=0.9) improves performance
of textured parallel plate at low speed. However, the
more reduction in coefficient of friction is achieved at
high speed for shear thickening fluids (n=1.1)

2. Shear thinning fluids has less coefficient of friction
as compared with Newtonian and shear thickening
fluids at constant load.
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3. More reduction in coefficient of friction is achieved
for deep dimples.
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