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SUMMARY 

In the hydrodynamic thrust bearing with ultra-low clearance, even the nanoscale surface 

roughness is comparable to the bearing clearance, and its effect can be very significant. In this 

paper, the calculations are made for the performance of this bearing when the surface roughness 

is on the 1nm scale. It was found that the surface roughness effect in the bearing is strongly 

dependent on the physical adsorption of the fluid to the bearing surface determined by the 

interaction strength (or potential) between the fluid molecules and the molecules of the bearing 

surface; it can considerably enhance the load-carrying capacity of the bearing for the strong 

interaction between the fluid and the bearing surfaces. 
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1. INTRODUCTION 

In harsh conditions, there will be a very small or even ultra-small surface clearance in a 

hydrodynamic thrust bearing [1-3]. In a micro thrust bearing, the clearance is also intrinsically 

very small [4]. In these two circumstances, the influence of the fluid molecule layers on the 

bearing surfaces ought to be considered [5-7]. Depending on the physical adsorption of the fluid 

to the bearing surface, the adhering layer is highly solidified or flows with certain mobility [8-

10]. With the lubricant of long-chain molecules, the adhering layer is considered the solid layer 

[11], [12]. However, in thrust bearings of small sizes, the lubricant is usually simple fluid such 

as water, alcohol, acetone, etc. These fluids still possess flow ability adjacent to the bearing 

surface. For the thrust bearing with ultra-low clearance, the multiscale hydrodynamic analysis 

should thus be required by considering the flows of both the adsorbed layers and the continuum 

fluid. 

We made multiscale analyses and numerical calculations for the hydrodynamic thrust bearing 

with ultra/low clearance when both bearing surfaces were perfectly smooth [13]. New results 

were obtained concerning the strong influence of the adsorbed layer on the performance of this 

bearing. However, there is still important research to be done on the surface roughness effect of 
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this bearing since the nanoscale surface roughness is on the same scale as the bearing clearance. 

In practice, the surface roughness in a bearing is much larger than the nanoscale size, and the 

surface roughness effect is expected to be very significant. 

This paper studies the surface roughness effect in the hydrodynamic thrust bearing with 

ultra/low clearance with the multiscale approach when the stationary bearing surface is 

imposed with the sinusoidal surface roughness and the moving bearing surface is assumed to 

be perfectly smooth. The surface roughness is taken on the 1nm scale. Even in this case, the 

lubrication status in the bearing is quite complex with irregularly distributed boundary films 

and intervening continuum fluid films. The numerical calculation was carried out by forward 

difference to solve the one-order differential equation. Important findings were obtained on how 

the surface roughness effect plays in the studied bearing. 

2. HYDRODYNAMIC THRUST BEARING WITH ULTRA/LOW CLEARANCE AND 

NANOSCALE SURFACE ROUGHNESS 

The hydrodynamic thrust bearing with ultralow clearance is shown in Figure 1, where the 

moving surface with the speed u, is assumed as perfectly smooth, and the stationary surface with 

the sinusoidal nanoscale surface roughness. Besides the very thin layer adhering to the whole 

surface, the intermediate continuum fluid film is distributed depending on the surface clearance 

and roughness. The lubrication status is complex, so different equations should be used for the 

zones of different lubrication regimes. 

 

Fig. 1  The studied hydrodynamic thrust bearing with ultra-low clearance and imposed nanoscale surface 

roughnes 

3. ANALYSIS 

The multiscale analysis should be used for evaluating the performance of the bearing in Figure 

1, considering the flows of both the adsorbed layer and the continuum fluid. When the adsorbed 

layer and the continuum fluid coexist, the multiscale flow equations developed by Zhang [14] 

are used. When only the adsorbed layer exists, the nanoscale non-continuum flow equation [15] 

is used. 

In the analysis, the following assumptions were made: 
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(a) The coupled bearing surfaces are identical; 

(b) The fluid is Newtonian; 

(c) No slippage occurs; 

(d) Negligible side leakage effect; 

(e) The condition is isothermal and steady-state. 

3.1 TWO FLOW EQUATIONS FOR TWO DIFFERENT FLOW REGIMES 

Where the continuum film is present, the multiscale mass flow rate through the bearing is 

calculated (per unit contact length) as in [14]: 
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Equation (1) is then rearranged as: 
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When there is only the adsorbed layer across the whole surface clearance, the nanoscale non-

continuum flow equation gives that [15]: 

 

eff 3
totbf ,2 eff

tot bf ,2effm
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Sρ h dp u
h ρq dx 212η

= −  (5) 

Rearranging Eq. (5) gives that: 

 
m

2 3
tot tot

Bqdp A

dx h h
= +  (6) 

where 
eff
bf ,2A 6uη / S=  and 

eff eff
bf ,2 bf ,2B 12η / Sρ= . 
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3.2 NUMERICAL CALCULATION 

Owing to the presence of the surface roughness, the problem is highly non-linear, and numerical 

calculation is mandatory for finding the solution. There are evenly distributed (N+1) discretized 

points in the bearing inlet and outlet zones. 

3.2.1 IN THE OUTLET ZONE 

The pressure on the ith discretized point in the outlet zone is expressed as: 

 

i i
3

i ii i 1
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tot ,i bf2 3
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a h d
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c h bp pdp
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h h
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>

+− 
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, for i=1, 2,…, N (7) 

where ia , ib , ic , id , iA  and iB : the values on the ith discretized point, pi and pi-1 the pressures on 

the ith and (i-1)th discretized points in the outlet zone, respectively. The surface clearance, and 

the continuum film thickness on the ith discretized point are expressed as: 

tot ,i tot ,o z ih h R sin(ωx φ) / 2= + +  and tot ,i bfh h 2h= − , x ,o 1δ l / N= . 

According to the boundary condition p0=0, the discretized pressure was calculated by the 

following equation: 
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where k k 1( p p )−−  is calculated by Eq. (7). 

Then following is obtained: 
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The film force per unit contact length contributed by the outlet zone is: 
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3.2.2 IN THE INLET ZONE 

The pressure on the ith discretized point in the inlet zone is expressed as: 
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where x ,i 2δ l / N= , and tot ,i tot ,o i 1 z ih h ( x l )tanθ R sin(ωx φ)/ 2= + − + + . 

It is formulated that: 
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i

i N k k 1
k N 1

p p ( p p )−

= +

= + − , for i= N+1, N+2,…, 2N (12) 

where k k 1( p p )−−  is calculated by Eq. (11). 

The pressure on the (2N)th discretized point in the inlet zone is: 

 

2N
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= +
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The film force per unit contact length in the inlet zone is: 
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2 x,i i
i N 1

p
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2
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The carried load of the bearing is: w=w1+w2. 

3.2.3 NUMERICAL PROCEDURE 

Figure 2 shows the numerical solution procedure that finally solved the value of Qm. Then, all the 

discretized pressures can be calculated by the above equations. The convergence criterion is 

m,max m,min m,max m,min2(Q Q ) /(Q Q ) 0.1%− + < . 

 

Fig. 2  The numerical solution procedure 

We wrote by ourselves the computing program in the MATLAB tool according to the numerical 

procedure shown in Figure 2 to find the numerical solutions of the pressure distribution, the 
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surface separation distribution, and the carried load of the bearing for different operating 

conditions. 

4. CALCULATION 

The value of each parameter on the ith discretized point ia , ib , ic , id , iA , iB : are expressed as: 
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eff

i m bfbf ,1,id q uρ h= + ，
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By considering the fluid piezo-viscous and piezo-density effects, the relevant viscosities, and 

densities on the ith discretized point are expressed as: 

+9.67 [(1+5.1 10 ) -1]9 z
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where 
9

az α/[5.1 10 (lnη 9.67)]−= × + , aρ  is bulk density, aη  bulk viscosity of the fluid at ambient 

pressure, and α  and β  are constants. 

The input parameter values are: 

D=0.5 nm, N=5000, 6u 1 10 m/ s−= × , n 2 / D x / D 0.15∆ ∆− = = , 1 2l l 100 um= = , πϕ = , -4θ 1 10 rad= × , 

8 2α 1.6 10 m /N−= × , aη 0.03 Pa s= ⋅ , 10 1β 4 10 Pa− −= × , -1ω (π/5000)nm=  

The experimental measurements and the molecular dynamics simulation results of the 

rheological properties of the adsorbed molecular layers in the nanoscale surface separation 

correspond well, which shows the determining effect of the molecular-scale interaction strength 

between the fluid and the bearing surface. The important rheological parameters are shown as 

follows. 

The parameters q1 bf ,1C ( H )  and q2 bf ,2C ( H )  are generally expressed as [16]: 

 
bf

q bf 2 3
0 1 bf 2 bf 3 bf bf
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≥
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where bfH  is bf ,1H  or bf ,2H , bf ,1 bf cr ,bf ,1H h / h= , bf ,2 tot cr ,bf ,2H h / h= , 0m , 1m , 2m , and 3m  

are constants; cr ,bf ,1h  and cr ,bf ,2h  are, respectively, the critical thicknesses for characterizing 

the rheological properties of the adsorbed layers in the multiscale flow and in the nanoscale 

non-continuum flow. 
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y1 bf ,1C ( H )  and y2 bf ,2C ( H )  are formulated as [16]: 
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where bfH  is same as in Eq.(17), and 0a , 1a  and 2a  are constants. 

S is formulated as [16]: 
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where 0n , 1n , 2n  and 3n  are constants. 

1F , 2F  and ε  are as follows [14]: 
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bfh  is calculated as: 
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The parameter values for the weak, medium and strong fluid-bearing surface interactions are 

shown in Refs. 13 and 16 and therefore not repeated. 

5. RESULTS 

5.1 DIMENSIONLESS HYDRODYNAMIC PRESSURES 

The hydrodynamic pressure in the bearing is shown to be increasing with the surface roughness 

in Figures 3(a-c). The surface roughness effect is stronger if the fluid-bearing surface interaction 

is stronger. For the weak interaction, the nanoscale surface roughness, such as Rz=16 nm, 

increases the hydrodynamic pressure by more than 3 times in comparison to the smooth surface 

results (Rz=0 nm). For the strong interaction, the surface roughness Rz=6 nm gives the same 

increasing effect. 
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(a) For the weak interaction 
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(b) For the medium interaction 
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(c) For the strong interaction 

Fig. 3  Dimensionless pressure distributions in the bearing when tot ,oh 10 nm=  and 4θ 1 10 rad−= ×  
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Figure 4 (a) shows that for the strong interaction, the hydrodynamic pressures are so low that 

the piezo-viscous effect on the pressure is negligible when the stationary surface is perfectly 

smooth (i.e., Rz=0 nm). However, the surface roughness Rz=14 nm increases the hydrodynamic 

pressure by 2 orders, so the piezo-viscous effect further significantly increases the 

hydrodynamic pressure. 

Figure 4 (b) shows that for Rz=14 nm, the classical calculation (ignoring the adsorbed layer and 

assuming the Newtonian fluid) results in the pressure so low that the piezo-viscous effect is 

negligible. The present calculation with the strong interaction results in the pressures nearly 3 

orders higher than the classical calculation, so the piezo-viscous effect is significant. 
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(a) For the strong interaction 
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(b) zR 14nm=  

Fig. 4  Piezo-viscous effect for different surface roughness and different interactions for tot ,oh 10 nm=  and 

4θ 1 10 rad−= ×  
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5.2 LOAD OF THE BEARING 

Figure 5 (a) shows that for the weak and medium interactions, the piezo-viscous effect on the 

carried load of the bearing is negligible when tot ,oh 10nm= , 
4θ 1 10 rad−

= × , and Rz is below 14 nm. 

However, for the strong interaction, in the same operating conditions, the piezo-viscous effect 

considerably increases carried load of the bearing particularly for higher surface roughness. 

Figure 5 (b) shows that the classical calculation also gives the increase in the bearing load when 

the surface roughness is higher. However, this increase is higher for a stronger interactions. For 

the strong interaction and the surface roughness Rz=14 nm, the resulting bearing load is nearly 

3 orders larger than the classical calculation. 
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Fig. 5  Dimensionless carried loads of the bearing when tot ,oh 10 nm=  and 4θ 1 10 rad−= ×  
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6. CONCLUSIONS 

The surface roughness effect in the hydrodynamic thrust bearing with ultra-low clearance is 

investigated with the multiscale approach. The adsorbed layer effect is incorporated, and the 

surface roughness is limited to the 1nm scale. Numerical calculations were made, and the 

conclusions are as follows: 

(a) The hydrodynamic pressure and the bearing load are enhanced with the surface roughness 

increase. The stronger the fluid-bearing surface interaction, the greater the enhancement. 

(b) For the strong interaction or/and high surface roughness, the fluid piezo-viscous effect 

must be incorporated. 

(c) For evaluating the hydrodynamic thrust bearing with ultra/low clearance correctly, the 

surface roughness and the adsorbed layer must be considered simultaneously. The 

lubrication status in the bearing is quite complicated. The multiscale analysis and numerical 

calculation for this model of bearing are mandatory. 

7. NOMENCLATURE 

0a , 1a , 2a  -  constant 

y1C  - eff
bf ,1η / η  

q1C  - eff
bf ,1ρ / ρ  

y2C  - eff
bf ,2η / η  

q2C  - eff
bf ,2ρ / ρ  

D - fluid molecule diameter 

h - continuum film thickness 

cr ,bf ,1h  - critical thickness for characterizing the rheological properties of the adsorbed layer 

in the multiscale flow 

cr ,bf ,2h  - critical thickness for characterizing the rheological properties of the adsorbed layer 

in the nanoscale non-continuum flow 

bfh  - adsorbed layer thickness 

toth  - surface separation 

tot ,oh  - surface separation on the exit of the bearing 

bf ,1H  - bf cr ,bf ,1h / h  

bf ,2H  - tot cr ,bf ,2h / h  

1l , 2l  - widths of the outlet and inlet zones, respectively 

m0, m1, m2, m3, n0, n1, n2, n3  -  constant 

n - equivalent number of the fluid molecules across  the adsorbed layer thickness 
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N+1 - number of the discretized points in the outlet or inlet zones 

p - hydrodynamic pressure 

P - dimensionless pressure, tot ,o aph / uη  

0q  - j 1 j/∆ ∆+  

mq  - total mass flow rate per unit contact length through the bearing 

mQ  - dimensionless total mass flow rate, m tot ,o aq /(uh ρ )  

zR  - maximum height of the rough surface profile 

S - parameter accounting for the non-continuum effect of the adsorbed layer confined in the 

whole surface separation 

u - sliding speed of the bearing 

1w , 2w  - load components contributed by the outlet and inlet zones, respectively 

W - dimensionless load, aw / uη  

x - coordinate 

X - dimensionless coordinate, 1 2x /( l l )+  

θ  - wedge angle of the bearing 

γ  - exponent 

ρ  - fluid bulk density 

aρ - fluid bulk density at ambient pressure 

eff
bf ,1ρ  - average density of the adsorbed layer in the multiscale flow 

eff
bf ,2ρ  - average density of the adsorbed layer in the nanoscale non-continuum flow 

η  - fluid bulk viscosity 

aη  - fluid bulk viscosity at ambient pressure 

eff
bf ,1η  - effective viscosity of the adsorbed layer in the multiscale flow 

eff
bf ,2η  - effective viscosity of the adsorbed layer in the nanoscale non-continuum flow 

line , j 1η −  - local viscosity between the jth and (j-1)th fluid molecules across the adsorbed layer 

thickness 

bfλ  - bfh / h  

j∆  - separation between the (j+1)th and jth fluid molecules across the adsorbed layer 

thickness 

x∆  - separation between the neighbouring fluid molecules in the flow direction in the 

adsorbed layer 

n 2∆ − - separation between the neighbouring fluid molecules across the adsorbed layer 

thickness just on the boundary between the adsorbed layer and the continuum fluid film 
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x ,oδ  - distances between two neighbouring discretized points in the outlet zone, 1l / N  

x ,iδ  - distances between two neighbouring discretized points in the inlet zone, 2l / N  
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