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Abstract: In this work, the idea of water lubrication enhanced by a small quantity of oil was tested 

for the first time in a rubber journal bearing. A small quantity of silicone oil was supplied to an eight-

groove rubber bearing through a small nozzle, aiming to improve the lubrication of the bearings 

under short-time severe working conditions. Results demonstrated that the addition of small-quantity 

silicon oil can significantly reduce friction, with the coefficient of friction (COF) at certain speeds 

being lower than that achieved with either pure water or pure oil. If the oil was given under frequent 

and small-quantity supply, smaller time interval of oil supply has little impact on friction reduction. 
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Moreover, a simple method based on the Stribeck curve was proposed to roughly predict the COF 

reduction of water-lubricated journal bearings with small-quantity oil supply at low speeds. 

Additionally, computational fluid dynamics (CFD) simulations provided insights into the 

migration/diffusion of injected oil within the bearing, revealing a correlation between oil side leakage 

and COF. 

 

Keywords: water-lubricated bearing; two-phase flow; CFD simulation; secondary lubricant 

 

1 Introduction 

Water-lubricated stern bearings (WLBs), fully submerged in water, offer both eco-friendliness and 

cost-effectiveness. Research on these bearings date back to the Industrial Revolution. WLBs in ships 

mainly consist of two parts: the shaft and the bushing. Given the function of the bushing in the 

system, it is primarily achieved through design of the bushing to improve the lubrication 

performance of WLBs. Nowadays the materials of water-lubricated bushings in ships are mainly 

non-metallic, such as wood [1,2], rubber [3–5], polymers [6,7], and reinforced polymer composites 

[8–11]. Lignum vitae have been decimated used in WLBs by over-logging and unsatisfactory 

tribological properties. Recently Guo et al. [12] refocus on the lignum vitae wood-derived 

composites for better lubricating performance. Rubber and polymer materials such as 

polytetrafluoroethylene (PTFE), polyamide (PA), polyurethane (PU), polyetheretherketone (PEEK) 

are used in WLBs with a tendency to use two or more materials to form composite materials. Yan 

[13] studied on tribological and vibration performance of a new UHMWPE/graphite/NBR material 

under different working conditions. The results indicated that the mechanical physical performance 

of the compound rubber material had reached the requirements of Chinese ship standard CB/T769-

2008. Other materials such as ceramics [14] and two-dimensional (2D) material [15] have also 

provided insights for the development of low-friction WLBs. Advancements in materials have 
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focused on friction and wear resistance, durability enhancement, environmental impact reduction, 

and performance under various operating conditions. Dedicated designs in bushing structures - 

including groove number [16] and its shape [17–19], liner design [20], and various microstructures 

[21–23] etc. have contributed to the durability of bearings. The structures of WLBs grooves are 

mainly divided into longitudinal grooves, spiral grooves [24] and herringbone grooves [25]. 

Longitudinal grooves are widely used due to their simple structure and good sand discharge, and 

when the number of grooves increases to 6-8 a stable hydrodynamic lubrication zone can be formed 

by balancing the water film [26]. Spiral grooves [27] have good mud and impurity discharge capacity. 

Herringbone grooves [28] can significantly improve bearing capacity. Multi-layered bushings [29] 

combine the advantages of various materials, such as a rubber layer for vibration absorption and a 

plastic layer for high wear resistance. Additionally extensive researches about fluid dynamics on 

water-lubricated bearings have been conducted to guide the design of WLBs [30–32]. Despite the 

above advancements of WLBs, there are challenges when the WLBs face harsh conditions like low 

speeds at start-up/shut-down, sudden impact or heavy loads, leading to water film collapse, increased 

friction, wear and noise, which reduce the lifespan of the bearings. Tackling these tribological issues 

remains a key focus in WLBs research [33]. Therefore, research on harsh operating conditions has 

become one of the keys focuses of WLBs. 

Ouyang et al. [34] investigated the lubrication and vibration characteristics of water-lubricated 

stern bearing for underwater vehicles under harsh working conditions. The results showed that the 

polymer bearing was subjected to hydrolysis because of the increased heat generation and heat 

dissipation deterioration under low speed, heavy pressure, and high water temperature. Li et al. [35] 

elucidated the mechanism of wave impact on the dynamic bearing characteristics of ship shaft 

systems. Zhang [36] established the transient mixed lubrication model coupled with dynamic 

equation during start-stop cycle and reveals the transient asperity contacts and dynamic behaviors 

under different radial clearances and acceleration times. Some researches are also carried out towards 
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other directions trying to solve the problem of low water load-carrying capacity. Wang [37] et al. 

proposed a magnetic-water double suspension elastic-supported thrust bearing, which utilizes both 

water film and permanent magnetic force to reduce solid contact. Li [38] et al. attempt to regulate the 

COF by changing the elastic modulus of rubber bearings through a magnetic field. Through the 

magnetic field [39] during operations the lubricant viscosity can be locally controlled, thus ensuring 

the presence of a lubricating film at critical operating conditions when boundary or mixed lubrication 

is normally expected. Xiong et al. [40] designed microcapsules with the oil core embedded in a resin 

matrix, where the capsules ruptured during the friction and wear process, releasing oil to enhance 

lubrication with the advantages of effective lubrication, environmental friendliness, and low cost. 

Zhang et al. [41] found that the trace oil released from the microcapsules at the sliding interface 

favored the formation of a hydrodynamic film and a boundary tribo-film with an ultralow shear 

strength. This work provided a novel method to achieve superlubricity with polymer composites. 

Yang et al. [42,43] have also introduced ionic liquids into microcapsules. However the 

microcapsules improving the lubricating properties of the materials is at the expense of mechanical 

properties [44].  

Recently a new idea of actively supplying a small quantity of secondary lubricating medium to 

assist water lubrication was proposed by Guo and his co-workers [45,46] et al. With a block-on-ring 

test rig, they found that a small quantity of oil can significantly generate reductions in friction and 

wear under water lubrication, and the reduced friction could last for a pretty long time. This idea has 

a relatively smaller impact on the mechanical properties of bearings compared to microcapsules. 

However, the coefficient of friction (hereafter “COF”) increased when the ring rotational speed 

exceeded the critical speed. Liang [47] et al. numerically calculated the oil diffusion behavior in a 

short period of time after a small quantity of oil supply for a water lubricated smooth journal bearing. 

In engineering practices, grooves of bearings play a role of heat dissipation and impurity removal. 
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Whether a small quantity of oil has an important impact on the water-lubricated journal bearings has 

not yet been studied.  

This paper carried out tests and computational fluid dynamics (CFD) simulations to investigate the 

tribological characteristics of an eight-groove journal bearings with a small quantity of silicon oil as 

a secondary lubricant, and to clarify the silicon oil lubrication under water environment. 

2 Operating conditions 

2.1  Test bench and tribo-pairs 

The water-lubricated bearing bench consists of an NBR bush with eight longitudinal grooves and a 

316 stainless steel shaft, which are commonly used in ship propulsion systems. In the tests, the tribo-

pair was submerged into water in a sealed chamber. The bush is floating and the shaft is fixed. 

Geometric parameters of the bush and the shaft are listed in Table 1. The radial clearance is 0.6 mm, 

which meets the permissible clearance value for water-lubricated bearings in practical applications. 

The load is applied to the bearing by a hydraulic unit. The shaft rotation is driven by an AC motor, 

and a torque sensor is used to measure the friction torque of the tribo-pair, as shown in Fig. 1(a). The 

oil supply nozzle is located in the entrance area, aligning with the direction of the horizontal radius 

of the bush, as illustrated in Fig. 1(b). 

Table 1 Parameters of the tribo-pair. 

 Materials 

Surface roughness 

(Ra/μm) 

Radius 

(mm) 

Width 

(mm) 

Oil nozzle 

(mm)  

Grooves 

(mm)  

Shaft 

Stainless 

steel 316 

0.8 R1=50 336  - - 

Bush NBR3606 0.8  R2=50.6 80 Φ3=10  R4=1.5 
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Fig. 1 (a) Water-lubricated bearing test bench; (b) schematic diagram of the tribo-pair. 

2.2  Lubricants 

The inlet water’s temperature is 20±1℃ and its viscosity is 0.000955 Pa·s. Silicone oil is used as 

a secondary lubricant because of its low surface tension. The viscosity of silicone oil is 0.428 Pa·s, 

which is higher than the viscosity of the oil commonly used for stern tube bearings in order to 

significantly enhance the load-carrying capacity. The properties of the lubricants are listed in Table 2. 

Table 2 Properties of lubricants. 

Lubricants Viscosity (Pa·s) Density (kg/m3) Oil supply Temperature 

Water 0.000955 998.2 - 

20℃ 

Silicone oil 0.4278 963 500 μL/s，4 s 
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2.3  Test methods 

In the bench tests, loads were applied to the bearings submerged underwater, and stepped shaft 

rotational speeds were employed for the purpose of running-in. Subsequently, friction tests at various 

rotational speeds and loads with pure water lubrication were carried out with a duration of 2 minutes 

for each test. Curves of COF vs. speed were obtained under various specific pressure, facilitating the 

identification of the lubrication regime. The specific pressure range was 0.063-0.5 MPa. The same 

scheme was also applied to measure the COF curve for pure silicone oil. However the oil level was 

at the lower 1/3 of the bearing height to reduce heat churning, and the results are presented in Fig. 

2(b). As shown in Fig.2(a), under pure water lubrication the COF is higher at lower speeds and 

decreases with increasing speeds. Moreover, higher loads present lower COFs. From Fig. 2(a) it is 

easy to see that at the shaft speeds below 400 r/min the tribo-pair is in the regime of mixed 

lubrication, and boundary lubrication may be achieved at speed below 200 r/min under 0.5 MPa 

specific pressure. Therefore shaft speeds of 100 r/min, 200 r/min and 300 r/min were chosen for the 

experiments of oil-assisted water lubrication. Under pure silicone oil lubrication in Fig. 2(b), the 

COF increases gradually with increasing shaft rotational speed, and the lubrication regime is full film 

lubrication. 

   

Fig. 2 COF vs. shaft speed under various specific pressures for (a) pure water and (b) silicone oil. 
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In the oil-assisted water lubrication test, the bearing was submerged in water and ran under a fixed 

specific pressure and a shaft rotational speed. Before oil is injected, the running-in is carried out 

under pure water lubrication. After the COF stabilized, a small quantity of silicone oil was supplied 

to the bearing. The oil supply rate is 500 μL/s and the supply time is 4 s, the total amount of oil is 2 

mL. As an example, Fig. 3 shows that the COF can decrease significantly after a small quantity of oil 

is supplied to the bearing under water lubrication. Considering the time cost and to ensure the 

uniformity under different experimental conditions, the 4 min before oil supply and the 5 min after 

oil supply are taken for display. The data from 120 s to 240 s reached basic stability, so it is selected 

to calculate the average value of the COF under pure water lubrication. The data from 360 s to 540 s 

is used to calculate the average value of the COF after oil supply for the same reason. The oil-

assisted water lubrication test was repeated twice under the same conditions. Before and after the 

tests, the tribo-pair was meticulously cleaned with petroleum ether and anhydrous ethanol. 

 

Fig. 3 COF vs. time (P = 0.05 MPa, ω = 100 r/min). 

2.4  CFD simulation 

The present study also employed computational fluid dynamics (CFD, ANSYS Fluent) to gain 

some insights into the oil transportation/diffusion after oil injected into the bearings. As shown in Fig. 

4(a), in the calculation the radius clearance C0 = 0.6 mm, the position angular Ψ =30°, the 

eccentricity e = 0.4 mm, and the eccentricity ratio is ε = e/C0 = 0.67. The location on the 

circumference of the minimum film thickness (hmin) is shown in Fig.4(a). Eight grooves are 
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numbered as Groove 1 to Groove 8, as shown in Fig. 4(a). For the whole calculation domain 

hexahedral elements were used to reduce pseudo-diffusion at the phase interface. The Reynolds 

numbers (Re) for the rotational speeds (100 r/min, 200 r/min, and 300 r/min) are 52, 104 and 157, 

respectively, which are lower than the critical Reynolds number (1000), so a laminar flow model was 

chosen. The VOF model was used to calculate water-oil two phase flow, and a geometric 

reconstruction method is utilized to capture the phase interface. A continuous surface tension model 

(CSF) was implemented with an interface tension coefficient of 0.042 mN/m between silicone oil 

and water. The contact angles between silicone oil and solid surfaces underwater were measured to 

calculate wall adhesion, as illustrated in Figs. 4(c), (d), and (e). The diameter of the oil supply nozzle 

was 10 mm, and the oil supply adopted a velocity inlet of 0.04 m/s. At both end sides of the bush, 

pressure outlets were set at the atmospheric pressure. The PISO pressure-velocity coupling algorithm 

was employed to solve the momentum equations. Thermal effects were not considered at this time. 

Gradient interpolation based on the element-based least squares method was implemented for the 

diffusion term, and the PRESTO! scheme was used to calculate pressure values between two 

elements based on the element values in the discretization of the momentum equation, and a second-

order upwind scheme was applied for the convection term. 

Grid independence verification was performed in the calculations. The oil volume fractions at 0.48 

s at the central cross section of the bearing were calculated under different grid numbers. Results 

show that the oil volume fraction with a grid number of 298,972 or more is similar, as shown in Fig. 

4(f). Thus, the grid number of 298,972 was used for calculations. The calculation was started with 

pure water lubrication for 1 s, and then oil is supplied for 4 s, and the calculation was stopped until 

oil leakage is finished. 
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Fig. 4 (a) Schematic of the geometric model; (b) mesh grids; (c) setup of contact angle measurement 

underwater; (d) contact angle of silicone oil on NBR surface underwater; (e) contact angle of silicone 

oil on stainless steel surface underwater; (f) grid independence verification. 

3 Results and discussions 

3.1  Friction reduction with oil supply 
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Fig. 5 COF vs. time under various shaft rotational speeds (P = 0.063 MPa): (a) At low speeds; (b) at 

high speeds. 

Figure 5 depicts some of the results to illustrate the role of the silicone oil in assisting water 

lubrication as a second lubricating medium. 2 mL silicone oil (time = 4 s) is supplied into the 

clearance of the bearing at various shaft rotational speeds under a specific pressure of 0.063 MPa, 

and it can be seen that all the COFs show decrease after oil is injected. In particular, more obvious 

friction drop can be obtained at lower speeds, as shown in Fig. 5(a).  

A COF reduction ratio, Rc, is denoted as: 

                         𝑅c = (COFWater − COFLA)/COFWater ×100%                                             (1)   

where COFWater is COF in pure water lubrication (taking the data from 120 s to 240 s), COFLA is 

the COF after silicone oil is supplied underwater (taking the data from 360 s to 540 s).  

At a shaft speed of 100 r/min, the COF rapidly drops from 0.17 to 0.11 after oil supply and Rc is 

35.3%. Similarly at the shaft speeds of 200 r/min and 300 r/min, the COFs drop by 29.3% and 21.4%, 

respectively, remaining stable at the end of each test. When the injected oil enters the bearing the 

apparent viscosity of the lubricant increase, and consequently the load supported by liquid film 

increases, and that by solid contact decreases, which causes the COF to decrease. This friction 

reduction can also be described by the increase of the Hersey number (= v/P) in the Stribeck curve 

as shown in Fig. 6. With pure water the bearing is under mixed lubrication, and its lubrication regime 

is represented by point A. With oil injected, the Hersey number increase to point B with increasing 

Ju
st

 A
cc

ep
te

d



                                                                                    

Friction                                                                              https://mc03.manuscriptcentral.com/friction 

12 

apparent viscosity, and consequently the friction decreases. At higher speeds, the COF reduction is 

low. In Fig. 2(a), it is easy to find that with increasing speed the COF curve reaches its valley region, 

where the contact is leaving the mixed lubrication regime. In this valley region, COF change is 

smaller than that in the region of mixed lubrication if similar Hersey number change is generated by 

the injection of a small quantity of oil, as shown in Fig. 6. 

 

Fig. 6 COF change in water lubrication with a second lubricant in small quantity. 

As stated above the present lubrication assistance by second lubricating medium is for short-time 

tough working conditions where the bearing is under boundary or mixed lubrication, therefore the 

tests were mainly conducted at higher specific pressures (0.125-0.5 MPa) and lower speeds (100-300 

r/min). In Fig. 7, it can be seen that after a supply of small quantity silicone oil the COF is 

significantly reduced, and the low COF lasts until the end of the tests, which is similar to the test 

results under 0.063 MPa. It is well known that in the mixed lubrication regime of the Stribeck curve, 

lower pressure, higher speed and larger lubricant viscosity all lead to an increase in the Hersey 

number and a decrease in the COF.  
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Fig. 7 COF vs. time under various pressures: (a) P = 0.125 MPa; (b) P =0.25 MPa; (c) P =0.375 MPa; 

(d) P =0.5 MPa. 

The COF of pure silicone oil lubrication (denoted as COFOil) was also measured, as shown in Fig. 

2(b). It is found that the COFLA may be lower than both COFWater and COFOil under some working 

conditions, particularly at higher shaft speeds, as shown in Fig. 8. In the Stribeck curve, this means 

that the change in the apparent viscosity of the lubricant leads to the Hersey number to a position 

where the COF is lower. In addition, wear debris could be observed on the water surface during pure 

water lubrication tests. After oil supply, the wear debris is reduced but still exists. The wear debris 

suggests that hydrodynamic lubrication has not been fully achieved after oil supply. 
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Fig.8 COF with three lubricants. 

In the Stribeck curve, normally the same Hersey number present the same COF. Two different 

speeds, ωtest and ωx, can give the same COF if two viscosities, ηLA and ηwater, satisfies the follows, 

                                           ηLAωtest = ηwater ωx                                                                                                     (2) 

Where ηwater is the is the viscosity of water (assumed to be constant at different speeds), ηLA is the 

apparent viscosity of the oil/water mixture in bearing clearance after oil supplied, ωtest is the 

experimental speed for oil-assisted lubrication in water, and ωx is a pure water lubrication speed. 

In the present experiments, after a small quantity of oil is supplied at speed of ωtest, the coefficient 

of friction decreases from COFwater to COFLA, which is shown as point G to point H in Fig. 9. At 

point H, the corresponding speed ωx can be known through the Stribeck curve or similar curves 

derived from the Stribeck curve, such as Fig. 2(a). Then ηLA can be known from Eq. (2). Assuming 

that the value of ηLA is considered a same constant at various speeds under the same load, the ωx at 

different ωtest speeds can be calculated and its corresponding COFLA can be predicted through the 

Stribeck curve or similar curves derived from the Stribeck curve under a certain load. For example, 

under ωtest = 100 r/min and P = 0.5 MPa in Fig. 7(d) COFLA of 0.098 is gotten, and consequently the 

corresponding speed ωx of 306 r/min can be found from the experimental data in Fig. 2(a), and 

apparent viscosity ηLA of 2.92 mPa·s is calculated by Eq. (2). It is easy to predict the corresponding 

ωx for any other speed ωtest, and each corresponding COFLA and Rc can be obtained. 
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The experimental Rc and predicted Rc are shown in Table 3. The predicted values of Rc under each 

load were calculated using the apparent viscosity ηLA at 100 r/min.  At 0.5 MPa, the Rc errors of the 

predictions at various speeds are all less than 10%. At lower loads, the predicted values of Rc tend to 

be higher than those of the experiments and the prediction errors may larger than 10%, but no more 

than 25%. In fact, the above calculation only relies on the curve of COF vs. speed under pure water 

lubrication, as shown in Fig.2 (a). 

   

Fig. 9 Schematic diagram of Stribeck curve. 

Table 3 COF reduction ratio 𝑅c (%).  

 

Speeds 

Experimental Rc 

(%) 

Predicted Rc (%)  

 (by ηLA at100 r/min) 

∆𝑅c (%) 

0.5 MPa 

100 r/min 36.1 36.1 0.0 

200 r/min 73.8 68.3 5.5 

300 r/min 61.0 67.3 6.3 

0.375 MPa 

100 r/min 36.0 36.0 0.0 

200 r/min 36.6 39.2 2.6 

300 r/min 33.3 24.9 8.4 

0.25 MPa 

100 r/min 54.6 54.6 0.0 

200 r/min 47.5 67.5 20 

300 r/min 21.1 43.8 22.7 
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0.125 MPa 

100 r/min 58.4 58.4 0.0 

200 r/min 44.8 49.8 5.0 

300 r/min 48.7 67.6 18.9 

0.063 MPa 

100 r/min 35.3 35.3 0.0 

200 r/min 29.3 24.3 5 

300 r/min 21.4 33.9 12.5 

500 r/min 23.1 33.4 10.3 

 

3.2  Friction fluctuations  

To compare the fluctuation of bearing friction force (N) before and after oil supply, the standard 

deviation of friction force σ is calculated. 

 
2

i1    

n

i
F F

n
 





                                                                                                     (3) 

Where Fi is the friction force (N) at time instant i, 𝐹̅ is the average friction force (N), and n is the 

number of friction force data captured. The results of 100-300 r/min in Fig. 5 and Fig. 7 are used to 

calculate the σ of pure water lubrication and that after oil supply (taking the data from 120 s to 240 s 

or from 360 s to 540 s), as shown in Fig. 10.  

 Results show that σ after oil supply is similar to those of pure water lubrication under most 

conditions. At each speed in Fig. 10, σ shows an overall increase trend as the specific pressure 

increases. However, when a specific pressure of 0.5 MPa is reached, σ becomes larger after oil 

supply than that under pure water lubrication, which is correlated to Fig. 7(d). At high load, the 

greater pressure gradient presents greater resistance to oil entering the contact zone. When the actual 

supply of oil is unstable, it may cause a higher σ. 
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Fig. 10 σ before and after oil supply under various shaft rotational speeds.  

3.3  Oil migration 

It is of importance to understand the transportation/diffusion of the injected oil in the water-

lubricated journal bearing. At present, it is not yet known in what state a small amount of oil is 

delivered to the bearings, and numerical simulation may be an easy approach to get some insight into 

this uncovered event. As has been observed, it takes some time for the COF to be stable after oil 

supply, which may be generated by the unsteady transportation of supplied oil within the bearing.  In 

order to elucidate the migration of oil within the bearing underwater, CFD simulations have been 

carried out. The start time of oil injection is defined as t = 0 s. Fig. 11 shows the time instant t = 0.26 

s at which the injected oil firstly arrives at the position of the minimum film thickness or get through 

load-bearing area on the shaft surface (denoted as t1 = 0.26 s). The oil is dragged to the contact area 

mainly by the shaft surface after it is injected. Obviously, t1 is evidently influenced by parameters 

such as the position of the oil supply nozzle, the shaft speed and the grooves etc. It is noted that the 

time is 0.15 s for the shaft to rotate from groove 1 to groove 3 and t1 is much larger, which is 

attributed to the influence of the groove and inverse flow. As shown in Figs. 11(a) and 11(b), the 

oil/oil-water mixture on the surfaces of the shaft and the bush stays in the form of a strip along the 

circumferential center line because the side leakage/diffusion does not occur in such a short time. It 

is also interesting to find that the oil/oil mixture is discontinuous, which may be due to the lower 

wettability of oil on the two surfaces underwater. In the middle layer of the film the oil fraction is 

high near the nozzle, and then it becomes small when flowing into the bearing due to diffusion. After 

groove 2, the oil or oil-water mixture flow is disrupted and discrete oil/oil-water mixture appears. Fig. 
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11(c) shows the oil fraction at the A-A/central cross section of the bearing. It is natural oil fraction is 

larger near the nozzle. The oil fraction at the position of the minimum film thickness is also higher. 

Near the nozzle oil is supplied and accumulated due to its delayed transportation by the convergency 

gap and pressure gradient, therefore there is larger oil fraction and only a little oil further enters the 

convergent bearing gap. In the region between groove 1 and groove 2 and some part beyond groove 

2, oil fraction is low. Anyway near groove 3 where gap decreases, the oil fraction increases again. 

Around groove 3 where pressure is built, there is side leakage by the pressure drop and more water is 

driven due to its low viscosity, which has contributed to the higher oil volume fraction near the 

minimum film thickness. 
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Fig. 11 Simulation of the oil transportation, ω = 100 r/min, t = 0.26 s; (a) Oil fraction on the shaft 

surface; (b) oil fraction in different layers; (c) oil fraction at the A-A cross section; (d) pressure 

distribution. 

To gain more insight into the oil transportation oil diffraction on the surface of the bush and the 

shaft were calculated for various time instants, t = 0.65 s, 1.85 s and 3.05 s, as shown in Fig. 12. 

After the oil enters the contact region, leakage occurs when the oil film pressure is built. Notably the 

spread of the oil on the bush surface along the circumference direction is small, where oil mostly 

adheres to the region between Groove 1-Groove 3. This is attributed to the fact that the oil is injected 

just before Groove 1, and there is a divergency clearance after Groove 3 where cavitation can occur 

and the oil adhesion is broken. The axial oil spread between Groove 1 and Groove 2 is smaller than 

that between Groove 2 and Groove 3, which is due to that the oil enters a convergency clearance and 

consequently the oil spreads towards the two ends driven by the pressure gradient. Apparently, there 

is enough oil supply at this stage, inducing a COF drop, as shown in Fig. 5 and Fig. 7.  

The distribution of oil on the shaft surface is different from that on the bush surface. Most of the 

oil stays near the central circumferential line. The adhesion of oil on the shaft surface contributes to 

the oil supply in the load-bearing area, which is also linked to the COF. The simulation results 

depicting pressure distribution under various rotation speeds are presented in Fig. 13. Time-varying 

nature of the oil in the contact zone causes the pressure distribution to also be time-varying. 
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Fig. 12 Oil distribution (ω=100 r/min): (a) On the bush surface; (b) on the shaft surface.  

 

Fig. 13 Pressure distribution on the bush surface (ω=100 r/min). 

Oil is driven by the pressure gradient along the axial direction and leakage occurs at both bearing 

ends. During the test, large leakage of oil lasts for several tens of seconds or even longer after the 

initiation of oil supply. Most of the oil stays in the convergence, which cannot pass through the 

minimum clearance or adhered to the bearing surface in a short time, so there is significant amount 

of side leakage. After the oil supply is stopped for a period of time, the remaining oil stays relatively 

stable and the mass flow of side leakage gradually reduce. However due to the existence of the 

pressure gradient in the convergence area, the oil will still migrate slowly to the side and cause 
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leakage until all the oil is thoroughly consumed. When oil leakage is very small the COF becomes 

almost stable. This also implies that only a small volume of oil can actually contribute to stable 

lubrication. 

In the CFD simulation, as an example, the oil leakage at the face of Outlet 1 (one of the outlets as 

shown in Fig. 4(b)) was monitored between 4 s and 9 s at 100 r/min. In the velocity field at the face 

of Outlet 1, the velocity pointing from the inside of the bearing toward the outlet is predominantly 

located in the convergence gap area, which indicates that most of the leakage occurs at the 

convergence gap area, as shown in Fig. 14(a). In Fig. 14(a), negative values represent fluid flowing 

out of the bearing, and positive values represent fluid flowing into the bearing. The leakage in the 

divergence gap area is small, which is consistent with the oil leakage in non-groove bearings [47]. 

The leakage primarily occurs in the non-groove area, covering 78.3% of the total leakage and 

denoted as Oths in Fig. 14(b). The leakage at the grooves accounts for 21.7% of the total leakage. 

Groove 2, Groove 1 and Groove 8 are the main regions where oil leakage occurs, and they are in the 

convergence gap area. Groove 2 accounts for 93.5% of the total groove leakage due to its larger 

pressure gradient, as depicted in Fig. 13. Considering Groove 2 as an example, it is observed that the 

axial velocity of the water phase is higher, while that of the oil phase is lower. This is attributed to 

the wall adhesion and higher viscosity of the oil, which act as resistance impeding the axial flow of 

the oil. Fig. 14(d) shows the oil fraction at different oil layers at t = 6 s. The oil mainly adheres to the 

rotating shaft surface, and oil distribution and leakage may vary at different layers. Additionally, the 

oil starts to leak during the oil supply period, signifying that an excessive oil supply would result in 

wastage of oil. Hence, it is essential to design appropriate oil supply parameters in practical 

applications. The side leakage of oil in the bearing clearance in water is the result of fluid mechanics 

and interface effect and the resistance terms of the momentum equation can be used to purposefully 

minimize oil leakage. Moreover the oil flow in the grooves is lower than that in the mainstream, and 

the accumulated oil within the grooves will be gradually released, enhancing assistant lubrication for 
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the contact area. This suggests that the oil storage in the grooves may effectively extend the time of 

the assistant lubrication. 

 

 

 

Fig. 14 Leakage at Outlet 1 face: (a) Fluid (water and oil) flow along the axial direction and mass 

flow of the slide at t = 6 s; (b) total oil leakage and leakage at each position at Outlet 1 face; (c) oil 

fraction and velocity field at Groove 2 at t = 6 s; (d) oil fraction in different layers at t = 6 s. 

As the leakage decreases, low COF also tends to stabilize. Fortunately this low stable COF can last 

for a pretty long time, which is beneficial to avoiding risk from short-time sever working conditions. 

However the friction will increase eventually as the oil has been used up by side leakage and water 
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wash. Evidently it is preferred to obtain low friction for a long time when this small-quantity oil 

assistance is used. Fig. 15 presents calculated oil leakage rate versus time at Outlet 1, and the shaft 

speed is 100 r/min. As stated above, the leakage rate increases first with the oil supply and then 

decrease gradually after the oil supply. In Fig. 15, it is interesting to put the measured coefficient vs. 

time (Fig. 5(a), 100 r/min) and to find that the unstable friction is in the period of high unsteady oil 

leakage rate, and the stable low COF is very correlated to the small stable leakage rate. 

  

Fig. 15 Calculated oil leakage rate vs. time at Outlet 1, shaft speed = 100 r/min. 

At 0.5 MPa and 300 r/min in test, the low COF time after oil supply is usually no more than 40 

min, then COF will gradually increase and approach the value of water lubrication. The test results 

indicate that intermittent oil supplies can prolong the time of the stable lubrication, as depicted in Fig. 

16(a). The COFs under various oil supply time intervals (5 min, 15 min and 30 min) during the 

assistant lubrication period are similar. Nevertheless, compared to the 30-minute oil supply interval, 

the 5-minute oil supply interval results in more fluctuations in COF. Perhaps there is still enough oil 

in the bearing clearance for oil supply at 5-minute interval, and at that time oil supply will lead to the 

increase in traction force and fluctuations in COF. A further 3-hour wear test was conducted, and the 

line wear rate (maximum wear depth of bush in radial direction) was 53 μm/h with pure water 

lubrication. Intermittent oil supply into the bearing can reduce the bush line wear rate by more than 

80%. The line wear rates under various time intervals of oil supply are also similar as shown in Fig. 
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16(b). This indicates that excessively frequent oil supply will not yield more friction and wear 

reduction. In Fig. 16, the supply rate of silicone oil each time is 0.5 mL/s, and each supply lasts for 4 

s. In practice, it is appropriate to accurately control the time interval of oil injection by monitoring 

the changes of the COF or other parameters. 

 

 

Fig. 16 Friction and wear under intermittent oil supply, P = 0.5 MPa, ω = 300 r/min: (a) COF with 

pure water and intermittent oil supply; (b) line wear rate at various time intervals. 

When the quantity of oil is insufficient to provide effective lubrication, the COF becomes unstable 

and increases, and the oil-assisted water lubrication in the contact area gradually returns to pure 

water lubrication. In the CFD simulation, it can be represented as both the oil volume fraction in the 

clearance and the leakage rate approaching zero.  

In the future, if some intelligent control methods are combined to monitor the increase in the COF 

of water-lubricated bearings, start the oil supply, and judge the oil supply interval when the ship is at 
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low speed or subjected to load impacts such as ocean currents, it may have accurately reduced 

friction and significantly extend the life of the bearings. 

4 Conclusions 

Bench tests with an eight-groove rubber bearing have been conducted to investigate water lubrication 

assisted by a small quantity of silicone oil, demonstrating significant friction reduction under various 

specific pressures and lower shaft rotational speeds. By the CFD simulation, the 

transportation/diffusion of silicone oil in the water-lubricated rubber bearing was analyzed. The 

results can be summarized as follows: 

(1) Supply of a small quantity of silicone oil in the bearing underwater can markedly reduce 

friction. The maximum COF reduction ratio can reach up to 73.8%, and the oil can remain in the 

open bearing clearance for a pretty long period. Under some working conditions, water lubrication 

assisted by a small quantity of silicone oil can attain a lower COF than that by either pure water or 

pure oil.  

(2) Based on Stribeck-curve a simple approach to roughly predict COF reduction ratio with 

assistance of oil was presented assuming that apparent viscosity is similar after a small quantity of oil 

is supplied, which has been validated by the experimental data.  

(3) CFD simulation showed that oil side leakage could last a few tens of seconds after oil supply. 

Furthermore, oil leakage predominantly occurs in the gap convergence area. The leakage of the water 

phase is higher than that of the oil phase, which is attributed to the wall adhesion and higher 

viscosity of the oil. 

(4) Low COF can remain relatively stable for a long time. Intermittent oil supply can prolong the 

duration of low friction. In comparison to pure water lubrication, the line wear rate with multiple 

intermittent active oil supplies can be reduced by 84.3%. Frequent oil supply does not significantly 

increase the extent of friction and wear reduction ratio. 
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Limitations 

(1) The CFD simulation employs a fixed film thickness method in this work. The CFD work does 

not delve into extensive quantitative research, instead, it focused on discussing typical characteristics. 

(2) The test bearing has a relatively small length-to-diameter ratio, and environmentally friendly 

oil is not utilized. 

(3) The influence of water axial flow in the bearing has not been considered. 
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