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Abstract 
The effect of surface roughness on the transient characteristics of the hydrodynamic cylindrical bearing during 

startup is studied. A mixed lubrication model considering both asperity contact and hydrodynamic fluid flow is 

solved. The asperity contact pressure is obtained by the Greenwood-Williamson (GW) contact model. The 

hydrodynamic pressure is calculated by modified average Reynolds equation with finite element method (FEM). 

The transient movement of the journal center, the transient average film thickness, the hydrodynamic pressure and 

the contact pressure are presented for different surface roughnesses. The contact time and contact zone in different 

types of surface roughness are obtained. The influences of the standard deviation of asperity height (σ) and rough 

surface patterns on these parameters are analyzed. The results show that the surface roughness has an important 

influence on the transient characteristics of the bearing during the initial period of startup. 

Keywords: hydrodynamic bearing, mixed lubrication, surface roughness, surface pattern, startup 

1 Introduction 

For the hydrodynamic bearings without auxiliary support system, the mixed lubrication is critical for frequent 

startup operation in overload conditions. The minimum film thickness of the bearings during early startup is on the 

same level as the asperity height of the rough surfaces [1]. Asperity contact of the shaft and bearing surface can be 

generated [2, 3], leading to serious wear of the bearing surface, power loss, and seizures [4]. Under the mixed 

lubrication, both the asperity contact pressure and the hydrodynamic pressure are influenced by the asperity height 

and surface roughness pattern [5]. Therefore, the effects of surface roughness on the startup characteristics of the 

hydrodynamic cylindrical bearings must be understood. 

Christensen et al. [6] numerically presented the effects of surface roughness on the hydrodynamic behavior of the 

journal bearing. They found that generally the surface roughness had slight impacts on the carrying capacity of 

journal bearings. However, when the eccentricity ratio closed to the hydrodynamic limit, the structure and statistical 

properties of surface roughness had a strong impact on the carrying capacity of the bearings. The rough surface in 

transverse orientation could enhance the carrying capacity, but the one in longitudinal orientation would decrease 

the carrying capacity.  

Patir and Cheng [7, 8] developed an average Reynolds equation considering the effects of the directional patterns 

of surface roughness. Based on this model, Wang et al. [9-11] built a mixed-THED model to analyze the conformal 

contact between the rough surfaces for the journal bearings. They concluded that the asperity contact/sliding 

friction and the viscous friction could be evaluated using the roughness-relate friction correction factor and the 

shear stress factor of the average Reynolds equation [7, 8]. Sander et al. [12] analyzed the effect of surface 

roughness on the dynamic properties of the journal bearing running from hydrodynamic lubrication to mixed 

lubrication. They found that comparing to the rough surface of a new bearing, a run-in rough surface could decrease 

both maximum contact pressure and contact area. Dobrica et al. [13, 14] proposed a numerical method of 
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deterministic roughness to research on the hydrodynamic component in mixed lubrication. They found that 

transverse roughness could increase both minimum film thickness and friction torque, while longitudinal roughness 

only influenced the friction torque. The isotropic roughness had a little influence on both film thickness and friction 

torque. 

  Many works have been done for understanding the startup properties of hydrodynamic journal bearings [15-17]. 

Mokhtar et al. [18, 19] tested the wear characteristics of journal bearings during repeated startup. They concluded 

that the discernable wear was entirely generated by the sliding contacts during early startup. The wear localization 

changes with different surface roughnesses. Bouyer et al. [20] experimentally found that the mixed lubrication of 

hydrodynamic bearings occurs just in the initial running of the journal during startup. The rougher surfaces could 

increase the friction coefficient, except for the large isotropic roughness. They maintained that it was essential to 

consider the roughness of the shaft and bearing surfaces to get accurate result.  

Sugimura et al. [21] experimentally investigated the influence of surface roughness pattern on the lubricated 

running-in process of pure rolling/sliding contact. They found that the longitudinal roughness generated very thin 

steady films. The surface micro-texture influenced the wear rate of surface in running-in process. Krupka et al. [22] 

presented that rough surfaces could impact the film forming of hydrodynamic bearings during startup. They found 

that compared to smooth surfaces, the shallow rough features could be more efficient for the separation of the 

rubbing surfaces in mixed lubrication. Also, asperity interactions in transient conditions could be lowered by 

well-designed topography of rough surface. In addition, many works [23-26] were conducted to understand the 

influences of surface roughness on mixed lubrication regime. However, to the published papers, there are few 

investigations about the evolution of transient parameters of hydrodynamic cylindrical bearings during startup, such 

as hydrodynamic pressure and contact pressure. 

In this paper, the influence of surface roughness on the transient behavior of the hydrodynamic cylindrical 

bearing during startup are studied. The evolutions of both asperity contact force and hydrodynamic bearing force 

during startup are presented. The variations of transient hydrodynamic pressure, transient contact pressure, as well 

as minimum film thickness in different surface roughnesses during startup are obtained. Also, the impacts of 

different types of surface roughness on contact time and contact zone are analyzed. 

2 Models and formulation 

2.1 Geometric modeling 

Fig. 1 shows the schematic of a hydrodynamic cylindrical bearing with a fixed bearing surface and a rotating 

shaft. The bearing starts up under the constant applied load W. At beginning of startup, the asperity contact occurs 

due to the insufficient hydrodynamic bearing force for supporting the shaft. The initial minimum film thickness h is 

not zero, which is assumed to be the average gap between the two average surface heights (Fig. 1 (b)). It is 

determined by the asperity contact force Fc and the applied load W combined with the expression h=C+ecos(θ-φ).   

In our model, the thermal effect is ignored because the startup period is very short. The misalignment in the axial 

direction is not considered. At the very early initial stage of startup, the friction force drives the shaft to roll along 

the bush surface in the opposite direction of rotation, then the shaft falls back and forms a very small minimum film 

thickness. With the increase in the shaft speed, there is a small hydrodynamic pressure, and the influence of the 

friction force is not so significant. Therefore, we mainly focus on the center locus in the rotating direction after the 

very beginning period. As a consequence, the friction force between the two contacted surfaces and the 

hydrodynamic shear stresses which occur on the body surface are neglected. 
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Fig. 1. The coordinate system and characteristics of the hydrodynamic cylindrical bearing during startup, (a) the coordinate 

system, and (b) the movement and the asperity contact property of the bearing 

  The fundamental dynamic law applied to the shaft leads two equations in the x and y directions respectively, as 

follows: 

������=�cx(t)+Fhx(t)+W                                    (1a) 

������=�cy(t)+Fhy(t)                                       (1b) 

where Fc and Fh represent the contact force and hydrodynamic bearing force, respectively. The subscripts of x and y 

represent in x and y directions, respectively, as shown in Fig. 1 (b). m is the mass of the shaft. t is the time. 

2.2 Governing equations 

  In the model, the lubricant is laminar Newtonian fluid and incompressible. The modified average Reynolds 

equation [27] is used for calculating the hydrodynamic pressure 

3 3

6 6 12s
z c c

h p h p h h
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r r z z r r tθ
ΦΦ Φ Φ σ Φ

θ µ θ µ θ θ
    ∂∂ ∂ ∂ ∂ ∂ ∂+ = + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

                    (2a) 

where 2 2
1 2σ σ σ= + is the standard deviation of asperity height, the subscripts 1 and 2 represent the shaft and 

bearing surface, respectively. µ is the dynamic viscosity of the lubricant. u is the shaft surface velocity. 

Using the following non-dimensional parameters 
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  The nondimensional average Reynolds equation can be obtained as  
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The Φθ, and Φz are the pressure flow factors in circumferential direction and axial direction, respectively, and Φs 

is the shear flow factor [7, 8]. Φc is the contact factor [27]. The factors are the function of surface roughness as 

following 
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                 ( ) ( )1 1 2 2, ,s r s r sV H V HΦ φ γ φ γ′ ′= −                               (3b)  
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The parameters of Vr1, Vr2 and sφ are given by 
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where H ′ is the Stribeck ratio, /H h σ′ = . γ is the surface pattern parameter. The other coefficients related to the rough 

surface pattern are listed in Table 1. 

Table 1 Coefficients of Φx, Φy and Φs ( H′ >0.5) [8]  

Surface pattern γ c＇ r＇ A1 A2 α1 α2 α3 

Transverse 1/6 1.38( H′ >1) 0.42( H′ >1) 1.962 1.754 1.08 0.77 0.03 

Isotropic 1 0.90 0.56 1.899 1.126 0.98 0.92 0.05 

Longitudinal 6 0.520 1.5 1.290 0.388 0.62 1.09 0.08 

For calculating the asperity contact pressure, the Greenwood-Williamson (GW) contact model is applied [28]. 

The normal contact force per unit area, i.e., the conformal contact pressure ρ(θ, z) between shaft and the bearing 

surfaces, is calculated by [29]  

 ( ) ( )( ) dsum d
z D P z d f z zρ θ

+∞
= −∫，   (4) 

where the individual asperity contact force P dependents on each asperity’s inference z dϖ = − , ( )3/ 24
3 pP E R ϖ′= . z  

and d represent the standard separation and the general surface distance between two conformal rough surfaces.

( )f z is the density function of Gaussian distribution. 

  The asperity contact forces in the x and y directions are written as 
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  (5) 

2.3 Solution procedure  

Using the Newmark method, the motion equation (Eq.(1)) is expressed by  

	x
 t+∆t�t�=x
 t+��1-αx� t+αx� t+∆t�∆t  	             
 xt+∆t�t�=xt+x
 t∆t+ ��1

2
-β� x� t+βx� t+∆t�∆t2		                      (6a) 

		y
 t+∆t
�t�=y
 t+��1-αy� t+αy� t+∆t�∆t              

yt+∆t
�t�=yt+y
 t∆t+ ��1

2
-β�y� t+βy� t+∆t�∆t2

                       (6b) 

where x,	x
 ,	x�  and y,	y
 ,	y�  are the displacements, velocities and accelerations of the journal center in the x and y 

directions, respectively. t∆  is the time step. The subscripts t and t t+ ∆ are the present and next time steps, 

respectively. The constant coefficients α and β are set to be 0.5 and 0.25, respectively.  
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The nondimentional Reynolds equation Eq.(2b) is calculated by finite element method. The Reynolds boundary 

condition is used. The weak elemental formation of Reynolds equation is deduced as 
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where the weighting functions N are taken to be the shape functions of triangular element as follows: 
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whereξ andη are the nondimentional coordinates of the elements, 1 , 1ξ η− ≤ ≤ .  

The nondimentional hydrodynamic pressure P and the pressure change δP over each element are interpolated by 
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where Pj and δPj are the nondimentional hydrodynamic pressure and pressure change at each node.  

The matrix equation for calculating the hydrodynamic pressure over each triangular element is  

 [ ]{ }3 3 3 1 3 1K P Rδ× × ×=   (7d) 

where the matrix elements are 
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  (7e)  

For calculating the hydrodynamic pressure at each time step, an inner iteration is conducted. For example, in the 

nth time step, the initial hydrodynamic pressure 
0
nP  is the one obtained in the last time step 1nP − , i.e., 1

0
n nP P −= . 

The change in the hydrodynamic pressure n
kPδ at each node is calculated using Eq.(7a-7e). Then the pressure 

becomes 
1

n n n
k k kP P Pδ−= + . The calculation is repeated until the convergence criterion is met, i.e., 3

1| | 10n n
k kP Pδ δ −

−<− . 

The hydrodynamic bearing forces in the x and y directions are expressed as 
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0 0
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B
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∫ ∫
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       (8) 

The general process is as follows: 

1. At beginning of t=0, the shaft is static and the rotational speed is zero. The applied load W is completely 

sustained by the asperity contact force in the x direction. By this, the initial film thickness and contact pressure are 

determined. 

2. With the increasing rotational speed during startup, hydrodynamic pressure and hydrodynamic bearing force 

are obtained by calculating average Reynolds equation Eq.(2) and Eq.(8). Meanwhile, the contact pressure and the 

asperity contact force are obtained by calculating the contact model (Eq.(4) and Eq.(5)). 

3. The displacements, velocities and accelerations of the journal center at each time step are calculated using the 

motion equations (Eq.(1) and Eq.(6)). The corresponding average film thickness is obtained. 
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4. The hydrodynamic bearing force, asperity contact force and the motion properties are calculated iteratively 

until the end of the acceleration of the bearing during startup. 

3 Results and Discussion 

3.1 Verification 

The results of present numerical model are compared to the experimental results presented by Mokhtar et al. [17, 

19] in Fig. 2. Mokhtar’s experimental parameters are listed in Table 2. The rotational speed is set to rise up to 850 

rpm within 0.3 second. The simulation results of both the contact time (Fig. 2 (a)) and the journal center trajectories 

(Fig. 2 (b)) are in accordance with that in the experiments. 

Table 2 Parameters for Mokhtar’s tests  

Parameters Values 

Bearing diameter (mm) 74.653 

Bearing length (mm) 76.20 

Diametral clearance (mm) 0.121 

Equivalent modulus (GPa) 210 

Poisson's ratio 0.29 

Surface roughness of the shaft (µm) 0.12 

Surface roughness of the bearing (µm) 1.473 

Oil viscosity (Pa·s) 0.074 

 

     

Fig. 2 Comparison between Mokhtar’s experimental results and the present simulation results, (a) the contact time in the 

acceleration time of 0.3 s, and (b) the journal center trajectory within 0.3 s under the applied loads of 1.51 kN and 4.63 kN, 

respectively. 

3.2 Startup operation 

During startup, the rotational speed rises linearly up to 1000 rpm within 0.1 s. The standard deviation of 

asperity height σ is 1 µm. The surface roughness direction is in isotropic orientation. The simulation parameters 

are listed in Table 3. 
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Table 3 The simulation conditions 

Parameters Symbols Values 

Bearing radius (mm) Rb 50.1 

Bearing length (mm) B 60 

Shaft radius (mm) r 50 

Relative radius clearance ψ 2‰ 

Areal asperity density (asp/m2) Dsum 5e11 

Asperity radius (µm) Rp 2 

Equivalent modulus (GPa) E1,2 210 

Poisson's ratio v1,2 0.29 

Oil density of ISO T32 (kg/m3) ρ 860 

Oil viscosity of ISO T32 at 20°C (Pa·s) µ 0.027 

Mass of the rotor (kg) m 400 

Applied load (kN) W 4 

Fig. 3 shows the variations of hydrodynamic bearing force and asperity contact force in startup operation. The 

resultant hydrodynamic force and resultant contact force are assumed to be 2 2
h hx hyF F F= +  and 2 2

c cx cyF F F= +

respectively, while the negative of the scale represents the inverse direction of the coordinate system (Fig. 1 (b)). 

We observe that the shaft lifts off at the time t=0.057 s, when the lift-off speed is ω=570 rpm. This period of the 

mixed lubrication before the shaft separates with the bearing surface is named the contact time [19]. During the 

contact time, the resultant hydrodynamic bearing force and resultant contact force in the x direction are larger than 

that in the y direction. This is because that the applied load is in the x direction. The composition of contact force 

and hydrodynamic force are mainly used to support the applied load. 

Fig. 3 The variations of hydrodynamic bearing force and asperity contact force of the hydrodynamic cylindrical bearing in 

startup operation 

Fig. 4 shows the transient behavior of hydrodynamic cylindrical bearing during startup. In initial period of 

startup, the shaft mainly slides along the bearing surface with a quickly increasing attitude angle θ and a slightly 

increasing eccentricity ratio ε. The attitude angle θ=38 degree during the contact time tc=0.057 s is named as 

asperity contact zone (Fig. 4 (a)). During startup of the bearing, the minimum film thickness keeps increasing, 
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while the transient hydrodynamic (HD) pressure first increases and then decreases (Fig. 4 (b)). The maximum HD 

pressure appears at the time tpmax=0.047 s (Fig. 4 (b)) before the shaft separates with the bearing surface at the time 

tc=0.057 s (Fig. 4 (a)). This is due to the effect of both the film thickness and the increasing rotational speed. From 

the very beginning of startup until the time tpmax=0.047 s, the minimum film thickness keeps almost constant (Fig. 4 

(b)). The slowly rotating shaft squeezes the lubricant oil into the small clearance between the two surfaces, causing 

an increase in the HD pressure. Then, after tpmax=0.047 s, the minimum film thickness increases quickly, and this 

squeeze effect decreases, leading to a decrease in the HD pressure. In addition, the active zone of HD pressure 

keeps increasing (Fig. 4 (c)), while the contact zone keeps being about 20 degree (Fig. 4 (d)).  

Fig. 4 The transient movement and pressure properties of hydrodynamic cylindrical bearing during startup, (a) journal center 

locus in clearance circle, (b) the variation of peak hydrodynamic (HD) pressure and average minimum film thickness, (c) the 

distribution of HD pressure, and (d) the distribution of contact pressure in the plane of z=0 at different times 

3.3 Effect of standard deviation of asperity height σ 

Fig. 5 shows the hydrodynamic bearing force and asperity contact force changing with standard deviation of 

surface roughness σ during startup. The rotational speed rises linearly up to 1000 rpm within 0.1 second. The 

surface roughness is in isotropic orientation. σ is set to be 1.00 µm, 0.75 µm and 0.50 µm, respectively. It is 

observed that a high σ leads to a low hydrodynamic bearing force, resulting in a large contact force, a long contact 

time, and a high lift-off speed (Fig. 5 (a)). However, in the y direction, an increasing σ can increase both asperity 

contact force and hydrodynamic bearing force (Fig. 5 (b)). The asperity contact force has a reverse direction with 
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the hydrodynamic bearing force. 

Fig. 5 The variations of hydrodynamic bearing force Fh and asperity contact force Fc of the hydrodynamic cylindrical bearing in 

different standard deviation of asperity heights σ during startup, (a) the resultant forces, (b) component forces of Fh and Fc in 

the x and y directions  

Fig. 6 describes the transient characteristics of the hydrodynamic cylindrical bearing variates with the standard 

deviation of asperity height σ during startup. We observe that a small σ leads to a large eccentricity ratio but a small 

contact zone (Fig. 6 (a) and (b)). The minimum film thickness decreases with an increasing eccentricity ratio (Fig. 6 

(b)), leading to an increasing hydrodynamic pressure (Fig. 6 (c)). Interestingly, in the mixed lubrication during 

contact time, the Stribeck ratio hmin/σ as a function of σ is almost the same (Fig. 6 (d)), while the hydrodynamic 

pressure is significantly influenced by σ (Fig. 6 (c)). However, in the hydrodynamic lubrication when the shaft is 

lifted up, the Stribeck ratio hmin/σ decreases rapidly with an increase in σ (Fig. 6 (d)), while the hydrodynamic 

pressure changes slowly (Fig. 6 (c)). This is because that in mixed lubrication, σ has a significant effect on the 

contact factor Φc (Eq.(2)). A large σ represents a high contact possibility for a single asperity, which generates a 

larger average film thickness between two rough surfaces. 

In addition, as shown in Fig. 6 (c), for σ=0.5, 0.75 and 1 µm, the peak HD pressure first increases and then 

decreases, reaching the maximum at the time tpmax=0.041, 0.046 and 0.049 s, respectively. 
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Fig. 6 The variations of transient characteristics of hydrodynamic cylindrical bearing in different standard deviation of asperity 

heights σ during startup, (a) journal center locus in clearance circle, (b) eccentricity ratio and attitude angle, (c) peak 

hydrodynamic (HD) pressure and minimum average film thickness, and (d) Stribeck ratio of hmin/σ 

Fig. 7 depicts the distributions of hydrodynamic pressure and contact pressure in the plane of z=0 of the bearing 

in different standard deviation of asperity heights σ. We observe that at the initial time t=0 s, high peak contact 

pressure is caused by low σ. The maximum contact pressure reaches 14 MPa with σ=0.5 µm (Fig. 7 (a)). At the time 

of t=tpmax (Fig. 6 (c)), the locations of both the maximum contact pressure (Fig. 7 (b)) and the maximum HD 

pressure (Fig. 7 (c)) moves forward at a small σ. At t=0.1 s, σ has a very slight effect on the HD pressure (Fig. 7 

(d)). 
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Fig. 7 The distributions of hydrodynamic (HD) pressure p, contact pressure Pc and film thickness h in the plane of z=0 in 

different standard deviation of asperity heights σ during startup, (a) contact pressure distribution at the initial time t=0 s, (b) 

contact pressure distribution at the moment the transient HD pressure peaks, i.e., t=tpmax, (c) HD pressure distribution at the 

moment the transient HD pressure peaks, i.e., t=tpmax, and (d) HD pressure distribution at t=0.1 s. 

3.4 Effects of surface pattern 

The surface pattern parameters are 1/6, 1 and 6 in transverse, isotropic and longitudinal orientations, respectively, 

as shown in Table 1. σ is set to be 1 µm. The rotational speed is set to rise up to 1000 rpm in 0.1 second. Other 

parameters are listed in Table 3. 

Fig. 8 shows the influences of surface pattern on the transient characteristics of hydrodynamic cylindrical 

bearings during startup. It is obvious that the surface pattern has slight effects on both the movement and the 

hydrodynamic forces of the bearing during startup. Comparing to the transverse and isotropic surface patterns, the 

longitudinal surface pattern generates a slight increase in the eccentricity ratio (Fig. 8 (b)) but a slight decrease in 

the hydrodynamic bearing force (Fig. 8 (c)). Also, for longitudinal surface pattern, the minimum average film 

thickness is the smallest, while the peak hydrodynamic pressure is the lowest (Fig. 8 (d)). This means that the 

surface pattern in longitudinal orientation can decrease the carrying capacity slightly, which agrees with the 

conclusion of Dobrica et al. [14]. This is due to the micro-hydrodynamic effect generated by the micro-textures of 

surface roughness. 

In general, under the present applied load, the influence of surface pattern on the transient characteristics of the 

bearing during startup is slight enough to be ignored. The reason is that the initial Stribeck ratio of the rough 

surfaces under the present applied load is about 3.3. At such a large Stribeck ratio, the effects of the factors Φθ , Φz 

and Φs) in Eq. (2a) can be neglected. However, if a heavy load is applied, the minimum film thickness is small, 

generating a low Stribeck ratio. The effects of the surface pattern will be more obvious [8]. 
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Fig. 8 The variations of transient characteristics of the hydrodynamic bearing in different surface patterns during startup, (a) 

journal center locus in clearance circle, (b) eccentricity ratio ε, (c) the hydrodynamic force Fh and contact force Fc, and (d) the 

transient peak hydrodynamic (HD) pressure p  

  Fig. 9 shows the distributions of contact pressure and hydrodynamic pressure in the plane of z=0 of the 

hydrodynamic cylindrical bearing in different surface patterns during startup. We observe that at the initial time t=0, 

the surface pattern has no influence on the contact pressure distribution and the average film thickness (in Fig. 9 

(a)). At the moment of t=tpmax when the hydrodynamic (HD) pressure reaches the maximum, the longitudinal 

roughness causes slight decrease in both maximum contact pressure and maximum HD pressure. The locations of 

both the maximum contact pressure and the maximum HD pressure move backward for the longitudinal surface 

pattern. (Fig. 9 (b) and (c)). In hydrodynamic lubrication (t=0.1 s), the influences of the surface pattern disappear in 

Fig. 9 (d).  
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Fig. 9 The distributions of hydrodynamic (HD) pressure, contact pressure and average film thickness in the plane of z=0 in 

different surface patterns during startup, (a) contact pressure distribution at t=0 s, (b) HD pressure distribution at the moment 

when the transient HD pressure peaks, i.e., at t=tpmax, (c) contact pressure distribution at the moment when the transient HD 

pressure peaks, i.e., at t=tpmax and (d) HD pressure distribution at t=0.1 s.  

4 Conclusions 

  The effects of surface roughness on the transient characteristics of hydrodynamic cylindrical bearings during 

startup are studied. From the results we concluded that:  

1. During startup of the hydrodynamic cylindrical bearing, the minimum average film thickness keeps increasing.

The peak hydrodynamic pressure first increases and then decreases, reaching a maximum value before the shaft 

separates with the bearing surface. The hydrodynamic active pressure zone increases. The contact pressure 

decreases, while the contact zone is not changed during contact time. 

2. For the hydrodynamic cylindrical bearing during the initial period of startup, a small standard deviation of

asperity height σ causes a high hydrodynamic pressure, a short contact time, a small sliding contact zone, and a 

small lift-off speed. However, the maximum hydrodynamic pressure increases with a decrease in σ.  

3. The surface pattern has a slight but important effect on the transient behavior during contact time. The

longitudinal surface pattern can slightly reduce the hydrodynamic bearing force, and increase both the contact time 

and the lift-off speed. Also, the longitudinal surface pattern generates a small maximum hydrodynamic pressure 

with a small minimum average film thickness. 
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Nomenclature 
 
C    radius clearance, C=R-r 

d     general surface distance  

Dsum   surface density of the asperity 
e     eccentricity of the shaft in the bearing  

E    elasticity modulus 

E＇  equivalent elasticity modulus, ( ) ( )2 2
1 1 2 21 1 1E E Eν ν′ = − + −  

Fh, Fc   hydrodynamic bearing force and asperity contact force, respectively 

h     average film thickness  

H ′     Stribeck ratio, H h σ′ =  

H   nondimentional average film thickness, H=h/C 

m    mass of the rotor  

Nj    shape function, j = 1, 2, 3 

p     hydrodynamic pressure  

P     individual asperity contact force  

P     nondimentional hydrodynamic pressure, P = p/pa,
22ap µω ψ=  

Pj    nondimentional hydrodynamic pressure at each node, j = 1, 2, 3 

Pc    contact pressure  

Rp    radius of the asperity  

R    bearing radius  

r     shaft radius 

tc    contact time 

u    velocity of the shaft surface  
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U    nondimentional velocity of the shaft surface, U=u/(rω)  

ν     Poisson's ratio 

W    applied load  

x, y, z   Cartesian coordinate  

z     standard separation of two surfaces  

ε     eccentricity ratio, ε=e/C 

φ     attitude angle   

θ, λ   angular and axial coordinate, λ= z/B 

ψ      relative clearance, ψ =C/r  

σ     standard deviation of asperity height, Rq 

µ     dynamic viscosity of the lubricant 

ω    rotational speed of the shaft 

ϖ    inference of asperities, =z dϖ −  

δP    pressure change between consecutive iterations 

γ     surface pattern parameter  

ξ, η    nondimentional coordinates of the element, -1≤ ξ , η ≤1 

( )f z    density function of Gaussian distribution of the asperity height 

Φθ, Φz pressure flow factors in circumferential and axial directions, respectively 

Φs, Φc   shear flow factor and contact factor, respectively 

∇     gradient operator 

Gauss
ΙΙΙΙ   Gaussian integration 
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Highlights 

1. The problem of cylindrical journal bearing operating under transient regime is 

solved by a mixed lubrication model considering asperity contacts and 

hydrodynamic fluid flow. 

2. The transient characteristics of hydrodynamic cylindrical bearings from mixed 

lubrication to hydrodynamic lubrication are presented.  

3. The effects of standard deviation of asperity height and the rough surface pattern 

on the transient behavior during startup are analyzed.  

 


