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Abstract: In this paper, based on an analytical approach, the effect of pockets and boundary slip on
the hydrodynamic performance of parallel sliding surfaces considering cavitation is investigated.
A modified Reynolds theory is developed for solving two kinds of bearings: a single and a double
pocket bearing. The performance is compared with respect to the variation of the pocket depth,
pocket length, slip, and no-slip situation. The results show that the maximum pressure and load
support increases with the reduction in pocket length. The main finding is that the pocket depth
reduces the cavitation area. However, in the case of a single pocket, the role of pocket depth is more
significant in reducing the cavitation effect than that in the case of a double pocket bearing.

Keywords: cavitation; hydrodynamic lubrication; pocket; slip boundary; theoretical model

1. Introduction

In past decades, boundary slip has gained significant momentum thanks to researchers.
Slip can be induced by (super) hydrophobic surfaces, as demonstrated by [1,2]. Recently,
boundary slip has been engineered to improve bearing performance. Slip can occur on the
surface if the surface shear stress achieves its critical shear stress [3].

Introducing pocket and boundary slip at a bearing surface is becoming popular in oil-
lubricated systems because it has proven to improve the performance in load support and
friction. Experimentally, it has been shown that surface texturing improves the load support
for mechanical systems with parallel sliding contacts [4,5], cylinder liner contacts [6] and
mechanical seals [7]. With the introduction of boundary slip, high load support was
highlighted by some works [8–15]. Recently, in addition to surface texturing, the use of
an artificial slip surface is also of interest with respect to lubrication. The earliest work on
artificial complex slip/no-slip for lubricated parallel sliding devices was reported by Salant
and Fortier [16]. They focused on the ability of artificial slip to improve the load support and
to reduce the friction force in the absence of the wedge effect. Subsequently, several studies
were published confirming the findings of Salant and Fortier [16]. Guo and Wong [17]
confirmed that the introduction of so-called tailored boundary slip on the stationary
surface of a slider leads to a net pressure build-up. Similarly, Wu et al. [8] studied the
behaviour of a slider bearing with mixed slip surface conditions, and their results indicated
that convergent, parallel, and even a divergent wedge could provide hydrodynamic load
support. Rao [18] investigated the pressure and the shear stress distribution of the single-
groove journal and slider bearing. Extended Reynolds equations with slip situations were
proposed. Tauviqirrahman et al. [19–22] explored the potential application of slip as well
as texturing in order to enhance the tribological performance behaviour. Their findings
indicated that the combined slip/texture bearing improves the load support and friction.
However, in their works, particularly in [19–21], the cavitation treatment was questionable
due to the non-mass-conserving cavitation approach.
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Theoretical analysis of a textured surface has been carried out using the Reynolds equa-
tion [23–26] and CFD (Computational Fluid Dynamics) approaches based on Navier−Stokes
equations [27–32]. Two texture modes were used, namely micro and macro roughness [33,34].
The first mode is based on a single-cell texture configuration [9,24,27,29,32,35,36] and the
second one is based on a multi-cell texture pattern [23,25,31,35]. For the two approaches
and texturing modes mentioned, cavitation was not considered, so their results may
be questionable.

Following the insight on the significance of cavitation, interesting results have been ex-
plored by some researchers, for example Fowell et al. [24], Gherca et al. [37], Mao et al. [38],
and Galda et al. [39]. On the basis of the Reynolds theory, Fowell et al. [24] investigated
in more detail the effect of the mechanism of inlet suction on the performance of textured
bearings with pockets to reduce friction. Recent interesting work regarding the effect
of texturing was performed by Gherca et al. [37]. Using finite element modelling, they
presented the results of hydrodynamic thrust bearings operating in both the steady-state
and the transient lubrication regime. It was found that the performance of the bearing is
not the same when texturing is applied to the rotor and the stator. Mao et al. [38] proposed
an analytical model coupled with the wedge effect for predicting cavitation characteristics
under sliding motion. Optimization was also performed to improve the performance
of lubricated textured components. Galda et al. [39] found, based on an experimental
approach, that dimples improved the tribological characteristics under starved lubrication
conditions at low sliding speeds. It was also found that the beneficial effect of dimples was
more significant at a lower load. Later, Kasem et al. [40] studied experimentally the effect
of low depth surface on friction reduction. They found that dimples with smaller diameter
lead to a significant decrease in the coefficient of friction in comparison with the dimples
with a larger diameter.

Based on the previously published works, the analysis was conducted for a one-
dimensional parallel sliding contact, ignoring the cavitation effect. Wall slip, surface
texturing, and cavitation have a significant effect on the bearing’s characteristics. Bayada
and Meurisse [12] showed the importance of the cavitation model in the analysis of slip/no-
slip hydrodynamic contacts. Fortier et al. [41] presented the numerical analysis of a journal
bearing using a modified slip length model and mass-conserving algorithm. The results
illustrated high load support and low friction using a heterogeneous slip/no-slip bearing
surface. Based on the modified slip length model and cavitation model, Wang and Lu [42]
presented results for a two-dimensional sleeve bearing.

Additionally, the effect of boundary slip and surface texturing was also studied, for
example [8,16,19,20,43–48], but ignoring the cavitation effect and mostly using a non-mass-
conservation cavitation equation. In the present work, it will be shown that cavitation has
a strong influence on performance and unrealistic conclusions may be drawn if the cavi-
tation is ignored. A few publications considered texturing and slip in lubricated contacts
considering cavitation [42]. Another interesting study dealing with slip combined with
texturing was reported by Biancofiore et al. [49]. In the presence of cavitation, the authors
proposed a stable numerical model that can be used to study the slip-lubricated contact.
The guidelines to improve and optimize the design of textured superoleophobic surfaces
have been highlighted.

The novel contribution of the present work is to develop a new lubrication model
including mass-conserving cavitation based on an extended Reynolds approach. In this
paper, the texturing configurations of single- and double-grooved pockets are of particular
interest. The correlation between the texturing parameters with slip and cavitation on the
load-carrying capacity is the main concern.

2. Mathematical Model

The textured bearing configurations considered in this paper are shown in Figures 1 and 2.
Figures 1 and 2 represent a single- and double-pocket slider slip bearing. Here, the slip
condition is assumed to occur on the top edge of the pocket. The slip condition is indicated
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by the rollers, as shown in Figures 1 and 2. It is noted that for the case of a double pocket,
the first pocket depth is set to be lower than the second pocket depth. In this work, the
pocket depth is varied for the first pocket, while the pocket depth of the second pocket
is kept constant. For calculations, the inlet and outlet pressures are set to atmospheric
pressure. The slip condition is represented by the slip coefficient, α of 0.02 m2s/kg, while
for the sliding velocity, U, it is set to 1 m/s.
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Lubricants 2021, 9, 3 4 of 20

In practice, the boundary slip can be induced by modifying the roughness and/or
wettability. From the physical point of view, the slip is observed as the condition in which
the velocity of the fluid at the interface is not equal to surface velocity. This is different
from the no-slip condition. In this way, the classical assumption stated that the fluid
velocity at the interface has the same value as the surface velocity. To solve the lubrication
problem, an analytical equation is proposed by extending the Reynolds theory, including
the cavitation and the slip. The methodology used in the derivation of the extended
Reynolds equation is quite similar to that employed by Fowell et al. [24] and is given in
detail in Appendix A.

Based on Figures 1 and 2, the mathematical flow rate can be derived. For flow rate,
a set of governing equations can be obtained (by using the pressure continuity at the
boundaries Equations (A1)–(A24), see Appendix A). Solving the set of governing equations,
the analytical solution for the single pocket with slip is given in Equation (1) and for the
double pocket with slip in Equations (2) and (3).
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3. Methodology

In the present work, the occurrence of cavitation is assumed to take place at zero
pressure. The cavitation area in the first pocket is denoted by CLb in which CLb = b − Xb
and the cavitation area in the second pocket is defined by CLd in which CLd = d − Xd. This
means that when the cavitation occurs, CL is larger than zero.

The solution for the lubrication problem for a pocketed slider bearing (single and
double pocket) is as follows:

1. Single pocket. For all computations, the cavitation phenomenon is assumed to occur
in the pocket. Here, the cavitation equations (Equations (A1)–(A11) of Appendix A)
are used to obtain Xb (non-cavitated region in the pocket as seen in Figure 1) Xb is
then used as an indicator of whether cavitation occurs or not. Cavitation in a pocket
occurs if 0 < Xb < b, where b is the pocket length.

2. Double pocket. For all computations, the cavitation phenomenon is assumed to occur
in the first and second pockets of the bearing. The cavitation equations (Equations
(A12)–(A24), see Appendix A) to obtain Xb and Xd (a non-cavitated region in the first
and second pockets as indicated in Figure 2) are used. Xb and Xd will then be used as
an indicator of whether cavitation occurs or not. It should be noted that cavitation in
the first pocket occurs if 0 < Xb < b, where b is the first pocket length and cavitation in
second pocket occurs if 0 < Xd < d, where d is the second pocket length.

The validity of the Reynolds equation in lubricated contacts with surface texturing
has been discussed in the literature. The limits of this equation are given in [31]. In this
study, care has been taken to ensure that the configurations considered here fall within the
validity domain of the Reynolds equation for the case of both single- and double-pocket
texturing. As a note, the model developed here (Equations (1)–(3)) has been validated,
as shown in Appendix B.

4. Results and Discussion

In this section, the effect of texturing and cavitation on a single-pocketed bearing and
on a double-pocketed bearing is studied. It should be noted that for the last case, only the
first pocket is of main interest. It means that the variation of the texturing parameters is
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applied to the first pocket. The cavitation effect on the lubrication of the second pocket is
also explored to analyze the correlation of the lubrication characteristics between the first
and second pockets.

4.1. Case of Single-Pocketed Bearing

Table 1 depicts the dimension of the single-pocket bearing considered here. As a note,
the pocket depth and length are of particular interest in this research. As seen in Table 1,
when the pocket length is varied, based on Figure 1, the exit land length changes following
the constraint of the total length.

Table 1. Characteristics of a single-pocket bearing.

Parameter Data Setting Unit

Pocket depth, hd 0.1; 0.5; 1.0; and 2.0 µm
Land film thickness, ho 1 × 10−6 m

Total length, Bo 0.02 m
Inlet length, a 0.002 m

Pocket length, b 0.0015; 0.006 m
Exit land length, e 0.0165; 0.012 m

Atmospheric pressure, Patm 100 kPa
Cavitation pressure, Pcav 0 kPa

Sliding velocity, U 1 m/s
Slip coefficient, α 0.02 m2s/kg

Lubricant viscosity, µ 0.01 Pa·s

4.1.1. Effect of Pocket Depth with Low Pocket Length

Figure 3 depicts the comparison of the pressure distribution of the single-pocketed
bearing between the slip case and the no-slip case varying the pocket depth. In this section,
the parameter HD is introduced as the normalized pocket depth. HD is defined as the ratio
of pocket depth, hd, over the land film thickness, ho. Furthermore, the load support, w, is of
particular interest. Here, w is defined as the integration of the pressure over the surface area.

In this discussion, the slip case refers to the pocketed bearing in which slip is allowed on
the top edge of the pocket (Figure 1) by setting the slip coefficient as α = 0.02 m2s/kg. It should
be noted that the slip coefficient chosen is the optimal value with respect to the maximum load
support based on published works, both experimental [10,11] and numerical [12].

Several specific features can be observed based on Figure 3. Firstly, for the single-
pocketed bearing for both the slip case and no-slip case, the pressure distribution shows
similar trends for all pocket depth values studied. At the inlet, the pressure decreases to
cavitation pressure for all configurations. This indicates that if the pocket is not placed at
the inlet length, the suction mechanism will, as discussed by Bayada et al. [12] dominate
the bearing even if boundary slip is employed. Secondly, it is easy to observe that cavitation
occurs in the bearing for both cases (slip and no-slip). This is characterized by the presence
of the cavitation area as marked in Figure 3. In the inset of Figure 3 regarding the slip case,
it can be observed that a high pocket depth, HD, leads to a decrease in the cavitation area.
However, for the no-slip case, a low HD behaves differently.

In detail, dealing with the pocket depth, it can be seen that in the case of a pocketed
bearing with slip the pocket depth will affect the cavitation area, CLb, considerably. This
trend also prevails for the no-slip case. Figure 4 reflects the effect of pocket depth on the
cavitation area for both slip and no-slip pocketed cases. For the slip case, increasing the
pocket depth will decrease the CLb considerably. It is very interesting to note that cavitation
exists when HD = 0, which is associated with the smooth parallel sliding surface. This
result matches well with published work [12].

From a design and manufacturing point of view, to have the condition of no-slip in the
inlet is not recommended because it leads to cavitation, which may reduce the lubrication
performance of the sliding contact: for the no-slip case, the increase in HD will produce an
increase-then-decrease profile of the cavitation area, CLb. This indicates that there will be
an optimum value for HD after which an increase in HD will reduce the CLb significantly.
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Below this optimal HD, a decrease in HD will also reduce the CLb considerably. This is
a contrary result to that of the slip case. Based on Figure 4, it is seen that the critical HD
is around 0.5. Analyzing Figure 4, boundary slip reduces CLb more than that for no-slip
(up to 86.57%). However, this condition prevails when HD is larger than the critical HD.
For example, for HD = 4, compared with the no-slip bearing, slip gives a 36.40% lower
value in CLb, and if this result is associated with the load support W*, the improvement in
W* by slip is around 2.47% larger.
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Figure 4. The cavitation area as a function of pocket depth and sliding direction of the pocketed
bearing for ho = 1 × 10−6 m, a = 0.002 m, b = 0.0015 m, e = 0.0165 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

Thirdly, employing boundary slip on the pocket does not enhance the peak dimen-
sionless pressure very much. For both cases (slip and no-slip), the peak hydrodynamic
pressure refers to the same value, i.e., p* 0.0046. However, if the slip effect is subjected to
the lubrication performance (load support in this case), the slip has a positive effect. The
predicted load support for all cases considered in Figure 1 is summarized in Table 2. Based
on Table 2, for all pocket depths considered here, the load support predicted by a pocketed
bearing with slip has a higher value than that without slip. From a physical point of view,
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this is because the cavitation area is reduced by employing the slip, as mentioned earlier,
and thus the integration of pressure over the surface area becomes larger.

Table 2. Dimensionless load support in single-pocket bearing with b = 0.0015 m.

HD

Dimensionless Load Support
W* (10−3) Change in Load Support (%)

Slip No-Slip

0.1 1.647 1.663 −0.97
0.5 1.651 1.651 0
1.0 1.658 1.653 0.30
2.0 1.677 1.663 0.84

4.1.2. Effect of Pocket Depth with High Pocket Length

Figure 5 shows the comparison of the pressure distribution of the single-pocketed
bearing between the slip case and the no-slip case varying the pocket depth with high
pocket length, b = 0.006 m. In general, the pressure distribution is similar to the pressure
profile for low b, as depicted in Figure 3. However, some specific features can be highlighted
from Figure 5.

Firstly, it can be stated that a higher b, results in a lower value for the maximum
pressure. The most likely explanation is that increasing the pocket length will reduce the
exit land length, while the maximum pressure, P3, is a function of inlet and exit length
(see Equation (A8) in the Appendix A). In this case of high b (300% higher than the first
case, i.e., low b), P3* reaches 0.0035 (or 31.43% lower). Secondly, the value of the maximum
pressure, P3, is not affected by varying the pocket depth, HD. As mentioned earlier, the
pocket length has a significant role in influencing the cavitation area.

Figure 6 depicts the length of the cavitation area for the slip and no-slip condition. In
the no-slip condition, the optimum cavitation area, CLb*, is 0.2975 for HD = 0.5. The cavi-
tation area decreases with increasing HD. For the slip case, increasing the pocket depth
will decrease CLb. It is very interesting to note that cavitation exists when HD = 0, which is
associated with a smooth (non-textured) parallel sliding surface. Figure 6 shows that the
cavitation area has the same value for pocket depth, i.e., HD equal to 0.5, while for the case
of the slip and no-slip condition, if HD = 4, the difference in cavitation area is around 5%.
Therefore, it can be said that the introduction of the cavitation area is reduced.

Table 3 shows the load support for the slip and no-slip condition with variations of pocket
depth, HD. For the slip condition, the load support increases with increasing pocket depth,
HD, while the maximum load support W* is 0.000747 if the pocket depth HD = 2.0. For the
no-slip condition, the minimum load support W* is 0.000732 for a pocket depth, HD, of 0.05.
The maximum load support W* is 0.000739 when the pocket depth HD is 1.0 or 2.0. The result
is similar to the research by Bayada et al. [12] for the case in which the slip is not placed on the
inlet length, i.e., load support increased significantly. From the table, it can be seen that when
pocket depth HD = 0.5, the slip and no-slip conditions generate the same load support. It can
be said that HD becomes optimal in the case of the no-slip when HD is set to 0.5.

Table 3. Dimensionless load support in single-pocket bearing with b = 0.006 m.

HD

Dimensionless Load Support
W* (10−3) Change in Load Support (%)

Slip No-Slip

0.1 0.730 0.739 −1.23
0.5 0.732 0.732 0
1.0 0.736 0.733 0.41
2.0 0.747 0.739 1.07
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Figure 5. The pressure distribution p* as a function of coordinate x* in the sliding direction for
the pocketed bearing for ho = 1 × 10−6 m, a = 0.002 m, b = 0.006 m, e = 0.012 m, Bo = 0.02 m, and
α = 0.02 m2s/kg for the case.
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Figure 6. The cavitation area as a function of pocket depth and sliding direction of the pocketed
bearing for ho = 1 × 10−6 m, a = 0.002 m, b = 0.006 m, e = 0.012 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

4.1.3. Effect of Pocket Length, b

Figure 7 shows the pressure distribution for the slip and no-slip condition with pocket
depth HD = 1, pocket length b = 0.0015 and 0.006 m. The pressure distribution for the slip
and no-slip condition shows a similar trend. The pressure distribution decreases to the
cavitation pressure, then increases to maximum pressure P3, and decreases toward the
atmosphere pressure at the exit land length. The maximum pressure, P3, is of particular
interest, it decreases with increasing pocket length. From the figure, it can be seen that
the maximum pressure distribution, P3, for different pocket lengths, b, has the same
gradient; thus, minimizing the pocket length will increase the maximum pressure, P3,
in the cavitation condition. However, it should be noted that there is a threshold in this
increase in P3 as a function of a decreasing pocket length, b. When cavitation does not occur
for a specific pocket pattern, in particular, with a very low pocket length, the maximum
pressure may reduce. For a more detailed discussion about this threshold, the reader is
referred to reference [49]. The slip condition will decrease the cavitation area. However,
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the reduction in cavitation area is not significant. The slip condition will not significantly
affect the maximum pressure distribution, P3, for the same pocket length.
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Figure 7. The pressure distribution as a function of coordinate in sliding direction for the single
pocketed bearing for hd = 1 × 10−6 m, ho = 1× 10−6 m, a = 0.002 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

Figure 8 gives the cavitation area as a function of pocket depth. The cavitation area
increases with increasing pocket length. However, the cavitation area shows a similar
trend with the pocket depth for the slip and the no-slip condition. Figure 9 depicts the no-
cavitation area, Xb, as a function of pocket depth. For the slip condition, the no-cavitation
area increases with increasing pocket depth, HD. However, it decreases with increasing
pocket length, b. In other words, the load support will increase for a lower pocket length, b,
and a higher pocket depth, HD. In the no-slip condition, a minimum Xb occurs when the
pocket length, HD, is equal to approximately 0.5. For HD > 0.5, Xb increases with increasing
pocket depth, HD. As for the slip condition, on increasing the pocket length, b, for the
no-slip condition Xb will decrease. From Figure 9, it can be seen that the slip condition
improves the no-cavitation area. The result is consistent with the results mentioned earlier
and the work of Bayada et al. [12], i.e., slip will reduce the cavitation area.Lubricants 2021, 9, x FOR PEER REVIEW 12 of 26 
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Figure 8. The cavitation area as a function of pocket depth and sliding direction of the single-pocketed
bearing for ho = 1 × 10−6 m, a = 0.002 m, Bo = 0.02 m, and α = 0.02 m2s/kg.
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Figure 9. The no-cavitation area as a function of pocket depth sliding direction of the single pocketed
bearing for ho = 1 × 10−6 m, a = 0.002 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

4.2. Case of Double-Pocketed Bearing

Based on Figure 2, the main interest of this work is the effect of pocket depth as well as
the pocket length of the first pocket on the lubrication characteristics of parallel sliding surfaces.
It is noted that for the second pocket, the dimensions are assumed to be constant. The slip is
applied at the top of the pocket for both the first and second pocket. Varying the pocket length
for the first pocket will change the exit land length, while the pocket length of the second
pocket is constant. Table 4 shows the characteristics of the double-pocket bearing.

Table 4. Characteristics of a double-pocket bearing.

Parameter Data Setting Unit

First pocket depth, hd1 0.1; 0.5; 1.0; and 2.0 µm
Land film thickness, ho 1 × 10−6 m

Total length, Bo 0.02 m
Inlet length, a 0.002 m

First pocket length, b 0.0015; 0.006 m
Length between pocket, c 0.002 m
Second pocket length, d 0.003 m

Exit land length, e 0.0115; 0.007 m
Atmospheric pressure, Patm 100 kPa

Cavitation pressure, Pcav 0 kPa
Sliding velocity, U 1 m/s
Slip coefficient, α 0.02 m2s/kg

Lubricant viscosity, µ 0.01 Pa·s

4.2.1. Effect of First Pocket Depth

Figure 10 shows the pressure distribution of the double pocket bearing (Figure 2) for
both the slip and the no-slip condition. The figure describes some findings: firstly, the
pressure distribution shows a similar trend for both the slip and the no-slip condition.
The maximum pressure, P5, occurs in the second pocket, the value of the maximum
pressure is the same for the slip or no-slip condition (P5* = 0.0034). The maximum pressure
in the first pocket is equal to the atmosphere pressure. Secondly, the pressure distribution
in the first or second pocket is not influenced by the first pocket depth, HD1. The variation
of the first pocket depth, HD1, will influence the length of the cavitation area in the first
pocket (see inset of Figure 10). However, it does not affect the cavitation area in the second
pocket (see Equation (A24) in Appendix A). Consequently, the length of the cavitation area
is not a function of the first pocket depth, HD1. Thirdly, the slip condition will affect the
cavitation area in the first or second pocket, in other words it reduces the cavitation area.
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Figure 10. The pressure distribution as a function of coordinate in sliding direction for the double-
pocketed bearing for hd2 = 1 × 10−6 m, ho = 1 × 10−6 m, a = 0.002 m, b = 0.0015 m, c = 0.002 m,
d = 0.003 m, e = 0.0115 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

Figure 11 depicts the length of the cavitation area in the first pocket as a function of
pocket depth. The length of the cavitation area is similar to that of the single-pocketed
bearing for both the slip and the no-slip situation. The maximum pocket length (CLb) occurs
when pocket depth HD1 = 0.5, that is 0.0746. The cavitation area decreases as a function of
pocket depth, HD1. In the slip condition, the length of the cavitation area decreases with
increasing pocket depth, HD1. If the pocket depth, HD1, is equal to zero, the length of the
cavitation area still remains large. However, for the no-slip condition, a contrary result is
observed; the length of the cavitation area decreases significantly, which means that the
cavitation will vanish if the pocket depth is reduced to up nearly the smooth condition.Lubricants 2021, 9, x FOR PEER REVIEW 15 of 26 
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Figure 11. The cavitation area as a function of the pocket depth of the first pocketed bearing for
hd2 = 1 × 10−6 m, ho = 1 × 10−6 m, a = 0.002 m, b = 0.0015 m, c = 0.002 m, d = 0.003 m, e = 0.0115 m,
Bo = 0.02 m, and α = 0.02 m2s/kg.
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Table 5 gives the value of the load support of the double-pocket bearing with pocket
length b = 0.0015 m. The load support for the slip condition increases with increasing
pocket depth, HD1. The maximum dimensionless load support for the slip situation is
0.0006746 when the pocket depth, HD1 = 2.0. Contrary to the slip condition, the no-slip
condition has a minimum load support for HD1 = 0.5. The maximum load support for
the no-slip condition is 0.0006719 for HD1 = 0.1 and 2.0. The difference in maximum load
support between the slip and no-slip condition is 0.40% for HD1 = 2.0. The result is similar
to the research of Bayada et al. [12]: there is a small increase in load support if slip is not
provided in the inlet suction. The load support for the slip condition is higher than that for
the no-slip situation. In the second pocket, the length of the cavitation area for the no-slip
condition (CLd* = 0.00291) is larger than for the slip situation (CLd* = 0.00288).

Table 5. Dimensionless load support of double-pocket bearing with b = 0.0015 m.

HD1

Dimensionless Load Support
W* (10−3) Change in Load Support (%)

Slip No-Slip

0.1 0.6742 0.6719 0.35
0.5 0.6743 0.6718 0.37
1.0 0.6744 0.6718 0.39
2.0 0.6746 0.6719 0.40

4.2.2. Effect of First Pocket Length

Figure 12 shows the pressure distribution as a function of coordinate in sliding direction
for the double-pocket bearing with a first pocket length of 0.006 m. The pressure distribution
shows a similar trend for both the slip and the no-slip condition. The maximum pressure in
the first pocket, P3, is equal to the atmosphere pressure. The second pocket, P5, is the same
for the slip and the no-slip situation (P5* = 0.0023). A different pocket depth, HD1, affects the
length of cavitation in the first pocket for the slip and the no-slip situation (see insert Figure 12).
However, it does not influence the pressure distribution in the second pocket.
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Figure 12. The pressure distribution as a function of coordinate in sliding direction for the pocketed
bearing for hd2 = 1 × 10−6 m, ho = 1 × 10−6 m, a = 0.002 m, b = 0.006 m, c = 0.002 m, d = 0.003 m,
e = 0.007 m, Bo = 0.02 m, and α = 0.02 m2s/kg.
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Figure 13 depicts the cavitation area in the first pocket as a function of pocket depth,
HD1. For the slip situation, the cavitation area decreases as a function of the pocket depth.
However, the cavitation area has a maximum value for the no-slip situation (HD1 = 0.5)
and decreases with increasing pocket depth, HD1. The difference in the cavitation area for
the slip and no-slip condition is around 0.67% for HD1 = 4.0. The slip condition affects the
cavitation area in the first and second pocket. However, the first pocket depth does not
influence the cavitation area in the second pocket. The length of the cavitation area in the
second pocket CLd is 0.004 for the slip situation and 0.003 for the no-slip condition. As a
consequence, this will affect the load support.

Table 6 shows the load support of the double-pocket bearing with pocket length
b = 0.006 m. The load support increases with increasing first pocket depth, HD1, for the
slip situation. The maximum load support W* is 0.0000362 for HD1 = 2.0. For the no-slip
situation, the maximum load support is 0.0000349 in HD1 = 2.0. The difference in maximum
load support is 2.56% for the slip and the no-slip situation. The load support for the slip
situation is higher than for the no-slip condition. The second cavitation area influences the
load support. The cavitation area, CLd, is 0.00292 for the no-slip situation and is equal to
that for the slip condition (see Figure 12).
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Figure 13. The cavitation area in the first pocket as a function of pocket depth of the first pocketed
bearing for hd2 = 1 × 10−6 m, ho = 1 × 10−6 m, a = 0.002 m, b = 0.006 m, c = 0.002 m, d = 0.003 m, e =
0.007 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

Table 6. Dimensionless load support of double-pocket bearing with b = 0.006 m.

HD1

Dimensionless Load Support
W* (10−3) Change in Load Support (%)

Slip No-Slip

0.1 0.0358 0.0349 2.60
0.5 0.0359 0.0348 3.12
1.0 0.0360 0.0348 3.27
2.0 0.0362 0.0349 3.56

4.2.3. Comparison of Pocket Length in Double Texture

Figure 14 shows a comparison of the pressure distribution as a function of pocket
length for the slip and no-slip situation. Reducing the first pocket length improves the
maximum pressure distribution, P5. The increasing pressure distribution has the same
slope gradient. Consequently, the maximum pressure can be predicted as long as the
cavitation condition exists. It can be observed that the maximum pressure distribution of
the first pocket, P3, is equal to the atmospheric pressure.
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Figure 15 reflects the no cavitation area of the first pocket, Xb, as a function of the
first pocket depth for the slip and no-slip situation. The figure also depicts that the no-
cavitation area of the first pocket is not affected by the first pocket length. Slip and pocket
depth improve Xb. For the slip situation, Xb increases with increasing pocket depth. For
very small HD1, the no-cavitation area is close to zero. However, the no-slip situation
has a minimum Xb for HD1 = 0.5, and it increases with increasing HD1. For HD1 = 0.0
(i.e., smooth surface), Xd does not exist. It can be observed that the slip trends for varying b
coincide with each other. These trends also occur for the no-slip condition.
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Figure 14. The pressure distribution as a function of coordinate in sliding direction for the pocketed
bearing for hd1 = 1 × 10−6 m, hd2 = 1× 10−6 m, ho = 1× 10−6 m, a = 0.002 m, c = 0.002 m, d = 0.003 m,
Bo = 0.02 m, and α = 0.02 m2s/kg.
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Figure 15. The no-cavitation area in the first pocket as a function of pocket depth of the double
pocketed bearing for hd1 = 1 × 10−6 m, hd2 = 1 × 10−6 m, ho = 1 × 10−6 m, a = 0.002 m, c = 0.002 m,
d = 0.003 m, Bo = 0.02 m, and α = 0.02 m2s/kg.

Figure 16 shows the comparison of the no-cavitation area, Xb, between the single- and
double-pocket bearing for the slip and no-slip situation, respectively. It can be observed that
Xb in the case of the double pocket is not affected by pocket length for both the slip and the
no-slip condition. In other words, such a pocket pattern gives the same Xb profile. Another
interesting result is that Xb for the case of the double-pocket bearing is smaller than that of the
single pocket bearing for both slip and no-slip conditions. The no cavitation area increases
with larger first pocket length, HD1, and is close to zero for small HD1. It can be observed that
the no-slip trends for varying b coincide with each other as shown in Figure 16.
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5. Conclusions

In the present work, the mechanism of the inlet suction using single and double
pockets of a lubricated contact (with and without slip) considering cavitation condition
was analyzed. A one-dimensional analytical model has been developed for both a single-
and a double-pocketed bearing with boundary slip, including cavitation. The following
conclusions summarize the results of the present study:

1. The pocket depth has a strong effect on pressure and load support. For the slip
condition, increasing the pocket depth increases the load support. However, for the
no-slip condition, the optimal pocket depth is observed; when this value is exceeded,
the reduced load support is found.

2. When the slip condition is applied on the top edge of the pocket, the slip effect is not
as significant as in the no-slip condition. The load support improvement is no more
than 3% both for single-pocket and double-pocket, irrespective of the pocket length.

3. The maximum pressure and load support increase with reducing pocket length.
4. The slip condition in the pocket reduces the cavitation area both for the single- and

double-pocket bearing. This slip effect is more pronounced when a high pocket depth
is used.

5. The decrease in pocket length enhances the load support and reduces the cavitation
area both for the slip and no-slip conditions irrespective of the pocket depth.

6. The main interesting finding is that the pocket depth reduces the cavitation area for
both the single- and double-pocket bearing. However, the pocket depth has a more
important influence in reducing the effect of cavitation in the case of the single pocket
than in the case of the double pocket bearing.

For future research, the experiment will be the main concern to validate the developed
lubrication model in terms of the cavitation area and the effect of hydrophobic coating layout.

Author Contributions: Conceptualization, M.M. and M.T.; methodology, J.J.; software, D.J.S.; valida-
tion, M.M., M.T. and J.J.; formal analysis, M.M.; investigation, M.T.; resources, J.J.; data curation, J.J.;
writing—original draft preparation, M.M.; writing—review and editing, M.M.; visualization, M.T.;
supervision, D.J.S.; project administration, M.M.; funding acquisition, J.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Lubricants 2021, 9, 3 16 of 20

Nomenclature
a inlet length
b first pocket width
Bo slider length
c length between pockets
CL length of cavitation area
CLb length of cavitation area first pocket
CLd length of cavitation area second pocket
d second pocket width
e outlet land length
hd height of microtexture pocket (excluding film thickness)
hd1 height of microtexture first pocket (excluding film thickness)
hd2 height of microtexture second pocket (excluding film thickness)
hp film thickness in pocket
hp1 film thickness in first pocket
hp2 film thickness in second pocket
ho minimum film thickness
P3 pressure at C
P5 pressure at E
patm atmospheric pressure
pcav cavitation pressure
U sliding velocity
w load support
q flow rate
x coordinate in sliding direction
Xb non-cavitated fraction of first pocket
Xd non-cavitated fraction of second pocket
z coordinate through film thickness
µ lubricant dynamic viscosity
αs, αh slip coefficient at surface s (moving) and h (stationary)
Non-dimensional parameters
C∗Lb = (b− Xb)/Bo
C∗Ld = (d− Xd)/Bo
HD = hd/ho
HD1 = hd1/ho
HD2 = hd2/ho
p∗ = ph2

o/(UµBo)
x∗ = x/Bo
X∗b = Xb/Bo
X∗d = Xd/Bo
W∗ = wh2

o/(UµBo)

Appendix A
In this section, the details of the modified Reynolds equation are presented. Extending the work

of Fowell et al. [24], the corresponding flow rate equation can be expressed as

qx = −
(

h3

12µ
h2+4µh(αh+αs)+12µ2αhαs

h(h+µ(αh+αs))
∂p
∂x

)
+ U

2

(
h2+2µhαh

h+µ(αh+αs)

)
+ h

2µ
∂p
∂x

∂h
∂x

µhαh+2µ2αhαs
h+µ(αh+αs)

−U ∂h
∂x

µαh
h+µ(αh+αs)

(A1)

If slip is present only on the stationary surface (αs = 0 but αh 6= 0), Equation (A1) will reduce to:

qx = −
(

h3

12µ

∂p
∂x

h2 + 4µhαh
h(h + µαh)

)
+

U
2

(
h2 + 2µhαh
(h + µαh)

)
(A2)

For the first-order Reynolds equation, the flow rate is given as

qx =
U
2

h2 + 2µhαh
h + µαh

− h3

12µ

h + 4µαh
h + µαh

dp
dx

(A3)



Lubricants 2021, 9, 3 17 of 20

Appendix A.1 Slip in Single Pocket
Cavitation in Single Pocket
Pressure Distribution

For the areas of the bearing including the parallel surfaces, the film thickness, h, is set constant,
and therefore the pressure gradient must be linear (see Equation (A3)). Equation (A3) can be modified
for each region of the bearing:

qAB =
U
2

ho −
h3

o
12µ

(
Pcav − Patm

a

)
(A4)

qB′C =
U
2

h2
p + 2µhpαh

hp + µαh
−

h3
p

12µ

hp + 4µαh

hp + µαh

(
P3 − Pcav

Xb

)
(A5)

qCD =
U
2

ho −
h3

o
12µ

(
Patm − P3

c

)
(A6)

with the condition qAB = qB′C = qCD based on volume conservation.
When qAB is set to be equal to qCD,

U
2

ho −
h3

o
12µ

(
Pcav − Patm

a

)
=

U
2

ho −
h3

o
12µ

(
Patm − P3

c

)
(A7)

P3 = Patm +
c
a
(Patm − Pcav) (A8)

For the case of cavitation in the recess, P2 is assumed to be equal to Pcav, so qAB = qB′C gives

U
2

ho −
h3

o
12µ

(
Pcav − Patm

a

)
=

U
2

h2
p + 2µhpαh

hp + µαh
−

h3
p

12µ

hp + 4µαh

hp + µαh

(
P3 − Pcav

Xb

)
(A9)

For
Kp =

µαh
hp+µαh

Kp1 =
µαh

hp1+µαh

Kp2 =
µαh

hp2+µαh

Cp = hp + hpKp

Cp1 = hp1 + hp1Kp1

Cp2 = hp2 + hp2Kp2

C∗p = h3
p + 3h3

pKp

C∗p1 = h3
p1 + 3h3

p1Kp1

C∗p2 = h3
p2 + 3h3

p2Kp2

Equation (A9) becomes

U
2

ho −
h3

o
12µ

(
Pcav − Patm

a

)
=

U
2

Cp −
C∗p
12µ

(
P3 − Pcav

Xb

)
(A10)

where

Xb =
C∗p(P3 − Pcav)

6µU
(
Cp − ho

)
− h3

o

(
Patm−Pcav

a

) (A11)

Appendix A.2 Slip in Double Pockets
Cavitation in Double Pockets
Pressure Distribution

qAB =
U
2

ho −
h3

o
12µ

(
Pcav − Patm

a

)
(A12)

qB′C =
U
2

Cp1 −
C∗p1

12µ

(
P3 − Pcav

Xb

)
(A13)
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qCD =
U
2

ho −
h3

o
12µ

(
Pcav − P3

c

)
(A14)

qD′E =
U
2

Cp2 −
C∗p2

12µ

(
P5 − Pcav

Xd

)
(A15)

qEF =
U
2

ho −
h3

o
12µ

(
Patm − P5

e

)
(A16)

with the condition qAB = qB′C = qCD = qD′E = qEF based on volume conservation.
qAB is set to be equal to qB′C(

P3 − Pcav

Xb

)
=

6µU
C∗p1

(
Cp1 − ho

)
− h3

o
C∗p1

(
Pcav − Patm

a

)
(A17)

qB′C is set to be equal to qCD(
P3 − Pcav

Xb

)
=

6µU
C∗p1

(
Cp1 − ho

)
− h3

o
C∗p1

(
Pcav − P3

c

)
(A18)

Substitution of Equation (A17) in Equation (A18) gives

P3 = Pcav +
c
a
(Patm − Pcav) (A19)

Xb =
cC∗p1(Patm − Pcav)

6µUa
(
Cp1 − ho

)
− h3

o(Patm − Pcav)
(A20)

qCD is set to be equal to qD′E(
P5 − Pcav

Xd

)
=

6µU
C∗p2

(
Cp2 − ho

)
− h3

o
C∗p2

(
Pcav − P3

c

)
(A21)

qD′E is set to be equal to qEF(
P5 − Pcav

Xd

)
=

6µU
C∗p2

(
Cp2 − ho

)
− h3

o
C∗p2

(
Patm − P5

e

)
(A22)

Substitution of Equation (A21) in Equation (A22) gives

P5 = Patm +
e
a
(Patm − Pcav) (A23)

Xd =
(a + e)C∗p2(Patm − Pcav)

6µUa
(
Cp2 − ho

)
− h3

o(Patm − Pcav)
(A24)

Appendix B
In this section, the validation of our model has been presented for the case of a single pocket.

All dimensions and boundary conditions have been set to those used in the work of Fowell et al. [24].
The no-slip boundary condition is of particular interest by considering the cavitation. Figure A1
presents the load support prediction varying the inlet length for two values of pocket depth, hd
= 2.5 and 7.5 µm. It can be observed that the predictions match well with the reference [24]. Our
developed analytical lubrication model is very accurate with zero relative error in comparison with
the analytical lubrication model of Fowell et al. [24].
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