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Abstract: 22 

Temperature rise and film thickness reduction are the most important factors in 23 

elastohydrodynamic lubrication (EHL). In the EHL contact area, interfacial resistances 24 

(velocity/thermal slips) induced by the molecular interaction between lubricant and solid 25 

become significant due to the large surface/volume ratio. Although the velocity slip has been 26 

investigated extensively, less attention has been paid on the thermal slip in the EHL regime. In 27 
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this study, numerical simulations were conducted by applying three cases of boundary slips to 28 

surfaces under sliding/rolling contacts moving in the same direction for the Newtonian thermal 29 

EHL. We found that the coupled velocity/thermal slips lead the most significant temperature 30 

rise and film thickness reduction among the three cases. The velocity slip results in a lower 31 

temperature in the lubricant and solids, whereas the thermal slip causes a temperature rise in 32 

the entire contact area in the lubricant as the film thickness decreases simultaneously. 33 

Furthermore, the effect of thermal slip on lubrication is more dominant than that of velocity slip 34 

while increases the entrainment velocity or slide–roll ratio.  35 

 36 

Keywords: Temperature rise; Film thickness reduction; Boundary slips; EHL 37 

 38 

1. Introduction 39 

Superlubricity-induced ultralow friction has garnered significant attention owing to its 40 

promising prospects of energy saving, environmentally friendly lubrication, and long-life 41 

machine operation in industrial applications [1]. To reduce friction in elastohydrodynamic 42 

lubrication (EHL) contacts, significant efforts have been expended [2–5]; however, friction 43 

reduction caused by the boundary slips between a lubricant and a solid surface is typically 44 

accompanied by a significant temperature rise and film thickness reduction in the contact area 45 

[6]. From a fundamental perspective, the coupling of the velocity discontinuity [7,8] and 46 

temperature jump [9–11] at the solid–lubricant interface are of particular importance for 47 

ensuring the lubrication performance in EHL contacts to avoid lubrication breakdown or surface 48 

failure.  49 

Over the past decades, boundary slips in EHL have been investigated extensively. The major 50 

studies are summarized in Table 1. The lubricant slip effect near the contact surfaces was first 51 

reported by Kaneta et al. [12] in 1990. Subsequently, Ehret et al. [13] verified Kanetas’ results 52 
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under different sliding conditions. Fu et al. [14] experimentally demonstrated that an inlet 53 

dimple was generated in an EHL film, which was attributed to a velocity slip. Kalin et al. [15] 54 

reported that the slip on diamond-like carbon (DLC) coating surfaces resulted in a 20% 55 

reduction in the friction coefficient under DLC/DLC contacts compared with that under 56 

steel/steel contacts. Guo and Wong et al. [16–18] measured the slip length at a solid surface 57 

from the relative movement between an entrapped lubricant and a contact surface. Ponjavic et 58 

al. [19,20] performed photobleached imaging to evaluate the effect of interfacial slip on the 59 

friction and film thickness in an EHL contact. The velocity slip presented by Wang et al. [21] 60 

occurred at a disc surface (that moved faster than the ball surface), which resulted in an 61 

anomalous EHL film shape. Under zero entrainment velocity (ZEV) bearing contacts, Wong et 62 

al. [22,23] reported a hydrodynamic lubrication film generated by a velocity slip on an 63 

oleophobic coating. 64 

In addition to the experimental studies, theoretical models were established to consider the 65 

effect of boundary slip on lubrication performance in EHL [24–27, 32–34]. Wen et al. [24] 66 

proposed a lubricant ideal viscoplastic rheological model incorporating velocity slip into the 67 

line contact without thermal effect. Ståhl et al. [25] and Chu et al. [26] developed slip models 68 

for isothermal line contacts. Chen et al. [27] applied an anisotropic velocity slip to a point 69 

contact model and discovered a reduction in film thickness in a circular contact. In addition to 70 

the friction reduction induced by the boundary slips, the temperature rise induced via heat 71 

generation from the lubricant can lower friction owing to the reduction in the lubricant viscosity 72 

in the EHL contact. Consequently, temperature rise in the contact regime is an indispensable 73 

factor in tribology [28–31]. Zhao et al. [32] found that the velocity slip reduced temperature 74 

rise and increased the film thickness owing to the positive effect of lubricant entrainment under 75 

large slide–roll ratios (SRRs). Zhang et al. [33,34] proposed a layered oil slip lubrication model 76 

that included the thermal effect of the EHL point contact under various operation conditions.  77 
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Although the effect of velocity slip on lubrication performance has been investigated 78 

extensively, the thermal slip and the coupled velocity/thermal slips have rarely been considered 79 

in the EHL regime. Related studies on the thermal slip were summarized in Table 2. Due to the 80 

difficulties in measurement of thermal slip, various advanced techniques have been applied to 81 

the experimental systems including the solid–liquid interface. Despite the fact that great efforts 82 

have been devoted to the measurement, it is still a challenging work to evaluate the thermal slip 83 

at the solid–liquid interface experimentally. On the other hand, with the aid of molecular 84 

dynamics simulation, the thermal slip at the solid–liquid interface has been extensively 85 

investigated. The thermal slip length (i.e., Kapitza length) at the hydrophilic solid–liquid 86 

interface is qualitatively smaller than that at the hydrophobic solid–liquid interface. 87 

In the EHL contact area, interfacial resistances (velocity/thermal slips) induced by the 88 

molecular interaction between lubricant and solid become significant due to the large 89 

surface/volume ratio. That is, the boundary slips can no longer be ignored when the slip length 90 

or thermal slip length is comparable to the characteristic film thickness. In our previous study, 91 

we applied velocity and thermal slips to one of the sliding/rolling surfaces in ZEV contact; 92 

however, less attention has been paid on the temperature rise and the film thickness reduction 93 

[6]. Since boundary slips may occur at all moving surfaces in practical EHL, we conducted a 94 

further thermal EHL analysis in this study by applying boundary slip conditions to two moving 95 

surfaces under sliding/rolling contacts in the same direction. Three cases of boundary slips, i.e., 96 

velocity, thermal, and coupled velocity/thermal slips, were investigated to clarify the 97 

phenomena of temperature rise and film thickness reduction in thermal EHL. The adopted 98 

boundary slips length is comparable to the typical film thickness of the EHL contact. 99 

  100 
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Table 1 Review of EHL studies on velocity slip. 101 

Year Authors Method/findings Ref. 

Experimental studies 

1990 Kaneta et al. Ball-disc under pure rolling and sliding contact / ve-
locity slip at or near contact surfaces 

[12] 

2007 Fu et al. Ball-disc under pure sliding contact with high viscosity 
polymeric lubricant / velocity slip induced inlet dimple 
in contact region 

[14] 

2009 Kalin et al. DLC-DLC contacts / 20% friction reduction compared 
to steel-steel contact 

[15] 

2012 Guo et al. Entrapped lubricant in ball-disc contact / slip length of 
0–12 μm at steel-lubricant (PB900/PB1300)-glass sur-
faces 

[16] 

2014 Ponjavic et al. Glass-Fusso contact in PCS Instruments / central film 
thickness reduction of 50% due to velocity slip at 
Fusso coating surface 

[19,20] 

2017 Wang et al. Ball-disc contact lubricated by 1-dodecanol / anoma-
lous EHL film caused by velocity slip  

[21] 

2018 Wong et al. ZEV contact with oleophobic coating / hydrodynamic 
lubrication film due to velocity slip at oleophobic sur-
face 

[22,23] 

Theoretical analysis 

2000 Wen et al. Isothermal line contact, viscoplastic rheological model 
/ velocity slip occurred at the inlet zone 

[24] 

2003 Ståhl et al. Line contact, limiting shear stress / central film thick-
ness variations due to velocity slip 

[25] 

2012 Chu et al. Line contact, Navier-slip and flow rheology / correla-
tion between slip length and film thickness 

[26] 

2016 Chen et al. Circular contact, anisotropic slip / film thickness re-
duction due to slip length in sliding direction 

[27] 

2019 Zhao et al. Point contact, SRR = 44, velocity slips at two surfaces 
/ variations of temperature rise and film thickness  

[32] 

2020 Zhang et al. Point contact, layered oil slip model / reduction of film 
thickness due to velocity slip and thermal effect 

[33,34] 

2021 Meng et al. Point contact, boundary slips at one of moving surfaces 
/ film thickness reduction and temperature rise in con-
tact region 

[6] 

 102 

103 
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Table 2 Recent studies on thermal slip at solid–liquid interface. 104 

 105 

Year Authors Method/findings Ref. 

Experimental studies 

2006 Ge et al. Time-domain thermoreflectance / water–Au interface, lk = 
3–6 nm at hydrophilic interfaces, lk = 10–12 nm at hydro-
phobic interfaces 

[35] 

2010 Timofeeva et 
al. 

Transient hot wire method / water–α-SiC interface, lk ≈ 4.2 
± 0.3 nm 

[36] 

2017 Nagayama et 
al. 

Forced convection in fully developed microchannel flow / 
water–Si interface, lk = 50–150 μm 

[37] 

Molecular dynamics studies 

2010 Nagayama et 
al. 

Nonequilibrium molecular dynamics simulations / Pt–Ar 
nanostructured interface, lk = 3.4 – 9.8 nm at hydrophilic sur-
face, lk = 16.4 – 51.6 nm at hydrophobic surface 

[38] 

2012 Hu et al. Molecular dynamics simulations using LAMMPS / water–
gold interface, lk ≈ 2 – 5 nm  

[39] 

2012 Shi et al. Molecular dynamics simulations using LAMMPS / lk = 0 – 
1.2 nm at Ar–silver interface, lk = 3.1 – 3.5 nm at Ar–graph-
ite interface 

[40] 

2014 Barisik et al. Molecular dynamics simulations using LAMMPS / water–
Si interface, lk ≈ 8.5 – 9 nm 

[41] 

2016 Pham et al. Molecular dynamics simulations using LAMMPS / water 
and graphene-coated-Cu (111) interface, lk = 10 – 50 nm 

[42] 

2021 Song et al. Molecular dynamics simulations using LAMMPS / Ar–Cu 
interface, lk = 0–14 nm in rough nanochannels 

[43] 

 106 

  107 
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2. Method 108 

A steel–steel configuration comprising a disc (solid a) and a ball (solid b) was employed as 109 

a stationary EHL point contact subjected to an external load w, as shown in Fig. 1(a). The 110 

velocities of the disc and ball are ua and ub in the x-direction, respectively. Fig. 1(b) shows the 111 

corresponding computational domain −5a ≤ x ≤ 5a, −5a ≤ y ≤ 5a, −5a ≤ z ≤ 5a + h, where 112 

a is the half Hertzian contact width, and h is the lubricant film thickness. The origin of 113 

coordinate system o is located at the center of the contact area. Five grid levels were employed 114 

in the computational domain. In the x- and y-directions, 256 equidistant nodes were adopted at 115 

the finest level, whereas in the z-direction, 11 equidistant nodes were adopted in the lubricant 116 

film and 12 non-equidistant nodes in the solids. Table 3 lists the operating conditions used in 117 

this study.  118 

 119 

 120 

Fig. 1 Schematic illustrations of (a) sliding/rolling contact, and (b) computational domain (not 121 

to scale) 122 

 123 

 124 

(a) (b) 
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Table 3 Operating conditions 125 

Ambient temperature, T0, K 313 

Ball radius, R, m 0.0127 

Load, w, N 30 

Half width of Hertzian contact, a, µm 136 

Entrainment velocity, ue = (ua + ub)/2, m/s 0 – 30 

Slide-roll ratio, SRR = (ua - ub)/ue 0 – 2 

 126 

 127 

Fig. 2 Boundary slips at surfaces of moving solids: velocity slip (left) and thermal slip (right) 128 

 129 

The lubrication performances were investigated by solving the Reynolds equation and 130 

energy equations under the boundary slips condition shown in Fig. 2. Since the lubricant is 131 

assumed to be the isotropic Newtonian fluid in this study, the linear relation between the shear 132 

strain rate and shear stress is considered. In contrast to our previous study [6], both the surfaces 133 

of solids a and b were assumed to be subjected to the same boundary slips. The linear Navier 134 

slip condition [7,8] and Kapitza resistance [9,10] were adopted for the slip velocity and 135 

temperature jump, as illustrated in Fig. 2, where ls is the slip length and lk is the thermal slip 136 

length. Hence, the lubricant velocity and temperature at the solid–lubricant interfaces are 137 

applied as follows: 138 
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 139 

By applying the lubricant velocity at the interfaces (specified in Eq. (1)) to the Reynolds 140 

equation, a modified Reynolds equation is obtained. 141 
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. 145 

Eq. (3) coincides with the Reynolds equation [44] under the no-slip boundary condition, 146 

where the slip parameters are (ρ/η)es = 0 and ρes = 1. To obtain the temperature profiles of the 147 

system, the full energy equations in the lubricant film and contacting solids were solved by 148 

considering the heat generated by the shearing and compression of the lubricant.  149 

To resolve the local temperature filed, the full energy equations within the lubricant film and 150 

solids are described. Within the lubricant film, the energy equation [45] is expressed as 151 
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Within the solids, no compression and shearing are present, the energy equation for solids 152 

are written as: 153 
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The relevant properties of the lubricant and steel are listed in Table 4. The Dowson and 154 

Higginson model [46] and the Roelands equation [47] were applied to estimate the density and 155 

viscosity of the lubricant as functions of pressure and temperature, as follows: 156 
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(7) 

Here, ρ0 is the density, η0 is the viscosity of the lubricant at p = 0 and T = T0, Z0 is the pres-157 

sure–viscosity index, and S0 is the temperature–viscosity index. Although the low thermal con-158 

ductivity of steel would cause a temperature rise in the EHL contact [48–50], for simplicity, the 159 

steel thermal conductivity is set to 46 W/(m·K) in this study. 160 

The simulation involved two procedures: (1) solving Eq. (3) under the fixed temperature 161 

field by applying the multilevel, multi-integration technique and multigrid method [51]; (2) 162 

solving the energy equations under the fixed pressure field (obtained from step (1)) by employ-163 

ing the sequential column sweeping method [52]. These procedures were repeated until the 164 
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relative errors of pressure, load, and temperature were less than 1 × 10-3, 1 × 10-3, and 1 × 10-4, 165 

respectively [6].  166 

Table 4 Properties of lubricant and steel 167 

Density of steel, ρa,b, kg/m3 7850 

Specific heat of steel, ca,b, J/(kg·K) 470 

Thermal conductivity of steel, ka,b, W/(m·K) 46 

Ambient density of lubricant, ρ0, kg/m3 875 

Specific heat of lubricant, c, J/(kg·K) 2000 

Thermal conductivity of lubricant, k, W/(m·K) 0.14 

Pressure viscosity coefficient, α, 1/Pa 2.4 × 10-8 

Ambient viscosity of lubricant, ƞ0, Pa·s 0.08 

Thermal viscosity coefficient of lubricant, β, 1/K 0.042 

Reduced elastic modules, E’, Pa 2.26 × 1011 

 168 

3. Results and discussion 169 

3.1 Lubrication with boundary slips  170 

To characterize the effects of boundary slip on lubrication, three cases of boundary slips were 171 

investigated in our numerical simulations: (1) velocity slip, (2) thermal slip, and (3) coupled 172 

velocity/thermal slips; subsequently, these cases were compared with the classical no-slip solu-173 

tion. Figs. 3–6 show the typical results obtained under ue = 3.6 m/s and SRR = 1.5. In the current 174 

study, −1≤ X = x/a ≤ 1 and −1≤ Y = y/a ≤ 1 correspond to the area of the Hertzian contact, 175 

and X = Y = 0 corresponds to the center of the contact area.  176 

The contour maps of the film thickness, pressure, and film thickness profiles are shown in 177 

Fig. 3. Here, the boundary slips length of 0.2 µm is adopted in this section, which is comparable 178 

to the typical film thickness of the EHL contact [53]. The result of ls = lk = 0, which is a typical 179 

solution of the EHL point contact, is shown in Fig. 3(a). A central plateau and an outer con-180 

striction are evident in the contour maps. Compared with Fig. 3(a), a greater pressure peak is 181 
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shown in Fig. 3(b), whereas lower pressure peaks are shown in Figs. 3(c) and 3(d). Meanwhile, 182 

the film thickness at the outer constrictions decreases when ls = 0.2 µm and lk = 0, as shown in 183 

Fig. 3(b), whereas the central plateau film inclines slightly when ls = 0 and lk = 0.2 µm, as shown 184 

in Fig. 3(c). For the coupled velocity/thermal slips when ls = lk = 0.2 µm, as shown in Fig. 3(d), 185 

the film thickness at the outer constrictions decreases, accompanied by an inclined lubricant 186 

film. The film thickness shown in Fig. 3(d) is the thinnest among the cases, owing to the reduc-187 

tion in film thickness induced by the velocity slip and thermal slip. The film thickness reduction 188 

induced by the velocity slip is attributed to the lower lubricant velocity, which entrains less 189 

lubricant into the contact area [6,54]. On the other hand, the thermal slip-induced film thickness 190 

reduction is attributed to the lower viscosity of the lubricant due to the temperature rise in the 191 

contact area. Comparing the minimum film thickness with that of the no-slip (dotted line) and 192 

ls = lk = 0.2 µm (dashed line) cases, it is clear that the film thickness reduction is primarily 193 

induced by the velocity slip. 194 

 195 

Fig. 3 Contour maps of film thickness (top) and pressure, film thickness profiles on center 196 

plane Y = 0 (bottom) at ue = 3.6 m/s, SRR = 1.5 under different boundary conditions: (a) no slip; 197 

(a) (b) (c) (d) 
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(b) velocity slip; (c) thermal slip; (d) coupled velocity/thermal slips. Dotted line represents min-198 

imum film thickness of no-slip case; dashed line represents minimum film thickness for case of 199 

ls = lk = 0.2 µm 200 

 201 

Fig. 4 presents the temperature profiles on the center plane (Y = 0) in the EHL contact area. 202 

Fig. 4(a) shows the results of the no-slip boundary condition (ls = lk = 0), where the temperature 203 

of the lubricant increases significantly at the center of the film thickness. This temperature rise 204 

is caused by the heat generated in the lubricant film due to the compression and shearing in the 205 

EHL contact area. Since the generated heat can be removed from the lubricant to the two moving 206 

solid walls, increasing the wall velocity can enhance heat dissipation. Consequently, both the 207 

surface temperature and the inner temperature of solid a are smaller than those of solid b 208 

because the velocity of solid a is seven times larger than that of solid b at SRR = 1.5. In the 209 

case of ls = 0.2 µm, the temperature profile in Fig. 4(b) is similar to that in Fig. 4(a), but the 210 

maximum lubricant temperature is higher than that in Fig. 4(a) because of the increase in the 211 

maximum pressure under velocity slip. Comparing Figs. 4(c) and 4(d) to 4(a), the area of 212 

lubricant temperature exceeding 400 K (green) expands significantly at the left side of the 213 

contact area, whereas the maximum lubricant temperature decreases. In particular, the lubricant 214 

temperature near the solid walls increases significantly. The main reason for this temperature 215 

rise is the limited heat dissipation from the lubricant to solids under thermal slip at the two 216 

moving solid boundaries. Therefore, the temperature rises in solids a and b shown in Figs. 4(c) 217 

and 4(d) are undistinguishable compared with those in Figs. 4(a) and 4(b). Meanwhile, since a 218 

higher lubricant temperature results in a lower viscosity, thinner film thicknesses are formed in 219 

Figs. 4(c) and 4(d) compared with those shown in Fig. 4(a). However, the film thickness 220 

reduction induced by the thermal slip is smaller than that induced by the velocity slip. In other 221 
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words, when the thermal slip length is the same as the slip length, the film thickness reduction 222 

is primarily induced by the velocity slip, as described previously. 223 

 224 

Fig. 4 Temperature profiles on center plane (Y = 0) in EHL contact area at ue = 3.6 m/s, SRR 225 

= 1.5 under different boundary conditions: (a) ls = lk = 0; (b) ls = 0.2 µm, lk = 0; (c) ls = 0, lk = 226 

0.2 µm; (d) ls = lk = 0.2 µm. Dotted line represents minimum film thickness of (a); dashed line 227 

represents minimum film thickness of (d) 228 

 229 

The results presented in Figs. 3 and 4 show that the coupled velocity/thermal slips exhibit 230 

the worst tribological performance among the cases investigated. In particular, the effect of 231 

thermal slip on the temperature rise in the vicinity of the solid walls is dominant. Since the 232 

thermal slip length might not be of the same order as the slip length [37,55], further analysis 233 

was conducted to investigate the superiority of the boundary slips.  234 

Figs. 5–6 show the results under the coupled velocity/thermal slips, where the cases of ls / lk 235 

< 1 indicate the superiority of thermal slip over velocity slip, and those of ls / lk > 1 indicate the 236 

superiority of velocity slip over thermal slip. Similar to Fig. 3, the contour maps of the lubricant 237 

film thickness (top), centerline profiles of film thickness, and pressure (bottom) are shown in 238 

Fig. 5. As shown in the contour maps, the film thickness at the center plateau and outer 239 

constriction decreases with the increase in the thermal slip length (Figs. 5(a)–5(c)) or velocity 240 

slip length (Figs. 5(d), 5(e)). The film thickness reduction shown in Figs. 5(c) and 5(e) is more 241 

(a) (b) (c) (d) 

Solid b 

Solid a 

Lubricant 

ua 

ub 
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significant than that of the other cases, where a thin lubricant film of 20–60 nm covers the entire 242 

EHL contact area. Meanwhile, the pressure peak shown in Figs. 5(c) and 5(e) are less evident 243 

compared with those shown in Figs. 5(a) and 5(d). A further increase in the boundary slips 244 

might result in a transition from EHL to boundary lubrication, accompanied by lubrication 245 

failure at the contact area. In the case of ls / lk < 1, the film thickness reductions are dominated 246 

by thermal slip, whereas those of ls / lk > 1 are due to the superiority of the velocity slip. 247 

 248 

Fig. 5 Contour maps of film thickness (top) and pressure. Film profiles on center plane Y 249 

= 0 (bottom) at ue = 3.6 m/s, SRR = 1.5 under coupled velocity/thermal slips: (a) ls / lk = 0.1 250 

µm/ 0.5 µm; (b) ls / lk = 0.1 µm/ 5.0 µm; (c) ls / lk = 0.1 µm/ 50.0 µm; (d) ls / lk = 0.5 µm/ 0.1 251 

µm;e) ls / lk = 5.0 µm/ 0.1 µm 252 

 253 

Similar to Fig. 4, Fig. 6 shows the temperature profiles under the coupled velocity/thermal 254 

slips; Figs. 6(a)–6(c) show the cases of ls / lk < 1, whereas Figs. 6(d) and 6(e) show the cases of 255 

ls / lk > 1. As shown in Figs. 6(a)–6(c), a larger lk induces a more significant lubricant 256 

temperature rise in the entire contact area. The reason contributing to the lk-induced temperature 257 

rise is the same as that for Fig. 4, i.e., the limited heat dissipation from the lubricant to the solids. 258 

The maximum lubricant temperature rise is approximately 300 K at lk = 50.0 µm, as shown in 259 

(a) (b) (c) (d) (e) 
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Fig. 6(c), accompanied by a temperature rise in the entire contact area of the lubricant. 260 

Simultaneously, the lubricant film thickness decreases to a critical level owing to the reduced 261 

viscosity corresponding to the temperature rise. Meanwhile, the larger ls induces a lower 262 

lubricant temperature rise, as shown in Figs. 6(d) and 6(e). Since the lubricant velocity 263 

decreases under the velocity slip, the amount of heat generation decreases and hence, a smaller 264 

temperature rise is induced in the contact area. Meanwhile, the lower lubricant velocity limits 265 

the amount of lubricant entraining into the contact area and hence, reduces the film thickness.  266 

 267 

Fig. 6 Temperature profiles in EHL contact area on center plane Y = 0 at ue = 3.6 m/s and 268 

SRR = 1.5 under coupled velocity/thermal slips: (a) ls / lk = 0.1 µm/ 0.5 µm; (b) ls / lk = 0.1 µm/ 269 

5.0 µm; (c) ls / lk = 0.1 µm/ 50.0 µm; (d) ls / lk = 0.5 µm/ 0.1 µm;e) ls / lk = 5.0 µm/ 0.1 µm 270 

 271 

In summary, the velocity slip dominates the film thickness reduction when the slip length is 272 

comparable to the thermal slip length, whereas the thermal slip dominates the film thickness 273 

reduction when the slip length is negligible compared with the thermal slip length. In the cou-274 

pled velocity/thermal slips case, the superior velocity slip might result in a lower temperature 275 

in the lubricant and solids, whereas the superior thermal slip might result in a temperature rise 276 

in the entire contact area in the lubricant as the film thickness decreases simultaneously. 277 

 278 

3.2 Effects of entrainment velocity on lubrication with boundary slips at a specified SRR 279 

(a) (b) (c) (d) (e) 
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The entrainment velocity is known as one of the key parameters in the lubrication of 280 

sliding/rolling contacts because the entrainment velocity can result in a variation in the amount 281 

of entrained lubricant and shear rate. Hence, the effects of the entrainment velocity on the 282 

lubrication characteristics with boundary slips at SRR = 1.5 are discussed in this section.  283 

 284 

Fig. 7 Effect of entrainment velocity on lubrication performance at SRR = 1.5: (a) minimum 285 

film thickness; (b) mean lubricant temperature rise in entire contact area. Dashed line corre-286 

sponds to ue = 3.6 m/s applied in Figs. 3–4 287 

 288 

Fig. 7 shows the minimum film thickness and mean lubricant temperature rise curves with 289 

the entrainment velocity under boundary slips, where ∆T is the average value of the lubricant 290 

temperature rise over the entire contact area. The dashed line corresponds to ue = 3.6 m/s applied 291 

in Figs. 3 and 4. In the low entrainment velocity region of ue < 3 m/s, the minimum film 292 

thickness of the no-slip case (black) is consistent with that of the thermal slip case (green) 293 

because of the insignificant temperature rise, whereas those of the cases with velocity slips (blue 294 

and red) are relatively smaller. Therefore, the minimum film thickness reduction is primarily 295 

caused by velocity slip. When the entrainment velocity increases, the minimum film thickness 296 

reduction caused by the velocity slip (blue) decreases; however, that caused by the thermal slip 297 

(a) (b) 
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(green and red) increases. With an increase in the entrainment velocity, the amount of entrained 298 

lubricant in the contact area increases, which facilitates the increase in the film thickness. By 299 

contrast, heat generation increases owing to increased lubricant shearing, resulting in a 300 

reduction in the film thickness. The contributions of velocity and thermal slips to the minimum 301 

film thickness reduction are equal at ue = 4.6 m/s. Meanwhile, an apparent discrepancy appears 302 

in the cases with and without thermal slip in the high entrainment velocity region. The reason 303 

is shown Fig. 7(b), where the temperature rise is significant in the cases with thermal slip, which 304 

results in the apparent discrepancy in the minimum film thicknesses in the high entrainment 305 

velocity region.  306 

 307 

Fig. 8 Reduction ratio of minimum film thickness ε vs. entrainment velocity curves at SRR = 308 

1.5. Dashed line represents threshold between regions I and II 309 

 310 

To compare the effects of boundary slips on the minimum film thickness, the ratio of the 311 

minimum film thickness reduction is plotted as a function of the entrainment velocity, as show 312 

in Fig. 8. The ratio of the minimum film thickness reduction ε is defined as ε = (hmin0 – hmin) / 313 

hmin0, where hmin0 is the minimum film thickness under the no-slip boundary condition. As 314 

shown in Fig. 8, at ue = 4.6 m/s, the ε of the velocity slip case (blue) is equal to that of the 315 

thermal slip case (green), whereas that of the coupled velocity/thermal slips case (red) shows 316 
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the minimum value. This implies that in region I of ue < 4.6 m/s, velocity slip dominates the 317 

minimum film thickness reduction. By contrast, in region II of ue > 4.6 m/s, the effect of thermal 318 

slip on ε is more dominant than that of velocity slip.  319 

 320 

3.3 Effects of SRR on lubrication with boundary slips at specified entrainment velocity 321 

Since the lubricant temperature rise is induced by the lubricant shearing with regard to the 322 

lubricant shear rate or the relative velocity between solids a and b in the EHL contact, the effects 323 

of SRR on the lubrication characteristics are discussed in this section.  324 

 325 

Fig. 9 Effect of SRR on lubrication performance at ue = 3.6 m/s: (a) minimum film thickness; 326 

(b) mean lubricant temperature rise in entire contact area 327 

 328 

Figs. 9(a) and 9(b) show the variations in the minimum film thickness and lubricant 329 

temperature rise with boundary slips. The entrainment velocity is given as ue = 3.6 m/s. The 330 

dashed line denotes SRR = 1.5, corresponding to the results shown in Figs. 3 and 4. It is clear 331 

that increasing the SRR reduces the minimum film thickness but increases in the temperature 332 

rise. As shown in Fig. 9(a), the thermal slip has less significant effect than the velocity slip on 333 

the minimum film thickness reduction, whereas the velocity slip yields a significant minimum 334 

(a) (b) 
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film thickness reduction of approximately 0.15 µm. Meanwhile, the film thickness reduction of 335 

the coupled velocity/thermal slips is dominated by the velocity slip in the low SRR region, 336 

whereas the effect of the thermal slip on the film thickness reduction become more prominent 337 

in the large SRR region. As discussed previously in Section 3.1, the film thickness reduction is 338 

caused by two reasons: (1) the lower lubricant velocity induced by the velocity slip, and (2) the 339 

lower viscosity induced by the thermal slip. The latter coincides with the temperature rise in the 340 

entire contact area, which increases with the SRR, as shown in Fig. 9(b). Hence, the film 341 

thickness reduction in the case of coupled velocity/thermal slips is the largest among the cases 342 

investigated.  343 

 344 

Fig. 10 Friction coefficient vs. SRR curves at ue = 3.6 m/s 345 

 346 

Fig. 10 shows the f-SRR curves at ue = 3.6 m/s, where f is the friction coefficient. As shown, 347 

a greater velocity slip results in a higher f, whereas a greater thermal slip results in a lower f. 348 

The former is caused by the film thickness reduction subjected to a large velocity gradient, 349 

whereas the latter is caused by the reduction in lubricant viscosity due to a temperature rise.  350 

Although the trend of the f-SRR curves is consistent with the experiments presented in [1,56], 351 

the operating conditions for those experiments are not comparable to those used in the present 352 
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study. To date, only a few experimental results reported are comparable to simulation results or 353 

theoretical predictions. In Fig. 11, for illustrative purposes, the experimental results of 354 

glycerol/steel contact [1] are compared with the simulation results using the same operating 355 

conditions reported in [1]. The simulation results under the no-slip condition of ls = lk = 0 are 356 

consistent with the experimental results for the uncoated substrates, whereas those under the 357 

coupled slips of ls = 0.05 μm and lk = 0.6 μm are consistent with the experiments of DLC-coated 358 

substrates. Here, the thermal slip length for the DLC-coated surface [1] is estimated to 0.6 μm, 359 

including both the effects of the DLC coating and the interfacial thermal resistance. Since the 360 

DLC coating is 2.8 μm in thickness and its thermal conductivity is 2 W/(m·K), the thermal 361 

resistant of the coating layer is 1.410-6 K/W. This is 2 orders of magnitude smaller than that 362 

of equivalent interfacial thermal resistance (approximately 1.2  10-4 K/W), Therefore, the 363 

estimated thermal slip length lk = 0.6 μm principally attributes to the interfacial thermal 364 

resistance. Accordingly, the deviations of the experimental results between the uncoated and 365 

DLC-coated substrates are significant, which imply that the boundary slips are of great 366 

importance to the superlubricity.  367 

 368 

Fig. 11 Comparisons of f-SRR curve between experiments [1] and numerical simulations at ue 369 

= 1.6 m/s and w = 300 N 370 
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 371 

The quantitative estimation of the slip length and thermal slip length is crucial for providing 372 

a fundamental understanding of solid–lubricant interfaces for applications in superlubricity, 373 

albeit challenging. The method proposed herein facilitates the design and innovation of next-374 

generation tribological technology.  375 

4. Conclusion 376 

Temperature rise and film thickness reduction were investigated via numerical simulations 377 

of thermal EHL under slip boundary conditions. Three cases of boundary slips, velocity, thermal, 378 

and coupled velocity/thermal slips, were applied to surfaces under sliding/rolling contacts 379 

moving in the same direction, and the following conclusions were obtained: 380 

(1) The velocity slip dominates the film thickness reduction when the slip length is compa-381 

rable to the thermal slip length, whereas the thermal slip dominates the film thickness 382 

reduction when the slip length is negligible compared with the thermal slip length. In 383 

the coupled velocity/thermal slips case, the superior velocity slip might result in a lower 384 

temperature in the lubricant and solids, whereas the superior thermal slip might cause a 385 

temperature rise in the entire contact area in the lubricant as the film thickness decreases 386 

simultaneously. Hence, the coupled velocity/thermal slips case leads the most signifi-387 

cant temperature rise and film thickness reduction among the three cases. 388 

(2) The effect of thermal slip on lubrication is more dominant than that of velocity slip while 389 

increase entrainment velocity or SRR. At the critical entrainment velocity, the coupled 390 

velocity/thermal slips case has the minimum film thickness reduction ratio, which can 391 

improve the tribological performance.  392 

(3) The slip length and thermal slip length are estimated to be ls = 0.05 μm and lk = 0.6 μm 393 

on the DLC-coated surface based on the experimental data in [1].  394 
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The proposed method for estimating the slip length and thermal slip length quantitatively is 395 

challenging but beneficial for gaining a fundamental understanding of superlubrication. Further 396 

experimental investigations are necessary to verify the results obtained. 397 
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Figure Captions List 550 

Fig. 1 Schematic illustrations of (a) sliding/rolling contact, and (b) computational 

domain (not to scale) 

Fig. 2 Boundary slips at surfaces of moving solids: velocity slip (left) and thermal 

slip (right) 

Fig. 3 Contour maps of film thickness (top) and pressure, film thickness profiles 

on center plane Y = 0 (bottom) at ue = 3.6 m/s, SRR = 1.5 under different 

boundary conditions: (a) no slip; (b) velocity slip; (c) thermal slip; (d) cou-

pled velocity/thermal slips. Dotted line represents minimum film thickness 

of no-slip case; dashed line represents minimum film thickness for case of 

ls = lk = 0.2 µm 

Fig. 4 Temperature profiles on center plane (Y = 0) in EHL contact area at ue = 

3.6 m/s, SRR = 1.5 under different boundary conditions: (a) ls = lk = 0; (b) 

ls = 0.2 µm, lk = 0; (c) ls = 0, lk = 0.2 µm; (d) ls = lk = 0.2 µm. Dotted line 

represents minimum film thickness of (a); dashed line represents minimum 

film thickness of (d) 

Fig. 5 Contour maps of film thickness (top) and pressure. Film profiles on center 

plane Y = 0 (bottom) at ue = 3.6 m/s, SRR = 1.5 under coupled velocity/ther-

mal slips: (a) ls / lk = 0.1 µm/ 0.5 µm; (b) ls / lk = 0.1 µm/ 5.0 µm; (c) ls / lk = 

0.1 µm/ 50.0 µm; (d) ls / lk = 0.5 µm/ 0.1 µm;e) ls / lk = 5.0 µm/ 0.1 µm 

Fig. 6 Temperature profiles in EHL contact area on center plane Y = 0 at ue = 3.6 

m/s and SRR = 1.5 under coupled velocity/thermal slips: (a) ls / lk = 0.1 µm/ 

0.5 µm; (b) ls / lk = 0.1 µm/ 5.0 µm; (c) ls / lk = 0.1 µm/ 50.0 µm; (d) ls / lk = 

0.5 µm/ 0.1 µm;e) ls / lk = 5.0 µm/ 0.1 µm 
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Fig. 7 Effect of entrainment velocity on lubrication performance at SRR = 1.5: (a) 

minimum film thickness; (b) mean lubricant temperature rise in entire con-

tact area. Dashed line corresponds to ue = 3.6 m/s applied in Figs. 3–4 

Fig. 8 Reduction ratio of minimum film thickness ε vs. entrainment velocity 

curves at SRR = 1.5. Dashed line represents threshold between regions I 

and II 

Fig. 9 Friction coefficient vs. SRR curves at ue = 3.6 m/s 

Fig. 10 Friction coefficient vs. SRR curves at ue = 3.6 m/s 

Fig. 11 Comparisons of f-SRR curve between experiments [1] and numerical sim-

ulations at ue = 1.6 m/s and w = 300 N 
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