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 A B S T R A C T 

In this study, the effects of three types of dimples with different internal 
structures on the fluid lubrication characteristics of seal-like thrust bearings 
were experimentally and numerically investigated. In the experiments, the 
load-carrying capacity and the frictional torque were measured. The 
measurements were performed with a fixed constant film thickness. The 
behaviors of cavitation bubbles occurred within the dimples were observed 
through the rotating glass plate. Three types of internal structures of 
dimples were tested: cylindrical, spherical and conical. The measurement 
results were simulated by using the Reynolds equation. In addition, applying 
the periodic condition, a single dimple was analyzed. As the results, in three 
types of dimples, the load-carrying capacity increased as the rotational 
speed increased. The cylindrical internal structure built up the largest 
pressure at the trailing edge of dimples, and consequently the largest load-
carrying capacity. The frictional torque also increased with increasing the 
rotational speed in the dimpled bearings. However, the effect of the internal 
structure on the frictional torque was not significant. Analytical results 
showed that the pressure reached the maximum value at the trailing edge 
of the cylindrical internal structure. The conical and sphere internal 
structure had the maximum value slightly inside the trailing edge.  
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1. INTRODUCTION  
 
When lubricated parallel smooth bearings with a 
dimple on at least one side are subjected to 
relative motion, oil-film pressure is generated at 
the dimple owing to the hydrodynamic effect. The 
pressure is negative at the entrance of the dimple 

and positive at the exit. As cavitation bubbles are 
generated in the negative-pressure area, the 
load-carrying capacity (LCC) can be obtained, and 
no contact can be maintained between the 
bearing surfaces [1]. Several other promising 
mechanisms for generating the LCC have been 
proposed [2-5]. These publications commonly 
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note that the ability of dimples to provide the LCC 
has a strong influence on the lubrication 
characteristics. Since the pioneering works by 
Etsion et al. [6], texturing has attracted attention 
for improving the lubrication performance of 
machine elements [7-14]. Many researchers 
attempted to provide optimal designs for fully 
and partially textured bearings in analysis based 
on the Reynolds equation or the Navier-Stokes 
equation [15-17]. According to published papers, 
the depth and the density of dimples are key 
factors that provide the optimum LCC [18,19].  
 
For microtextured surfaces, it is not easy to 
experimentally clarify the behavior of a single 
dimple because of its size. Cross et al. [20,21] 
investigated thrust washers with larger pockets 
and showed the pressure map in which the 
cavitation region and the location of peak 
pressure were clearly displayed using thin-film 
pressure transducers. However, they did not 
investigate the effect of the internal structure of 
dimples. The effect of the internal dimple 
structures has not been sufficiently studied, 
despite its importance in determining the LCC. 
Notably, Cong et al. [22] experimentally and 
numerically studied the effect of several internal 
shapes of dimples on the LCC. Nanbu et al. [23] 
numerically studied the EHL performance of 
different dimple bottom shapes.  
 
In a conventional bearing-test device, the oil-film 
thickness changes in different dimples for 
balancing with the applied load. Therefore, the 
experimental discussion in dimple size has 
included the difference in oil-film thickness 
according to the LCC of each dimple. To overcome 
this difficulty, the authors newly developed an 
experimental apparatus in which the frictional 
torque, LCC, and cavitation area ratio in the 
dimples could be measured while maintaining a 
constant oil-film thickness [24]. Using this device, 
the hysteresis characteristics of the LCC caused 
by cavitation bubbles were clarified in a previous 
study [25]. In addition, the measurement results 
using this device were compared with the 
experimental results under a constant load, 
which is considered common practice. The 
results were consistent with each other, thus 
validating the experimental method [26].  
 
In this study, the effects of different internal dimple 
structures on the fluid lubrication characteristics of 
seal-like thrust bearings were experimentally 

investigated. The developed device allows for 
discussing the effect of the internal structure of 
dimples under a constant oil-film thickness and 
provides additional insight into the lubrication 
characteristics of dimpled bearings. The behavior of 
the cavitation bubbles in the dimples was also 
observed. The simple analysis using the Reynolds 
equation was conducted to gain the trend of the 
effect of the internal structure of dimples.  
 
 
2. EXPERIMENTS 
 
2.1 Experimental apparatus 
 
Fig. 1 shows a schematic of the experimental 
apparatus used in this study [24-26]. The thrust 
bearing consists of an upper glass disk and a 
dimpled brass specimen.  
 

 

Fig. 1. Experimental apparatus. 

 
The glass disk was rotated in unison with at 
rotating shaft, which was supported by an 
aerostatic bearing. The dimpled specimen was 
bolted to an oil cup. A Peltier device was built 
at the bottom of the oil cup to maintain a 
constant lubricant temperature. Unlike 
conventional tribometers that apply a constant 
load, this apparatus controls the oil-film 
thickness and can measure the LCC using a 
normal force sensor located in the measuring 
head. The frictional torque generated between 
the glass disk and the dimpled specimen was 
measured using a torque sensor. The lubricated 
surfaces were observed through the glass disk. 
To improve the visibility, a green laser was 
irradiated in the form of a sheet. A digital 
camera was used to record cavitation bubbles 
generated in the dimples.  
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2.2 Specimens 
 
Fig. 2 shows a schematic of the dimpled specimens, 
and Fig. 3 shows the internal structures of the 
dimples tested in this experiment.  
 

 

Fig. 2. Specimen and dimple dimensions. 

 

 
(a) Cylindrical 

 
(b) Spherical 

 
(c) Conical 

Fig. 3. Measured internal dimple structures. 

 
The inner and outer diameter of the lubricating 
surface were do=24mm and di=42mm, respectively. 
Ten dimples, each with the diameter dd=6mm, were 
evenly distributed on the lubricating surface of the 
specimens. Three types of internal structures were 
tested: cylindrical, spherical and conical. Each 
dimple was drilled to the maximum depth of 
approximately δmax=30μm. The area ratio of the 
dimple to the lubricating surface was 30%. In the 
side wall of the specimens, for oil replacement, a 
circulation hole of diameter 2mm was drilled. The 
hole ensured that the pressures on the inner and 
outer sides of the lubricating area were maintained 
at the atmospheric pressure. 

2.3 Procedure 
 
First, the dimpled specimen was submerged in the 
lubrication oil. A shaft with a glass plate was 
attached to the spindle located on the measuring 
head, as shown in Fig. 1. The film thickness was 
fixed at a constant value. After the temperature of 
the lubricating oil was maintained at a setting 
value, the rotational speed was increased up to 
600min-1 in the increment of 100min-1. The 
measurements were repeated five times and the 
average values were recorded. The cavitation 
bubbles that occurred within the dimples were 
captured using the digital camera. The area ratio of 
the bubble to the dimple was analyzed for each 
experimental condition. Table 1 lists the test 
conditions. The bulk temperature of the lubrication 
oil was maintained at 298±0.1K by using the Peltier 
device. The lubrication oil was Newtonian and its 
viscosity was 0.21Pa･s at 298K. 
 
Table 1. Experimental condition. 

Rotational speed, n (min-1) 0-600 

Test period, t (s) 100 

Oil-film thickness, h (μm) 30 

Lubricant 

Temperature, TL (K) 298 ± 0.1 

Density, ρ (kg/m3) 883 

Viscosity, η (Pa∙s) 0.21 

 
2.4 Numerical analysis 
 
Simple analysis was conducted to gain the trends 
of frictional torque and LLC for the three types of 
the internal dimple structures. The 
dimensionless Reynolds equation, formula (1), 
was used for the calculations.  

𝜕

𝜕𝑟̅
(𝑟̅ℎ̅3

𝜕𝑝̅

𝜕𝑟̅
) +

𝜕

𝜕𝜃̅
(

ℎ̅3

𝑟̅

𝜕𝑝̅

𝜕𝜃̅
) = 6𝑟̅

𝜕ℎ̅

𝜕𝜃̅
 (1) 

where 𝑝̅ denotes the oil-film pressure. ℎ̅ was the 
followings for each dimple. Their distributions 
are shown in Fig. 4. 

ℎ̅ =
ℎ + 𝛿

𝛿𝑚𝑎𝑥
 

𝛿 = {   
0   𝑎𝑡   𝑟𝑑 ≤ 𝑟𝑥𝑦

𝛿𝑟,𝜗   𝑎𝑡   𝑟𝑑 > 𝑟𝑥𝑦
 

𝑟𝑥𝑦 = √(𝑟 sin 𝜗)2 + (𝑟 cos 𝜗 − 𝑟𝑚)2 

(2) 

Cylindrical  

𝛿𝑟,𝜗 = 𝛿𝑚𝑎𝑥 (3) 
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Spherical  

𝛿𝑟,𝜗 = √𝑆𝑅2 − 𝑟𝑥𝑦
2 − √𝑆𝑅2 − 𝑟𝑑

2 

(𝑆𝑅 =
𝛿𝑚𝑎𝑥

2 + 𝑟𝑑
2

2𝛿𝑚𝑎𝑥
) 

(4) 

Conical  

𝛿𝑟,𝜗 = 𝛿𝑚𝑎𝑥

𝑟𝑑 − 𝑟𝑥𝑦

𝑟𝑑
 (5) 

 

 
(a) Cylindrical 

 

 
(b) Spherical 

 

 
(c) Conical 

Fig. 4. Oil-film distributions used in analysis. 

 
The flow rate and velocity were calculated by 
Formulas (6)-(9) 
 

𝑞̅𝑟 = −
ℎ̅3

12

𝜕𝑝̅

𝜕𝑟̅
 (6) 

𝑞̅𝜃 = −
ℎ̅3

12

𝜕𝑝̅

𝜕𝜃̅
+

𝑟̅ℎ̅

2
 (7) 

𝑢̅𝑟 =
(𝑦̅ − ℎ̅)𝑦̅

2

𝜕𝑝̅

𝜕𝑟̅
 (8) 

𝑢̅𝜃 =
(𝑦̅ − ℎ̅)𝑦̅

2𝑟̅

𝜕𝑝̅

𝜕𝜃̅
+

𝑟̅

ℎ̅
(ℎ̅ − 𝑦̅) (9) 

 
The analytical model with a single dimple is 
shown in Fig. 5. This model corresponds to one-
tenth of the bearing surface area. Many 
literatures have pointed out that the JFO model is 
better for dimple analysis, but the selection of the 
cavitation pressure is problematic when the 
cavitation in dimpled bearings is considered 
numerically. Therefore, many researchers made 
assumptions about the cavitation pressure that 
may not be realistic for analysis. In this study, for 
the purpose of simply gaining the trends of 
dimple behaviors, the simplest model of 
treatment of cavitation, the half-Sommerfeld 
condition, was adopted. The model was used 
even now in the analysis of dimpled bearings [27]. 
In addition, atmospheric pressure was assumed 
at the radial bearing ends and periodic conditions 
were assumed for the circumferential ends. 
Formula (10) presents the boundary conditions. 
 

 
Fig. 5. Analytical model (ex. cylindrical). 
 

𝑝̅|𝑟=𝑟𝑜
= 𝑝̅|𝑟=𝑟𝑖

= 0 

𝑝̅|𝜃=0 = 𝑝̅|
𝜃=

𝜋
5

 

𝜕𝑝̅

𝜕𝜃̅
|

𝜃=0
=

𝜕𝑝̅

𝜕𝜃̅
|

𝜃=
𝜋
5

 

𝑝̅|𝑝̅<0 = 0 

(10) 

 
3. RESULTS AND DISCUSSION 
 
3.1 Experimental results 
 
Fig. 6 shows the measurement results of the 
frictional torque for each dimple. For the 
measurements, the oil-film thickness was set to 
h=30μm. The error bars indicate the standard 
deviation. The theoretical value shows the 
calculation result for the plane (dimple-free) 
bearing, which can be obtained using Formula 
(11).   
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𝑇 =
𝜋𝜂𝜔(𝑟𝑜

4 − 𝑟𝑖
4)

2ℎ
 (11) 

where T is the frictional torque, h is the initially 
fixed oil-film thickness, η is the viscosity of the 
lubricant, ω is the angular velocity, ro is the 
outer radius of the lubricating surface, and ri is 
the inner radius of the lubricating surface. The 
experimental frictional torque of the plane 
bearing was consistent with the theoretical 
value, confirming that the oil-film thickness 
was properly controlled. The flatness of the 
specimen could also be considered sufficient.  
 

 
Fig. 6. Measurement results of frictional torque. 

 
For all the dimples, the frictional torque 
increased with the rotational speed. The 
frictional torque of the dimpled bearings was 
lower than that of the plane bearing. However, 
the effect of the internal structure of the 
dimples was not significant. The frictional force 
was considered to be dominated by the ridge, 
which occupied 70% of the sliding surface. The 
cylindrical dimple demonstrated the lowest 
frictional torque. The average oil-film thickness 
h' was different for the three dimples tested in 
this experiment. Therefore, the frictional 
torque T' was calculated by using Formula (12), 
in which the average oil-film thickness h' was 
used instead of h, and the calculated frictional 
torques were compared with the experimental 
results, as shown in Fig. 7. 

𝑇′ =
𝜋𝜂𝜔(𝑟𝑜

4 − 𝑟𝑖
4)

2ℎ′
 (12) 

The differences between the experimental 
results and the theoretical values are more 
apparent for each internal structure of the 
dimples, compared with Fig. 6. This figure 
shows that the contribution of the internal 
structure of the dimple to the friction reduction 
is the greatest in the conical dimple, whereas in 

the cylindrical dimple, the effect of the increase 
in the average oil-film thickness is 
comparatively greater.  
 

 
Fig. 7. Measurement results of frictional torque. 

 
Fig. 8 shows the relationship between the LCC 
and the rotational speed. In this measurement, 
the oil-film thickness was set to h=30μm. The 
error bars indicate the standard deviation. 
 

 
Fig. 8. Measurement results of LCC 
 
The LCC increased with the rotational speed, 
regardless of the internal structure. Among the 
three dimples, the cylindrical dimple had the 
largest LCC, whereas the conical dimple had the 
smallest valuse. Within the scope of this study, 
the maximum LCC of the cylindrical dimples 
was approximately four times greater than that 
of the conical dimples. The contribution of the 
internal structures on the LCC was remarkable. 

 
Fig. 9 compares the observed results for the 
cavitation bubbles generated in each dimple 
tested. The rotational speed was set to n=600 
min-1 in this observation. The arrows indicate 
the rotational direction of the smooth glass 
disk. Cavitation bubbles were generated within 
these dimples. Seat-shaped bubbles were 
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observed in the cylindrical dimple, whereas 
finger-shaped bubbles were observed in the 
spherical and conical dimples. 
 

   
(a) Cylindrical (b) Spherical (c) Conical 

Fig. 9. Cavitation bubbles in dimples (600min-1) 

 

 
Fig. 10. Comparison of cavitation area ratios 

 
Fig. 10 shows the results of the cavitation area ratio. 
The ratio α was calculated using Formula (13). 

100
d

c

A

A
  (13) 

where Ad and Ac denote the area of the dimple 
and cavitation bubble, respectively. The 
cavitation area ratio α was the largest in the 
cylindrical dimple, and it reached more than 
60% as the rotational speed increased. For the 
conical dimple, the cavitation area ratio α was 
small at n=100 and 200 min-1, and the LCC 
shown in Fig. 7 was also small.  
 
3.2 Analytical results 

 
Fig. 11 shows the analytical pressure contours, 
and 2D distributions in section A-A (r=rm) and 
B-B (r=rm+Δr). The arrow indicates the 
direction of rotation of the smooth glass plate. 
The cylindrical dimple exhibited the highest 
pressure, whereas the conical dimple had the 
smallest value. These results were consistent 
with the experimental results, in which the 
cylindrical dimple had the largest LCC, whereas 
the conical dimple had the smallest value. The 
pressure reached its maximum value on the 
trailing edge of the cylindrical dimple but 
slightly inside the trailing edge in the spherical 
and conical dimples. In addition, in the 
spherical and conical dimples, the pressure 
peaks were not sharp compared with those in 
the cylindrical dimple. For the spherical and 
conical dimples, the wedge effect was not 
sufficient compared with that of the cylindrical 
dimple, as the dimple depth gradually 
decreasedas Δr increased.  

 
 

 
(a) Cylindrical (b) Spherical (c) Conical 

Fig. 11. Analytical pressure distribution for each internal structure. 
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Fig. 12. Flow rate in the wedge region of the dimples. 

 
Figs. 12(a) and 12(b) show the flow rates in the  
r- and θ-directions. In this analysis, the half-
Sommerfeld condition was applied to the 
calculations, and thus the results were shown 
only for the wedge region. The results 
suggested that the lubrication oil was 
discharged from the inside of the dimple not 
only to the θ-direction but also to the r-
direction. In addition, the lubricating oil 
remaining within the dimple flowed to the 
negative r-direction owing to the velocity 
difference. This flow was the greatest in the 
cylindrical dimple and the smallest in the 
conical dimple. 
 

 

Fig. 13. Flow velocity distribution in the wedge region 
of the dimples. 

The conical dimple is considered to have the 
smoothest discharge of lubricating oil, resulting 
in the smallest LCC. Figs. 13(a) and 13(b) show 
the flow velocity distribution in the dimples at 
y=30 and 50μm. For the cylindrical dimple, the 
flow velocity was higher at the outer periphery, 
whereas for the spherical and conical dimples, 
the flow velocity was slightly higher inside the 
edge of the dimple. At y=50μm, a swirling flow 
occurred along the dimple wall. 
 
 

4. CONCLUSIONS 
 
In this study, the effects of different internal dimple 
structures on the fluid lubrication characteristics of 
thrust bearings were experimentally and 
analytically investigated. Three types of internal 
structures were tested: cylindrical, spherical and 
conical. The results obtained were as follows. 

1. The contribution of the internal structure of 
the dimple to the friction reduction was 
greater for the conical dimple, whereas for 
the cylindrical dimple, the effect of the 
increase in average oil-film thickness was 
comparatively greater.  

2. The cylindrical dimple exhibited the largest 
LCC, whereas the concal dimple exhibited the 
smallest valuse. The maximum LCC of the 
cylindrical dimples was approximately four 
times that of the conical dimples. 

3. The seat-shaped cavitation bubbles were 
observed in the cylindrical dimples, whereas 
the finger-shaped bubbles were observed in 
the conical and spherical dimples.  

4. The analytical pressure distribution showed 
that, for the spherical and conical dimples, the 
wedge effect was insufficient compared with 
that for the cylindrical dimple.  
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NOMENCLATURE 
 
Dimensional quantities 

𝑛 rotational speed 

𝜔 angular velocity 

𝑡 test period 

ℎ oil-film thickness 

𝑇𝐿  temperature 

𝜌 density 

𝜂 viscosity 

𝑑𝑑  dimple diameter 

𝑟𝑜  outer radius of lubricating surface 

(= 𝑑𝑜 2⁄ ) 

𝑟𝑖  inner radius of lubricating surface 

(= 𝑑𝑖 2⁄ ) 

𝑟𝑚  surface mean radius (= (𝑟𝑜 + 𝑟𝑖) 2⁄ ) 

𝑟𝑑  dimple radius(= 𝑑𝑑 2⁄ ) 

𝑟𝑥𝑦    distance between the center of a dimple and a      

   calculation point 

𝛿 dimple depth 

𝛿𝑚𝑎𝑥  maximum depth of dimple 

𝑆𝑅 radius of curvature in spherical dimple 

𝑝 pressure 

𝑇 frictional torque 

𝑊 load-carrying capacity 

𝐴𝑐  cavitation area 

𝐴𝑑 dimple area 

𝛼  cavitation area ratio 

 
Dimensionless quantities 

𝑟̅, 𝑦̅ coordinates in bearing 

              (= 𝑟 𝑟m, 𝑦 𝛿max⁄⁄ ) 

ϑ̅ coordinates in circumferential direction 

𝑝̅  pressure (= 𝑝𝛿max
2 𝜂𝜔𝑟m

2⁄ ) 

ℎ̅ oil-film thickness 

 (= (ℎ + 𝛿) 𝛿max⁄ ) 

𝑞̅ flow rate (= 𝑞/𝑟m𝜔𝛿) 

𝑢̅  flow velocity (= 𝑢/𝑟m𝜔) 
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