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Abstract: Surface texturing is considered as an efficient way to improve tribological performance
of friction pairs. The lubrication model of sliding surface with micro-dimple array was proposed by
using the method of three-dimensional Computational Fluid Dynamics (CFD). The typical pressure
distribution of the lubricant was investigated. It was found that, with proper parameters, the total
pressure in the calculation domain could be positive, which is helpful for the increase of load-
carrying capacity. The effect of micro-dimple aspect ratio on load-carrying capacity was analyzed.
It was found that the main mechanism for the improvement of load-carrying capacity is the
comprehensive results of wedging effect and recirculation effect of the dimple. Therefore, there
exists an optimum value of aspect ratio which leads to the best load-carrying capacity of micro-
dimple unit.

1. Introduction

Surface texturing is one of the most promising solutions for improving load-carrying capacity of
mechanical systems. The benefits of surface texturing and the effects of texturing parameters on
load-carrying capacity were theoretically and experimentally investigated over the past two decades.
Parametric studies were conducted for various applications such as thrust bearings [1-3], journal
bearings [4], engine cylinders [5-7] and mechanical seals [8]. It was concluded that there are optimal
texturing parameters with which the friction pair exhibits optimal load-carrying capacity.

In the last two decades, due to the fast development of computational techniques, the mechanisms
for surface texturing to improve load-carrying capacity were numerically investigated. Based on two-
dimensional CFD method, tribological performances of surface with groove-shaped texture were
studied. Sahlin et al. [9] compared the lubrication characteristics of groove texture with arc-shaped
cross section against that with spline-shaped cross section. The effects of groove depth, groove width
and Reynolds number on load-carrying capacity were studied. Shi et al. [10] developed a two-
dimensional CFD model to investigate the effects of cavitation pressure, sliding speed, sliding pitch
angle and texture scale on fully lubricated sliding with cavitation. Ramesh et al. [11] solved the N-S
equations by two-dimensional CFD and predicted the texture-induced lift.

From above studies, it can be seen that two-dimensional CFD technique is commonly used in
simulation of groove texture. However, due to the geometrical complexity of micro-dimple array, the
two-dimensional CFD is not able to simulate the interaction between the friction pair and the
lubricant correctly. Han et al. [12] successfully proposed a three-dimensional CFD method to study
the tribological characteristics of micro-dimple. The effects of micro-dimple size and Reynolds
number on film pressure, friction force as well as friction coefficient were investigated.

It is noticed that the published papers about hydrodynamic lubrication of micro-dimple textured
surface using three-dimensional CFD are very limited. In this study, the three-dimensional CFD
method based on N-S equations is established. The main mechanism for the improvement of load-
carrying capacity by micro-dimple texturing is investigated and the optimum aspect ratio is discussed.
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2. Mathematical Modeling

The N-S equations which are the equations of momentum conservation considering inertia terms
are used as the governing equations. At the same time, the behavior of lubricant in micro-dimple
array satisfies the law of mass conservation.

In order to facilitate modeling and analysis, some assumptions were made as follows: a) The body
force is considered negligible; b) No slip of lubricant is supposed to occur on the boundary, which
means the velocity of lubricant close to friction pair surface is identical with that of friction pair
surface; c) The lubricant is considered as Newtonian fluid and incompressible.

Based on above assumptions, the N-S equations could be simplified as[13]:
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Where u, v and w are the velocities of the fluid along X, y, z axes, respectively; #» is dynamic
viscosity; p is pressure; p is density of the fluid.
The simplified continuation equation could be expressed as:
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In order to reduce the number of independent variables and make the simulation results more
visualized, the dimensionless variables are defined as follows:

xX*=x/l,y*=y/ll;z7*=1z/h,;
u*=u/vy;ve=v/v ;w*=w/(vl/h)); (3)
P*=p/p

Where | is the characteristic length of micro-dimple unit, vo is the characteristic velocity of

lubricant, hg is the thickness of lubricant film which is identical with the gap between the friction
pair, h is the depth of micro-dimple and d is the diameter of micro-dimple (see Fig.1).
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Figure 1. Sectional view of the fluid in micro-dimple unit

By substituting the above dimensionless variables into the simplified N-S equations, the N-S
equations could be expressed as:
Along the direction of x axis:
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By letting p, =5v,I /hzand defining the Reynolds number as Re=pvh, /7, the above equation
could be simplified as:
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Similarly, the equations along the directions of y axis and z axis could be obtained:
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The dimensionless continuity equation could be expressed as:
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The equations from (5) to (8) could be used to describe the behavior of the fluid in micro-dimple
unit under the condition of hydrodynamic lubrication.

3. Numerical Simulation

Fig.2 shows the three-dimensional geometric model of the fluid domain for single micro-dimple
unit. Due to the symmetrical characteristic of each micro-dimple unit, only half of the micro-dimple

unit is chosen as the calculation domain.

| |

Figure 2. There-dimensional geometric model of single micro-dimple unit

Fig. 3 shows the typical meshed model of micro-dimple unit. The three-dimensional fluid domain
was split into three domains. The micro-dimple was located in Domain Two and Domain Three. Due
to the high concern of the entry, the exit and the interior of the dimple, the mesh density increased
gradually from Domain One to Domain Three. The characteristic length of micro-dimple unit, the
diameter and depth of micro-dimple are 2400um, 1200um and 20um, respectively. The film depth is
20pm. The mesh information is summarized in Table 1.
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(a) Three-dimensional model of micro-dimple unit
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(b) Sectional view of the fluid in micro-dimple unit
Figure 3. The FEM model of micro-dimple unit
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TABLE I. The summary of mesh parameters

Domain number Average mesh size Grid quantity
Domain One 6pm 187610
Domain Two Spm 126000

Domain Three 4um 103060
Total - 416670

As shown in Fig.3, the upper and lower walls of the simulation model are set as no-slip
boundaries. In order to simulate the relative movement of friction pair, the upper wall is moving
along the positive direction of y axis with the velocity of vO while the lower wall is assumed
stationary. In addition, the inlet and outlet of the model along y axis are set as periodic boundary
condition. The two walls along x axis are set as symmetrical boundary condition.

The model is calculated by using CFD software FLUENT with SIMPLE algorithm. The
parameters used in simulation are summarized in Table I1.

TABLE Il. Parameters for cfd simulation

Parameter Value
Texture density, p; 5%, 13%, 20%, 50%
Aspect ratio, A 0.017, 0.033, 0.05, 0.075, 0.1
Reynolds number, 5, 50, 250

4. Results and Discussion
4.1 Pressure Distribution of Micro-dimple Unit

The typical pressure distribution in micro-dimple unit is shown in Fig.4. It is shown that when the
lubricant flows from the inlet (point A) to the outlet of the calculation domain (point D), the pressure
first decreases gradually to a minimum at the entry of the micro-dimple (point B). Then it starts to
increase and reaches a maximum at the exit of the micro-dimple (point C). From point C to point D,
the pressure decreases to a value at point D which is the same as that at point A.

The hydrodynamic pressure becomes positive in the convergent part of the gap while negative
hydrodynamic pressure generates in the divergent part. It is found that with suitable parameters, the
magnitude of positive pressure could be larger than that of negative pressure. As a result, the total
integration of the pressure in the micro-dimple unit becomes positive. This phenomenon is related to
the wedging effect of micro-dimple. The hydrodynamic pressure in micro-dimple unit offers extra
carrying force which leads to the increase of load-carrying capacity.

4.2 Effect of Aspect Ratio on Dimensionless Average Film Carrying Force

The film carrying force is calculated by integrating the pressure on the upper wall, which could be
expressed by (9):

F, = [[ p(x, y)dxdy 9)

Where F, and p(x,y) are the film carrying force and the pressure distribution, respectively. The
dimensionless form of average film carrying force is given by (10):

F,  Fh
PoSc Sl (10)
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Figure 5. Pressure distribution on upper wall of the lubricant in micro-dimple unit

Where S; is the area of upper wall of the calculation domain. It should be noted that large
dimensionless average film carrying force indicates good load-carrying capacity of friction pair.

Fig.6 shows the effect of aspect ratio on dimensionless average film carrying force with various
Reynolds numbers of 5, 50, and 250. (Texture density of 5%, 13%, 20% and 50% are abbreviated as
tex5%, tex13%, tex20% and tex50%, respectively).
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Figure 6. Effect of aspect ratio on film carrying force

It was found that under the certain Reynolds number and texture density, there is an optimum
aspect ratio at which the film carrying force reaches a maximum. Moreover, the optimum aspect
ratio varies with the Reynolds number.
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In this study, the diameter of micro-dimple is set constant. The change of aspect ratio is made by
changing micro-dimple depth. The inertia force increases with micro-dimple depth and enhances the
wedging effect which is benefit to the improvement of load-carrying capacity. When the depth
further increases to a certain value, however, the turbulence occurs and therefore load-carrying
capacity is reduced due to energy dissipation. This phenomenon could be called recirculation effect.
Because of the results of wedging effect and recirculation effect, there exists an optimum aspect ratio
which leads to the best load-carrying capacity of micro-dimple unit.

5. Conclusions

Based on three-dimensional CFD simulation method, the load-carrying capacity of micro-dimple
array under hydrodynamic lubrication was investigated. The main conclusions of this study are as
follows:

(1) With proper aspect ratio, the total integration of the film pressure could be positive. As a
result, the micro-dimple array could improve load-carrying capacity of friction pair;

(2) The reason for the improvement of load-carrying capacity of micro-dimple array is the
comprehensive results of wedging effect and recirculation effect;

(3) For a certain Reynolds number, there exists the optimum aspect ratio with which the greatest
load-carrying capacity under hydrodynamic lubrication is achieved.
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