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Chapter 1. Introduction

Chapter 1

1. Introduction

Tribology is the technology and science of interacting objects in relative motion. It is
highly interdisciplinary, drawing on chemistry, mathematics, biology, materials science,
physics, and engineering etc. The word of 7Tribology is the literal translation of “the study
of rubbing” from Greek word, and becomes widespread following the Jost Report [1] in
1966. It includes the study and application of wear, friction, and lubrication, which are
closely related to our daily life. Today, the exploration of tribology is not only limited in
the context of mechanical engineering, but also expands to micro and nanotechnology as

well as other qualitatively new fields [2].

l Application technology |

Material science Me§hani'cal
| Surface technology | engineering
| Lubricant technology | | Coating technology |

l Corrosion prevention I l'ibOlOgy é\gi?,ig\sggg;

| Tribo-chemistry | Tribameiry
Environmental

| Investigation of damage | technology and

recycling
Chemistry

Nano-technology

Figure 1-1 Graphic description of tribology interacting with other science [2].

In tribology, lubrication is an indispensable technique to reduce friction and wear
between two contact surfaces by using lubricant. In terms of lubrication mechanism, it

can be divided into following regimes: hydrodynamic lubrication, elastohydrodynamic
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Chapter 1. Introduction

lubrication, mixed lubrication and boundary lubrication, as shown in Fig. 1-2 [3]. Good

lubrication could prevent the destructive and damage, extend the operation life of machine

elements.
A A
) Elastohydrodynamic
lubrication (EHL) E
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= + lubrication
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lubrication

Viscosity x velocity / load
Figure 1-2 Schematic of Stribeck curve [3].

Due to the low friction and long-life operation, the working elements are commonly
designed in the elastohydrodynamic lubrication (EHL) regime. EHL theory describes the
mechanism of non-conformal lubricated contacts, where the pressure magnitude can be
up to the order of gigapascals. This high pressure results in the elastic deformation of
surfaces and the great increase in lubricant viscosity. Owing to the extreme conditions
(pressures of gigapascal), small contact areas (around 300 um in diameter), and the
thermal effect (temperature rise affects the lubricant viscosity), the continuum boundary
condition in EHL may breakdown, results in slip boundary condition. Therefore, the
thermal EHL theory with boundary slips continues receive attentions in researchers to
improve the working performance and durability of non-conformal lubricated machine

elements.

1.1  Elastohydrodynamic lubrication

Elastohydrodynamic lubrication (EHL) has been extensively studied during the last

decades to understand the lubrication mechanism in tribological components. The
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Chapter 1. Introduction

research on EHL can be divided into the aspects of experimentally and theoretically,

which are both mutual promotion and common development.

1.1.1 Experimental study

Experimental study plays a vital role in determining the lubrication performance of
EHL filed, which has been widely investigated. In these studies, the parameters of friction,
film thickness and temperature rise are general used to assess the performances of
lubrication.

In EHL, the generation of friction inside lubricated contact is usually connected with
the properties of lubricant and surface. Through the earlier experimental friction
measurement on journal bearings by Tower [4], the lubricant property, such as limiting
shear stress, could affect the friction value. At high pressure, the friction coefficient of
different lubricant rheology no longer increases with the increases of shear rate after
reaches the limiting value [5—7]. Thermal property of lubricant is another factor in the
measurement of friction. The lubricant rheological properties modulate the temperature
rise in EHL contacts, affecting the lubricant viscosity and hence friction. Because of its
key role, Lu rt al. [8] combined the experimental tests and theoretical calculations to gain
the temperature and friction information of lubricant rheological, which can be used to
control friction in practical applications. Zhang and Spikes [9] measured friction curves
up to very high pressures using ball on disc friction machine. At high pressure condition,
thermal effects on friction value become substantial in terms of underlying rheological
properties of the lubricants.

To reduce friction and improve the tribological performance of lubricated systems,
surface coating has been widely used. Chhowalla and Ameratunga [10] utilized the
Molybdenum disulfide (MoS2) coating in dry machine contacts, and the ultra-low friction
was observed. Fabricating MoS2 coating on contact surfaces prevent oxidation and
preserve the layered structure in circumstances where liquid lubricants are impractical
[11-13]. Diamond Like Carbon (DLC) coating is very resistant to abrasive and adhesive
wear, making it suitable for extreme contact pressure conditions. Bjorling and Shi [14]
investigated the performance of DLC coating at pressure up to 1.95 GPa under various

operation conditions. Evans et al. [15] and Kalin et al. [16,17] reported the friction
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Chapter 1. Introduction

reduction in DLC coated EHL contacts through experiments. Compared to uncoated
surfaces, DLC coatings have significantly lower conductivity, which results in higher
lubricant temperature, therefrom leads to the viscosity and friction reductions in contacts.
The heat dissipation mitigated by DLC coating are examined by Beilicke et al. [18] and
Habchi et al. [19,20]. Other important contributions studying the friction problem
includes the plastic coating [21], graphene coating [22—24], absorbed mucin layer [25],
and glycerol [26] etc.
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Figure 1-3 Typical film thickness and pressure distributions in EHL contact (phmax
=0.57 GPa, um = 0.2 m/s and T = 32 °C): (a) SRR =-1.8, (b) SRR = 0. [34]

Film thickness and shape have been a major concern in experimental studies, which
represent the separation of contact surfaces. According to the reports of Crook [27], a flat
plateau exists in the central zone and a constriction appears around the exit region. In the
point case, Cameron’s group [28] observed a horseshoe shape constriction in the exit zone
by using optical interferometry. Kaneta et al. [29,30] reported a large and deep dimple in

glass—steel point contacts, quite different from the conventional shape. Following the
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Chapter 1. Introduction

results of Yagi et al. [31], the occurrence of the dimple phenomenon can be explained by
viscosity wedge effect [32,33]. Yagi et al. [34] conducted the experiments using a ball on
disc type apparatus in which a circular contact is formed between a rotating glass disc and
a rotating steel ball. A high resolution Raman spectrometer is used to measure the pressure
profiles in sliding glass—steel point contacts, while the film thickness was determined by
optical interferometry [35—40] prior to pressure measurements. Results showed the
typical film thickness and pressure profiles under the horseshoe shape and dimple shape
film in EHL contact, as shown in Fig. 1-3.

Thermal effects have been a major detection index for satisfactory and reliable
operation of machine components. These machine elements working in EHL regime are
often under high pressure and heavy load, where significant temperature rise occurs. In
these circumstances, the lubrication may breakdown, results in surface failures. Therefore,
measurement of temperature has attached much attention in decades. However, obtain the
temperature distributions in EHL contact becomes far more difficult due to its microscale.
Turchina et al. [41] firstly introduced the infrared radiation technique for the measurement
of temperature distributions in EHL conjunction. This technique was then improved by
Ausherman et al. [42] with band pass filter. Yagi et al. [43,44] investigated the impact of
lubricant temperature on film thickness by using infrared technique. As in Spikes work
[45], the temperature rise maps of solid surfaces and maps of shear stress in rolling/sliding
contacts were described. Lu et al. [46] measured the film temperature in three dimensions.
The temperature profile measured through film is largely determined by heat conduction
in the z direction. Nishikawa et al. [47] concentrated their focus on temperature
distributions on surfaces with longitudinal or transverse ridges, which bring about higher
lubricant temperature than that with smooth surface. Omasta et al. [48] determined the
temperature distributions of both contacting surfaces and oil film by infrared microscopy.
Two band filters referred to as L and S filter, and disc with and without a chromium layer

were used to separate individual components of radiation.

1.1.2 Theoretical analysis

Elastohydrodynamic lubrication theory has been well established to predict the

performance of lubrication in machine elements during last decades. Petrusevich [49]
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Chapter 1. Introduction

firstly presented an numerical solution for the EHL problem. They showed lubricated
contact pressure and film thickness distributions as the characteristic of EHL. Later,
Dowson and Higginson [50] developed an empirical formula for minimum film thickness
based on inverse solution method in line EHL contact. This method initial assumed a
pressure distribution. Then calculated the film thickness based on the elastic equation and
Reynolds equation, respectively. Compared the two film results and adjusted the pressure
until the two film shapes agrees well. Gohar [51] presented a forward iterative method to
initial pressure distribution for solving Reynolds equation and calculate film thickness.
The obtained results are used to update the pressure until convergence is received. In the
solution of pressure, Newton-Raphson method are employed for solving discretized
Reynolds equation, film thickness equation and force balance equation in line contact
[52,53]. Multigrid (MG) and multilevel multi-integration (MLMI) methods [54,55] was
developed to fast calculation of elastic deformation in the solution of point EHL contact.
In the theoretical studies of EHL theory, the temperature rise, lubricant rheology, film
thickness and shapes are important influential factors to assess the lubrication
performances. Therefore, these aspects are elaborated further in the following reference
reviews.

For the EHL problem, the lubricant in contact area, where the applied load lead high
pressure and sliding velocity is considerable, can generate very large and rapid
temperature rise. In the history of EHL theory, there has been numerous studies trying to
understand the played role of temperature variation. The full numerical solution of EHL
with thermal effects was firstly obtained by the Cheng et al. [56,57]. In the pointing work
done by Sadeghi et al. [58], the lubricant shear heating, convection in lubricant film and
conduction across the film are the major mechanisms of heat generation and removal,
respectively. The generated heat leads high lubricant temperature, affecting the film
thickness, friction, and pressure distributions [59,60]. Effects of solid and lubricant
thermal conductivity [61-63] and solid body temperature on lubrication [64] were also
adopted in thermal EHL solution. Kim and Sadeghi [65] employed the multigrid
technique to obtain temperature distributions. Later, Guo and Yang [66] developed the
sequential line sweeping scheme for the solution of energy equations. The results
presented by Zhu et al. [67] indicated that the lubricant temperature increases as surface

velocity and slide-roll ratios. Hsiao et al. [68] revealed the strong effects of sliding
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conditions includes pure rolling, simple sliding and opposite sliding, on the temperature
distributions. Wang and Yang [69] confirmed the influence of temperature rise not only
on friction, but also on the minimum film thickness. Wang et al. [70] investigated the
lubrication film thickness and temperature rise variation from full film status to boundary
lubrication with three dimensional (3D) surface roughness involved. Ebner et al. [71]
simulated the temperature rise inside the lubricant and solids. The lower thermal

conductivity of solids, the higher lubricant temperature, shown in Fig. 1-4.
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Figure 1-4 Simulated temperature distributions inside lubricant and solids. Aseeel = 44
W/(m-K), Aano0s =28 W/(m-K) and Az:0. = 2.5 W/(m-K) [71].

Lubricant rheology is one of the fundamental parameters considered in numerical
analysis, which is related to the types of lubricant. Under EHL conditions, the lubricant
usually suffers high pressure, in conjunction with microscale film thickness and meter
scale sliding velocity. This results lubricant rheology in several special phenomenon such
as shear thinning [72], phase transitions [73,74]. For employed rheology model,
Newtonian lubricant is mostly widely accepted in EHL theory [75-77], however, non-
Newtonian EHL models has been developed over the years. Yang et al. [78] investigated
behavior of the thermal elastohydrodynamic lubrication as the lubricant is assumed to be
an Eyring fluid, which includes nonlinear stress-strain behaviors. The Eyring rheology
model has been proved useful for the description of shear thinning behavior of the

lubricant [79—81]. Ochoa et al. [82] presented thermal line EHL calculations for lubricants
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whose rheological behavior follows a modified Carreau model. Zhang et al. [83]
compared the film thickness variation in point ZEV contact by employing both
Newtonian and Ree-Eyring fluid models. Results showed that the convergence using
Ree—Eyring model is better than that of the Newtonian model.

Good lubrication performance has been justified by the magnitude of film thickness
and shape in EHL contact, that has led to the development of numerical studies on film
thickness calculation. Hamrock and Dowson [84] proposed a curve fitting formula of
center and center minimum film thickness for lubrication consideration. The lubricating
film thickness is related to the working conditions and properties of materials, which are
reviewed previously [27-31]. Following the studies on film thickness, extensive
investigations on shapes of EHL film have been conducted by numerous researchers.
Classical EHL film shape resembles like a horseshoe: flat central plateau, side lobes, outer
constriction with an outlet pressure spike. However, an abnormal thick of film instead of
flat central plateau was observed in contact area, which is known as dimple phenomenon
[85]. This is attributed to the thermal viscosity wedge effect, according to the analysis by
Yang et al. [86]. The viscosity wedge, which originated from the temperature difference
in the contact surfaces, has a contribution to the film formation and related to temperature
rise in contact area. Yagi et al. [8§7] measured the temperature distribution in the dimple
zone, showed that the maximum temperature sometimes reached 400K, revealed the
relationship between the dimple and temperature rise. Wang et al. [88] studied the thermal
viscosity wedge effect on the transient grease lubricated ZEV contacts in bearings and
ball screws. They reported that the thermal viscosity wedge effect was large at high speeds,
on the contrary, it became weak when the thermal effect was not significant at low speeds.

Another situation creates dimple phenomenon in contact area is large SRR or ZEV
conditions. When one of the contacting surfaces moves with the same velocity as the
opponent surface, but in the opposite direction, the worst situation referred as zero
entrainment velocity (ZEV) is produced. Applications of ZEV contact can be found in
retainerless bearings, wind turbines and mining machineries etc. Dyson et al. [89]
confirmed the existence of an effective lubricating film at a twin disc machine under ZEV
conditions. Guo et al. [90,91] conducted a thermal EHL analysis of point ZEV contact,
and attributed the dimple formation to thermal viscosity wedge. Under ZEV condition,

the lubricant at ambient temperature is dragged into the contact by one surface and is also
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ejected out after being heated by the other one. As a result, a viscosity gradient is created
across the film thickness which, in turn, modifies the pressure profile. That is responsible
for the film formation in the central area of the contact. Zhang et al. [92] focused on the
variation of dimple with surface velocity under ZEV contact. From high to modest surface
velocity, a large classical surface dimple is predicted, and the depth of the surface dimple
increases with decrease of the surface velocity. However, if the surface velocity is further

decreased, a smaller centralized dimple is obtained, as shown in Fig. 1-5.

U= -, =05m/s u,=-u,=lm's w,=-u,=15m/s w,=-u,=2m/s wu,=-u,=3m's

Figure 1-5 Experiment and simulation result for point contact under ZEV [92].

1.2  Solid-liquid interfacial resistance

Solid-liquid interfacial resistance is crucial to the lubrication analysis. In conventional
lubrication theory, continuum boundary condition is common accepted, which states the
continuity of velocity and temperature between lubricant and adjacent solid at interfaces.
However, evidence of interfacial resistance has been obtained experimentally and
theoretically in recent research. It depicts the relative movement between the lubricant
and solid, and the temperature jump at solid—lubricant interfaces, referred as velocity slip
and thermal slip respectively. The slip conditions can be encounter in practical application
of many branches of industry, such as EHL, superlubricity, micro channel, heat

dissipation etc. Therefore, the mechanisms and applications of interfacial resistance have
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drawn considerable interest in recent years.

1.21 Hydrodynamic resistance at solid-liquid interface

Hydrodynamic resistance (velocity slip) occurs at solid—liquid interface when the
velocity of the liquid near the surface is unequal to the velocity of solid surface [93]. Fig.
1-6 shows the well-known linear Navier model. The slip velocity us at solid—fluid
interface is linearly proportional to the velocity gradient at the surface. The slip length b
can be obtained by extrapolating the velocity profile from the position at the solid—fluid

interface in the fluid to the position at which the velocity becomes zero.

fluid

o twall u

bli % solid

Figure 1-6 Schematic of velocity slip at solid—liquid on interface. [93]

Reviewed on the works of literatures, measurement methods have been developed to
investigate the occurrence and influence of velocity slip at interfaces. In the experiments
of Lee et al [94,95], the slip length was obtained through torque measurements with a
rheometer, which produces a uniform shear rate over the sample. Pit et al [96,97] used
the technique of fluorescence recovery after photobleaching to show the evidence of slip
between hexadecane and sapphire surface. The technique of particle image velocimetry
allows direct access to the velocity profile and extraction of the slip length with high
accuracy. David Schiéffel et al [98] also used fluorescence correlation spectroscopy to
measure the flow field and slip length for water on a microstructure superhydrophobic
surface. They revealed that the slip length is finite, nonconstant, anisotropic, and sensitive

to the presence of surfactants. Bonaccurso et al. [99] found the degree of slip increase
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with surface roughness by measurement of hydrodynamic drainage force. Maali et al
[100] presented a drainage experiment of water between a borosilicate sphere and a micro
structured surface, to measure the hydrodynamic drag force and slip length on
microstructure surfaces. Guo et al. [101-103] focused on dimple phenomenon in an EHL
conjunction to identify the boundary slip. The evidence of velocity slip was captured
based on the relative movement of entrapped lubricant in contact area by using optical
interferometry. The Neto group [104—107] obtained a resolution on the measurement of
slip length of the order of 5 nm with colloid probe atomic force microscopy, greatly
improved the reliability and reproducibility of slip results.

In recent decades, studies of velocity slip on EHL problem have become increasingly
important owing to their significant influence on lubrication performance. As early in
1990, Kaneta et al. [29] reported that the lubricant in EHL contacts can slipped at the
contact interface. Ehret and Bauget [108] attributed the occurrence of the dimple in
contact area to the velocity slip. They proposed a slip coefficient model [109], which the
degree of slip is proportional to the pressure, to reproduce the observed dimple in
experiments. Spikes et al. [110] developed a mathematically model in the presence of slip
at solid surface. The slip is envisaged to occur when a critical shear stress is reached.
Zhang et al. [111] incorporated the limiting shear stress into isothermal line contact. Load
effects on lubricant flow, friction and so on were analyzed. Stdhl and Jacobson [112]
concerned the lubricant velocities variation at the surfaces with a wall slip. As long as the
value of the shear stress reaches the limiting shear stress, interfacial slip appeared, and
the lubricant velocity differed from the surface velocity. Zhang and Wen [113] showed
that the interfacial limiting shear stress directly caused a drastic film thickness reduction.
Zhao et al. [114] evaluated the film thickness and friction for isothermal EHL point
contact with a critical shear stress slip model. The film thickness under slip/no slip contact
is higher than that under slip/slip contact. Zhang et al.[115,116] established a layered oil
slip model considering the slip and thermal effect to explore the mechanism of film
thickness behaviors. The results indicated that the interfacial slip may occur at both fast
or/and slow surfaces depending on the speed conditions.

Another most common slip model in EHL is the Navier slip length model, shown in
Fig. 1-6. Recent example in the application of the slip length model in EHL studies can
be found in the works of Chu et al. [117], they derived an extended Reynolds equation

Kyushu Institute of Technology, Graduate School of Mechanical Engineering
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which includes the effects of Navier slip and flow rheology. Results showed that as the
slip length increases, the film thickness decreases, the central pressure increases, the
maximum pressure switches from the pressure spike to the central pressure, and the film
shape and pressure profiles moves gradually toward the outlet. The point contact problem
under isothermal EHL conditions was also studied by Chen et al. [118] in consideration
of the anisotropic boundary slip, and found that the slip in the sliding direction was the
dominant factor for lubrication film formation. Wang and Reddyhoff [119] have recently
observed anomalous hat shaped films in 1-dodecanol EHL contacts under large slide-roll
ratios. The anomalous film shapes were attributed to velocity slip at the central region
where pressure exceeded a threshold value. Zhao et al [120,121] also investigated the
coupled effects of slip length model and heat transfer on EHL contacts under large slide—
roll ratio conditions. The velocity slip reduces temperature rise and promotes film
thickness due to the positive effect of lubricant entrainment. However, if the magnitude
of the boundary slip is excessively small, the lubricating film thickness may be reduced.

Some results of coating experiments have indicated that the slip may occur at the
oleophobic surface. The principle of “half-wetted bearing”, that consists of a nonwetted
(oleophobic) surface with a fully wetted (oleophilic) surface, was proposed by Spikes
[122,123]. Boundary slips occurred at oleophobic surface led to substantial reduction in
friction. Later, Choo et al. [124,125] experimentally verified the “half wetted bearing”
principle, and showed that simple Newtonian liquids can slip against very smooth,
lyophobic surfaces. The effect of the fluorine and nitrogen-doped DLC coatings, which
modified surface properties, such as surface energy and contact angle, on the tribological
performance was reported by Kalin and Polajnor [126]. The DLC/steel contacts resulted
in lower friction than the original steel/steel contact due to the boundary slips on DLC
surface. Wong et al. [127,128] achieved an effective lubrication with very low surface
velocity under ZEV contacts by using the velocity slip, where the lubricated contacts
composed of an oleophobic and an oleophilic surfaces. Based on this experiment, a new
type of retainerless rolling element bearings that enables to run in a wider speed range

incorporates is devised.
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Figure 1-7 Novel design of alternate slip/nonslip retainerless rolling element
bearing. [128]

Besides the applications in EHL, many studies on micro channel problems and
molecular dynamic (MD) simulations have been conducted to further understand the
mechanisms of velocity slips. Migler et al. [129] presented the first direct measurements
of the local velocity of a sheared polymer melt. For high enough shear rates, a sharp
transition between weak and strong slip in the case of weak polymer surface interactions
was observed. In the experiments performed by Tretheway [130], the apparent velocity
slip existed in a microchannel coated with a hydrophobic monolayer while the clean
hydrophilic microchannel was under the no slip boundary condition. Jao et al. [131]
studied the effect of anisotropy slip combined with roughness on the lubrication behavior
of journal bearings. It was found that wall slip was easier to occur in the zones of high
shear stress gradient and small film thickness. Zhu and Granick [132,133] measured the
friction force in a hydrodynamic squeeze film using a surface force apparatus and found
that the velocity slip depends on the flow rate and the surface wettability. Munch et al.
[134] concluded that the velocity profile changed from parabolic to plug flow under very
large the slip length condition. A combined surface radial sleeve bearing using the
interfacial slip technique was discussed by Wang et al. [135], the velocity slip gives a
large load support, but a low temperature rise in high speed and precise spindle systems.
Cheng et al [136] solved the problem of slip occurring in the cavitation zone. They
showed that slip effects in the cavitation region have an influence on the oil film pressure,

the load capacity, the dynamic characteristics, and the stability of journal bearing.
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Extensive molecular dynamics (MD) simulations have been reported for the
investigation of the velocity slip problem. Thompson et al. [137,138] firstly used MD
simulation for slip in a Lennard—Jones (L-J) fluid, showing that the slip length increases
and begins to diverge as the shear rate approaches a critical value. Priezjev et al. [139]
investigated the behavior of the slip length in thin polymer films subject to planar shear.
The dynamical response of the slip length with increasing shear rate agreed well with a
power law. Asproulis et al.[140] found that decreases in the surface stiffness lead to a
small degree of velocity slip. Savio et al. [141], via MD simulations, showed that the
occurrence of wall slip depends on the wall—fluid interactions and the chain length of the
lubricant molecules. Later, they developed a novel nano to elastohydrodynamic
lubrication (EHL) multiscale approach [142], to integrate lubrication performance with a
ceramic—steel interface and a nanometric film thickness. They quantified the nanoscale
slip variation with pressure, film thickness and sliding velocity by MD simulation, and
applied it in modeling EHL for better understanding of film thickness and friction

prediction.

1.2.2 Thermal resistance at solid-liquid interface

z A
EigREm s by |V — R
i Ly nots TR
Slip length ¢ ," Thermal slip length (Kapitza length)
|- A i & - L i R

% (%
dz (E)
Figure 1-8 Schematic of boundary slips at solid—liquid interface. [144]

Thermal resistance (thermal slip) denotes the temperature jump phenomena at the
boundary, and it occurs when the heat flows across the liquid—solid interface. Generally
the thermal slip degree can be identified by thermal slip length, which is also called the
Kapitza length [143,144], as shown in Fig. 1-8. The occurrence of thermal slip at interface

restricts the heat dissipation between liquid and solid, altering the temperature
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distributions of system. For this reason, it is of particular importance to be understand the
fundamental behavior of the thermal slip. Historically, the studies of thermal slip at
liquid—solid interfaces are mostly focused on molecular dynamics simulations.

Through the MD simulations, Kim et al [145,146] presented an interactive thermal wall
model that can properly simulate the flow and heat transfer in nanoscale channels. As a
result, temperature profiles exhibited jumps at the interface. The simulations presented
by Voeltzel et al. [147] confirmed the presence of hydrodynamic and thermal slip in an
ionic liquid confined between iron oxide surfaces under relatively high pressure and
severe shearing of steel—steel lubricated contact. Barrat et al [143] determined the Kapitza
length can reach appreciable values when the liquid does not wet the solid. Shenogina et
al [148] also quantified the Kapitza conductance over a broad range of surface chemistries
from hydrophobic to hydrophilic using molecular simulations. Nagayama et al [149]
found that hydrodynamic boundary condition depends on both the interface wettability
and the magnitude of the driving force. The wettability at interface affected the
temperature and pressure profiles near the solid walls. Later. they estimated the scale
effect of slip boundary at solid-liquid interface in microchannel [150]. As the hydraulic
diameter Dy decreases, the effects of slip boundary on hydrodynamic resistance and

convective heat transfer become great, shown in Fig. 1-9.
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Figure 1-9 Scale effect of (a) slip length on hydrodynamic resistance and (b)

thermal slip length on convective heat transfer in microchannels. [150]
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Table 1 Representative research results on boundary slips in EHL.

Year Authors Method/findings Reference

Experimental studies

1990 Kanetaetal. Ball-disc under pure rolling and sliding contact / [29]
velocity slip at or near contact surfaces

2007 Fuetal. Ball-disc under pure sliding contact with high [151]
viscosity polymeric lubricant / velocity slip induced
inlet dimple in contact region

2009 Kalin et al. DLC-DLC contacts / 20% friction reduction compared [17]
to steel-steel contact

2012  Guoetal. Entrapped lubricant in ball-disc contact / slip length [101-103]
based on the dimple movement

2014  Ponjavic etal. Glass—Fusso contact in PCS Instruments / central film [152,153]
thickness reduction of 50% due to velocity slip at
Fusso coating surface

2017 Wang et al. Ball-disc contact lubricated by 1-dodecanol / [119]
anomalous EHL film caused by velocity slip

2018  Wong et al. ZEV contact with oleophobic coating / hydrodynamic [127,128]
lubrication film due to velocity slip at oleophobic
surface

Theoretical analysis

2000 Wenetal. Isothermal line contact, viscoplastic rheological model [154]
/ velocity slip occurred at the inlet zone

2003  Stahl et al. Line contact, limiting shear stress / central film [112]
thickness variations due to velocity slip

2012  Chuetal. Line contact, Navier slip and flow rheology / [117]
correlation between slip length and film thickness

2016  Chen et al. Circular contact, anisotropic slip / film thickness [118]
reduction due to slip length in sliding direction

2019  Zhao et al. Point contact, SRR = 44, velocity slips at two surfaces [120]
/ variations of temperature rise and film thickness

2020  Zhang et al. Point contact, layered oil slip model / reduction of film [115,116]

thickness due to velocity slip and thermal effect
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1.3  Outline of this thesis

In the elastohydrodynamic lubrication (EHL) regime, the no slip boundary condition
is a common hypothesis, where both the velocity and temperature of the lubricant adjacent
to the solid surface are the same as those of the solid surface. However, with the recent
technical advances in interface sciences, the friction reduction induced by boundary slip
at superlubricity surface has attracted academic interests with practical implications.
Although boundary slip includes a velocity discontinuity and a temperature jump at the
solid—lubricant interface, emphasis has been put on the velocity discontinuity (velocity
slip) in the EHL regime.

Since less attention has been paid on the temperature jump (thermal slip) for EHL
previously according to the literature review shown in Table 1, a thermal EHL theory
under boundary slips in ball-disc point contact is proposed by taking both the velocity
and thermal slips into consideration in this thesis. Numerical simulation based on the
thermal EHL theory under boundary slips as well as the experiments have been conducted
to clarify the EHL behavior at the solid—lubricant interfaces.

This thesis consists of 5 chapters and its outline is given below.

Chapter 1, Introduction describes the background of elastohydrodynamic lubrication
and the literature survey of solid-liquid interfacial resistance.

Chapter 2, Theory of thermal elastohydrodynamic lubrication presents the proposed
thermal EHL theory for the ball-disc point EHL contact problem. The boundary slips, i.e.,
velocity slip and thermal slip, were adopted to solid—lubricant interfaces. The modified
Reynolds equation is derived, coupled with energy equations, to obtain the pressure, film
thickness and temperature distributions in the contact area. Meanwhile, the numerical
techniques for solving the pressure and temperature governing equations were explained.
The proposed methodology provides an effective and convenient tool to investigate the
effects of velocity and thermal slips on EHL performances under complex operating
conditions.

Chapter 3, Numerical analysis of boundary slips for thermal point EHL contact
described the numerical simulation results based on the thermal EHL theory. The

simulation model of a ball-disc point contact is described and three kinds of motion, (1)
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pure rolling motion, (2) opposite sliding motion and (3) rolling/sliding motion are
analyzed. To distinguish the effects of boundary slips on EHL behaviors, three cases of
boundary slips, velocity slip, thermal slip, and coupled velocity/thermal slips, were
investigated. Under the pure rolling motion, the velocity slip leads to a general reduction
in film thickness, while the thermal slip effect is negligible. Under the opposite sliding
motion, the velocity slip causes the surface dimple shifting, while the thermal slip causes
the surface dimple shifting in the opposite direction. The effect of velocity slip and that
of thermal slip cancels out one another when the velocity slip length equals to thermal
slip length. Under the rolling/sliding motion, velocity slip dominates the film thickness
reduction when the slip length is comparable to the thermal slip length, whereas the effect
of thermal slip on lubrication is more dominant than that of velocity slip while increasing
entrainment velocity or slide-roll ratio. The coupled velocity/thermal slips case leads the
most significant temperature rise and film thickness reduction among the three cases.

Chapter 4, Experimental study on lubrication with hydrophobic coating describes the
experimental apparatus, procedures, sample preparation and the experimental results. The
measured film thickness and friction coefficient at the surfaces with or without coating
provide evidence of boundary slips at surface with hydrophobic coating. The friction
reduction at the surface with hydrophobic coating gradually decreases while increase
entrainment velocity or ambient temperature. Comparisons between numerical and
experimental results has been drawn and further to be applied to estimate the velocity slip
and thermal slip lengths quantitatively. The proposed method is challenging but beneficial
for gaining a fundamental understanding of superlubrication.

Chapter 5 Conclusions and outlook summarizes the main findings of this thesis and
the future works.

This study, for the first time, clarified the effect of thermal slip and the coupled effect
of velocity/thermal slips on EHL behavior under point contact. The solid—lubricant
interfacial resistance is one of the key parameters in EHL contact and thus is of particular
importance for ensuring the lubrication performance to avoid lubrication breakdown or
surface failure. These findings will provide useful insights into advanced surface and
interface design of superlubricity, as well as promising prospects of energy saving,
environmentally friendly lubrication and long-life machine operation in industrial

applications.
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Chapter 2

2. Theory of thermal elastohydrodynamic

lubrication

2.1 Introduction

Thermal elastohydrodynamic lubrication (EHL) theory is the theory of EHL
considering heat generation in the fluid film and heat transfer in the lubrication system.
The main work of the establishment of a thermal EHL theory was to get numerical
solutions under boundary slips conditions from a nonlinear mathematical model inclusive
of the modified Reynolds equation for pressure, the energy equation of the fluid film, and
the heat transfer equations of the bounding solids for temperature.

Recently, evidence of boundary slip in lubrication have been obtained experimentally
[127,128] and theoretically [120,155,156], which differs from the classical no slip
boundary condition. Based on the fundamental point of view, the boundary slips, i.e.,
velocity discontinuity [138,157] and temperature jump [144,158,159] at solid—lubricant
interface, are of certain importance for ensuring the lubrication performance in EHL
contact to avoid lubrication breakdown or surface failure. Although the effect of velocity
slip on lubrication performance has been studied extensively, very little attentions are
focus on the effect of thermal slip on temperature rise and film thickness.

In this chapter, a complete mathematical model for a point contact thermal EHL
problem will be presented and discussed; meanwhile, the numerical technique for solving
the pressure and temperature governing equations will be explained briefly. The boundary
slip conditions are adopted at solid—lubricant interfaces. The presented theory provides
an effective and convenient methodology to investigate the effects of velocity and thermal

slips on performances of machine elements under complex operating conditions.
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2.2 Governing equations

In this study, the elastohydrodynamic lubrication (EHL) contact is considered formed
between a disc and a ball, and subject to an external applied load w. Fig. 2-1 shows the
schematic of ball-disc contact, defined by the respective solids @ and b with moving
velocities of u, and up. The origin of the EHL coordinate system is positioned at the center
contact area, characterized by point 0. The x axis is chosen to be in the same direction as
that of the entrainment velocity, ue. = (us + up)/2; z axis is in the direction perpendicular

to solids across the lubricant.

w
Ball
ZA
Solid b
: 7
Lubricant 0
Disc u,
Solid a

Figure 2-1 Schematics diagram of ball-disc contact.

221 Modified Reynolds equation

Interfacial resistance

Previous studies generally adopt the no slip boundary conditions [160-162], which
states the continuum of velocity and temperature at solid—lubricant interfaces. However,
interfacial resistances (boundary slips) have drawn considerable interest in EHL. The
current study adopts the Navier slip length model [93], because its universality and agrees

well with experimental results [117,118,157].
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Chapter 2. Theory of thermal elastohydrodynamic lubrication

Boundary slip conditions are employed for both the solids a and b, as illustrated in Fig.
2-2. The slip length [ is the distance beyond the solid—lubricant interface at which the
lubricant velocity linearly extrapolates to zero, related to the velocity gradient and slip
velocity by the expression. Analogously, the thermal slip length /k is introduced to
quantify the temperature jump, which is defined by the linear extrapolation of the
lubricant temperature profile to the continuum boundary [144,150,159].

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

With the slip boundary conditions at solid—lubricant interfaces, the lubricant velocity

and temperature are expressed as

ou
uz—O = a _ls 8_
z|._
- 2-1)
ou
U, =u, +1,—
0z|._,
To=T,+1,5
Z |
- (2-2)
oT
Tz:h = Tb + lk A
oz |._,
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Chapter 2. Theory of thermal elastohydrodynamic lubrication

Reynolds equation
Reynolds equation is the foundation for most EHL simulation and follows the
assumptions of laminar lubricant flow and variable density and viscosity of lubricant in

X, y, z directions. Through the force equilibrium analysis of the fluid elements, we obtain:

op Or,
o oz
op or, (2-3)
& oz

where p is the film pressure, 7. and 7, are the shear stress components of x and y directions
in contact.
The general form of constitutive for commonly used rheological models in EHL is

expressed as:

ou
~ = fv(z—x’z—y’n)
for4

0

v
ngy(fxafyaﬁ)

(2-4)

where u and v are lubricant velocity in x and y directions, # is lubricant viscosity, f (zx, 7y,
n) is a general rheological relationship for lubricant flow.

The equivalent viscosity in x and y directions is defined:

. T,
="
f;c(Tx’Ty’n)
(2-5)
* Ty
n,=—>———"3
g f;;(z-x’z-y’n)

Combining the Egs. (2-3)—(2-5), the shear stress equilibrium equations in lubricant

film can be written:

0, .0u, _0p
02(77): 82)_6x >
2 2 -
oz e oy

Integrating the Eq. (2-6) twice with respect to z, and using the velocity slip boundary
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condition in Eq. (2-1), the lubricant velocity can be obtained as follows:

W’ hi :
u=u,+ ap J. R = (ne/me) =i, (ls""?zo.[ ldzj
ox| 0 n An._, =170 ‘N

nenz:h z 1 j
+(u, —u, [ +n_,| —dz 2-7
( ’ ) A772=h _l 776772=0 ( OJ.O 77 ( )

o)

The conservation equation of mass flow is

apu) , 3pv) _,
ox oy

(2-8)

Substituting the lubricant velocity Eq. (2-7) into the conservation equation Eq. (2-8).

we can obtain the modified Reynolds equation with the consideration of boundary slips:

i P h38_p _,_i L h38_p _,_i L h38_p :6(ua+ub)—aph (2-9)
ox\\n), ox| ox|\n) ox| oyl\n) o ox

where
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77 es A 779 A 779 77 e 779
3 B | y g2/t z
A_hnz=0+lsne’ 776_ /IO ;dZ, ne_h/J‘O ;dz’
_ -1 h r__7,-2 h =1 ' n__ 7-3 h ZZ' !
p.=h Lde, p.=h IopJ.o;dZdZ’ pe=h .[op.[O;dZdZ’

*

i 1 pe
r :u T, (.o =, 1) 1.0, ] peszz(lszmnz_oj.

In Eq. (2-9), (p/n)es and pes are the slip parameters. Under no slip boundary condition
(Is = 0), the slip parameters (p/5)es = 0, and pes = 1, the Eq. (2-9) coincides with the
classical Reynolds equation [164].

As film pressure boundary condition, the zero pressure at the inlet and outlet of the

contact area is used:
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p209 atx:xin :xou 7y:yuut
{ f (2-10)

p=20,atx, <x<Xx,,,~ V., <V<V,u

where Xin, and Xout, Yout represent the start and end of the calculation domain, respectively.
Load

Under EHL contact, the load should be same as the film pressure generated in lubricant.

The load balance equation ensures the equilibrium between the applied load and the

hydrodynamic film pressure in contact area.

W= j jQ p(x, y)dxdy 2-11)

where Q represents the entire calculation domain.
Density and viscosity of lubricant

Density and viscosity of lubricant are very important for the predications of friction,
temperature rise, and film thickness in EHL contact. Due to the high film pressure and
temperature rise in contact area, the variation of the density and viscosity of lubricant is
significant. Therefore, the present study applied Dowson and Higginson model [165] to

estimate the lubricant density.

0.6x107° p
= py| 1+ —=—5—-0.00065(7 - T -
p po[ T L7x10° 5 ( 0)} (2-12)

where po is lubricant density at p = po and T = To.
The viscosity-pressure-temperature relationship is determined using the Roelands

equation [166]:

7-138) "
(2-13)

7 =1, €Xp (ln(n0)+9.67)>< —1+(1+5.1><109p)20£T 38
-

where po is lubricant density at p = po and 7' = Ty. Zo is the pressure—viscosity index, and
So is the temperature—viscosity index, which are calculated according to the following

expressions:
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7 - a
" 5.1x107[In(7,)+9.67 ]
__BT,~138) @-19)

" In(n,)+9.67

In above expressions, a and f are the index in Roeland’s equation, measured as a =2.4
x 10 m*N, and B =4.6 x 102 1/K.
Film thickness

The lubricant film thickness is the combination of the spacing between the rigid solids

ho, geometry of contact surfaces, and the deformations of solids. It is written as:

p(x y')

h(x,y):h

dx'dy' (2_15)
+(y-y)

wToR " 2R ;zEﬂ\/

where R is the radius of ball (solid b), £’ is the equivalent elastic modulus, relating to the

elastic modulus E,, Ep, and the Poisson’s ratios v4, v» of two contact solids.

11 1—uj+1—u§ 516
E 2\ E E, (2-16)

a

2.2.2 Energy equation

Thermal effect is considered in this study. To resolve the local temperature, the full
energy equations within the lubricant film and solids are described. The heat generated in
contact from the shearing and compression of the lubricant, then is dissipated through and
transported by the lubricant and contacting solids.

Within the lubricant film, the energy equation [167] is expressed as:

2 2 (2-17)
_za_p(ua_pﬂa_pjmﬂa_uj {2) }
poT\ ox Oy 0z 0z

where
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0 (= , 0 = ,
q:ajo pudz +5J.0 pvdz

The four terms in Eq. (2-17) from left to right represent: heat convection, heat
conduction, heat generated due to compression and shearing of lubricant, respectively.
The expressions of u and v are presented at Eq. (2-7). Eq. (2-17) requires the following

boundary conditions:

(2-18)

T(x:xl.n):TO, u(xin,y,z)ZO
T(x:xuut):T'O’ u('xautﬂyﬁz)zo

Within the solids, no compression and shearing are present, the energy equation for

solids are written as:

oT o°T o*T o*T
c,pu,—=k, —t——t

ox 0z, Ox~ Oy
oT [aZT T GZTJ

C, Py — =k + +
b ax  tlez ' oy

(2-19)

In Eq. (2-19), the terms in the left hand of equation describes the energy transport
phenomena due to the movement of solids in x direction, which is indispensable for the
heat diffusion in the solids. The terms in the right hand of equations represents the heat

conduction in x, y, z directions. The boundary conditions required are as follows:
T(x=x,,y.z)=T,
T(x,y,z,=—d)=T, (2-20)
T(x,y,zb =d) =T,

At the solid-lubricant interface, the following continuity equations of heat flux are

applied as boundary conditions:

Tl
oz |._, 0z, o
’ (2-21)
M
0z |._, 0z, o
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2.3 Dimensionless equations

In the present study, all the above governing equations and their boundary conditions
are transformed into dimensionless forms to facilitate programing and calculation. The

following dimensionless quantities are introduced.

_ u
P:L, W: Tvz’ G:CXE’, T=£, U0:u070, Uab: a,b
Pu E'R TE) E'R ’ uo
_ 2
U:l’ X:—’ Y:Z’ Z:i’ Zab:Za’b, d:gj hoza_,
u, a h T oa a R
n=n" p=1 p=F L
s s s g s bk .
hy 1o Po hy hy

where uo is a reference velocity for simplify of calculation. Under rolling/sliding
contact, the uo equals to the entrainment velocity u., while under ZEV contact, the value
of uo has no effect on solution.

Using the above dimensionless parameters, the non-dimensionally Reynolds equation

is written as:

R P A T P R ) .
ox\beax ) Tax Cax ) Tar\Fay ) " ax P (2-22)
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Dimensionless pressure boundary conditions are

out out

P20, atX, <X<X ,-Y <Y<Y

out? out — out

{PzO, atX=Xx,=X,.Y=Y,

The non-dimensional load balance equation is

2?” = ij P(X,Y)dXdY

The dimensionless density-pressure-temperature relationship is written as

,3=1+M—c3(f—1)
1+C,p, P

Dimensionless viscosity-pressure-temperature relationship is written as

7= exp{A1 [—1 +(1+ 4,P)" (4T - 4,)" }}
where
C,=0.6x10", C,=1.7x10", C, =0.00065T,,
A4 =In(7,)+9.67, 4, =1+5.1x10"p,,

L, _ 138

T,-138" % T, -138

3
Dimensionless film thickness equation is expressed as:

X*+7* 29 P(XY")

¢
2 J \/(X—X’)z +(r-Yy

H(X,Y)=Hy+ dxdy’

where ¢ = 1 under point contact.
The dimensionless energy equation within the lubricant film is

vl oot a9t
Prox P oy THaz

- — 2 2
=CS2£(U6—P+V8—PJ+CS3LZ (a—UJ +(8—Vj
o\l ax oy m*|\\az) \oz

_ _ —
CS{_ oT _ oT anj 1 T

where

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)

(2-28)
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2 2
CS, =Pr-Re’, CS,=C;-Ec-Yt hy , CS, = Uy ,
a kT,

2 2
Pr:%, Re=—p°u°a, Re*:Re(h—Oj , Ec=u—°, Yt=capH,
k 7, a cT, uk

— a z _ ' a Z_ !
g =87(Hj0 pUdZ)+5(HJ.O deZ).

In Eq. (2-28), the dimensionless lubricant velocities are

2— AN 2
U=U, + cya_P[J Z,, 1 7., (7./7.) Hlsm(mﬁz:ofédZﬂ
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v= CV— j FZ-H |
meon
where
CV = pH -
Uyt R

The boundary conditions for energy equation of lubricant are dimensionalized as:

T(X=X,)=1 U(X,.Y,Z)20
(2-30)
T(x=x,,)=1, U(X,,.Y,Z)20
The energy equations for solids are dimensionalized as:
CNA-U, 6_T_67;+67;+8];
‘oX oz: oX° oY
of _o'T 0T oT (&5
CNB-U,—=—5+t=—5+-5
)¢ oz, oX~ oY
where
CNA = Ca/;cﬂ, CNB = SpPrt?
a b

Dimensionless boundary conditions of Eq. (2-31) are required as follows:
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T(X, Y,Z, = —d):l (2-32)
T(X.Y.Z,=d)=1
The heat flux continues at the solid—lubricant interfaces are:
CMB LG_T - 8_T
Hoz|, 0z, o
_ . (2-33)
CMA - LG_T - 8_T
Hoz|, 6 0oZ, o
where
cma=t cpp =t
k,hy kyhy

2.4 Dispersion of equations

The dimensionless equations are discretized for calculation in the computational
domain, shown in Fig. 2-3. The origin of the EHL coordinate system is positioned at the
center contact area, characterized by point o. Five grid levels with 256 nodes along the x
and y directions at the finest grid level were applied in the calculation domain — 5a < x <
5a, — 5a <y < 5a. In the z direction, eleven nodes were used in the film, and six non-

equidistant nodes were adopted in each solid of d = 5a in thickness.

(=54, 5a, Sa+h) (5a, 5a, 5a+h)
7 solidb
A § j ‘ - (Sa, 5a, h)
5 a z ‘,.""-
Vo
Aot (5, 5a, 0)
L » I 0 A
s (54, 5a, ~50)
N I " Solida
L=10a

Figure 2-3 Dimensionless computational domain (not to scale).
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Reynolds equations

: . o 0 oP
In the process of Reynolds equations discretization, the terms 8_X(g“ 87) ,

0 ga—P and 2 ga—P at the left hand of Eq. (2-22) are discretized using central
oxX\ oX oY\ oYy

0 [_. .
difference operators, while the right term O_X( p H ) adopt the backward difference

operators.

1
2 [‘%x H/z,jPH,j _(ges i-1/2, ] + &, i+1/2, ] )B_] + &, i+1/2,jl)[+1,j:|
(AX)

1
+ 2 [gi—l/Z,jPi—l,j - (51‘—1/2,; T, )sz + gi+l/2,jB+l,j:|
(AX)
1

(A7)

(2-34)

+ [‘91',;—1/23,]‘—1 - (51‘,]‘—1/2 T & )B/ + gi,j+l/2Pi,j+lj|

el (7H) A7), =0

where i and j stands for the node number in X and Y directions, respectively.

1

1
ges i-1/2,j = E(ges i-1,j + gex i,j) > ges i+1/2,j = E(ges i+1,j + Ees i,j) s
1 1
€iapy = E(gi—l,j + € ) > Sy = 5(8141,/ + gi,j) .

Load
To ensure the accuracy of solution, the load equation employed the nine-point Simpson

method for discretization.

1 ny /21 ny /2-1
5 AxAY > > [161”2”1,2 st T 4( Pz + Prigia + Py + Praajor)
o 5 (2-35)
* (PZZGZJ' + P2i+2,2j + P2z'+2,2j+2 + P2i,2j+2 )] B Eﬂ

Lubricant density and viscosity
The discretization of density-pressure-temperature relationship and viscosity-pressure-

temperature relationship can be obtained based on the Egs. (2-25) and (2-26).
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Cpyb

P =l+—"5 __C ]_: -1 (2-36)
o 1+C,p,FB 3( e )

_ Zo [ | = -S,

Mijxk = eXp{Al |:_1+(1+A2P[,j) (A3T;‘,j,k _A4) }} (2-37)

Film thickness
For the elastic deformation term of the film thickness equation, the zero-order
polynomial is used to approximate the pressure distribution. Therefore, the discretization

of the film thickness equation can be obtained as follows:

X +Y? 208
H(Xi’Yj) =H, +Tj+7z_(fzzl<ij,k13c,z (2-38)
=0 1=0

where ( K u ) is four-dimensional array, named as the deformation matrix:

K,u=E+E,+E+E,,

I = k—itt AX, T, = f—iot AX,
2 2
1 1
¥, = 1—]+E AY, W,=|1-j-—|AY,
[+ T2+ P} [+ +¥2
E =¥, In , E,=¥,In :
T, + T2 +W? T+ T2+ %2
Y+ I+ 2 Y+ T2+ 92
E,=T,In , E,=T,In .
W, T2+ 92 W+ T2+

Energy equations

The temperature distributions are obtained by solving discretized energy equations of
lubricant and solids in the calculation domain. Fig. 2-4 shows the grid structure in the Z
direction. Within the lubricant film, 11 equidistant nodes were adopted and 6 non-
equidistant nodes in the each solid because the temperature variation in solids is less
pronounced than that in lubricant. The thickness of solids is set to 5a, different from the
common value of 3.15a [90,92,120]. At the nodes far form lubricant, the temperature

tends to be ambient temperature.
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16 Zy

Il
W

Solid b

10 Zb=0,Z=1

Lubricant

Loy Z; Z

0 Z,=0,Z=0

Solid a

6 Z,=-5

Figure 2-4 Grid structure in the Z direction.

In the process of energy equation discretization, the subscript £ denotes the node
number in the Z direction. The node number of k£ = -6 and k£ = 16 stand the boundaries of
solids, where 7' = To. Note that the different node number employed different difference

operators as shown follows.

o’T _
{822 ] = Ak,k—lzz,j,k—l + 4, ]: gk T A, k+lT; ok (k =-S5~ _1) (2-39)
alijk
o’T _
aZ; = Bk,k—ITZ',j,k—l +B, ]: gk T B, k+1T; ok (k =11~ 15) (2-40)
ik
ST - 2
[8ZZJ :(ﬂ,j,lm 21’;]k+7—;]k1 /AZ (k:1N9) (2-41)
i,j.k
oT _ _
(Ej = 0-5(7;,/',1”1 =T s )/AZ (k=1~9) (2-42)
ijk
oT -
[87 =(T,4=Tj0)/0Z,  (k=0) (2-43)
altijk
oT
~ | = )/Az = (2-44)
1 k+1 l
7))
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Bk,k—l = 2/{[(21: )k_1 _(Zb )Jx[(Z
By :2/{[(217 )k _(Zb )k—1i|x|:(Zb)k (Zb)k+1:|}
Bk,k+1 :2/{[(21: . } [(Zb k41

For the node in the X and Y directions, the difference operators are

Z_g - (Ti,j,k _Ti,j,kfl )/AZ (k=10)

i)k

oT
oz,

i,j,k+1

=(T 00 -T,,.)/02,  (k=10)

i,j,k

The difference coefficients shown in Egs. (2-39) and (2-40) are expressed as

4 =22, ~(2), 12, ~(2),..]

4, -2/{[(2),-(z Ua»(znj}
kk+1 2/{ Za k+1

o

oT 1 (= =
&J :E(];,j,k_];—l,j,k) Ui,j,kZO
i)k

a—TJ = L(]_;H,j,k _f,j,k) Ui,J,k <0
ijk

oX : AX

o’T 1 /=

8X2] ZE(]}H,//( 2]://{"'7:1/1()
i)k

oT 1~ _
5] :E(];,jﬂ,k _Z,j,k) Vix <0
i,j,/c

o°’T 1 =
aYZ) ZAY2(];,_/‘+1k 2]://{‘*'7:,11{)
i)k

33) can be obtained by using the above different difference operators.

k JX[(Za )k+1 _(Za )k }}
)k—l _(Zb)k+1:'}

(2-45)

(2-46)

(2-47)

(2-48)

(2-49)

(2-50)

Temperature discretized expressions of energy equations Egs. (2-28), (2-31) and (2-
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The energy equation in solid a is discretized as

_ AX2

< - (2-51)

CNA U T 7: +]—;+1]k+7—;,j—1k+]—;]+1k
AX ° AX2 AY?

_ CNA-U, 2 2 \= _
_Ak,k 17;,_/,1(71 + (T - Ak,k + + AY2 jf,k - Ak,k+sz",j,k+l

(k=-5~-1)

For the equation at lubricant—solid a interface

o+ ——T .
i,j.k i,j.k+1
MUH, AZ

L~ [CMA L] }— CMA =0 (k=0) (2-52)

AZ, "\ H AZ AZ,

The discretized energy equation in lubricant when U> 0, V> 0

+ _
_Az)z 2 'H Az | (2-53)

CS — CS

,5 NE
oP —
Vi,j,k (_j Tz',j,k
pz Jok 8Y i,j

1CS, ”’J’[(GUJ +(6—V) ] (k=1~9)
i,j 8Z i,j,k aZ i,jk

The discretized energy equation in lubricant when U> 0, V<0

R D P
(H, .AZ)2 2 1Hi,jAZ e

LJ

2 CS,  _ _ B
- U). .. ———=(pV). T, )
’ ( i,jAZ)z " AX (,0 )i’f’k (p )i,j,k i)k (2-54)

| e e |7

(Hl.,jAZ)z 2 H, AZ Sk
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CS, , _ Ccs, , _ —
= El(pU)i,j,k T;—lsj,k _A_Yl(pV)i,j,k ];J—Lk

P P —
+ SSZ Ui,j,k (a_j + Vi,j,k (a_j Ti,j,k
Pijk ' oX ij oY ij

— 2 2
+cs, Tt (a—U) n (a—Vj (k=1~9)
u, |\ oz oz ),

i)k

The discretized energy equation in lubricant when U< 0, V>0

1 1 9k |=
B I e S
(Hi’jAZ)z 2 1 Hl-)jAZ i,j.k—1
2 cs, ,_ Cs, ,_ _
- U — T
|, 02) ax P9 )s * ay (P ) o
1 1 qijk =
_ _ > T .
(o a7y 2 H AL @59
CS, , _ = CS,  _ —
__El(pU)zjk i-1,j.k +A_Yl(p )1]1{ i,j-Lk

— 2 2
+C8, Tk [8—U} v (a_VJ (k=1~9)
n, |\az oz ),

i,j.k

The discretized energy equation in lubricant when U< 0, V'<0

1 ICS 9

(H, AAZ)Z 2 ! Hi,jAZ

LJ

T s

W 2SSy O

- oV T ]
(Hf,jAZ)z Ax 7 AY(p )wsk injk (2-56)

- ;—i_lcsl s 7_;,/',1”1

(H,Az) 2 H,AZ
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S (5 cs,, . -
= —El(p ),-,j,k T _A_Yl(pV)i,j,k T

P P —
+ SSZ Ui,j,k (a_j + Vi,j,k (8_) Ti,/,k
Pijk ' oX ij oY il

— 2 2
+cs, Tk (a—UJ n (a—Vj (k=1~9)
u, |\ oz oz ),

i)k

For the equation at lubricant—solid b interface

T,..=0 (k=10) (2-57)

CMB - LCMB 1 J_ 1
+ ];jk+_t
EW L AZb

ijk-1" =
H, ,AZ H, AZ AZ,
The discretized energy equation in solid b is written as

— CNB-U 2 2 \= —
_Bk,k—sz",_j,k—l + (Th - Bk,k + ﬁ + Fj T;,_/‘,k - Bk,k+17;,_j,k+1

(2-58)

_ CNB 'Ub = + 7;—l,j,k + T;+1,j,k + 7;,j—l,k + 7;,j+l,k
Ax A AX? AY?

(k=11~15)

2.5 Numerical simulation method

The numerical solution of present EHL problems consists of two parts: the solution of
pressure with fixed temperature and the solution of temperature with fixed pressure and
film thickness. In the solution of pressure, the temperature filed is assumed as known.
The pressure distribution is obtained by solving Reynolds equation, load equation, and
then the film thickness is calculated by using the pressure filed. In the solution of
temperature, the energy equations are solved using the obtained pressure and film
thickness distributions to update the temperature filed. The iteration between pressure and
temperature is repeated until the convergent criteria are reached. The process of numerical

solution is summarized in a flow chart in Fig. 2-5.
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[ Initial value forH, P, and T J

[ Compute integral terms }1

‘ Solve the coupled EHL problem to get pressure P and film’

Solution of thickness H with a fixed temperature T

pressure

No

P convergent?

¥ Yes

{ Compute parameters for temperature problem }4—
v

Solution of Solve the energy equations to get temperature distributions
temperature T with updated pressure P and film thickness H

v

No

T convergent?

Yes
No

P and T convergent?

Completed

Figure 2-5 Flow diagram of the thermal EHL model solution.

2.5.1 Pressure solution

In the process of pressure solution, the Reynolds equation is solved with Multigrid
Method [168], and the elastic deformation in film thickness equation is evaluated using
Multilevel Multi-integration (MLMI) Method [169]. Five levels of grids are used for the
calculations of pressure and film thickness.

With the Multigrid Method, the computational domain is divided into grids with
different density, so that each layer of grid represents the same computational domain for
the same problem. On each layer of the grid, Partial Differential Equations must be
discretized in the same format. The obtained approximate solutions and deviations of the
algebraic equations are transferred layer by layer and iterated on each layer of the grid.
Finally, an accuracy numerical solution that meets the requirements is obtained on the

finest grid.
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The circulation and transfer between different grids include the circulation format and
solution values transfer between different layers. The present study adopts the general W

cycle due to its good numerical stability, as shown in Fig. 2-6.

® @
\ v+ 0, /
() O () 4
N \/ N2/
\ v+, / v+, /
o) O —b O @ 3
\ 0+ 0, />J / 0, + 0, /\ 0, + 0,

00@0@ (o) —C)—() () 2

O
}I SN b/ \@0/ \/ }I/ \/ 1

Figure 2-6 The general W cycle with five grid level. vo, v1, 02 are relaxation numbers.

At each layer, the pressure needs iterative relaxation. The discrete form of Reynolds
equation is written as

L

i,j

(P)=F, (2-59)

L]
where L is discrete relation operator, F is right vector.

For the difference equation, the Newtown-Raphson method [167] is employed to

oL,
5:' i =t &
)\ OF, (2-60)

For the nodes at each grid, the Gauss-Seidel method is used.

construct iterative equations.

b, =B, +a09, (2-61)
where wp is pressure relaxation factor.
The Multilevel Multi-integration (MLMI) Method is used to solve the elastic

deformation term in the film thickness equation.

Ny Ny

E, =22 Kub (2-62)

k=0 1=0
This method is combined with the Multigrid Method of Reynolds equation. The layer
of pressure iterative relaxation is target layer which named as fine grid. The layer of

elastic deformation term integrated is named as coarse grid. The MLMI method is transfer

Kyushu Institute of Technology, Graduate School of Mechanical Engineering
39



Chapter 2. Theory of thermal elastohydrodynamic lubrication

the information of elastic deformation term on the fine grid to the coarse grid, calculate
the integral on the coarse grid, and then transfer the calculation result back to the fine grid,
make corrections on the fine grid. Through this process, the accuracy results are obtained

on the fine grid. Detailed information of pressure solution can be found in [167].

2.5.2 Temperature solution

To obtain the temperature field in lubricant and solids, the energy equations are solved
by using sequential column sweeping method [170]. This technique had been proven to
be an efficient solver for thermal EHL problem, and successfully obtained full numerical
solutions of temperature fields by Yang and his coworkers [66,76,171,172].

In the entire computational domain, the dispersal equations of Egs. (2-51)—(2-58) can

be written as tridiagonal system with the same nodes 7, j and different k.

Ai,j];,j = Bi,j (2-63)
where A, is the tridiagonal coefficient matrix, B;, is the array of right hand terms.
s s ds_4
.5 444 443
A= R (2-64)
Q1413 Aias Dags
L Qispa iss |
T b
-4 b41
Ly=q" B,=y" (2-65)
14 b,
T{S blS

The line temperature across the lubricant and solids with different £ nodes at each site

i, j can be obtained by solving the Eq. (2-63). A;; and B;; are formed based on the latest
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calculated temperature in the iteration or initial values. After the entire temperature field
is solved, the results are updated for an initial value of the next cycle by the following

equation.
ik~ ik

T T +a (j;;,k _ ]_;f/’k) (2-66)

where s, s+1 denote the cycle number, wr is the coefficient of iterative relaxation.

2.5.3 Convergence criteria

An iterative procedure was used to solve the Reynolds and energy equations for present
numerical model. The results meet the accuracy requirements are collected when the
convergence was achieved. In the solution of pressure, the iterative errors of pressure and

load are checked on the finest grid level as follows:

new old
DI AR o
i

Err, = <0.001 (2-67)

U  PdXdY W,
I/Vload

<0.001 (2-68)

Err, =

where the superscripts new and old represents the pressure results at the beginning and
end of the pressure iteration.
In the solution of temperature, convergence was achieved if the following convergent
criterion for the entire temperature domain is reached.
7 new old
ZZZ‘ZM _];,j,k‘

i k
Err, =

J
SYSI
i

<0.0001 (2-69)

2.6 Summary

In this chapter, a thermal EHL theory was developed to better understand the

lubrication performances with boundary slips for EHL contact. The modified Reynolds
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equation is derived, coupled with load equation, film thickness equation and energy
equations, to obtain the pressure, film thickness and temperature in contact area. Also, the
solution methods of pressure and temperature were presented. The pressure solution
employed the Multigrid method to solve Reynolds equation, while the Multilevel Multi-
integration method was used for elastic deformation calculation in film thickness equation.
The sequential column sweeping method was adopted to solve the energy equations of
lubricant and solids.

The thermal EHL theory proposed in this chapter can be used to investigate the effects
of velocity and thermal slips on lubrication performances, such as film thickness, pressure,
and temperature rise in contact. Furthermore, the lubrication under different working
conditions, entrainment velocity and slide-roll ratio etc. can be qualified by present theory.

More details are presented in next Chapter.
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Chapter 3

3. Numerical analysis of boundary slips for

thermal point EHL contact

3.1 Introduction

Numerical simulation is an important concern for investigation and discussion of
lubrication performance in tribological fields. Within simulation, it is convenient to vary
the surface velocity, SRR and slip boundary condition at solid—lubricant interfaces, which
possible to explore their effects on lubrication characterizes such as friction, film
thickness and temperature rise. Since the lubrication in machine elements is still complex,
it is necessary to conduct the numerical simulation to better predict and improve
lubrication performance, efficiency, and reliability.

Based on the theory of thermal EHL presented in chapter 2, the influence of boundary
slips on lubrication performances are investigated under various motion. In this chapter,
the pure rolling motion, opposite sliding motion and rolling/sliding motion are estimated
in order to clarify the mechanism of boundary slips at solid—lubricant interfaces. The
degrees of boundary slips are represented by slip length and thermal slip length,
respectively. Details of boundary slips are shown in Fig. 2-2.

Fig. 3-1 shows the schematic of EHL contact and computational domain. The contact
is formed between steel ball and steel disc while are moving with u, and u, respectively.
The applied load w is constant. For the computational domain, the length of x and y is
10a, where a is the half contact width. In the z direction, the thickness of each solid is 5a
in thickness. The origin of the coordinate system is positioned at the center of surface a,

characterized by point o.
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Ball

Solid

Lubricant

zA

R

gu\

(a)

(-5a, 5a, Sa+h)

Solid b
> [ e
: I 0o X

Solid a

L=10a

(b)

(5a, 5a, 5a+h)

«(5a, 5a, h)

(5a, 5a, 0)

(54,54, -50)

Figure 3-1 Schematic of (a) EHL contact (steel-steel) and (b) computational domain

(not to scale).

Table 3-1 lists the properties of materials. The current work employed a steel—steel

contact and mineral oil Shell Turbo 33, which provides excellent oxidative stability, low

foaming and excellent demulsibility for industry applications.

Table 3-1

Properties of lubricant and steel.

Density of steel, pq 5, kg/m?

Specific heat of steel, cq5, J/(kg-K)

Thermal conductivity of steel, k5, W/(m-K)

Ambient density of lubricant, po, kg/m?

Specific heat of lubricant, ¢, J/(kg-K)

Thermal conductivity of lubricant, k£, W/(m-K)

Pressure viscosity coefficient, a, 1/Pa

Ambient viscosity of lubricant, #o, Pa‘s

Thermal viscosity coefficient of lubricant, £, 1/K

Reduced elastic modules, £°, Pa

7850

470

875

2000

46

0.14

2.4 %108

0.08

0.042

2.26 x 10"
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Among these parameters in Table 3-1, the thermal conductivity plays vital role in
affecting the temperature rise. Habchi et al. [63], Reddyhoff etal.[173] and Liu et al. [61].
discussed the effects of the thermal conductivity on the EHL performance. To simplify
the problem, the thermal conductivity of steel in its annealed/soft state is given as 46

W/(m-K), which is commonly used in literatures [129,131,132,188].

3.2  Pure rolling motion

3.2.1 Simulation system

Under pure rolling motion, the contact surfaces have same velocity with same direction,
which are widely existed in EHL lubricated components, such as gears, cams and rolling
element bearings. Fig. 3-2 shows the schematic of pure rolling motion. The surfaces of
the disc and ball are assumed to be smooth and moving at same surface speeds in the x
direction, SRR = 0. The contact is subject to an external applied load w and a fully flooded
regime is assumed. Under pure rolling motion, the influence of boundary slips on
lubrication performances are investigated as the boundary slips on disc surface or both
contact surfaces. The degrees of boundary slips are represented by slip length and thermal

slip length, respectively.

ball ) uy
Z

lubricant

o X

disc

—_——

Ug

Figure 3-2 Schematic of pure rolling motion, ua = up.

Table 3-2 lists the operation conditions used in this section. The ball radius is set as
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12.7 mm, which is commonly used in the rolling bearings. Applied load is 30 N, and it
kept constant during the whole simulation under pure rolling motion. The slide-roll ratio
SRR is 0 under pure rolling motion (1. = up). In order to investigate the influence of
velocity slip on lubrication, the velocity slip length varies from 0 to 2 pm comparable to
the film thickness in EHL, while the thermal slip length is set as 0. For the investigation
of thermal slip effect, the velocity slip length is set as 0.

Table 3-2 Operation conditions.

Ambient temperature, 7o, K 313
Ball radius, R, m 0.0127
Load, w, N 30
Half width of Hertzian contact, a, pm 136
Entrainment velocity, ue= (uq + up)/2, m/s 0~10
Slide-roll ratio, SRR = (14 - up)/ue 0
Velocity slip length, /s, um 0~2
Thermal slip length, /k, pm 0~1

3.2.2 \Velocity slip effect

Furnishing boundary slip at one of the solid—lubricant interfaces in a bearing contact
has significant effect on lubrication under pure rolling motion. The contour maps of the
film thickness, pressure, and film thickness profiles are shown in Fig. 3-3. In this plot,
—1<X=x/a £ land —1<Y=y/a < 1 correspond to the area of the Hertzian contact,
and X' = Y = 0 corresponds to the center of the contact area. The employed slip lengths are
0.2 um, 0.5 pm, and 1.0 pum, where the thermal slip length /x = 0. These values of the slip
lengths are comparable to EHL film thickness (approximate 1.0 um). The result of /s =0,
which is a typical solution of the EHL point contact, is shown in Fig. 3-3(a). A central
plateau and an outer constriction are evident in the contour maps. As the slip length

increases, the central flat plateau is enlarged, while the minimum film thickness in the
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constriction decreases. Fig. 3-3 also presents the pressure and film thickness profiles in
the plane Y = 0 along the entrainment direction. As the slip length /s increases, the second
pressure peak near outlet shifts downward, while the film thickness decreases

significantly over the entire contact region.

ls=0.2 um

g
< =
%, 1.0 %
%0. 0.5 5
- =

=

0.0 = ; \ : ; ; A 0.0
-1.0 0.0 1.0 -1.0 0.0 1.0 -1.0 0.0 1.0 -1.0 0.0 1.0
X X X X
(a) (b) (c) (d)

Figure 3-3 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u. = 2 m/s under different boundary
conditions: (a) no slip; (b) ls= 0.2 um; (¢) /s= 0.5 pm; (d) /s= 1.0 um. Velocity slip

at disc surface.

The film thickness reduction induced by the velocity slip is attributed to the lower
lubricant velocity, which entrains less lubricant into the contact area [186]. Fig. 3-4 shows
the lubricant velocity profiles across the lubricant film and the slip velocity at locations a
X=-1.0,Y=10.0), b (X=0.0, Y=10.0), and ¢ (X = 1.0, Y = 0.0). Velocity slip occurs on
surface a (Z = 0.0), while surface b (Z = 1.0) is under the continuum boundary condition.
At the inlet location a, the velocity profiles across the lubricant film in the z direction are
hindered by the occurrence of velocity slip shown in Fig. 3-4(a). As the slip length
increases, the negative velocity gradient on the surface a (Z = 0.0) and the corresponding
slip velocity us at location a increase monotonically, as shown in Fig. 3-4(d). However, at

location b, the observed velocity profiles are linear and independent of the slip length.
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Thus, the velocity gradient is almost zero along the z direction, resulting in zero slip
velocity us, as shown in Fig. 3-4(d). At location ¢, the shape of the lubricant velocity
profile varies with the slip length. For /s=0.5 pym and 1.0 pm, lubricant velocity is smaller
than that no slip condition for the area of near surface b, while the reverse is true for the
area of near surface a. The curve of us is quadratic at location ¢ with a peak at ;= 0.5 pm,
as shown in Fig. 3-4(d). The existence of velocity slip on surface a decreases the
entrainment velocity in the inlet region, which reduces the amount of lubricant entrained

in the contact region. Consequently, the film thickness decreases.
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Figure 3-4 Effect of slip length on (a—c) lubricant velocity distributions across
lubricant film and (d) slip velocity at location a (X =-1.0, Y= 0.0), location b (X= 0.0,
Y=0.0), and location ¢ (X= 1.0, Y = 0.0). Velocity slip at disc surface.
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Fig. 3-5 describes the variations in the film thickness ratios corresponding to the
increases in entrainment velocity for different slip lengths. D, and D,,;, are the ratios
of the center and minimum film thicknesses with velocity slip to those without velocity
slip. Without the occurrence of velocity slip (s = 0.0 um), D, and D,;, are always 1.0.
According to Fig. 3-5, D, and D,,;, increase asymptotically as the entrainment
velocity increases, indicating that the influence of slip length on film thickness in the low-
velocity region is more apparent than that in the high-velocity region. For the same
entrainment velocity, both D, and D,;, decrease as /s increases, while the value of
D,,;, remains greater than that of D,.,. This means that the film thickness at the center

1s more significantly affected by the slip length than that in the constriction.
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Figure 3-5 Effect of slip length on (a) central film thickness and (b) minimum film
thickness with increasing entrainment velocity under pure rolling contact. Velocity slip

at disc surface.

In practical applications, velocity slip may occur on both surfaces, which has more
significant effect on lubrication performances under pure rolling motion. The contour
maps of the film thickness, pressure, and film thickness profiles with velocity slip at both
surfaces are plotted in Fig. 3-6, where velocity occurs at both surfaces. These values of
the slip lengths employed in this figure are same to Fig. 3-3. As the slip length increases,
the film thickness in center area and constriction gradually decreases, similar to the results
with velocity slip at surface a. The second pressure peak shifts downward as the slip

length /s increases. When /s = 1.0 um as shown in Fig. 3-6(d), the second pressure peak
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almost disappear.
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Figure 3-6 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at ue = 2 m/s under different boundary
conditions: (a) no slip; (b) ls= 0.2 um; (¢) /s= 0.5 um; (d) /s= 1.0 um. Velocity slip

at both surfaces.
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Figure 3-7  (a) Central film thickness and (b) minimum film thickness curves with

velocity slips under pure rolling contact. Velocity slip at both surfaces.
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The entrainment velocity under pure rolling motion is related to the amount and
velocity of lubricant entrained into the contact area, affect the velocity slip effect on film
thickness distribution. The central film thickness and minimum film thickness
distributions with entrainment velocity are depicted Fig. 3-7. Significant film thickness
reduction for /s = 0.2 um, 0.5 pm and 1.0 um is observed because the velocity slip occurs
at both contact surfaces. The larger slip length, the greater film thickness reduction.
Furthermore, the value of film thickness reduction becomes larger with increasing
entrainment velocity owing to the fact that the high velocity leads to great central and

minimum film thickness.
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Figure 3-8 Comparison of (a) central film thickness and (b) minimum film
thickness with increasing slip length for velocity slip at disc surface or both surfaces.

Ue =2 m/s.

In Fig. 3-8, the film thickness reduction results caused by velocity slip at disc surface
(surface @) or both surfaces are presented to make comparison. For the case of velocity
slip at both surfaces, the film thickness reductions of central and minimum film thickness
are greater than the case of velocity slip at disc surface. The larger slip length, the more
significant reduction between the two cases. That is because the existence of velocity slip
on both surfaces caused the entrainment velocity in the inlet region is smaller than the
case of velocity slip on disc surface, as shown in Fig. 3-4(a), limited the amount lubricant

entrained in the contact region. Consequently, the film thickness reduction with velocity
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slip on both surfaces is more remarkable.

3.2.3 Thermal slip effect

Thermal slip at the solid—lubricant interface, which is also called temperature jump
phenomena, arises when the heat flows across the liquid—solid interface. Generally, the
degree of thermal slip can be identified by thermal slip length, as schematized in Fig. 2-
2. The thermal slip increases the thermal resistance at interface, making the heat

conduction from lubricant to solid more difficult.
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Figure 3-9  Contour maps of film thickness (top) and temperature, film thickness
profiles on center plane Y = 0 (bottom) at ue = 2 m/s under different thermal slip: (a)

no slip; (b) =0.0 um, /= 1.0 um.

Fig. 3-9 shows the influence of thermal slip on contour maps (top), film thickness and
temperature profiles (bottom) at center plane Y = 0 under pure rolling motion. Thermal
slip occurs at the disc surface. The velocity slip length is set as 0 to avoid the velocity slip

effects. By comparing the results in Figs. 3-9 (a) and (b), the contour maps and film
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thickness distributions are almost identical with or without thermal slip. It is indicated
that the influence of thermal slip on lubrication performance is negligible due to the
insignificant temperature rise. Therefore, the thermal slip is not considered under pure

rolling motion.

3.3  Opposite sliding motion

3.3.1 Simulation system

In contrast to the abovementioned pure rolling motion (slide-roll ratio S = 0) in which
two surfaces move in the same direction, zero entrainment velocity (ZEV) contact
involves two surfaces moving in opposite directions (for example, surface @ moving from
the left to the right, while surface » moving from the right to the left, as shown in Fig. 3-
10) with the same speed (slide-roll ratio S =o0). Thus, under ZEV contact, the temperature
rise is expected to be more significant than that under pure rolling motion in the same
working conditions. This temperature increase is a dominant factor in maintaining a
beneficial lubrication state, which is characterized by a surface dimple formed due to
lubricant accumulation. Because the dimple is governed by the surface velocity and the
subsequent temperature viscosity wedge effect [83,92], the slip boundary condition may

significantly influence the shape of the dimpled film.

w

)ub

lubricant

disc o X

u

a

Figure 3-10 Schematic of opposite sliding motion, us =- us.
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Here, the steel-steel ZEV contact shown in Fig. 3-10 is employed to investigate the
effects of the slip boundary condition on the lubrication performance, where the
velocity/thermal slips occur on disc surface (surface a). For the ZEV contact, semi-field
calculation is adopted in y direction to achieve stable solutions with fast convergence.
The semi-field calculation [70] solve the entire problem on half of the geometrical domain
while the solution on the other half is deduced by symmetry. Four grid levels with 513
nodes along the x direction and 197 nodes along the y direction at the finest grid level
were applied in the calculation domain — 3a <x <3a, 0 <y <1.8a. The calculation domain
in the z direction is same to that of the pure rolling case.

Table 3-3 lists the operation conditions. Under ZEV motion, the slide-roll ratio is oo
due to u,= - up. Three cases of boundary slips, i.e., velocity slip, thermal slip, and coupled
velocity/thermal slips, are employed at disc surface (surface a), where the ball surface

(surface b) is under no slip boundary condition.

Table 3-3 Operation conditions.

Ambient temperature, 7o, K 313

Ball radius, R, m 0.025
Load, w, N 31.6
Half width of Hertzian contact, a, pum 173
Surface speed, 1, = - up, m/s 2.1~42
Slide-roll ratio, SRR = (u4 - up)/ue 0
Velocity slip length, /s, nm 0~ 400
Thermal slip length, /k, nm 0~400

3.3.2 \Velocity slip effect

To simplify comparisons of the boundary slip effects, the thermal slip length is set to
zero (Ix = 0) in this section. Fig. 3-11 shows the contour maps of the lubricant film (top),

and the pressure and film thickness profiles (bottom) in the plane Y = 0 for /s = 0, 25 and
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50 nm with u, = — up = 2.1 m/s. Under the no slip boundary condition (/s = 0), a large
surface dimple is formed in the contact area due to the temperature viscosity wedge effect.
As the slip length increases, the constriction in the left contact area is enlarged;
consequently, the dimple is pushed toward the right side of the contact region. In the
pressure and film thickness profiles shown in the bottom of Fig. 3-11, the pressure peak
close to center shifts toward the right side of the contact region, and its magnitude
increases as the slip length increases. The film thickness in the left side of the dimple

thereby decreases, which squeezes the dimple toward the right.
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Figure 3-11 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s, Ix= 0 under different
velocity slip: (a) ls=0; (b) [s=25 nm; (¢) [s= 50 nm.

Fig. 3-12 shows the variations in lubricant velocity for /s =0, 25 and 50 nm across the
lubricant film and the slip velocity at the three locations. In this section. locations a, b,
and ¢ are denoted as the two sides and the center of the contact region, respectively
(Location a: X =-1.0, Y = 0.0; Location b: X = 0.0, Y = 0.0; Location c: X =1.0,Y =
0.0). Larger slip length results in larger slip velocities at locations a and ¢, and smaller

lubricant velocity, as shown in Fig. 3-12(a) and (c). However, the slip velocity at location
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b is almost zero, and thus, the effect of slip length on lubricant velocity can be neglected

at the center of the contact region. Since the absolute lubricant velocity near surface a is

smaller than that near surface b, surface a drags less lubricant into the contact region than

surface b. Therefore, the area of lubricant accumulation shifts from the center toward the

right side of the contact region. Correspondingly, the pressure peak and the surface dimple

shift right.
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Figure 3-12  Effect of slip length on (a—c) lubricant velocity distributions across
lubricant film and (d) slip velocity at location a (X=-1.0, Y=0.0), location b (X= 0.0,
Y=10.0), and location ¢ (X=1.0, Y=10.0). us=—up=2.1 m/s, k=0.

Kyushu Institute of Technology, Graduate School of Mechanical Engineering

56



Chapter 3. Numerical analysis of boundary slips for thermal point EHL contact

Fig. 3-13 shows the contour maps of the lubricant film (top), and the pressure and film
thickness profiles (bottom) in the plane Y = 0 for extreme slip length condition: /s = 100,
200 and 300 nm with u, = — up = 2.1 m/s. In comparison with the Fig. 3-11, the locations
of dimple and maximum pressure shift closer to right side with the reduction of dimple
size. The large slip length results the lubricant velocity near surface a is smaller than that
near surface b. Thus, the surface b (from right to left) plays more dominant role on the
entrained lubricant, leads the great constriction at left side and small dimple at right side.

The maximum pressure overlaps with the location of dimple.
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Figure 3-13 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s, k= 0 under extreme
slip length: (a) /s= 100 nm; (b) /s= 200 nm; (¢) /s= 300 nm.

The contour maps of film thickness with velocity slips at high surface velocity are
shown in Figure 3-14. Under no slip condition /s = 0, the surface dimple is located in the
center contact area due to the temperature viscosity wedge effect [92]. As the surface
velocity increases, the size of dimple becomes smaller. Under velocity slips, the film
thickness at left side contact area decreases, squeezing the dimple moves to right side.

The smaller surface velocity, the more significant film thickness reduction in the left
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constriction. That is, at high surface velocity, the lubrication region falls into the category
of hydrodynamic lubrication and the surface dimple shrunk because the absence of elastic
deformation. Thus, the influence of velocity slip on dimple shape film weakens as the

surface velocity increases.
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Figure 3-14 Contour maps of film thickness under different surface velocity: u, =—
up =2.8 m/s, 3.5 m/s, 4.2 m/s, and different velocity slip: /=0, 25 nm, 50 nm.

Fig. 3-15 shows the pressure and film thickness profiles at the plane Y = 0
corresponding to Fig. 3-14. As the surface velocity increases, the depth of dimple and the
minimum film thickness decrease under /s = 0. As the slip length increases, the film
thickness at the left side of the dimple decreases while the film thickness at the right side
increases, squeezing the dimple to right side. The maximum pressure moves to the right

side due to velocity slip, overlapping with the maximum film thickness.
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Figure 3-15 Film thickness and pressure profiles at the plane Y = 0 at different
surface velocity: u, = — up = 2.8 m/s, 3.5 m/s, 4.2 m/s, and different velocity slip: /s=
0, 25 nm, 50 nm.

3.3.3 Thermal slip effect

This section set the slip length of zero (/s= 0) to focus on the thermal slip effect. The
film thickness contour maps, and the corresponding pressure and film thickness profiles
in the plane Y = 0 are illustrated in Fig. 3-16 for /x = 0, 25 nm, and 50 nm with u, = — us
= 2.1 m/s. In contrast to the results obtained under velocity slip, the surface dimple moves
toward the opposite direction, that is, toward the left side of the contact region under the
thermal slip. As the /x increases, the film thickness at the left side decreases while the film
thickness at right side increases, results in the pressure peak and the surface dimple move
toward the left from the center area, which is consistent with the film thickness contour

maps. Meanwhile, the dimple depth decreases significantly at /x = 50 nm.
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Figure 3-16 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s, [s= 0 under different
thermal slip: (a) ik= 0; (b) /x=25 nm; (¢) /x= 50 nm.

Fig. 3-17 shows the temperature distributions along the x, y direction for /x= 0, 25 nm,
50 nm on surfaces a and b. The temperature fields are non-uniform, and the temperature
rise at [k = 50 nm is the most prominent among the three simulation cases on surface a.
while the temperature distributions on surface b is unremarkable because of the no slip
conditions. The generated heat caused by shearing and compression of the lubricant is
expected to dissipate through the lubricant and through surfaces a and 5. However, the
higher thermal resistance on surface a due to the increase in the thermal slip length limits
heat dissipation from the lubricant to surface a. Thus, a significant temperature rise occurs,
induces a reduction in the lubricant viscosity. Consequently, a greater amount of lubricant
is retained on surface a (moving right) at k= 50 nm than that at /x= 0, which causes the
accumulated lubricant to be pushed toward the left side of the contact region. Therefore,
the surface dimples in Fig. 3-16 move toward the left, which contradicts the dimple shift

tendency in Fig. 3-11 caused by the velocity slip singularity.
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Figure 3-17 Effect of thermal slip length on lubricant temperature distributions on

(a) surface a and (b) surface » under with u, = —up =2.1 m/s, [s= 0.
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Figure 3-18 Contour maps of film thickness (top) and pressure, film thickness

profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s, [s= 0.
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Fig. 3-18 shows the contour maps of the lubricant film (top), and the pressure and film
thickness profiles (bottom) in the plane Y = 0 for extreme thermal slip length condition:
I =100, 125 and 150 nm with us = — up = 2.1 m/s. With the thermal slip length further
increases, the film thickness at left constriction continues decreases, leads the dimple
close to the location X = -1.0. Meanwhile, both the magnitude of the pressure peak and

the dimple depth decrease significantly at large thermal slip length conditions.

k=25 nm k=50 nm.
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Figure 3-19 Contour maps of film thickness under different surface velocity: u, = —
up =2.8 m/s, 3.5 m/s, 4.2 m/s, and different thermal slip: /x= 0, 25 nm, 50 nm.

Under high surface velocity, the lubrication region falls into the category of
hydrodynamic lubrication and the surface dimple shrunk because the absence of elastic
deformation. Figure 3-19 shows the contour maps of film thickness with different surface
velocity: uq = —up = 2.8 m/s, 3.5 m/s, 4.2 m/s, and different thermal slip length: =0, 25
nm, 50 nm. With the increment of thermal slip length, the film thickness at the right side
of dimple decreases and the dimple shifts to left side, opposite to velocity slip. At /x= 50
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nm, a significant constriction is observed. As the surface velocity or the thermal slip
length increases, the size of dimple decreases due to the hydrodynamic lubrication. The

larger surface velocity, the smaller influence of thermal slip length on surface dimple.

1.5 : : : : : 1.5
x=0.0 nm 1 Ix=25nm i I =50 nm g
[+ :L
3 1.0 10 7
[}

Ug=—Up o

a é 'ﬁg
=28m/s Fos 05 =
& £
M =
== 29

0.0 0.0

1.5 1.5
=
= 1.0 =
G 1.0 8
Ug = — Up % ﬁg
=35m/s 505 0.5 <
& =
=

0.0 0.0

5 1.5
£
[+ =
& 1.0 1.0 4
- (o]
Ug = — Ub 2 g
z 2
=42m/s $05 0.5 =
& g
=

0.0 0.0

0700 10 1.0 00 10 10 00 1o

Figure 3-20 Film thickness and pressure profiles at the plane Y = 0 at different
surface velocity: u, = — up = 2.8 m/s, 3.5 m/s, 4.2 m/s, and different thermal slip: /=
0, 25 nm, 50 nm.

The corresponding pressure and film thickness profiles at the plane Y = 0 are shown
in Fig. 3-20. As the surface velocity increases, the pressure peak and maximum film
thickness shift downward because of the hydrodynamic lubrication. With the increment
of thermal slip length, the film thickness at the left side of the dimple increases while the
film thickness at the right side of the dimple decreases, results in the location of the
pressure peak and the dimple moves to left side of contact area, in contrast to the velocity

slip results in Fig. 3-14.
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3.3.4 Coupled velocity/thermal slips effect

In practice, the thermal slip and velocity slip could coexist in lubrication region when
slip boundary occurs. The thermal slip and velocity slip may be related; however, there is
no guarantee that the velocity and thermal slips depend on each other [144,150]. The
coupled effect of velocity slip and thermal slip on the lubrication performance is discussed

in this section based on the individual investigations described in previous sections.
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Figure 3-21 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s under different coupled
velocity/thermal slips: (a) /s = k= 0; (b) Is = k=25 nm; (¢) /s = k=50 nm.

Fig. 3-21 shows the contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s under different coupled
velocity/thermal slips. The velocity slip length is adopted equal to thermal slip length
under the conditions of coupled velocity/thermal slips. In Figs. 3-21(b) and (c), a shallow
constriction appears at the sides of dimple, the pressure and film thickness profiles have

neglectable variation. That is, the coupled effects of velocity and thermal slips cancel out
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one another when the slip length is comparable to the thermal slip length as /s = i = 25

nm, and /s = /x= 50 nm.

12

@17,=0,1,=0

0.6
530 K

-

0.0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

12

Film thickness, un

(b)1,=25nm, /, =0 MoK

0.6

310K

0.0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

12

(¢)1,=50nm, /. =0
0.6

0.0 ——
-1.5 -1.0 -0.5 0.0 0.5 1.0 L5

12

0.6

0.0 -
-1.5 -1.0 -0.5 0.0 0.5 1.0 L5

1.2

0.6

0.0 | SO —
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

12

0.6

0.0 S—
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

1.2

0.6

0.0 . —
-1.5 -1.0 -0.5 0.0 0.5 1.0 L5

Figure 3-22 Temperature distributions inside the lubricant film on the plane Y =0
at u, = — up = 2.1 m/s under different boundary slips: (a) s = k= 0; (b) [s =25 nm, I
=0; (¢) ls=50nm, k= 0; (d) s =0, ik= 25 nm; (e) /s =0, k= 50 nm; (f) [y = L= 25
nm; (g) s = k=50 nm.
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Fig. 3-22 shows the temperature distributions inside the lubricant film in the plane Y =
0 for (a) no slip, (b) and (c) only velocity slip, (d) and (e) only thermal slip, (f) and (g)
coupled velocity and thermal slips. As shown in Fig. 3-22(a), the maximum lubricant
temperature due to shearing and compression of the lubricant is at the center of the contact
area, overlapping with the locations of the maximum pressure and surface dimple. A
comparison among Figs. 3-22(a), (b), and (c) shows that the location of the maximum
temperature moves from the center toward the right as the slip length increases. By
contrast, the increase of the thermal slip length causes the temperature rise region to shift
leftward, as shown in Figs. 3-22(d) and (e). Unexpectedly, the effects of the coupled
velocity slip and thermal slip (/s = /) on the temperature distributions cancel out one
another, as shown in Figs. 3-22(f) and (g), resulting in a similar temperature map as that

in Fig. 3-22(a).
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Figure 3-23 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u, = — u» = 2.1 m/s under extreme coupled
velocity/thermal slips: (a) /s = k= 100 nm; (b) /s = lk=200 nm; (c) Is = k=300 nm.

Fig. 3-23 shows the contour maps of film thickness (top) and pressure, film thickness

profiles on center plane Y = 0 (bottom) at u, = — up = 2.1 m/s under extreme coupled
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velocity/thermal slips /s = k= 100 nm, 200 nm, 300 nm. In Fig. 3-23(a), /s = i= 100 nm,
a significant constriction appears at right side of contact area, pushing the dimple and the
pressure peak towards to left side. As the value of /s and / further increases, the dimple
becomes insignificant while the pressure peak decreases. When /s = /x = 300 nm, the

dimple almost disappears and the film shape in contact turns into a plateau.

si=k=25nm [s=I=50nm

Ug = — Up h, pum
=2.8m/s 1.2
0.6
0.0

Ug = — Up
=3.5m/s

X

Figure 3-24 Contour maps of film thickness under different surface velocity: u, = —
up =2.8 m/s, 3.5 m/s, 4.2 m/s, and different coupled velocity/thermal slips: /s = k=0,

25 nm, 50 nm.

The comparison results of different surface velocity and coupled velocity/thermal slips
are presented by contour maps of film thickness shown in Fig. 3-24 and the corresponding
pressure, film thickness profiles shown in Fig. 3-25. It is clearly evident that, at the case
of us = — up = 2.8 m/s, the film thickness and pressure show a little variation with the
increment of /s and /. At the cases of high surface velocity u, = — u» = 3.5 m/s and 4.2

m/s, the film thickness at left side slightly decreases, results in a shallow constriction in

Kyushu Institute of Technology, Graduate School of Mechanical Engineering
67



Chapter 3. Numerical analysis of boundary slips for thermal point EHL contact

contour maps of film thickness. However, this variation is neglectable because the effects

of velocity and thermal slips cancel out one another when /s = /x= 25 nm, 50 nm.
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Figure 3-25 Film thickness and pressure profiles at the plane Y = 0 at different
surface velocity: us = — up = 2.8 m/s, 3.5 m/s, 4.2 m/s, and different coupled

velocity/thermal slips: /s = k=0, 25 nm, 50 nm.

In summary, the film thickness under ZEV contact can be significantly influenced by
both velocity slip and thermal slip at the solid—lubricant interface due to the comparable
scale of the slip lengths to the film thickness. However, the coupled effects of velocity
and thermal slips cancel out one another when the slip length is comparable to the thermal
slip length. Although the shape of the dimple changes slightly under the boundary slips
for ZEV contact, the locations of the dimple, pressure peak, and temperature rise change
remarkably. Because there is no guarantee that the slip length and the thermal slip length

are comparable at a practical solid—lubricant interface, the effects of the coupled slips on
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the main factor (that is, either slip length or thermal slip length) should be carefully
considered. When the slip length is the main factor, the lubrication features will follow
the results presented in section 3.3.1. When the thermal slip length is the main factor, the

lubrication features will follow the results presented in section 3.3.2.

3.4 Rolling/sliding motion

3.4.1 Simulation system

Under rolling/sliding motion, the contact surfaces move in same direction but with
different velocities, in which the temperature rise and film thickness reduction are the
most important factors to estimate the lubrication in EHL. From a fundamental
perspective, the coupling of the velocity discontinuity [138,157] and temperature jump
[144,158,159] at the solid—lubricant interface are of particular importance for ensuring
the lubrication performance in EHL contacts to avoid lubrication breakdown.

Boundary slips at one sliding surface have been investigated in previous sections;
however, temperature rise and film thickness reduction may become prominent when
boundary slips occur at all moving surfaces. Therefore, we conducted a further thermal
EHL analysis in this section by applying boundary slip conditions to two moving surfaces
under rolling/sliding motion. Three cases of boundary slips, i.e., velocity, thermal, and
coupled velocity/thermal slips, were investigated to clarify the temperature rise and film

thickness reduction with the entrainment velocity or slide—roll ratio in EHL.

Table 3-4 Operation conditions.

Ball radius, R, m 0.0127
Load, w, N 30
Entrainment velocity, ue= (ua+ us)/2, m/s 0~15
Slide-roll ratio, SRR = (v - us)/ue 0~2
Velocity slip length, /s, um 0~50
Thermal slip length, /k, pm 0~50
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Table 3-4 shows the operation conditions used in this section. The entrainment velocity
various from 0 to 15 m/s, and the slide-roll ratio changes from 0 to 2 to emphasizes the
effect of temperature rise on lubrication performances. Both the values of the velocity slip
length and thermal slip length in a range of 0 ~ 50 pm are selected by considering their

effects on lubrication behaviors.

3.4.2 Boundary slip effect

To characterize the effects of boundary slip on lubrication, three cases of boundary
slips were investigated in our numerical simulations: (1) velocity slip, (2) thermal slip,
and (3) coupled velocity/thermal slips; subsequently, these cases were compared with the

classical no slip solution.
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Figure 3-26 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u. = 3.6 m/s, SRR = 1.5 under different
boundary conditions: (a) no slip; (b) velocity slip; (c¢) thermal slip; (d) coupled
velocity/thermal slips. Dotted line represents minimum film thickness of no-slip case;
dashed line represents minimum film thickness for case of /s =k = 0.2 pm.

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

in Fig. 3-26. Here, the boundary slips length of 0.2 pm is comparable to the classical film
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thickness of the EHL contact [84]. The result of /s = /kx = 0, which is a typical solution of
the EHL point contact, is shown in Fig. 3-26(a). A central plateau and an outer constriction
are evident in the contour maps. Compared with Fig. 3-26(a), a greater pressure peak is
shown in Fig. 3-26(b), whereas lower pressure peaks are shown in Figs. 3-26(c) and (d).
Meanwhile, the film thickness at the outer constrictions decreases when /s = 0.2 um and
I =0, as shown in Fig. 3-26(b), whereas the central plateau film inclines slightly when /g
=0 and /x=0.2 um, as shown in Fig. 3-26(c). For the coupled velocity/thermal slips when
Is = Ik = 0.2 um, as shown in Fig. 3-26(d), the film thickness at the outer constrictions
decreases, accompanied by an inclined lubricant film. The film thickness shown in Fig.
3-26(d) is the thinnest among the cases, owing to the reduction in film thickness induced
by the velocity slip and thermal slip. The film thickness reduction induced by the velocity
slip is attributed to the lower lubricant velocity, which entrains less lubricant into the
contact area [142,175]. On the other hand, the thermal slip-induced film thickness
reduction is attributed to the lower viscosity of the lubricant due to the temperature rise
in the contact area. Comparing the minimum film thickness with that of the no slip (dotted
line) and /s = lx = 0.2 um (dashed line) cases, it is clear that the film thickness reduction
is primarily induced by the velocity slip.

Fig. 3-27 presents the temperature profiles on the center plane (Y = 0) in the EHL
contact area. Fig. 3-27(a) shows the results of the no slip boundary condition (/s = /k = 0),
where the temperature of the lubricant increases significantly at the center of the film
thickness. This temperature rise is caused by the heat generated in the lubricant film due
to the compression and shearing in the EHL contact area. Since the generated heat can be
removed from the lubricant to the two moving solid walls, increasing the wall velocity
can enhance heat dissipation. Consequently, both the surface temperature and the inner
temperature of solid a are smaller than those of solid b because the velocity of solid a is
seven times larger than that of solid » at SRR = 1.5. In the case of /s = 0.2 pm, the
temperature profile in Fig. 3-27(b) is similar to that in Fig. 3-27(a), but the maximum
lubricant temperature is higher than that in Fig. 3-27(a) because of the increase in the
maximum pressure under velocity slip. Comparing Figs. 3-27(c) and (d) to (a), the area
of lubricant temperature exceeding 400 K (green) expands significantly at the left side of
the contact area, whereas the maximum lubricant temperature decreases. In particular, the

lubricant temperature near the solid walls increases significantly. The main reason for this
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temperature rise is the limited heat dissipation from the lubricant to solids under thermal

slip at the two moving solid boundaries.
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Figure 3-27 Temperature profiles on center plane (Y = 0) in EHL contact area at u.
= 3.6 m/s, SRR = 1.5 under different boundary conditions: (a) /s =l = 0; (b) [s=0.2
um, k=0;(c) =0,k =0.2 um; (d) ls= k= 0.2 pm.
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Figure 3-28 Temperature profiles on surfaces a and b in EHL contact area at u. =
3.6 m/s, SRR = 1.5 under different boundary conditions: (a) Is =k = 0; (b) /s = 0.2
um, k=0;(c)s=0, k=02 um; (d) /s= L =0.2 pm.

Fig. 3-28 shows the 3D temperature rise on surfaces a and b in EHL contact area under
different boundary conditions, corresponding to Figs. 3-27 and 3-26. The maximum
temperature is at the center of contact area owing to effect of the lubricant shearing,
overlapping with the maximum temperature of lubricant in Fig. 3-27. It also can be clearly
seen that the temperature rises in solids a and b are unsignificant with velocity slip shown
in Figs. 3-28(a) and (b), while those shown in Figs. 3-28(c) and (d) are remarkable
compared with those in Figs. 3-28(a) and (b) due to the restricted heat dissipation by
thermal slip. Meanwhile, the temperature rise on surface a is smaller than that on surface
b. That is, under SRR = 1.5, the velocity of solid a is seven times larger than that of solid
b. The wall velocity can enhance heat dissipation from the lubricant to the two moving
solids, consequently, the surface temperature distributions of solid a are smaller than
those of solid b. In Figs. 3-28(c) and (d), due to the thermal slip effect, this difference
decreases. Since a higher lubricant temperature result in a lower viscosity, thinner film
thicknesses are formed in Figs. 3-28(c) and (d) compared with those shown in Fig. 3-
28(a). However, the film thickness reduction induced by the thermal slip is smaller than
that induced by the velocity slip. In other words, when the thermal slip length is the same
as the slip length, the film thickness reduction is primarily induced by the velocity slip,

as described previously.
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The results presented in Fig. 3-26 show that the coupled velocity/thermal slips exhibit
the worst tribological performance among the cases investigated. In particular, the effect
of thermal slip on the temperature rise in the vicinity of the solid walls is dominant. Since
the thermal slip length might not be of the same order as the slip length [149,150], further
analysis was conducted to investigate the superiority of the boundary slips.

Figs. 3-29 show the results under the coupled velocity/thermal slips, where the cases
of /s / Iy < 1 indicate the superiority of thermal slip over velocity slip, and those of /s / Ik >
1 indicate the superiority of velocity slip over thermal slip. As shown in the contour maps,
the film thickness at the center plateau and outer constriction decreases with the increase
in the thermal slip length (Figs. 3-29(a)—(c)) or velocity slip length (Figs. 3-29(d)—(f)).
The film thickness reduction shown in Figs. 3-29(c) and (f) is more significant than that
of the other cases, where a thin lubricant film of 20—60 nm covers the entire EHL contact
area. Meanwhile, the pressure peak shown in Figs. 3-29(c) and (f) are less evident
compared with those shown in Figs. 3-29(a) and (d). A further increase in the boundary
slips might result in a transition from EHL to boundary lubrication, accompanied by
lubrication failure. In the case of /s / Ik < 1, the film thickness reductions are dominated

by thermal slip, whereas those of /s / [x > 1 are due to the superiority of the velocity slip.
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Figure 3-29 Contour maps of film thickness (top) and pressure, film thickness
profiles on center plane Y = 0 (bottom) at u. = 3.6 m/s, SRR = 1.5 under coupled
velocity/thermal slips: (a) Is / k= 0.1 pm/ 0.5 pm; (b) Is / ik = 0.1 um/ 5.0 um; (¢) /s /
h=0.1 pm/ 50.0 pm; (d) Is/ k= 0.5 pm/ 0.1 um; () Is / ik =1.0 pm/ 0.1 pum; (f) Is /
=5.0 pm/ 0.1 pm.

Similar to Fig. 3-27, Fig. 3-30 shows the temperature profiles under the coupled
velocity/thermal slips; Figs. 3-30(a)—(c) show the cases of /s / Ik < 1, whereas Figs. 3-
30(d)—(f) show the cases of /s / /x> 1. As shown in Figs. 3-30(a)—(c), a larger /k induces a
more significant lubricant temperature rise in the entire contact area. The reason
contributing to the /k-induced temperature rise is the same as that for Fig. 3-30, i.e., the
limited heat dissipation from the lubricant to the solids. The maximum lubricant
temperature rise is approximately 300 K at /x = 50.0 um, as shown in Fig. 3-30(c),
accompanied by a temperature rise in the entire contact area of the lubricant.
Simultaneously, the lubricant film thickness decreases to a critical level owing to the
reduced viscosity corresponding to the temperature rise. Meanwhile, the larger /s induces
a lower lubricant temperature rise, as shown in Figs. 3-30(d)—(f). Since the lubricant
velocity decreases under the velocity slip, the amount of heat generation decreases and

hence, a smaller temperature rise is induced in the contact area. Meanwhile, the lower
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lubricant velocity limits the amount of lubricant entraining into the contact area and

hence, reduces the film thickness.
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Figure 3-30 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) /s / k= 0.1 pm/ 0.5
pm; (b) Is / lk=0.1 pm/ 5.0 pm; (¢) Is / Ik = 0.1 pm/ 50.0 um; (d) s/ k= 0.5 pm/ 0.1
pm; (e) Is / ik =1.0 pm/ 0.1 pum; (f) Is / Ik = 5.0 pm/ 0.1 pm.

In summary, the velocity slip dominates the film thickness reduction when the slip
length is comparable to the thermal slip length, whereas the thermal slip dominates the
film thickness reduction when the slip length is negligible compared with the thermal slip

length. In the coupled velocity/thermal slips case, the superior velocity slip might result
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in a lower temperature in the lubricant and solids, whereas the superior thermal slip might
result in a temperature rise in the entire contact area in the lubricant as the film thickness

decreases simultaneously.

3.4.3 Entrainment velocity

The entrainment velocity is known as one of the key parameters in the lubrication of
sliding/rolling contacts because the entrainment velocity can result in a variation in the
amount of entrained lubricant and shear rate. Hence, the effects of the entrainment
velocity on the lubrication characteristics with boundary slips at SRR = 1.5 are discussed

in this section.
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Figure 3-31 Contour maps of film thickness at different entrainment velocity: ue =
5 m/s, 10 m/s, 15 m/s, and different boundary slips: no slip /s = lk= 0, velocity slip
Is=0.2 pm, lk= 0, thermal slip /k = 0.2 um, /s = 0, coupled velocity/thermal slips /s
=hk=0.2 um

Fig. 3-31 shows the comparison results of the film thickness contour maps at different
entrainment velocities: ue = 5 m/s, 10 m/s, 15 m/s, and different boundary slips: no slip,

velocity slip, thermal slip, coupled velocity/thermal slips. The value of the boundary slips
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length of 0.2 um is adopted same to Fig. 3-26. Under no slip condition /s = Ik = 0, the
shape of film inclines more sharply as the entrainment velocity increases. At high
entrainment velocity, the lubrication falls into the hydrodynamic lubrication, reduces the
elastic deformation of surface. Thus, the classical center plateau disappears. Compared
with no slip results, the velocity slip results in slightly smaller film thickness, while the
reduction in film thickness caused by thermal slip is more significant as shown in Fig. 3-
30. When /s = Ik = 0.2 um, the coupled velocity/thermal slips exhibit the thinnest film
thickness among these cases. Furthermore, the value of film thickness reduction caused
by velocity slip decreases at high entrainment velocity. Meanwhile, the film thickness
reduction caused by thermal slip becomes remarkable. That is, increases entrainment
velocity leads large film thickness and the temperature rise. The large film thickness

reduces the influences of velocity slip while the high temperature rise promotes the

thermal slip effect, leads greater film thickness than the case of velocity slip.
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Figure 3-32 Pressure and film thickness profiles at the plane Y = 0 at different
entrainment velocity: u. = 5 m/s, 10 m/s, 15 m/s, and different boundary slips: no
slip Is = Ik = 0, velocity slip Is = 0.2 um, k= 0, thermal slip /k = 0.2 um, /s = 0,
coupled velocity/thermal slips /s = k= 0.2 um
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The corresponding pressure, and film thickness profiles are shown in Fig. 3-32. At the
case of 5 m/s, the velocity slip induces a center plateau while the thermal slip leads
inclined film shape at contact area. The thinnest minimum film thickness is observed
when /s = Ik = 0.2 pm. With entrainment velocity further increases u. = 10 m/s and 15 m/s,
the film thickness reduction induced by velocity slip becomes indistinguishable, whereas
the thermal slip causes more notable film reduction, and the pressure peak shifts
downward. Under the case of coupled velocity/thermal slip, the pressure and film profiles
are similar to the case of thermal slip. At high entrainment velocity, more lubricant is
entrained into the contact area, generated large film thickness and significant temperature
rise by shearing. The thermal slip at solid—lubricant interfaces restrict the heat dissipation,
leads lower lubricant viscosity and thinner film thickness. Therefore, the influences of

thermal slip on film thickness reduction becomes more prominent.
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Figure 3-33 Effect of entrainment velocity on lubrication performance at SRR = 1.5:

(a) minimum film thickness; (b) mean lubricant temperature rise in entire contact area.

Fig. 3-33 shows the minimum film thickness and mean lubricant temperature rise
curves with the entrainment velocity under boundary slips, where AT is the average value
of the lubricant temperature rise over the entire contact area. In the low entrainment
velocity region of ue. < 3 m/s, the minimum film thickness of the no slip case (black) is

consistent with that of the thermal slip case (green) because of the insignificant
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temperature rise, whereas those of the cases with velocity slips (blue and red) are
relatively smaller. Therefore, the minimum film thickness reduction is primarily caused
by velocity slip. When the entrainment velocity increases, the minimum film thickness
reduction caused by the velocity slip (blue) decreases; however, that caused by the
thermal slip (green and red) increases. With an increase in the entrainment velocity, the
amount of entrained lubricant in the contact area increases, which facilitates the increase
in the film thickness. By contrast, heat generation increases owing to increased lubricant
shearing, resulting in a reduction in the film thickness. The contributions of velocity and
thermal slips to the minimum film thickness reduction are equal at ue = 4.6 m/s.
Meanwhile, an apparent discrepancy appears in the cases with and without thermal slip
in the high entrainment velocity region. The reason is shown Fig. 3-30(b), where the
temperature rise is significant in the cases with thermal slip, which results in the apparent

discrepancy in the minimum film thicknesses in the high entrainment velocity region.

1.0

0.5

Reduction ratio ¢

o 5 10 15
Entrainment velocity ., m/s

Figure 3-34 Reduction ratio of minimum film thickness € vs. entrainment velocity
curves at SRR = 1.5. Dashed line represents threshold between regions / and /1.

To compare the effects of boundary slips on the minimum film thickness, the ratio of
the minimum film thickness reduction is plotted as a function of the entrainment velocity,
as show in Fig. 3-34. The ratio of the minimum film thickness reduction ¢ is defined as &

= (hmin0 — Amin) / Amino, Where Amino 1S the minimum film thickness under the no slip
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boundary condition. As shown in Fig. 3-34, at u. = 4.6 m/s, the ¢ of the velocity slip case
(blue) is equal to that of the thermal slip case (green), whereas that of the coupled
velocity/thermal slips case (red) shows the minimum value. This implies that in region /
of ue <4.6 m/s, velocity slip dominates the minimum film thickness reduction. By contrast,
in region /7 of u. > 4.6 m/s, the effect of thermal slip on ¢ is more dominant than that of

velocity slip.

3.4.4 Slide-roll ratio

Since the lubricant temperature rise is induced by the lubricant shearing with regard to
the lubricant shear rate or the relative velocity between solids a and b in the EHL contact,

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

[s=02um L=02um [=4k=0.2pum

0.0

Figure 3-35 Contour maps of film thickness at different slide-roll ratios: SRR = 0.5,
0.8, 1.0, and different boundary slips: no slip /s = Ik = 0, velocity slip [s = 0.2 um, lk=
0, thermal slip & = 0.2 um, /s = 0, coupled velocity/thermal slips /s = k= 0.2 um.

Fig. 3-35 shows the contour maps of the film thickness at different slide-roll ratios:
SRR = 0.5, 0.8, 1.0, and different boundary slips: no slip, velocity slip, thermal slip,
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coupled velocity/thermal slips. The contours maps are typical solution of the EHL point
contact, with a central plateau and an outer constriction. Compared with the results of no
slip condition, the velocity induced the deeper constriction than thermal slip, while the
thinnest film thickness is observed when /s = /k = 0.2 um, owing to the reduction in film
thickness induced by the velocity slip and thermal slip. The larger SRR, the thinner film
thickness is produced. Furthermore, the film thickness reduction induced by thermal slip

becomes insignificant with the decreases of SRR due to the reduced thermal effect.
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Figure 3-36 Pressure, and film thickness profiles on the plane Y = 0 at different slide-
roll ratios: SRR = 0.5, 0.8, 1.0, and different boundary slips: no slip /s = k= 0, velocity
slip ls=0.2 um, /= 0, thermal slip /x = 0.2 um, /s = 0, coupled velocity/thermal slips /s
= lk= 0.2 um. Dotted line represents minimum film thickness of no-slip case; dashed

line represents minimum film thickness for case of /s = k= 0.2 pm.

Fig. 3-36 shows the pressure, and film thickness profiles on the plane Y = 0. Dotted
line represents minimum film thickness of no slip case; dashed line represents minimum
film thickness for case of /s = /k= 0.2 um. The velocity slip caused the significant film
thickness reduction, while the effect of thermal slip is small. Velocity slip induced film

thickness reduction by lower lubricant velocity, which entrains less lubricant into the
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contact area. The thermal slip-induced film thickness reduction is attributed to the lower
viscosity of the lubricant due to the temperature rise in the contact area. As the SRR
decreases, the generated heat by lubricant shearing shifts down, leads smaller temperature
rise. Therefore, comparing the minimum film thickness with that of the no slip (dotted
line) and /s = Ix = 0.2 um (dashed line) cases, the film thickness reduction is primarily

induced by the velocity slip.
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Figure 3-37 Effect of SRR on lubrication performance at u. = 3.6 m/s: (a) minimum

film thickness; (b) mean lubricant temperature rise in entire contact area.

Figs. 3-37(a) and (b) show the variations in the minimum film thickness and lubricant
temperature rise with boundary slips. The entrainment velocity is given as u. = 3.6 m/s.
It is clear that increasing the SRR reduces the minimum film thickness but increases in
the temperature rise. As shown in Fig. 3-37(a), the thermal slip has less significant effect
than the velocity slip on the minimum film thickness reduction, whereas the velocity slip
yields a significant minimum film thickness reduction of approximately 0.15 pm.
Meanwhile, the film thickness reduction of the coupled velocity/thermal slips is
dominated by the velocity slip in the low SRR region, whereas the effect of the thermal
slip on the film thickness reduction become more prominent in the large SRR region. As
discussed previously, the film thickness reduction is caused by two reasons: (1) the lower
lubricant velocity induced by the velocity slip, and (2) the lower viscosity induced by the

thermal slip. The latter coincides with the temperature rise in the entire contact area,
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which increases with the SRR, as shown in Fig. 3-37 (b). Hence, the film thickness
reduction in the case of coupled velocity/thermal slips is the largest among the cases

investigated.
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Figure 3-38 Friction coefficient vs. SRR curves at u. = 3.6 m/s.

Fig. 3-38 shows the /~SRR curves at u. = 3.6 m/s, where fis the friction coefficient. As
shown, a greater velocity slip results in a higher f, whereas a greater thermal slip results
in a lower f. The former is caused by the film thickness reduction subjected to a large
velocity gradient, whereas the latter is caused by the reduction in lubricant viscosity due

to a temperature rise.

3.5 Summary

In this chapter, the effect of boundary slips on lubrication behaviors of EHL under pure
rolling motion, opposite sliding motion and rolling/sliding motion were characterized.
Three cases of boundary slips, i.e., velocity slip, thermal slip, and coupled
velocity/thermal slips, were investigated. Numerical simulations were conducted based
on the modified Reynolds equation and the energy equation by considering the velocity
slip and thermal slip simultaneously on contacting surfaces. The following conclusions

were drawn:
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1. Under the pure rolling motion, velocity slip induced a lubricant velocity distribution
across the film, which led to a general reduction in film thickness. The influences of
thermal slip on lubrication performance are negligible due to the insignificant temperature
rise.

2. Under the opposite sliding motion, velocity slip caused the surface dimple to shift
along the sliding direction, while thermal slip caused the surface dimple to shift in the
opposite direction as the pressure peak shifted downward and the dimple depth decreased.
The effects of velocity slip and thermal slip canceled out one another when the velocity
slip length and thermal slip length were equal.

3. Under rolling/sliding motion, velocity slip dominates the film thickness reduction
when the slip length is comparable to the thermal slip length, whereas the thermal slip
dominates the film thickness reduction when the slip length is negligible compared with
the thermal slip length. In the coupled velocity/thermal slips case, the superior velocity
slip might result in a lower temperature in the lubricant and solids, whereas the superior
thermal slip might cause a temperature rise in the entire contact area in the lubricant as
the film thickness decreases simultaneously. Hence, the coupled velocity/thermal slips
case leads the most significant temperature rise and film thickness reduction among the
three cases.

4. The effect of thermal slip on lubrication is more dominant than that of velocity slip
while increase entrainment velocity or SRR. At the critical entrainment velocity, the
coupled velocity/thermal slips case has the minimum film thickness reduction ratio,

which can improve the tribological performance.

This chapter, for the first time, revealed the effect of thermal slip at the solid—lubricant
interface on lubrication behavior, which might be one of the key parameters in EHL

contact. Further experimental investigations are necessary to verify the results obtained.
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Chapter 4

4. Experimental study on lubrication with

oleophobic coating

4.1 Introduction

In the elastohydrodynamic lubrication (EHL) regime, continuum boundary condition
was widely accepted, which states that lubricant at each interface has a velocity and
temperature equal to that of the adjacent solid surface [37,71]. Up until recent years, there
were a few experimental papers receive great attention for the influences of boundary
slips on lubrication [102,119,152,174]. The mechanisms of slip are often explored by
measuring the hydrodynamic force generated as two surfaces approach each other
[133,176]. It is also possible to directly study the flow of liquids close to a solid surface
using total internal reflection combined with fluorescence recovery after photobleaching
[97]. For the EHL regime, the film thickness and friction are usually determined to qualify
the boundary slips at interfaces [128,177].

The understanding of boundary slips in EHL is focused on the application of kinds of
coatings. Many studies have been performed which indicate the existence of slip and its
effect on friction [178,179]. The hydrophobic/oleophobic coating with high contact angle
is indicative of a weak interaction between liquid and solid, that can be more easily
overcome, causing the lubricant molecules to slip across the solid. The potential use of
coating to reduce friction in tribology is promising. To master this potential, it is necessary
to directly correlate interfacial slip at coating surface with friction and lubricant film
thickness, which is crucial to the protection of tribological surfaces.

The purpose of this chapter is to measure the film thickness and friction of EHL using

the ball-disc contact with or without coating. To make a comparison, two kinds of
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surfaces, hydrophobic/oleophobic coated surface, and uncoated surface, are employed to

estimate the degree of boundary slips.

4.2 Experimental method

4.21 Experimental apparatus

The film thickness in the center of the contact was measured using an EHL rig PCS
Instruments, in which a steel ball is loaded against a disc. Both ball and disc are rotated
by independent motors so that a range of slide-roll ratios can be achieved, and the ball is
in a lubricant bath to control the temperature of lubricant entrained into the contact area.
The lower surface of disc, which is in contact with the ball, is coated with a spacer layer
with thicknesses of approximately 500 nm. This enables central film thickness to be
obtained by Ultra-Thin Film Interferometry, UTFI, whereby a spectrometer disperses
light reflected from the contact into component wavelengths and film thickness is

calculated based on those interfere.

Figure 4-1 Outline view of PCS Instruments

The PCS Instruments Ultra Thin Film Measurement System is a fully automated
computer-controlled instrument for measuring the film thickness and traction coefficient

(friction coefficient) of lubricants in the elastohydrodynamic lubricating regime. The
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instrument can measure lubricant film thickness down to 1 nm with a precision of +/- 1
nm. The contact pressures and shear rates in this contact are similar to those found in, for
example, gears, rolling element bearings and cams. In addition to film thickness
measurements, traction coefficients can be measured at any slide/roll ratio from pure

rolling up to 100%.

Computer|| Monitor IS,ight
ource
| .
Camera '  Beam
_____ N ' Splitter
Spectrometer — —

Strain Gage

' Motor

Load

Figure 4-2  Schematic of PCS Instruments

Main parts:

1) Lubricant pot. It has an internal reservoir to accommodate the test lubricant. The
heater and coolant are used to control the temperature of lubricant.

2) Disc and ball. The EHL contact is formed between the rolling ball and sliding disc.
The ball is derived by ball drive motor via a strain gauge traction transducer, while
the disc is derived by same type of motor, connected to the disc by a reduction pulley
and gearbox. These motors drive an absolute encoder which provides the software
with a continuous speed readout. To achieve boundary slips, the surfaces of the ball
and disc are coated with hydrophobic/oleophobic coating for comparison with the

uncoated surfaces.
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3)

4)

5)

6)

Loading system. This is a stainless steel bellows which allows vertical movement of
the ball whilst holding the ball accurately in position under the disc.

Light source. The monochromatic light is employed, which can provide excellent
fringe visibility.

Spectrometer. The spectrometer is a scientific instrument used to separate and
measure spectral components from the contact area.

PC and Monitor. It used to control the motion, collect and analysis the data.

The instrument measures the lubricant film thickness properties in the contact formed

between a 19.05mm diameter steel ball and a rotating glass disc by optical interferometry.

The contact between the ball and disc is illuminated by a white light source directed down

a microscope through the disc on to the contact. Part of the light is reflected from the Cr

layer and part travels through the SiO; layer and fluid film and is reflected back from the

steel ball. Recombining the two light paths forms an interference image which is passed

into a spectrometer and high-resolution monochrome CCD camera. The camera image is

captured by a video frame grabber and analyzed by the control software to determine the

film thickness.

Iy I Iy
Air \ //‘

Glass Disk \ / /
N— ~» Cr-layer

\
Spacer layer

O1l

Figure 4-3  Schematic representation of spacer layer method

Compared to conventional interference approach, the ultra-thin film approach uses a
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transparent, solid, spacer layer coating applied on top of the semi-reflecting film on the
transparent flat. This coating consists of silicon dioxide and is around 500 nm thick, which
enables interference fringes to be obtained even in the absence of an oil film.

The friction tests were carried out using a minitraction machine. In the PCS
Instruments, the ball is loaded and rotated against the sliding disc in lubricant pot. The
ball and disc are driven by independent motors to enable any combination of sliding and
rolling. The drive motors, applied load, and temperature are all computer controlled. The

friction is measured by force transducers mounted on the ball drive shatft.

PCS Instruments performance limits:

Film thickness 1 to approx. 250 nm
Speed 0to4m/s

Slide to roll ratio Otol

Load 0to 50N
Temperature ambient to 150°C

Features and benefits:

Fully automated, easy to calibrate and intuitive software programs,
improves repeatability, and reduces training needs.

Precision components enable accurate measurements down to 1nm.

Two independently driven motors allow any slide to roll ratio to be entered,
enabling many applications to be replicated.

Temperature controlled test chamber further expands testing capabilities.
Compact, ergonomic design minimizes the required lab space.

Small sample volume, saving on cleaning time, sample wastage and running

costs.

4.2.2 Experimental process

Before the measurement of the film thickness and friction, it is essential to thoroughly
clean the instrument and materials.

For the cleaning of the instrument, the loading system, ball carriage and lubricant pot
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were cleaned by using the suitable solvents. Using a wash bottle, fill the lubricant

reservoir to the normal operating level with the light hydrocarbon solvent. Leave the filled

solvent for 2—3 minutes then drain and refill. Clean around the inside of the pot and

reservoir with paper wipes moistened with solvent. Drain the solvent then refill either

with the same solvent or preferably with a more volatile solvent. Then, drain and allow

to dry. Drying can be accelerated by using a filled air or nitrogen line to gently blow

solvent out. For the cleaning of disc and ball, same solvent was used.

Film thickness measurement

1.

2
3.
4

W

10.

Start the PC system and ULTRA software.

Clean the pot, lubricant reservoir, disc, ball, and other components.

Consult the track log for the selected disc and choose the desired track radius.
Locate the ball carriage on the top of the loading system bellows. Then, fill the
reservoir with the test lubricant up to the level of the center of the ball drive shatft.
Place the disc, disc cover and the pot lid on the pot with the hole.

Attach the microscope assembly to the limb block so that the microscope objective
lens passes through the hole in the pot lid. Inset the light source in the adapter at
the top of the microscope tube and check that the microscope to spectrometer tube
is correctly aligned at right angles to the face of the spectrometer.

Fill the required parameters into the dialogue box and set zero film thickness for
the disc spacer layer thickness.

Set the test temperature at the load of 2 N and speed of 0.5 m/s.

Set the speed to the first speed in the sequence, then applied the desired load.
Measure the film thickness at the center contact area.

At the end of the test, set the load to zero and stop the disc. Drain the lubricant
whilst it is still hot. Shut the system down and save the data.

Friction measurement

Eal o

Switch on the PC system and start the TRACTION software.
Clean the pot, lubricant reservoir, ball, disc and other components.
Consult the track log for the disc and choose the desired track radius.

Locate the ball carriage on the top of the loading system. Attach the cleaned ball
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to the ball drive adapter and tighten the attachment screw.
5. Fill the reservoir with the test lubricant up to the level of the center of the ball
drive shaft.
Place the disc, disc cover and the pot lid on the pot.
Fill the required details and parameters on the form.

Set the test temperature at the load of 2 N and speed of 0.5 m/s.

e

Set the speed to the first speed in the sequence, then applied the desired load.
Measure the friction coefficient.
10. At the end of the test, set the load to zero and stop the disc. Shut the system down

and save the data.

4.2.3 Surface treatment

In many engineering applications, coatings are commonly used in mechanical
components to improve tribological performance, for instance, the enhancement of
electrical and thermal conductivity and reduction of friction and wear. This improvement
can be seen in a variety of applications, including the automotive, electronics, optical
storage disk, and cutting tool industries. Under EHL regime, the usage of surface coating
has recently come to the forefront, especially in terms of the boundary slips. In this work,
the hydrophobic/oleophobic coating is applied on the moving surfaces to investigate the

influences of boundary slips on lubrication performances.
Hydrophobic/oleophobic coating

The hydrophobic coating is coated on both disc and ball surfaces by the company of
DAIKIN. The coating material is Optool UD509 with following characteristics:

¢ Fluorosolvent-borne modified PFPE.

e Forms a durable bond with glass surfaces.

e Effective on surfaces coated with SiO» but also applicable to other surfaces.

e Highly transparent in the visible spectrum.

¢ Can be applied by wet methods, such as spray, dip, spin or flow coating.

¢ Significantly reduces static and kinetic coefficients of friction of bare glass.
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As amodified PFPE (perfluoropolyether) nanocoating, Optool UD applied to a surface
is transparent and yet produces smudge resistance, easy-to-clean, and anti-fingerprint
properties. In addition, Optool coated surfaces have a pleasantly smooth or slippery
feeling to them.

The thickness of coating is around 7nm, and the coating method is physical vapor
deposition (PVD). PVD is characterized by a process in which the material goes from a
condensed phase to a vapor phase and then back to a thin film condensed phase. The most
common PVD processes are sputtering and evaporation. Comparing to other deposition
methods, the advantages of PVD are sometimes harder and more corrosion resistant than
coatings applied by the electroplating process. Most coatings have high temperature and
good impact strength, excellent abrasion resistance and are so durable that protective

topcoats are rarely necessary.
Water contact angle on coating surfaces

The evolution of surface wettability is based on the measurement of water contact
angle (WCA) in a room under constant temperature and pressure. The WCA measurement

system and the outline of measurement method are shown in Fig.4-4.

Micro syringe

Camera i Light
B =
Stage -
Substrate

Figure 4-4  Schematic view of the contact angle measurement device

The wetting behavior was investigated at ambient conditions (25°C, 40% RH). Four-
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microliter (4 uL) pure water (Wako, LC/MS 214-01301) droplets were dropped carefully
onto the surface. The side views of droplets were obtained using a digital microscope
(Keyence VHX-200). Fig. 4-5 shows the microscope images of droplets on the coating
surfaces. Each surface was measured five times to ensure the accuracy of contact angle.
In comparison with the uncoated surface (26.97° + 2.62°), the hydrophobic/oleophobic
coating surface has a higher contact angle (93.94° £ 1.10).

el S S A M

(a) hydrophobic/oleophobic coated surface

(b) uncoated surface

Figure 4-5 Microscope images of a droplet upon the surfaces

Table 4-1 Measured water contact angles

WCA (deg.)
Surfaces
left right average

26.40 26.24
26.98 25.21

Uncoated surface 32.51 30.49 26.97 +2.62
26.84 26.41
24.42 24.18
93.33 95.66

Hydrophobic/oleophobic
94.19 93.93 9394+ 1.10
coated surface

92.38 92.32
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95.05 94.55

93.33 94.67

The roughness and structures of surfaces with or without coating are measured by
White interference microscope (NPFLEX). The NPFLEX 3D Metrology System offers
the most flexible, noncontact, 3D areal surface characterization for such large samples as
orthopedic medical implants and the larger parts in aerospace, automotive and precision
machining industries. It provides data density, resolution, and repeatability beyond what
is possible with contact instrumentation, making it ideal as both a complementary
technology and as a stand-alone metrology solution. The details information of NPFLEX

are shown in Fig. 4-6 and Table 4-2.

Figure 4-6  White interference microscope (NPFLEX)

Table 4-2 NPFLEX information

Name 3D white interference microscope

White vertical scanning interference method (VSI)
Measurement principle Phase shift interference method (PSI)

Phase shift + vertical scanning interference method (VXI)

Vertical resolution 0.01 nm
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Level measurement
0.75 %
accuracy
Light sources High-intensity LED (white, green)
Maximum measurement
. 73 pum/s
velocity
Maximum measurement
10 mm
range
Measurement method Vision64. Software
Objective lens: ...10, 50 x
Measurement lens
Inside lens: ...0.55, 1.0, 2.0 x

Fig. 4-7 and Fig. 4-8 shows the surface and line roughness profiles of steel ball surfaces,
respectively. The arithmetical mean height S is the extension of R, (arithmetical mean
height of a line) to a surface. It expresses, as an absolute value, the difference in height of
each point compared to the arithmetical mean of the surface. This parameter is used
generally to evaluate surface roughness. The maximum height S; is defined as the sum of
the largest peak height value and the largest pit depth value within the defined area. Sy
represents the root mean square value of ordinate values within the definition area. It is

equivalent to the standard deviation of heights.
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24.998
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(a) uncoated steel ball surface
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< v
(b) hydrophobic coated steel ball surface

Figure 4-7 3D profiles of steel ball surfaces roughness
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(a) uncoated steel ball surface
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(b) coated steel ball surface

Figure 4-8 Line roughness of steel ball surfaces.

Table 4-3 Roughness of surfaces

Uncoated steel ball, nm Coated steel ball, nm
Sa 8.20 6.49
Sq 10.82 8.59
Sz 149 113
Ra,x 8.21 5.96
Ra.x 10.55 7.11
Rz, x 70.99 38.16
Ra,y 9.19 6.12
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Rqy 11.71 7.81

R, 56.66 43.25

4.3 Results and discussion

The lubricant used in this work is continuously variable transmission fluid (CVTF),
which is a premium-quality, full-synthetic transmission fluid specifically designed for use
in passenger cars with belt driven continuously variable transmissions. It has been
specifically engineered to have the unique frictional properties required for use in this

type of transmission. Table 4-4 shows the properties of CVTF.

Table 4-4 Properties of lubricant (CVTF).

Density, p, kg/m?, @25°C 842
Density, p, kg/m?, @80°C 809
Viscosity, 7, Pa‘s, @25°C 0.038
Viscosity, 7, Pa's, @80°C 0.00728
Viscosity-pressure coefficient, GPa™!, @25°C 18
Viscosity-pressure coefficient, GPa™, @80°C 10

The features and benefits of lubricant CVTF are showed as follows:

e Meets performance requirements for nearly all vehicles with belt-type continuously
variable transmissions.

e High steel on steel friction to prevent belt slippage, which can result in high or even
catastrophic wear.

e Low steel on paper friction to prevent torque converter clutch slippage, which can

result in shudder.
e Excellent oxidation resistance and thermal stability for long fluid life.

e Protects against sludge and varnish formation.
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e Protects against wear.

e Protects against rust and corrosion.

e Excellent low temperature properties for easier shifting in cold weather.

¢ Good seal compatibility.

e (Good foam resistance.

The elastic contact is formed between a glass disc and steel ball. And the properties of

contact materials are shown in Table 4-5.

Table 4-5 Properties of contact surfaces.

Density of steel, p, kg/m?

Specific heat of steel, ¢, J/(kg-K)

Thermal conductivity of steel, k£, W/(m-K)
Poisson’s ratio of steel, v, -

Young’s modulus of steel, GPa

Density of glass, p, kg/m?

Specific heat of glass, ¢, J/(kg-K)

Thermal conductivity of glass, k£, W/(m-K)
Poisson’s ratio of glass, v, -

Young’s modulus of glass, GPa

7850

470

46

0.3

206

2500

840

0.78

0.2

60

4.3.1 Friction

Since the EHL friction is determined by the material properties (i.e., lubricant viscosity,

surface thermal conductivity and wettability etc.) and operating parameters (i.e.,

entrainment velocity, load and SRR etc.), the friction coefficient can be measured as a

function of entrainment velocity, load and ambient temperature while the SRR kept

constant during the measurement process.
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Figure 4-9 Friction coefficient curves for different loads and surfaces at the conditions
of To =40 °C, SRR =-1.0.

Fig. 4-9 compares the friction coefficient curves for the three loads: 20 N, 10 N, 5 N,
and two types of contact surfaces: uncoated surfaces, hydrophobic/oleophobic coated
surfaces. The SRR is -1.0, which means the ball surface moves faster than disc surface
(SRR = 2(ug-uv)/(udatup)). In comparison with the uncoated surfaces, both the disc and
ball surfaces are dealt with hydrophobic/oleophobic coating, and the properties of the
coating are shown in Fig. 4-5. In the beginning, the friction coefficient decreases sharply
when the entrainment velocity u. < 0.1 m/s due to the mixed lubrication. In the regime of
EHL, the value of friction coefficient firstly increases with u. because of the increases in
sliding velocity, and thus the increase in shear rate as well as for the local stress. After
reach the maximum value, the friction coefficient decreases with u. due to the thermal
effect. The increment of sliding velocity results in significant temperature rise of contact
area, and thus the decreases in lubricant viscosity and shear stress. Note that the larger
load, the higher friction coefficient value. Another feature in Fig. 4-9 to note is that the
uncoated and coated surfaces curves coincide with each other and there is only a small
difference between them. The effect of hydrophobic/oleophobic coating on friction

coefficient is invisible at the ambient temperature 7o = 40 °C.
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Figure 4-10 Friction coefficient curves for different loads and surfaces at the conditions
of 7o =26 °C, SRR =-1.0.

Fig. 4-10 shows the friction coefficient curves at lower ambient temperature of 26 °C.
Except for the change of the temperature, the other working parameters are kept the same
as the high temperature case in Fig. 4-9. The curves between the uncoated and
hydrophobic/oleophobic coated surfaces coincide with each other only for the case at the
lowest applied load 5 N. Other than that, the uncoated surface friction curves are always
higher than the coated ones. It can be seen that the difference between the uncoated and
the hydrophobic/oleophobic coated curves is becoming larger with increasing load or
entrainment velocity. The possible reasons are the boundary slips. At cases of the large
load and high entrainment velocity, lubricant viscosity is affected obviously by the
temperature rise, while the boundary slips occurring at the hydrophobic/oleophobic
coated surface, especially the thermal slip at solid—lubricant interfaces, limited the heat
dissipation form lubricant to solids. The temperature rise in lubricant results in the
viscosity decreases, thus the friction coefficient.

By comparing Fig. 4-9 and Fig. 4-10, it is revealed that the influences of coating on
friction coefficient becomes great at the cases of low ambient temperature and high load.
Therefore, the friction curves at 7o = 26 °C, w = 50 N between uncoated surfaces and
hydrophobic/oleophobic coated surfaces are examined next to clear the friction

coefficient reduction, as shown in Fig. 4-11.
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Figure 4-11 Friction coefficient curves for different entrainment velocities at the
conditions of 7o = 26 °C, w = 50 N: (a) uncoated glass disc — uncoated steel ball

contact; (b) coated glass disc —coated steel ball contact.

In Fig. 4-11, the results show how the friction coefficient is changing with the SRR at
five different entrainment velocities: 0.58 m/s, 0.81 m/s, 1.6 m/s, 2.2 m/s and 3.1 m/s.
The measurements conducted with hydrophobic coated surfaces in Fig. 4-11(a) shows
significantly lower coefficients of friction compared with the uncoated surface in Fig. 4-
11(b). It is clearly that the relative reduction in friction is greatest at the lowest

entrainment velocity and reduced when the entrainment velocity increases.

Kyushu Institute of Technology, Graduate School of Mechanical Engineering
104



Chapter 4. Experimental study on lubrication with oleophobic coating

0.06 r ‘ ‘ ‘ .
0.05 f . s . ]
= r e S o]
5 ; ° o ] =0.58 m/s
5 0.04 ° o . u, =0.
= ) ° * u,=0.81 m/s
9] [® © o
s 0.03 . ® u =1.6m/s
_§ i ] O u,=22ms
o 0.02F ] ® 4 =3.1m/s
=
= r
0.01 | .
0 I ST TS S
0 -0.5 -1 -1.5 -2
SRR
(a) uncoated surfaces
0.06 ——————————————————
0.05 r ° 8 o 7]
- [ bt o] ° ]
=} L o ® ]
2 004F & o 1 e u=0ssms
o=t » . ® ‘
"g ;! o 0 u,=0.81 m/s
5 0.03¢ ] ® yu =16ms
g [ ‘
. [ O u,=22m/s
S 0.02F ] ¢
> ® 4y =3.1m/s
0.01 f .
0 I T SR S
0 -0.5 -1 -1.5 -2
SRR

(b) hydrophobic/oleophobic coated surfaces

Figure 4-12 Friction coefficient curves for different entrainment velocities at the
conditions of 7o =26 °C, w= 50 N: (a) uncoated steel disc — uncoated steel ball contact;

(b) uncoated steel disc —coated steel ball contact.

Different form the glass disc — steel ball contact in Fig. 4-11, the steel disc — steel ball
contact is employed in Fig. 4-12. Except for the contact material, other operating
parameters are same to Fig. 4-11. Although the friction coefficient under steel-steel
contact is larger than that under glass—steel contact in absolute value, the shape and trend

of the friction coefficient curves are qualitatively similar for both coated and uncoated
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cases. It also can be noted that the deviation in friction between uncoated surface and
uncoated surfaces is invisible, which can be attributed to thermal effects. As known, the
steel disc has a much larger thermal conductivity (46 W/(m-K)) and Young’s modulus
(206 GPa) than that of glass disc (0.78 W/(m-K), 60 GPa), leading small temperature rise
in lubricant and elastic deformation in contact surfaces. Therefore, the friction coefficient
under steel-steel contact is larger than that under glass—steel contact while the influence
of hydrophobic/oleophobic coating on friction is negligible due to the insignificant

thermal effect.

4.3.2 Film thickness

High- Infrared
speed Camera
Camera
Xenon [______ _: Beam i
Lamp u =] Splitter :
r ______________ 5
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Steel iLoad Pump
Ball g
Motor

Figure 4-13 Experimental apparatus.

Fig. 4-13 shows a representation of the experimental apparatus WAM tribology test
platform (Wedeven Associates Machine) used in this study. The device consists of
following main parts: Xenon lamp, Infrared camera, Beam splitter, Motor, Ball, Disc and

Oil pump. The elastohydrodynamic film thickness and contour map were measured in a
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ball on disc optical rig whose basic parts are a disc and a ball of 25.4 mm in diameter.
Both the ball and disc are independently driven by two motors. The whole contact area
together with the lubricant KTF-1 is enclosed in a lubricant chamber that is to keep the
constant temperature 25 °C. The contact area is illuminated with a light source built in the
microscope illuminator. The chromatic interferograms produced by the contact are
captured by the Canon camera mounted on an eyepiece port of the microscope. The used
lubricant is KTF-1, one type of the CVTF, which is superior in oxidation stability,
resistant to heat and temperature change, and has stable frictional properties. In addition,
it prevents foaming, which causes power transmission to become inefficient, and reduces

vibration at low speed. Also, it can be used as power-steering fluid.

(a) SRR =-1.5 (b)SRR=-12  (c) SRR =-1.0

(d) SRR =-0.7 (&)SRR=-0.5  (f)SRR=-0.2

(g) SRR=0.0 (h) SRR=0.2 (1) SRR =0.5
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(j) SRR = 0.7 (k) SRR = 1.0 () SRR = 1.2

(m) SRR=1.5

Figure 4-14 Contour maps of film thickness at the SRR range of -1.5 to 1.5 for glass—
steel contact. u. = 1 m/s, To =25 °C, w =20 N.

Fig. 4-14 shows interferograms of EHL contact under glass disc—steel ball contact in
the SRR range from -1.5 to 1.5 with the conditions of u. = 1 m/s, 7o = 25 °C, w = 20 N.
A classical horseshoe film shape, i.e., a flat plateau bounded by a horseshoe shaped
constriction and the minimum film thickness located at the two side lobes, is observed in
the negative SRR from -1.5 to 0, which means the ball speed is larger than disc speed
(SRR = 2(ug-uv)/(uatuv)). In the SRR range from 0 to 1.5 shown in Figs. 4-14(g)—(m), a
slight dimple appears near the constriction area. The larger SRR, the deeper dimple is.
Since the thermal conductivity of ball (46 W/(m-K)) is much larger than that of disc (0.78
W/(m-K)), the heat generated inside lubricant is easy dissipated to the ball. In addition,
the surface velocity affects the heat dissipation rate. The higher surface velocity, the larger
heat dissipation rate. For the negative SRR (from -1.5 to 0) where ball velocity is larger
than disc, the heat is mostly dissipated from lubricant to ball surface, results in the
horseshoe shape film in contact area shown in Figs. 4-14(a)—(g). When the disc surface

velocity becomes larger than the ball surface velocity SRR > 0, the played role of disc on
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heat dissipation increases. The lubricant heat part to disc surface, part to ball surface
through the conduction, resulting in the significant temperature viscosity wedge effect.

Thus, the dimple is observed at the SRR range of 0 to 1.5.

(a) SRR =-1.5 (b)SRR=-12  (c)SRR=-1.0

(d) SRR =-0.7 (&)SRR=-0.5  (f)SRR=-0.2

(2) SRR = 0.0 (h) SRR = 0.2 (i) SRR=10.5

() SRR =10.7 (k) SRR=1.0 (DSRR=1.2
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(m) SRR = 1.5

Figure 4-15 Contour maps of film thickness at the SRR range of -1.5 to 1.5 for glass—
steel contact. u. =1 m/s, 7o =25 °C, w= 50 N.

The effects of load on the interferograms with different SRR are illustrated in Fig. 4-
15. The other operation parameters are same to Fig. 4-14. As the load is increased to 50
N, the size of the contact area increases due to the large elastic deformation of surfaces.
However, the classical horseshoe shape film in Figs. 4-15(a)-(g), and dimple
phenomenon in Figs. 4-15(h)—(m) are still observed. The trends of film shape variation

are similar to Fig. 4-14.

(a) SRR=-1.5 (b)SRR=-1.2  (c)SRR=-1.0

(d) SRR =-0.7 (e)SRR=-0.5  (f)SRR=-0.2
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(2) SRR =0.0 (h) SRR = 0.2 (i) SRR = 0.5
(i) SRR = 0.7 (k) SRR = 1.0 (1) SRR =1.2

(m) SRR = 1.5

Figure 4-16 Contour maps of film thickness at the SRR range of -1.5 ~ 1.5 for
sapphire—zirconia contact. u. = 1 m/s, 7o = 25 °C, w =20 N.

In Figs. 4-14 and 4-15, the dimple appeared at the conditions of SRR > 0, where disc
velocity is larger than ball velocity, is attributed to temperature viscosity wedge effect.
When the high thermal conductivity surface (steel ball) has a smaller velocity than that
of low thermal conductivity surface (glass disc), the generated temperature viscosity
wedge effect leads a dimple in contact area. To verify this phenomenon, a sapphire disc—

zirconia ball contact is employed in Fig. 4-16. The thermal conductivity of sapphire disc
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40 W/(m-K) is similar to steel ball, while the thermal conductivity of zirconia ball 3
W/(m-K) is close to glass disc. Other operation conditions are same to Fig. 4-14. In
contrast to glass—steel contact, the dimple can be seen in the conditions of SRR < 0. At
SRR > 0, a unique film distribution resembling a horseshoe is observed. Thorough the
comparison with Figs. 4-14 and 4-15, it allows the conclusion that the dimple
phenomenon mainly depends on the thermal conductivity of contact materials.
Furthermore, the size of contact area under sapphire—zirconia contact is smaller than
under glass—steel contact because of the Young’s modulus. The Young’s modulus of
sapphire (360 GPa) and zirconia (100 GPa) are larger than steel (206 GPa) and glass (81

GPa), results in less deformation of surfaces and thus the size of contact area.

Case 1 Case 2 Case 3 Case 4
(a) SRR=-1.5
(b) SRR=-1.0
(¢) SRR=-0.5
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(d) SRR = 0.0

(¢) SRR = 0.5

(f) SRR = 1.0

(g) SRR = 1.5

Figure 4-17 Contour maps of film thickness at the SRR range of -1.5 ~ 1.5 under
steel—glass contact. u. = 1 m/s, To = 25 °C, w = 20 N. Case 1: Uncoated steel ball +
Uncoated glass disc; Case 2: Hydrophobic coated steel ball + Uncoated glass disc;
Case 3: Uncoated steel ball + Hydrophobic coated glass disc; Case 4: Hydrophobic
steel ball + Hydrophobic glass disc.

Fig. 4-17 presents the interferograms of EHL contact with or without
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hydrophobic/oleophobic coating. The working conditions are u. = 1 m/s, 7o =25 °C, w =
20 N. To study the effects of boundary slips on film shape, the hydrophobic coated steel
ball-uncoated glass disc contact, uncoated steel ball-hydrophobic coated glass disc
contact and hydrophobic coated steel ball-hydrophobic coated glass disc contact are
employed in comparison with the uncoated steel ball- uncoated glass disc contact. When
the steel ball moves faster than the glass disc, SRR < 0, the interferograms of film shows
classical horseshoe shape, while the effect hydrophobic coating on film thickness is
invisible shown in Figs. 4-17(a)—(c). When the SRR >0, Figs. 4-17(e)—(g) shows a dimple
film shape. Furthermore, the hydrophobic/oleophobic coating leads a more significant
dimple than the uncoated surface contact. The lager SRR, the greater effect of

hydrophobic/oleophobic coating on dimple film shape.

4.3.3 Comparison with simulation
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Figure 4-18 Comparisons of /~SRR curve between experiments [14] and numerical
simulations at ue = 1.6 m/s and w =300 N

To date, only a few experimental results reported are comparable to simulation results
or theoretical predictions. In Fig. 4-18, for illustrative purposes, the experimental results
[14] are compared with the simulation results using the operating conditions reported in

Ref. [14]. The simulation results under the no slip condition of /s = /x = 0 are consistent
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with the experimental results for the uncoated substrates, whereas those under the coupled
slips of /s = 0.05 um and /x = 0.6 pm are consistent with the experiments of DLC-coated
substrates. Here, the thermal slip length for the DLC-coated surface [14] is estimated to
0.6 pum, including both the effects of the DLC coating and the interfacial thermal
resistance. Since the DLC coating is 2.8 pum in thickness and its thermal conductivity is 2
W/(m-K), the thermal resistant of the coating layer is 1.4x10° K/W. This is 2 orders of
magnitude smaller than that of equivalent interfacial thermal resistance (approximately
1.2x10* K/W), Therefore, the estimated thermal slip length &k = 0.6 pm principally
attributes to the interfacial thermal resistance. Accordingly, the deviations of the
experimental results between the uncoated and DLC-coated substrates are significant,
which imply that the boundary slips are of great importance to the superlubricity.

The comparison between the simulation and experimental results of Fig. 4-11 are
shown in Fig. 4-19. At low entrainment velocity u. = 0.58 m/s, the boundary slip lengths
at coated surfaces are estimated as /s = 0.1 um and /x = 0.8 um, while at ue = 2.2 m/s, the
boundary slip lengths are /s = 0.07 pm and / = 0.15 pm. It is noticeable from Fig. 4-19
that the estimated thermal slip length /k at hydrophobic/oleophobic coated surfaces is
much larger than the slip length /. As the entrainment velocity u. increases, the boundary
slip lengths decrease, especially the thermal slip length /k decreases form 0.8 um to 0.15

um when the u. increases to 2.2 m/s.
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Figure 4-19 Comparisons of /~SRR curve between experiments and numerical
simulations at u. = 0.58 m/s, 2.2 m/s and w = 50 N.
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Figure 4-20 Comparisons of film contour maps between experiments and
numerical simulations under steel-glass contact at ue = 0.58 m/s, 2.2 m/s and w =
50 N. (a) SRR =-1.0; (b) SRR =-0.5; (c) SRR =0.0; (d) SRR =0.5; (¢) SRR =1.0.
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Fig. 4-20 shows the comparison between experimental and simulation results under
steel ball-glass disc contact. Top is the experimental interferograms while bottom is the
contour maps of film and its corresponding pressure, film thickness profiles. The SRR
range is from -1.0 to 1.0 (SRR = 2(uq-up)/(uatuv)). From the figure it is evident that the
shape of film from simulation agrees well with the experimental results. By examining
the pressure and film thickness profiles provided in bottom, it is clear that the maximum
pressure and film thickness gradually increases with SRR. When SRR = 1.0, the glass
disc surface moves faster than the steel ball (uq = 3up), a second slight dimple and pressure

peak appears at the center contact area.
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Figure 4-21 Comparisons of film contour maps between experiments and
numerical simulations under zirconia—sapphire contact at u. = 0.58 m/s, 2.2 m/s
and w =50 N. (a) SRR =-1.0; (b) SRR =-0.5; (c) SRR =0.0; (d) SRR =0.5; (e)
SRR = 1.0.

Differ from the steel ball-glass disc contact, Fig. 4-21 shows the comparison results
under zirconia ball-sapphire disc contact. Other working conditions are same to Fig. 4-
20. The thermal conductivity of sapphire disc 40 W/(m-K) is similar to steel ball, while
the thermal conductivity of zirconia ball 3 W/(m-K) is close to glass disc. In the SRR
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range from -1.0 to 1.0, the maximum pressure and film thickness decreases with SRR.
The dimple shape film appeared at the negative SRR cases (Figs. 4-21(a)—(b)) vanished,
became a horseshoe shape film at the positive SRR cases (Figs. 4-21(d)—(e)), which is
contrast to the results under steel ball-glass disc contact. In conclusion, the thermal
conductivity of contact surfaces influences the pressure and film thickness distribution in
EHL regime. When the low thermal conductivity surface moves faster than the high
thermal conductivity surface, the dimple phenomenon appears, corresponding with the

high film thickness and pressure distribution. On the contrary, the dimple disappears.

44 Summary

In this chapter, it has been shown experimentally that friction coefficient with different
contact surfaces show different results of friction at comparable conditions, i.e. at
entrainment velocity, SRR, load and materials. The friction reduction induced by
hydrophobic/oleophobic coating can be predicated qualitatively by boundary slips at

sloid—lubricant interfaces. The main conclusions are:

1. As the entrainment velocity or SRR increases, the friction coefficient firstly
increases, then decreases due to the thermal effect.

2. The hydrophobic/oleophobic coated surface results in low friction. As the lubricant
temperature increases or load decreases, the effect of coating surface on friction decreases.
Through the comparison between the simulation and experimental results, the estimated
thermal slip length / at hydrophobic/oleophobic coated surfaces is much larger than the
slip length /s.

3. Though the comparison of interferograms under steel—glass contact and zirconia—
sapphire contact, the dimple phenomenon occurs when the low thermal conductivity

surface moves faster than the high thermal conductivity surface.

The proposed method for estimating the slip length and thermal slip length
quantitatively is challenging but beneficial for gaining a fundamental understanding of
superlubrication. Further experimental investigations are necessary to verify the results

obtained.
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Chapter 5

5. Conclusions and outlook

5.1 Conclusions

This thesis is mainly concentrated on the solid—lubricant interfacial resistance, i.e.,
velocity slip and thermal slip, for thermal EHL problem. Although the velocity slip of
EHL contact has been studied extensively, the thermal slip has been rarely coupled with
velocity slip in EHL. Therefore, this thesis described a thermal EHL theory, experiments,
as well as the comparison between theoretical and experimental results considering
boundary slips at solid—lubricant interface. The most important results are summarized as
following.

A thermal EHL theory was developed to understand the lubrication performances with
boundary slips for point contact problem. The modified Reynolds equation, coupled with
load balance equation, film thickness equation and energy equations, were solved to
obtain the pressure, film thickness and temperature in contact area. Based on this theory,
the effects of velocity and thermal slips on lubrication performances under different
working conditions, entrainment velocity and slide-roll ratio etc. were qualified.

Numerical simulations were conducted to characterize the effect of boundary slips on
lubrication behaviors of EHL under pure rolling motion, opposite sliding motion and
rolling/sliding motion. Three cases of boundary slips, i.e., velocity slip, thermal slip, and
coupled velocity/thermal slips, were investigated. Under the pure rolling motion, velocity
slip induced a lubricant velocity distribution across the film, which led to a general
reduction in film thickness. Under the opposite sliding motion, velocity slip caused the
surface dimple to shift along the sliding direction, while thermal slip caused the surface
dimple to shift in the opposite direction as the pressure peak shifted downward and the

dimple depth decreased. The effects of velocity slip and thermal slip canceled out one
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another when the velocity slip length and thermal slip length were equal. Under
rolling/sliding motion, velocity slip dominates the film thickness reduction when the slip
length is comparable to the thermal slip length, whereas the thermal slip dominates the
film thickness reduction when the slip length is negligible compared with the thermal slip
length. The coupled velocity/thermal slips case leads the most significant temperature rise
and film thickness reduction among the three cases.

In the experimental study of boundary slips, the hydrophobic/oleophobic coating was
fabricated on contact surfaces by physical vapor deposition method. The friction
coefficient was measured on a ball on disc rig. Comparing with the uncoated surfaces, a
significant friction reduction was induced by the hydrophobic/oleophobic coated surfaces.
This friction reduction gradually decreases while increase entrainment velocity or
ambient temperature. Through the comparison between the numerical simulation and
experiment results, the occurrence of boundary slips on hydrophobic/oleophobic coated
surface is verified. And the estimated thermal slip length at coated surfaces is much larger
than the slip length. The proposed method for estimating the slip length and thermal slip
length quantitatively is challenging but beneficial for gaining a fundamental
understanding of superlubrication.

Through the numerical and experimental study, this thesis, for the first time, revealed
the effect of thermal slip at the solid—lubricant interface on lubrication behavior, which
might be one of the key parameters in EHL contact. This work will also provide useful
insights into the understanding of the boundary slips at solid—lubricant interface and

design guidelines for various applications.

5.2 Outlook

There are several future work directions should be addressed based on this thesis,
which can be summarized below.

For the numerical simulation, as the influence of interfacial resistance on lubrication
is very complex, the present model makes some hypotheses for simplification, such as
Newtonian fluid, constant thermal conductivity of materials. Therefore, future models
will consider the lubricant rheology and the varication of materials thermal conductivity,

which will play a vital role on heat dissipation. Furthermore, it is interesting to see scale
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and contact geometrical effects exist in the analysis of interfacial resistance. Much work
needs to be carried out for a better understanding of the effect of interfacial resistance on
lubrication performance in EHL or mixed lubrication regime.

For the experimental study, while the friction coefficient and interferograms of EHL
contact are measured in this thesis, the temperature distributions are still not clear. To
better understand the effects of boundary slips on lubrication, the temperature distribution
in contact area will be investigated by infrared and optical interferometry techniques.
Besides the full film lubrication and smooth contact surfaces used in this study, further
work will also be focused on considering the starvation and roughness EHL contact, then

extended to mixed lubrication or boundary lubrication in the Stribeck curve.
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rolling and opposite sliding contacts

Xianghua Meng ?, Jing Wang °, Hiroshi Nishikawa ¢, Gyoko Nagayama ©*

# Graduate School of Engineering, Kyushu Institute of Technology, 8048550, Fukuoka, Japan

® College of Mechanical Engineering, Donghua University, 201620, Shanghai, China

¢ Department of Mechanical Engineering, Kyushu Institute of Technology, 8048550, Fukuoka, Japan

Abstract: In elastohydrodynamic lubrication
(EHL) contact, the film thickness strongly depends
on boundary slips, including velocity slip and
thermal slip at the solid—lubricant interface. In the
EHL studies published thus far, velocity slip at the
solid—lubricant interface has been investigated
individually without considering thermal slip. In
this study, the effects of both types of boundary slip
on film thickness were investigated simultaneously
in rolling/sliding contact. Numerical simulations
were conducted based on the modified Reynolds
equation and energy equation by considering
boundary slips on the sliding surface. The results
indicate that the velocity slip causes a reduction in
film thickness under pure rolling contact, while a
shifted surface dimple is formed along the sliding

direction due to both velocity slip and thermal slip

under zero entrainment velocity (ZEV) contact.

Keywords:
Slip length, Thermal slip length, Slip boundary
condition, Thermal elastohydrodynamic

lubrication.

1 Introduction

In the elastohydrodynamic lubrication (EHL)
regime, the no-slip boundary condition has been
commonly accepted for many years. However,
with the recent technical advances in interface
sciences, the slip boundary condition has attracted
the attention of EHL researchers. According to the
no-slip boundary hypothesis, both the velocity and
temperature of the lubricant adjacent to the solid
surface are the same as those of the solid surface
[1-3], while the slip boundary includes a velocity
discontinuity and a temperature jump at the solid—
lubricant interface [4-8] The slip boundary
condition plays a vital role in lubrication analyses,
especially in the two typical rolling/sliding
contacts of (a) pure rolling and (b) zero
entrainment velocity (ZEV), as shown in Fig. 1.
The velocity discontinuity shown in Fig. 1 (¢) can
be described in terms of slip length, which is
defined as the distance between the solid—lubricant
interface and the position at which the lubricant
velocity and solid velocity are equal [4,6].
Analogously, the temperature jump shown in Fig.
1 (c) can be determined using the thermal slip
length, which is the distance from the interface to

the position at which the temperature difference
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condition at surface a.

between the lubricant and solid is zero [7—-10].
Velocity discontinuity at the interface is one of
the most important features considered in EHL
analyses. Kaneta etal. [11] reported that a lubricant
film behaved like a solid and slipped at the
interface in EHL contact. Wong et al. [12]
performed a series of optical interferometry
experiments to gather evidence of the velocity slip
based on the relative movement of the lubricant
entrapped in the contact area. Ponjavic and Wong
[13] used the photobleached-fluorescence imaging
velocimetry technique to measure slip under steady
conditions and found that friction and film
thickness decreased due to the velocity slip in EHL
contact.

In the experiments of Wang and

Reddyhoff[14], an anomalous EHL film shape was

Schematic of (a) pure rolling contact, (b) ZEV contact, and (c) slip boundary

obtained by using the lubricant 1-dodecanol. They
hypothesized that the velocity slip that occurred at
the interface caused an increase in film thickness
to maintain flow continuity. Moreover, theoretical
models with the velocity slip assumption have
been developed for EHL contacts. Ehret et al. [15]
proposed a plug flow model for the EHL regime
with an interfacial slip assumption and
demonstrated the formation of a surface dimple
under the sliding condition. The results of a
molecular dynamics simulation performed by
Nagayama et al. [16,17] indicated that the solid—
liquid boundary condition depends on the interface
wettability and the driving force for liquid flow in

a nanochannel. Wen and Zhang [18], as well as

Chu et al. [19], proposed an ideal viscoplastic
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rheological model for isothermal EHL line contact
with velocity boundary slippage, and this model
yielded considerably thinner films than those
obtained using the no-slip theory. Chen et al. [20]
investigated the effect of anisotropic velocity slip
on pressure and film distributions under point EHL
contacts. Furthermore, Zhao et al. [21] conducted
a thermal point EHL analysis to investigate the
coupled effects of velocity slip and heat transfer.
They found that the velocity slip at the interface
constrained temperature rise and increased film
thickness under large slide-roll ratio conditions.

In addition to the aforementioned boundary
slips, the surface sliding direction can influence the
lubrication performance in the EHL regime. When
two bounding surfaces have equal but opposite
velocities (known as ZEV contact), the working
condition may be the most severe for ball screws
or roller bearings without a cage. Cameron [22,23]
first described film formation under ZEV contact
and proposed the viscosity wedge theory to
demonstrate the viscosity variations induced by the
temperature gradient across the lubricant film.
Yang et al. [24] renamed Cameron’s viscosity
wedge theory as the “temperature-viscosity wedge”
mechanism to highlight the importance of

temperature rise. The complete numerical
solutions obtained by Guo et al. [25,26] indicated
that the film shape in the contact area was
characterized by a deep central dimple, which was
mainly ascribed to the temperature-viscosity
wedge effect. Yagi et al. [27] measured the
temperature distribution in the dimple zone, and
their results indicated that the maximum
temperature occasionally reached 400 K. In

addition, Meziane et al. [28] found the results of

numerical simulations, including thermal effects,
agreed with the experimental results, thus allowing
for tentative prediction of the minimum film
thickness in wide-point EHL contact. Zhang et al.
[29,30] theoretically investigated surface dimple
variations and found that the existence of the
surface dimple was related to the temperature rise
under ZEV contact. Considering the reasonable
doubts about the no-slip boundary conditions
applied in previous studies, Wong et al. [31,32]
fabricated oleophobic/oleophilic surfaces under
ZEV contact with extremely low surface velocity,
where a considerable velocity slip might occur at
the solid—lubricant interface.

Although the velocity slip of EHL contact has
been studied extensively, few comparisons have
been made between experimental and simulation
data. Moreover, thermal slip has been rarely
coupled with velocity slip in the existing studies,
especially under ZEV contact. Hence, in this study,
the effects of velocity slip and thermal slip on
lubrication were investigated simultaneously under
the pure rolling and ZEV contacts. Numerical
simulations were conducted based on a modified
Reynolds equation and the energy equation by
considering the two types of boundary slips on a

sliding surface.

2 Governing equations

Considering the pure rolling contact and ZEV
contact shown in Fig. 1, the slip boundary
conditions shown in Fig. 1 (c) were applied to
surface a, on which both velocity slip and thermal
slip occur, and the continuum boundary condition
was applied to surface b. According to the linear

Navier boundary condition [4—6] the slip velocity
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at an interface is proportional to the slip length:

ou
¥ oz 2:0-

O]

Ug=

The thermal slip accompanying the velocity

slip can be expressed as follows [7]:

oT|
AT=l,— Y (2)

For the thermal point EHL contact, the

modified Reynolds equation accounting for
boundary slips on one surface is derived based on

the generalized Reynolds equation [33]:
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Here, (p/n).s and p,
When =0, (p/n),=

under the continuum boundary condition, and Eq.

are the slip parameters.
0, and p, =1, surface a is
(3) turns into the generalized Reynolds equation
[33].

The pressure boundary conditions for the

Reynolds equation are:

p =0, at x=x;,=xou, Y=V,
p =0, atx;, <x<x,u, -y, , V<V, .,

)

where X, and Xou, Yous Tepresent the start and end
of the calculation domain, respectively.
Considering the surface deformation and geometry,
the film thickness for point contact is given as:
¥y 2 ey

2R, 2Ry tE Jox P+ P

The load balance equation can be written as

h(x,y)=hoot 57 dx'dy’.

follows:

I p(x.y)dxdy = w. (6)

Because the Iubricant density and viscosity
vary with the local pressure and local temperature,
the Dowson and Higginson model [34] is used to
the

express density-pressure-temperature

relationship, and  the  viscosity-pressure-

temperature relationship is determined using the

Roelands equation [35]:

- ﬁ 0.6x10°p -0.00065(T-T,)
PP/ 7107 0

1138
T0—13

/)

7 =;70/(1n My +9.67) [-14+(1+5.1x107p)"

a _ BTg-138)
5.1x10°[1n(y) +9.67] > “0 In(ng)+9.67"

where Z,=

The evolution of the temperature field is
composed of the lubricant film and two bounding
solids [36]. The energy equation of the lubricant

film is:

T o o JE

T op 6p t?p o\’ on’
B[
poT ax 6y 0z oz

The temperature boundary conditions for Eq.

(8) are as follows.

{T(x:xm) =
T(x = Xpu) =

To, (u ZO)

Ty, (u<0) ©)

The energy equations of the two bounding

solids can be written as:
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or_, T
Capaua ox 825 (10)
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The boundary conditions for Eq. (10) are as

follows.

T(x =x;,) =T,

Iz, =-d) =T, (11)
Tzp=d)=Tp

At the solid-lubricant interface, the following
continuity equations of heat flux, are applied to
satisfy the no-slip boundary condition on surface b,
and the temperature jump AT on surface a is taken

as the thermal slip boundary condition.

3 Numerical methods

To facilitate programing and calculation, all of
the governing equations were used in non-

dimensionalized form. The dimensionless

parameters have the following forms: W:#,

X

uon x ¥ z Zabh S d
Uy== X==, Y==, Z=-, Z,,=— =-
0 ERX’ 2’ 2’ P a,b P 2’
a h T u u
ho =% H=o) P=2, T=—, U=—, Uyp="2,
x 0 Py To u
g=l 5=l = ls *_ I
=L p=L ['=% and [j=%
n ’70’ P Po’ s hO’ k ho

In the EHL calculation based on the Reynolds
equation in Eq. (3), the pressure distribution and
elastic deformation were solved using the
multigrid method and the multi-level multi-
integration technique, respectively [37]. To obtain
the temperature distribution, a sequential column
sweeping method [38] was employed to solve the
energy equations of both the solids and the
lubricant film. Considering the boundary
conditions in the inlet and outlet regions, forward
and backward marching processes were repeatedly

executed under ZEV contact. An initial pressure

field was applied to calculate the temperature field.
Then, the pressure field was renewed based on the
calculated temperature field, and the temperature
field was updated using the renewed pressure field.
By repeating the above two steps, convergence was
achieved when the relative errors of the pressure,
load, and temperature values were smaller than
1 %1075, 1x10™, and 1 x 10, respectively. All
errors were checked at the finest grid level.

For the pure rolling contact, five grid levels
with 256 nodes along the x- and y-directions at the
finest grid level were applied in the calculation
domain -4.5a <x <1.5a, -3a <y <3a. Therefore,
the pressure boundary condition is adopted as p =
0atx=-4.5a=15a,y=-3a=3a,and p >0 at -
4.5a < x < 1.5a, -3a < y < 3a. In the z-direction,
eleven nodes were used in the film, and six non-
equidistant nodes were adopted in each solid in
each solid of d=3.15a in thickness. The calculation
domain is -3.15a¢ < z, < 0 for solid a, 0< z, <
3.15a for solid b, and 0 < z < h for lubricant.
The main input data are given in Table 1.

For the ZEV contact, semi-field calculation is
adopted in y-direction. Four grid levels with 513
nodes along the x-direction and 197 nodes along
the y-direction at the finest grid level were applied
in the calculation domain
-3a <x <3a,0<y<1.8a. Therefore, the pressure
boundary condition is p = 0 at x = -3¢ = 3a, y =
1.8a,and p >0 at -3a <x < 3a, 0 <y <1.8a. The
calculation domain in the z-direction is same to that
of the pure rolling case. The calculation parameters

are listed in Table 2.
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Table 1 Input data for pure rolling contact.

Density of glass, p,, kg/m™ 2500
Specific heat of glass, c,, J/(kg-K) 840
Thermal conductivity of glass, k,, W/(m-K) 0.78
Density of steel, pj, kg/m™ 7850
Specific heat of steel, ¢, J/(kg-K) 470
Thermal conductivity of glass, k,, W/(m-K) 46
Density of lubricant, po, kg/m™ 877
Specific heat of lubricant, ¢, J/(kg-K) 2000

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

Pressure viscosity coefficient, a, Pa’ 2.4%10°®
Viscosity of lubricant, 7, Pa‘s 1.365
Reduced elastic modules, £, Pa 1.17*10"
Equivalent radius, Rx, m 0.0127
Applied load, w, N 50
Table 2 Input data for ZEV contact.
Density of steel, p,, s, kg/m™ 7850
Specific heat of steel, c,, J/(kg-K) 470
Thermal conductivity of steel, k,,, W/(m-K) 46
Ambient density of lubricant, po, kg/m™ 875
Specific heat of lubricant, ¢, J/(kg-K) 2000

Thermal conductivity of lubricant, £, W/(m-K) 0.14
Pressure viscosity coefficient, a, Pa’! 2.2%10°®

Ambient viscosity of lubricant, #,, Pa-s 0.08

Thermal viscosity coefficient pf lubricant, 8, K 0.042

Reduced elastic modules, £, Pa 2.26%10"
Ambient temperature, 7,, K 313
Equivalent radius, R,, m 0.025
Applied load, w, N 31.6

4 Results and discussions

4.1 Pure rolling contact

To discuss the effects of velocity slip on the
variations in the EHL lubricant film, a glass—steel
contact was considered under the pure rolling
contact, where velocity slip occurred on the glass
surface. Since the two bounding surfaces moved
with the same velocity under the pure rolling
contact (Fig. 1 (a)), the temperature of the lubricant
film increased negligibly. Therefore, the thermal
slip at the solid—lubricant interface was neglectable
in the thermal analysis. Notably, the modified
Reynolds equation (Eq. (3)) without thermal slip
was found to be consistent with the equation in
Ref. [21].

Fig. 2 shows the contour maps of the lubricant
film thickness for Uy=3.0x107"" with
[ =0,0.063,0.157,0.314. Here, [. denotes the
velocity slip according to the linear Navier slip
condition. The employed slip length are in
dimensionless forms, corresponding to 0.2 pum
(1;=0.063), 0.5 um (I, =0.157), and 1.0 um
(l: = 0.314), respectively. These values of the slip
lengths are comparable to EHL film thickness
(approximate 1 um). All of the contour maps
exhibit a horseshoe shape of EHL contact, that is,
a flat center plateau with two side lobes. In Fig. 2
(b), the small slip length of 0.063 does not induce
an obvious difference in the film shape. As the slip
length increases further, the central flat plateau is
enlarged, while the minimum film thickness in the
side lobes decreases. Fig. 3 presents the pressure
and film thickness profiles in the plane Y= 0 along
the entrainment direction. The three locations a, b,

and c¢ are denoted as the inlet, center, and outlet of
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rolling contact.

the contact region, respectively. As the slip length
l: increases, the pressure peak near location b
shifts downward, and the second pressure peak
close to location c shifts marginally upward, while
the film thickness decreases significantly over the
entire contact region.

Fig. 4 shows the lubricant velocity profiles
across the lubricant film and the slip velocity at
locations a, b, and c. As described in Fig. 1,
velocity slip occurs on surface a (Z = 0), while
surface b (Z = 1) is under the continuum boundary

condition. At the inlet location a (X=-1, Y=0), the

velocity profiles across the lubricant film in the z-

Effect of slip length on (a) pressure and (b) film thickness at the plane ¥ = 0 under pure

direction are hindered by the occurrence of
velocity slip shown in Fig. 4 (a). As the slip length
increases, the negative velocity gradient on the
surface @ (Z = 0) and the corresponding slip
velocity Us at location a increase monotonically, as
shown in Fig. 4 (d). However, at location b (X =0,
Y=0), the observed velocity profiles are linear and
independent of the slip length. Thus, the velocity
gradient is almost zero along the z-direction,
resulting in zero slip velocity Us, as shown in Fig.
4 (d). At location ¢ (X =1, Y =0), the shape of the

lubricant velocity profile varies with the slip length.
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location ¢ (X =1, Y=0).

For [=0314 , U for

F=0314 = UI: =

0
0<7Z<04 , while the reverse is true for
04<7<1.0. The curve of Us is quadratic at
location ¢ with a peak at Z: =~ (.2, as shown in Fig.
4 (d). The existence of velocity slip on surface a
decreases the entrainment velocity in the inlet
region, which reduces the amount of lubricant
entrained in the contact region. Consequently, the
film thickness decreases, as shown in Fig. 3.

Fig. 5 describes the variations in the film
thickness ratios corresponding to the increases in

entrainment velocity for different slip lengths.

D, and D,;, are the ratios of the center and

minimum film thicknesses with velocity slip to
those without velocity slip. Without the occurrence
of velocity slip (l: =0.0), D, and D, are
always 1.0. According to Fig. 5, D.., and D,
increase asymptotically as the entrainment velocity
increases, indicating that the influence of slip
length on film thickness in the low-velocity region
is more apparent than that in the high-velocity
region. For the same entrainment velocity, both
Deen and D, decrease as Z: increases, while the
value of D,;, remains greater than that of D.,.

This means that the film thickness at the center is
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Fig. 6 Contour maps of lubricant film thickness under ZEV contact with U, =
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more significantly affected by the slip length than

that in the side lobes.

4.2 ZEV contact

In contrast to the abovementioned pure rolling
contact (slide-roll ratio S = 0) in which two
surfaces move in the same direction, ZEV contact
involves two surfaces moving in opposite
directions (for example, surface ¢ moving from the
left to the right, while surface b moving from the
right to the left, as shown in Fig. 1 (b)) with the
same speed (slide-roll ratio S = o). Thus, under

ZEV contact, the temperature rise is expected to be

more significant than that under pure rolling
contact in the same working conditions. On the
other hand, the temperature rise also can be caused
by reducing thermal conductivity. Habchi et al.
[39], Reddyhoff et al.[40] and Liu et al. [41].
discussed the effects of the thermal conductivity on
the EHL performance. To simplify the problem, the
thermal conductivity of steel in its annealed/soft
state is given as 46 W/(m-K), which is commonly
used in literatures [24, 25, 29, 30].

This temperature increase is a dominant factor
in maintaining a beneficial lubrication state, which

is characterized by a surface dimple formed due to
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ZEV contact with U, =-U,= 1.5 and l;: 0.

lubricant accumulation. Because the dimple is
governed by the surface velocity and the
subsequent temperature-viscosity wedge effect
[29,30], the slip boundary condition may
significantly influence the shape of the dimpled
film. Here, the steel-steel ZEV contact shown in
Fig. 1 (b) is employed to investigate the effects of
the slip boundary condition on the lubrication
performance, where the velocity/thermal slips

occur on surface a.

4.2.1 Velocity slip effect

To simplify comparisons of the slip effects, the
thermal slip length was set to zero (l; =0) in Figs.
6-9. Fig. 6 shows the contour maps of the lubricant
film for /=0, 0.02 and 0.04 with U,=-U,=1.5.
Under the no-slip boundary condition (l:: 0), a
large surface dimple is formed in the contact area
due to the temperature-viscosity wedge effect. As
the slip length increases, the constriction in the left
contact area is enlarged; consequently, the dimple
is pushed toward the right side of the contact region.
Fig. 7 shows the pressure and film thickness

profiles in the plane Y= 0. Locations a, b, and c are

denoted as the two sides and the center of the
contact region, respectively. The pressure peak
close to location b shifts toward the right side of
the contact region (location ¢), and its magnitude
increases as the slip length increases. The film
thickness in the left side of the dimple thereby
decreases, which squeezes the dimple toward the
right.

Fig. 8 shows the variations in lubricant velocity
for l: =0, 0.02 and 0.04 across the lubricant film
and the slip velocity at the three locations
(indicated in Fig. 7). Larger slip length results in
larger slip velocities at locations a and ¢, and
smaller lubricant velocity, as shown in Figs. 8 (a)
and (c). However, the slip velocity at location b is
almost zero, and thus, the effect of slip length on
lubricant velocity can be neglected at the center of
the contact region. Since the absolute Iubricant
velocity near surface @ is smaller than that near
surface b, surface a drags less lubricant into the
contact region than surface b. Therefore, the area
of lubricant accumulation shifts from the center

toward the right side of the contact region.
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Correspondingly, the pressure peak and the surface
dimple shift right.

Fig. 9 summarizes the maximum and minimum
film thicknesses versus the slip length for three
cases: U,=-U,=0.778, 1.5, and 2.0. It is shown
that both the maximum and minimum film
thicknesses decrease as the slip length increases.
Since hydrodynamic lubrication is accompanied
with the EHL as the surface velocities U, and
U, increase, the surface dimple is insignificant due
to a reduction in elastic deformation [26]. Thus, in
the case of U,=-U,=0.778, the maximum film

thicknesses are the largest while the minimum film

thicknesses are the smallest among the three cases.
In Fig. 9 (b), the minimum film thicknesses
decrease to a constant value of 0.06 when the slip
length is larger than a critical value in all of the
three cases. The critical slip lengths are 0.03 for
U,=-U,=0.778, 0.05 for U,=-U,=1.5, and
0.07 for U,=-U,=2.0.

An increase in temperature was found in the
contact region due to the shearing and compression
of the lubricant, consistent with previous studies
[24-30]. The degree of the temperature rise is

affected by the reduced Ilubricant velocity at
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surface a. The details of the shifted temperature

profiles will be discussed in section 4.2.3.

4.2.2 Thermal slip effect

This section uses a slip length of zero (l: =0) to
focus on the thermal slip effect. The film thickness
contour maps are illustrated in Fig. 10 for
l,=0,0.02, and 0.04 with . =0, U,=-U,=1.5.
In contrast to the results obtained in the previous
section, the surface dimple moves toward the
opposite direction, that is, toward the left side of

the contact region under the thermal slip. Fig. 11

shows the pressure and film thickness profiles in

1.0 15-1.5 -1.0 -0.5

X

(a) I, =0.0

Fig. 10

-Uy=1.5and L=0.

Minimum film thickness H,,

(b) I =0.02

0.0L R

0.05 0.10

Slip length 7"

(b) Minimum film thickness

Film thickness variation with increase in slip length at l;= 0.

the plane Y = 0 corresponding to Fig. 10. As the
thermal slip length increases, the pressure peak and
the surface dimple move toward the left from the
center area, which is consistent with the film
thickness contour maps shown in Fig. 10.
Meanwhile, both the magnitude of the pressure
peak and the dimple depth decrease significantly at
I =0.04.

Fig. 12 shows the temperature distributions
along the x-y direction for l,=0, 0.02, and 0.04

on surface a. The temperature fields are non-

uniform, and the temperature rise at l;= 0.04 is

0.0

(¢) Iy =0.04

Contour maps of lubricant film thickness under ZEV contact with U, =
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the most prominent among the three simulation
cases. The generated heat caused by shearing and
compression of the lubricant is expected to
dissipate through the lubricant and through
surfaces a and b. However, the higher thermal
resistance on surface a due to the increase in the
thermal slip length limits heat dissipation from the
lubricant to surface a. Thus, a significant
temperature rise occurs, induces a reduction in the
lubricant viscosity. Consequently, a greater amount
of lubricant is retained on surface a (moving right)
at lli: 0.04 than that at lli: 0, which causes the

accumulated lubricant to be pushed toward the left

side of the contact region. Therefore, the surface
dimples in Figs. 10 (b) and (c) move toward the left,
which contradicts the dimple shift tendency in Fig.
7 caused by the velocity slip singularity.

The variations in the maximum and minimum
film thicknesses with the thermal slip length for
U,=-U,=0.778, 1.5, and 2.0 are shown in Fig. 13.
Greater thermal slip length results in lower
maximum and minimum film thicknesses. Notably,
at U, =-U,=0.778, the maximum film thickness
decreases rapidly, while the minimum film
thickness remains constant. In contrast, at U, =
-Up,=15and2.0 , the film

two extreme
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thicknesses decrease in almost the same manner as

the thermal slip length increases.

4.2.3 Coupling thermal slip with velocity slip

In practice, the thermal slip and velocity slip
could co-exist in lubrication region when slip
boundary occurs. The thermal slip and velocity slip
may be related; however, there is no guarantee that
the velocity and thermal slips depend on each other
[9, 10, 16, 17, 42]. The coupled effect of velocity
slip and thermal slip on the lubrication
performance is discussed in this section based on
the individual investigations described in sections
4.2.1 and 4.2.2. Fig. 14 shows the temperature
distributions inside the lubricant film in the plane
Y =0 for (a) no slip, (b) and (c) only velocity slip,
(d) and (e) only thermal slip, (f) and (g) coupled
velocity and thermal slips. As shown in Fig. 14 (a),
the maximum lubricant temperature due to
shearing and compression of the lubricant is at the
center of the contact area, overlapping with the
locations of the maximum pressure and surface
dimple. A comparison among Figs. 14 (a), (b), and

(c) shows that the location of the maximum

Minimum film thickness H,y;,

0.0
0.00 001 0.02 003 0.04 0.05
Thermal slip length /.

(b) Minimum film thickness

Film thickness variation with increase in thermal slip length under ZEV contact at l: =0.

temperature moves from the center toward the right
as the slip length increases. By contrast, the
increase of the thermal slip length causes the
temperature-rise region to shift leftward, as shown
in Figs. 14 (d) and (e). Unexpectedly, the effects of
the coupled velocity slip and thermal slip (5 = /)
on the temperature distributions cancel out one
another, as shown in Figs. 14 (f) and (g), resulting
in a similar temperature map as that in Fig. 14 (a).

In summary, the film thickness under ZEV
contact can be significantly influenced by both
velocity slip and thermal slip at the solid—lubricant
interface due to the comparable scale of the slip
lengths to the film thickness. However, the coupled
effects of velocity and thermal slips cancel out one
another when the slip length is comparable to the
thermal slip length. Although the shape of the
dimple changes slightly under the boundary slips
for ZEV contact, the locations of the dimple,
pressure peak, and temperature rise change
remarkably. Because there is no guarantee that the
slip length and the thermal slip length are
comparable at a practical solid—lubricant interface,

the effects of the coupled slips on the main factor
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Fig. 14 Temperature distributions inside the lubricant film in the plane ¥ = 0 under ZEV

contact with U, =-U,=1.5.

(that is, either slip length or thermal slip length) length is the main factor, the lubrication features

should be carefully considered. When the slip will follow the results presented in section 4.2.1.
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When the thermal slip length is the main factor, the
lubrication features will follow the results
presented in section 4.2.2.

In this study, the slip boundary condition was
applied only on the sliding surface a. However, the
slip boundary condition may occur on surface b or
on surfaces a and b. Future works on boundary
slips in EHL should be conducted with the aim of
explaining the existing gap between the

experimental results and the theoretical results.

5 Conclusions

The effects of boundary slip on the film
thickness in point contact under pure rolling and
opposite sliding contacts were investigated.
Numerical simulations were conducted based on
the modified Reynolds equation and the energy
equation by considering the velocity slip and
thermal slip simultaneously on a sliding surface.
The following conclusions were drawn:

Under the pure rolling contact, velocity slip
induced a lubricant velocity distribution across the
film, which led to a general reduction in film
thickness. The influence of velocity slip on film
thickness weakened as the entrainment velocity
increased.

Under the ZEV contact, velocity slip caused the
surface dimple to shift along the sliding direction,
while thermal slip caused the surface dimple to
shift in the opposite direction as the pressure peak
shifted downward and the dimple depth decreased.
The effects of velocity slip and thermal slip
canceled out one another when the velocity slip
length and thermal slip length were equal.

This study, for the first time, revealed the effect

of thermal slip at the solid—lubricant interface on

lubrication behavior, which might be one of the

key parameters in EHL contact.
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Abstract: Temperature rise and film thickness
reduction are the most important factors in
elastohydrodynamic lubrication (EHL). In the
EHL contact area, interfacial resistances
(velocity/thermal slips) induced by the molecular
interaction between lubricant and solid become
significant due to the large surface/volume ratio.
Although the velocity slip has been investigated
extensively, less attention has been paid on the
thermal slip in the EHL regime. In this study,
numerical simulations were conducted by applying
three cases of boundary slips to surfaces under
sliding/rolling contacts moving in the same
direction for the Newtonian thermal EHL. We
found that the coupled velocity/thermal slips lead
the most significant temperature rise and film
thickness reduction among the three cases. The
velocity slip results in a lower temperature in the
lubricant and solids, whereas the thermal slip
causes a temperature rise in the entire contact area
in the lubricant as the film thickness decreases
simultaneously. Furthermore, the effect of thermal
slip on lubrication is more dominant than that of

velocity slip while increases the entrainment

velocity or slide—roll ratio.

Keywords:

bearings, elastohydrodynamic lubrication, films,
friction, interface, sliding, thermal

elastohydrodynamic lubrication
1 Introduction

Superlubricity-induced ultralow friction has
garnered significant attention owing to its
promising  prospects of energy saving,
environmentally friendly lubrication, and long-life
machine operation in industrial applications [1]. To
reduce friction in elastohydrodynamic lubrication
(EHL) contacts, significant efforts have been
expended [2-5]; however, friction reduction
caused by the boundary slips between a lubricant
and a solid surface is typically accompanied by a
significant temperature rise and film thickness
reduction in the contact area [6]. From a
fundamental perspective, the coupling of the
velocity discontinuity [7,8] and temperature jump
[9-11] at the solid—lubricant interface are of
particular importance for ensuring the lubrication
performance in EHL contacts to avoid lubrication
breakdown or surface failure.

Over the past decades, boundary slips in EHL

have been investigated extensively. The major
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studies are summarized in Table 1. The lubricant
slip effect near the contact surfaces was first
reported by Kaneta et al. [12] in 1990.
Subsequently, Ehret et al. [13] verified Kanetas’
results under different sliding conditions. Fu et al.
[14] experimentally demonstrated that an inlet
dimple was generated in an EHL film, which was
attributed to a velocity slip. Kalin et al. [15]
reported that the slip on diamond-like carbon

(DLC) coating surfaces resulted in a 20% reduction

in the friction coefficient under DLC/DLC contacts

Table 1 Review of EHL studies on velocity slip.

compared with that under steel/steel contacts. Guo
and Wong et al. [16—18] measured the slip length
at a solid surface from the relative movement
between an entrapped lubricant and a contact
surface. Ponjavic et al. [19,20] performed
photobleached imaging to evaluate the effect of
interfacial slip on the friction and film thickness in
an EHL contact. The velocity slip presented by
Wang et al. [21] occurred at a disc surface (that
moved faster than the ball surface), which resulted

in an anomalous EHL film shape. Under zero

Year Authors Method/findings Ref.

Experimental studies

1990 Kaneta et al. Ball-disc under pure rolling and sliding contact / velocity slip at [12]
or near contact surfaces

2007 Fu et al. Ball-disc under pure sliding contact with high viscosity [14]
polymeric lubricant / velocity slip induced inlet dimple in contact
region

2009 Kalin et al. DLC-DLC contacts / 20% friction reduction compared to steel- [15]
steel contact

2012 Guo et al. Entrapped lubricant in ball-disc contact / slip length of 0—-12 pm [16]
at steel-lubricant (PB900/PB1300)—glass surfaces

2014 Ponjavic et al. Glass—Fusso contact in PCS Instruments / central film thickness [19,20]
reduction of 50% due to velocity slip at Fusso coating surface

2017 Wang et al. Ball-disc contact lubricated by 1-dodecanol / anomalous EHL [21]
film caused by velocity slip

2018 Wong et al. ZEV contact with oleophobic coating / hydrodynamic lubrication [22,23]
film due to velocity slip at oleophobic surface

Theoretical analysis

2000 Wen et al. Isothermal line contact, viscoplastic rheological model / velocity [24]
slip occurred at the inlet zone

2003 Stahl et al. Line contact, limiting shear stress / central film thickness [25]
variations due to velocity slip

2012 Chu et al. Line contact, Navier-slip and flow rheology / correlation between [26]
slip length and film thickness

2016 Chen et al. Circular contact, anisotropic slip / film thickness reduction due to  [27]
slip length in sliding direction

2019 Zhao et al. Point contact, SRR = 44, velocity slips at two surfaces / variations [32]
of temperature rise and film thickness

2020 Zhang et al. Point contact, layered oil slip model / reduction of film thickness [33,34]
due to velocity slip and thermal effect

2021 Meng et al. Point contact, boundary slips at one of moving surfaces / film [6]

thickness reduction and temperature rise in contact region
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Table 2 Recent studies on thermal slip at solid—liquid interface.

Year Authors Method/findings Ref.

Experimental studies

2006 Ge et al. Time-domain thermoreflectance / water—Au interface, lx = 3—6 nm at [35]
hydrophilic interfaces, /x = 10—12 nm at hydrophobic interfaces

2010 Timofeeva et al.  Transient hot wire method / water—a-SiC interface, lx ~ 4.2 = 0.3 nm [36]

2017 Nagayama et al.  Forced convection in fully developed microchannel flow / water—Si [37]
interface, lxk = 50—150 pm

Molecular dynamics studies

2010 Nagayama et al.  Nonequilibrium molecular dynamics simulations / Pt—Ar nanostructured [38]
interface, lx = 3.4 — 9.8 nm at hydrophilic surface, /x = 16.4 — 51.6 nm at
hydrophobic surface

2012 Hu et al. Molecular dynamics simulations using LAMMPS / water—gold [39]
interface, [k~ 2 — 5 nm

2012 Shi et al. Molecular dynamics simulations using LAMMPS / [y =0 — 1.2 nm at [40]
Ar=silver interface, k = 3.1 — 3.5 nm at Ar—graphite interface

2014 Barisik et al. Molecular dynamics simulations using LAMMPS / water—Si interface, [41]
k=8.5-9nm

2016 Pham et al. Molecular dynamics simulations using LAMMPS / water and graphene— [42]
coated—Cu (111) interface, k= 10 — 50 nm

2021 Song et al. Molecular dynamics simulations using LAMMPS / Ar—Cu interface, k= [43]

0—14 nm in rough nanochannels

entrainment velocity (ZEV) bearing contacts,
Wong et al. [22,23] reported a hydrodynamic
lubrication film generated by a velocity slip on an
oleophobic coating.

In addition to the experimental studies,
theoretical models were established to consider the
effect of boundary slip on lubrication performance
in EHL [24-27, 32-34]. Wen et al. [24] proposed a
lubricant ideal viscoplastic rheological model
incorporating velocity slip into the line contact
without thermal effect. Stahl et al. [25] and Chu et
al. [26] developed slip models for isothermal line
contacts. Chen et al. [27] applied an anisotropic
velocity slip to a point contact model and
discovered a reduction in film thickness in a
circular contact. In addition to the friction
reduction induced by the boundary slips, the
temperature rise induced via heat generation from

the Iubricant can lower friction owing to the

reduction in the lubricant viscosity in the EHL

contact. Consequently, temperature rise in the
contact regime is an indispensable factor in
tribology [28-31]. Zhao et al. [32] found that the
velocity slip reduced temperature rise and
increased the film thickness owing to the positive
effect of lubricant entrainment under large slide—
roll ratios (SRRs). Zhang et al. [33,34] proposed a
layered oil slip lubrication model that included the
thermal effect of the EHL point contact under
various operation conditions.

Although the effect of wvelocity slip on
lubrication performance has been investigated
extensively, the thermal slip and the coupled
velocity/thermal slips have rarely been considered
in the EHL regime. Related studies on the thermal
slip were summarized in Table 2. Due to the
difficulties in measurement of thermal slip, various
advanced techniques have been applied to the
experimental systems including the solid-liquid

interface. Despite the fact that great efforts have

Kyushu Institute of Technology, Graduate School of Mechanical Engineering

160



Appendix

(5a, 5a, 5a+h)

(-5a, 5a, Sa+h)

o Solidb
| I i (54, Sa, )
Ball Sa z v
ik . +(5a, 5a, 0)
L
Solid 3 ...
; —i(5a, Sa, —5a)
o 4 Solid a
Lubricant v v L,=10a
Disc  LAl0a
Computational domain
(not to scale)
(a) (b)
Fig. 1  Schematic illustrations of (a) sliding/rolling contact, and (b)

computational domain (not to scale).

been devoted to the measurement, it is still a
challenging work to evaluate the thermal slip at the
solid-liquid interface experimentally. On the other
hand, with the aid of molecular dynamics
simulation, the thermal slip at the solid—liquid
interface has been extensively investigated. The
thermal slip length (i.e., Kapitza length) at the
hydrophilic solid-liquid interface is qualitatively
smaller than that at the hydrophobic solid—liquid
interface.

In the EHL contact area, interfacial resistances
(velocity/thermal slips) induced by the molecular
interaction between lubricant and solid become
significant due to the large surface/volume ratio.
That is, the boundary slips can no longer be
ignored when the slip length or thermal slip length
is comparable to the characteristic film thickness.
In our previous study, we applied velocity and
thermal slips to one of the sliding/rolling surfaces
in ZEV contact; however, less attention has been
paid on the temperature rise and the film thickness

reduction [6]. Since boundary slips may occur at

all moving surfaces in practical EHL, we
conducted a further thermal EHL analysis in this
study by applying boundary slip conditions to two
moving surfaces under sliding/rolling contacts in
the same direction. Three cases of boundary slips,
ie., velocity, thermal, and coupled
velocity/thermal slips, were investigated to clarify
the phenomena of temperature rise and film
thickness reduction in thermal EHL. The adopted
boundary slips length is comparable to the typical

film thickness of the EHL contact.

2 Method

A steel-steel configuration comprising a disc
(solid @) and a ball (solid b) was employed as a
stationary EHL point contact subjected to an
external load w, as shown in Fig. 1(a). The
velocities of the disc and ball are u, and u;, in
the x-direction, respectively. Fig. 1(b) shows the
corresponding computational domain —5a < x

< S5a, =5 £y £ 5a, =5a £ z < 5a + h,
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Uy

Solid b

Lubricant "

Fig. 2

where a is the half Hertzian contact width, and / is
the Iubricant film thickness. The origin of
coordinate system o is located at the center of the
contact area. Five grid levels were employed in the
computational domain. In the x- and y-directions,
256 equidistant nodes were adopted at the finest
level, whereas in the z-direction, 11 equidistant
nodes were adopted in the lubricant film and 12
non-equidistant nodes in the solids. Table 3 lists the

operating conditions used in this study.

Table 3 Operating conditions

Ambient temperature, 7o, K 313
Ball radius, R, m 0.0127
Load, w, N 30
Half width of Hertzian contact, a, um 136

Entrainment velocity, ue= (ua+ us)/2, m/s  0-30

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

The lubrication performances were
investigated by solving the Reynolds equation and
energy equations under the boundary slips
condition shown in Fig. 2. Since the lubricant is

assumed to be the isotropic Newtonian fluid in this

I(x,y,2)

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

study, the linear relation between the shear strain
rate and shear stress is considered. In contrast to
our previous study [6], both the surfaces of solids
a and b were assumed to be subjected to the same
boundary slips. The linear Navier slip condition
[7,8] and Kapitza resistance [9,10] were adopted
for the slip velocity and temperature jump, as
illustrated in Fig. 2, where /; is the slip length and
I 1is the thermal slip length. Hence, the lubricant
velocity and temperature at the solid—lubricant
interfaces are applied as follows:

=u”—l§a—u
0z,

Ou (1)

u h:ub+ISa—z

U,

Tz:o:TaJrlké;l

@

Z z=n

By applying the lubricant velocity at the
interfaces (specified in Eq. (1)) to the Reynolds
equation, a modified Reynolds equation is

obtained.

g[[g] h@}gm ,,@PKB) h@}swub)aﬂ
ox\n), o| ox|\n) o| yl\n) & o

(©))
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Eq. (3) coincides with the Reynolds equation
[44] under the no-slip boundary condition, where
the slip parameters are (p/n),, =0 and p, = 1.
To obtain the temperature profiles of the system,
the full energy equations in the lubricant film and
contacting solids were solved by considering the
heat generated by the shearing and compression of
the lubricant.

To resolve the local temperature filed, the full
energy equations within the lubricant film and
solids are described. Within the lubricant film, the

energy equation [45] is expressed as

or or or o’T
—+py——q— |-k— 4
c{pu ox oY oy 1 62} oz* ( )

2 2
_Tap(u%vap]w{(auj {2) }
poT\ ox Oy oz oz
Within the solids, no compression and shearing

are present, the energy equation for solids are

written as:

oT o’'T &'T o'T
CPM, =k | T+
ox 0z, ox~ Oy

T o°T azrj

+

(6))
or &T oT

P, —— =Kk, [azz o o
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The relevant properties of the lubricant and
steel are listed in Table 4. The Dowson and
Higginson model [46] and the Roelands equation
[47] were applied to estimate the density and
viscosity of the lubricant as functions of pressure

and temperature, as follows:

0.6x107 p

L —0.00065(T - T,
1+1.7x107 p ( 0)}

p=po[1

-5,
B o vaf T-138
77—77Oexp{(ln770+9‘67){1+(1+5.1><10 p) {TU—BSJ }}

Here, p, is the density, 7, is the viscosity of
the lubricant at p=0 and T=7T,, Z is the
pressure—viscosity index, and Sp is the
temperature—viscosity index. Although the low
thermal conductivity of steel would cause a
temperature rise in the EHL contact [48-50], for
simplicity, the steel thermal conductivity is set to
46 W/(m-K) in this study.

The simulation involved two procedures: (1)
solving Eq. (3) under the fixed temperature field by
applying the multilevel, multi-integration
technique and multigrid method [51]; (2) solving
the energy equations under the fixed pressure field
(obtained from step (1)) by employing the
sequential column sweeping method [52]. These
procedures were repeated until the relative errors
of pressure, load, and temperature were less than

1 %103, 1 %107, and 1 x 10, respectively [6].

3. Results and discussion

3.1 Lubrication with boundary slips
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Table 4 Properties of lubricant and steel

Density of steel, p, 5, kg/m® 7850
Specific heat of steel, ¢, J/(kg-K) 470
Thermal conductivity of steel, &, 5, W/(m-K) 46
Ambient density of lubricant, po, kg/m? 875
Specific heat of lubricant, ¢, J/(kg-K) 2000

Thermal conductivity of lubricant, £, W/(m-K) 0.14

Pressure viscosity coefficient, a, 1/Pa 2.4 x10%
Ambient viscosity of lubricant, 7, Pa‘s 0.08
Thermal viscosity coefficient of lubricant, £, 0.042
Reduced elastic modules, £’, Pa 2.26 x 10"

To characterize the effects of boundary slip on
lubrication, three cases of boundary slips were
investigated in our numerical simulations: (1)
velocity slip, (2) thermal slip, and (3) coupled
velocity/thermal slips; subsequently, these cases
were compared with the classical no-slip solution.
Figs. 3—6 show the typical results obtained under
ue = 3.6 m/s and SRR = 1.5. In the current study,
—1<X=x/la £ 1land —1<Y=yla <1
correspond to the area of the Hertzian contact, and
X =Y =0 corresponds to the center of the contact
area.

The contour maps of the film thickness,
pressure, and film thickness profiles are shown in
Fig. 3. Here, the boundary slips length of 0.2 um is
adopted in this section, which is comparable to the
typical film thickness of the EHL contact [53] The
result of /s = Ix = 0, which is a typical solution of
the EHL point contact, is shown in Fig. 3(a). A
central plateau and an outer constriction are
evident in the contour maps. Compared with Fig.
3(a), a greater pressure peak is shown in Fig. 3(b),
whereas lower pressure peaks are shown in Figs.

3(c) and 3(d). Meanwhile, the film thickness at the

outer constrictions decreases when /s = 0.2 um and
I = 0, as shown in Fig. 3(b), whereas the central
plateau film inclines slightly when /; = 0 and /x =
0.2 um, as shown in Fig. 3(c). For the coupled
velocity/thermal slips when /s = Ik = 0.2 um, as
shown in Fig. 3(d), the film thickness at the outer
constrictions decreases, accompanied by an
inclined lubricant film. The film thickness shown
in Fig. 3(d) is the thinnest among the cases, owing
to the reduction in film thickness induced by the
velocity slip and thermal slip. The film thickness
reduction induced by the velocity slip is attributed
to the lower lubricant velocity, which entrains less
lubricant into the contact area [6,54] On the other
hand, the thermal slip-induced film thickness
reduction is attributed to the lower viscosity of the
lubricant due to the temperature rise in the contact
area. Comparing the minimum film thickness with
that of the no-slip (dotted line) and /s = /= 0.2 pm
(dashed line) cases, it is clear that the film
thickness reduction is primarily induced by the
velocity slip.

Fig. 4 presents the temperature profiles on the
center plane (¥ = 0) in the EHL contact area. Fig.
4(a) shows the results of the no-slip boundary
condition (/s = Ix = 0), where the temperature of the
lubricant increases significantly at the center of the
film thickness. This temperature rise is caused by
the heat generated in the lubricant film due to the
compression and shearing in the EHL contact area.
Since the generated heat can be removed from the
lubricant to the two moving solid walls, increasing
the wall velocity can enhance heat dissipation.
Consequently, both the surface temperature and the
inner temperature of solid a are smaller than those

of solid b because the velocity of solid a is seven
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Fig. 3 Contour maps of film thickness (top) and pressure, film thickness profiles on center plane ¥ =0

(bottom) at u. = 3.6 m/s, SRR = 1.5 under different boundary conditions: (a) no slip; (b) velocity slip;

(c) thermal slip; (d) coupled velocity/thermal slips. Dotted line represents minimum film thickness of

no-slip case; dashed line represents minimum film thickness for case of /s =/ = 0.2 pm.
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Fig. 4 Temperature profiles on center plane (¥ = 0) in EHL contact area at u. = 3.6 m/s, SRR = 1.5 under
different boundary conditions: (a) ;=5 =0; (b) s=0.2 um, &k =0; (¢) =0, k=0.2 pm; (d) ls=6=0.2 pm.

Dotted line represents minimum film thickness of (a); dashed line represents minimum film thickness of (d).

times larger than that of solid » at SRR = 1.5. In the
case of s = 0.2 pm, the temperature profile in Fig.
4(b) is similar to that in Fig. 4(a), but the maximum
lubricant temperature is higher than that in Fig.
4(a) because of the increase in the maximum

pressure under velocity slip. Comparing Figs. 4(c)

and 4(d) to 4(a), the area of lubricant temperature
exceeding 400 K (green) expands significantly at
the left side of the contact area, whereas the
maximum lubricant temperature decreases. In
particular, the lubricant temperature near the solid

walls increases significantly. The main reason for
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this temperature rise is the limited heat dissipation
from the lubricant to solids under thermal slip at
the two moving solid boundaries. Therefore, the
temperature rises in solids ¢ and b shown in Figs.
4(c) and 4(d) are undistinguishable compared with
those in Figs. 4(a) and 4(b). Meanwhile, since a
higher lubricant temperature results in a lower
viscosity, thinner film thicknesses are formed in
Figs. 4(c) and 4(d) compared with those shown in
Fig. 4(a). However, the film thickness reduction
induced by the thermal slip is smaller than that
induced by the velocity slip. In other words, when
the thermal slip length is the same as the slip length,
the film thickness reduction is primarily induced
by the velocity slip, as described previously.

The results presented in Figs. 3 and 4 show that
the coupled velocity/thermal slips exhibit the worst
tribological performance among the cases
investigated. In particular, the effect of thermal slip
on the temperature rise in the vicinity of the solid
walls is dominant. Since the thermal slip length
might not be of the same order as the slip length
[37, 55], further analysis was conducted to
investigate the superiority of the boundary slips.

Figs. 5-6 show the results under the coupled
velocity/thermal slips, where the cases of /;/ k<1
indicate the superiority of thermal slip over
velocity slip, and those of [/ /x> 1 indicate the
superiority of velocity slip over thermal slip.
Similar to Fig. 3, the contour maps of the lubricant
film thickness (top), centerline profiles of film
thickness, and pressure (bottom) are shown in Fig.
5. As shown in the contour maps, the film thickness
at the center plateau and outer constriction

decreases with the increase in the thermal slip

length (Figs. 5(a)-5(c)) or velocity slip length

(Figs. 5(d), 5(e)). The film thickness reduction
shown in Figs. 5(c) and 5(e) is more significant
than that of the other cases, where a thin lubricant
film of 20-60 nm covers the entire EHL contact
area. Meanwhile, the pressure peak shown in Figs.
5(c) and 5(e) are less evident compared with those
shown in Figs. 5(a) and 5(d). A further increase in
the boundary slips might result in a transition from
EHL to boundary lubrication, accompanied by
lubrication failure at the contact area. In the case of
Is / Ik < 1, the film thickness reductions are
dominated by thermal slip, whereas those of s/ />
1 are due to the superiority of the velocity slip.
Similar to Fig. 4, Fig. 6 shows the temperature
profiles under the coupled velocity/thermal slips;
Figs. 6(a)-6(c) show the cases of /;/ [x< 1, whereas
Figs. 6(d) and 6(e) show the cases of [/ lk> 1. As
shown in Figs. 6(a)—6(c), a larger /x induces a more
significant lubricant temperature rise in the entire
contact area. The reason contributing to the /-
induced temperature rise is the same as that for Fig.
4, i.e., the limited heat dissipation from the
lubricant to the solids. The maximum lubricant
temperature rise is approximately 300 K at /x=50.0
pum, as shown in Fig. 6(c), accompanied by a
temperature rise in the entire contact area of the
lubricant. Simultaneously, the Ilubricant film
thickness decreases to a critical level owing to the
reduced viscosity corresponding to the temperature
rise. Meanwhile, the larger /s induces a lower
lubricant temperature rise, as shown in Figs. 6(d)
and 6(e). Since the lubricant velocity decreases
under the velocity slip, the amount of heat
generation decreases and hence, a smaller

temperature rise is induced in the contact area.

Meanwhile, the lower lubricant velocity limits the
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Fig. 5

Contour maps of film thickness (top) and pressure. Film profiles on center plane ¥ =0 (bottom)

at u. = 3.6 m/s, SRR = 1.5 under coupled velocity/thermal slips: (a) /s/ k= 0.1 um/ 0.5 pm; (b) /s/ k= 0.1

pm/ 5.0 um; (c) I/ k= 0.1 pm/ 50.0 pm; (d) Is/ L= 0.5 pm/ 0.1 pm; () L/ L=5.0 pm/ 0.1 pm.

(a)
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Fig. 6
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Temperature profiles in EHL contact area on center plane ¥ = 0 at u. = 3.6 m/s and SRR = 1.5

under coupled velocity/thermal slips: (a) s/ /= 0.1 um/ 0.5 pm; (b) Is/ k= 0.1 pm/ 5.0 um; (c) s/ L= 0.1

pm/ 50.0 pm; (d) Is/ L= 0.5 pm/ 0.1 pm; (e) Is/Lk=5.0 pm/ 0.1 pm.

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

In summary, the velocity slip dominates the
film thickness reduction when the slip length is
comparable to the thermal slip length, whereas the
thermal slip dominates the film thickness reduction
when the slip length is negligible compared with
the thermal slip In the

length. coupled

velocity/thermal slips case, the superior velocity

slip might result in a lower temperature in the
lubricant and solids, whereas the superior thermal
slip might result in a temperature rise in the entire
contact area in the lubricant as the film thickness

decreases simultaneously.

3.2 Effects of entrainment velocity on lubrication

with boundary slips at a specified SRR
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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 contact area. Dashed line corresponds to u. =

3.6 m/s applied in Figs. 3—4.

The entrainment velocity is known as one of the
key parameters in the lubrication of sliding/rolling
contacts because the entrainment velocity can
result in a variation in the amount of entrained
lubricant and shear rate. Hence, the effects of the
entrainment  velocity on the lubrication
characteristics with boundary slips at SRR = 1.5
are discussed in this section.

Fig. 7 shows the minimum film thickness and
mean lubricant temperature rise curves with the
entrainment velocity under boundary slips, where
AT is the average value of the Ilubricant
temperature rise over the entire contact area. The
dashed line corresponds to ue = 3.6 m/s applied in
Figs. 3 and 4. In the low entrainment velocity
region of u. < 3 m/s, the minimum film thickness
of the no-slip case (black) is consistent with that of
the thermal slip case (green) because of the
insignificant temperature rise, whereas those of the

cases with velocity slips (blue and red) are

relatively smaller. Therefore, the minimum film

thickness reduction is primarily caused by velocity
slip. When the entrainment velocity increases, the
minimum film thickness reduction caused by the
velocity slip (blue) decreases; however, that caused
by the thermal slip (green and red) increases. With
an increase in the entrainment velocity, the amount
of entrained lubricant in the contact area increases,
which facilitates the increase in the film thickness.
By contrast, heat generation increases owing to
increased lubricant shearing, resulting in a
reduction in the film thickness. The contributions
of velocity and thermal slips to the minimum film
thickness reduction are equal at u. = 4.6 m/s.
Meanwhile, an apparent discrepancy appears in the
cases with and without thermal slip in the high
entrainment velocity region. The reason is shown
Fig. 7(b), where the temperature rise is significant
in the cases with thermal slip, which results in the
in the minimum film

apparent discrepancy

thicknesses in the high entrainment velocity region.
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Fig. 8 Reduction ratio of minimum film thickness € vs. entrainment velocity curves at SRR = 1.5.

Dashed line represents threshold between regions / and /1.

To compare the effects of boundary slips on the
minimum film thickness, the ratio of the minimum
film thickness reduction is plotted as a function of
the entrainment velocity, as show in Fig. 8. The
ratio of the minimum film thickness reduction ¢ is
defined as € = (Amino — /min) / Aimino, Where Amino 1S
the minimum film thickness under the no-slip
boundary condition. As shown in Fig. 8, at u. =4.6
m/s, the € of the velocity slip case (blue) is equal to

that of the thermal slip case (green), whereas that
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of the coupled velocity/thermal slips case (red)
shows the minimum value. This implies that in
region / of ue < 4.6 m/s, velocity slip dominates the
minimum film thickness reduction. By contrast, in
region /I of u. > 4.6 m/s, the effect of thermal slip

on ¢ is more dominant than that of velocity slip.

3.3 Effects of SRR on lubrication with boundary

slips at specified entrainment velocity
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Fig. 9 Effect of SRR on lubrication performance at u. = 3.6 m/s: (a) minimum film thickness; (b) mean

lubricant temperature rise in entire contact area.
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Since the lubricant temperature rise is induced
by the lubricant shearing with regard to the
lubricant shear rate or the relative velocity between
solids a and b in the EHL contact, the effects of
SRR on the Iubrication characteristics are
discussed in this section.

Figs. 9(a) and 9(b) show the variations in the
minimum film thickness and lubricant temperature
rise with boundary slips. The entrainment velocity
is given as u. = 3.6 m/s. The dashed line denotes
SRR = 1.5, corresponding to the results shown in
Figs. 3 and 4. It is clear that increasing the SRR
reduces the minimum film thickness but increases
in the temperature rise. As shown in Fig. 9(a), the
thermal slip has less significant effect than the
velocity slip on the minimum film thickness
reduction, whereas the velocity slip yields a
significant minimum film thickness reduction of
approximately 0.15 um. Meanwhile, the film
thickness reduction of  the coupled
velocity/thermal slips is dominated by the velocity
slip in the low SRR region, whereas the effect of
the thermal slip on the film thickness reduction
become more prominent in the large SRR region.

As discussed previously in Section 3.1, the film

thickness reduction is caused by two reasons: (1)

the lower lubricant velocity induced by the velocity
slip, and (2) the lower viscosity induced by the
thermal slip. The latter coincides with the
temperature rise in the entire contact area, which
increases with the SRR, as shown in Fig. 9(b).
Hence, the film thickness reduction in the case of
coupled velocity/thermal slips is the largest among
the cases investigated.

Fig. 10 shows the /~SRR curves at u. = 3.6 m/s,
where f is the friction coefficient. As shown, a
greater velocity slip results in a higher f, whereas a
greater thermal slip results in a lower f. The former
is caused by the film thickness reduction subjected
to a large velocity gradient, whereas the latter is
caused by the reduction in lubricant viscosity due
to a temperature rise.

Although the trend of the f-SRR curves is
consistent with the experiments presented in [1,56],
the operating conditions for those experiments are
not comparable to those used in the present study.
To date, only a few experimental results reported
are comparable to simulation results or theoretical
predictions. In Fig. 11, for illustrative purposes, the
experimental results of glycerol/steel contact [1]
are compared with the simulation results using the

same operating conditions reported in [1]. The
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Fig. 10 Friction coefficient vs. SRR curves at u. = 3.6 m/s.
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Experiment (Glycerol/Steel) Ref. [1]
® Uncoated substrates
0 DLC-coated substrates
Numerical simulation (present study)
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Fig. 11 Comparisons of /~SRR curve between experiments [1] and numerical simulations at .

=1.6 m/s and w= 300 N.

simulation results under the no-slip condition of /;
=[x = 0 are consistent with the experimental results
for the uncoated substrates, whereas those under
the coupled slips of /s = 0.05 um and /i = 0.6 pm
are consistent with the experiments of DLC-coated
substrates. Here, the thermal slip length for the
DLC-coated surface [1] is estimated to 0.6 um,
including both the effects of the DLC coating and
the interfacial thermal resistance. Since the DLC
coating is 2.8 um in thickness and its thermal
conductivity is 2 W/(m-K), the thermal resistant of
the coating layer is 1.4 10-6 K/W. This is 2 orders
of magnitude smaller than that of equivalent
interfacial thermal resistance (approximately 1.2 %
10* K/W), Therefore, the estimated thermal slip
length i = 0.6 pm principally attributes to the
interfacial thermal resistance. Accordingly, the
deviations of the experimental results between the
uncoated and DLC-coated substrates are
significant, which imply that the boundary slips are
of great importance to the superlubricity.

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

fundamental understanding of solid—lubricant

interfaces for applications in superlubricity, albeit
challenging. The method proposed herein
facilitates the design and innovation of next-

generation tribological technology.

Conclusion

Temperature rise and film thickness reduction
were investigated via numerical simulations of
thermal EHL under slip boundary conditions.
Three cases of boundary slips, velocity, thermal,
and coupled velocity/thermal slips, were applied to
surfaces under sliding/rolling contacts moving in
the same direction, and the following conclusions
were obtained:

The velocity slip dominates the film thickness
reduction when the slip length is comparable to the
thermal slip length, whereas the thermal slip
dominates the film thickness reduction when the
slip length is negligible compared with the thermal
slip length. In the coupled velocity/thermal slips
case, the superior velocity slip might result in a
lower temperature in the lubricant and solids,
whereas the superior thermal slip might cause a

temperature rise in the entire contact area in the
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lubricant as the film thickness decreases
simultaneously. Hence, the coupled
velocity/thermal slips case leads the most

significant temperature rise and film thickness
reduction among the three cases.

The effect of thermal slip on lubrication is more
dominant than that of velocity slip while increase
entrainment velocity or SRR. At the critical
entrainment velocity, the coupled velocity/thermal
slips case has the minimum film thickness
reduction ratio, which can improve the tribological
performance.

The slip length and thermal slip length are
estimated to be /s = 0.05 um and / = 0.6 pm on the
DLC-coated surface based on the experimental
data in [1].

The proposed method for estimating the slip
length and thermal slip length quantitatively is
challenging but beneficial for gaining a
fundamental understanding of superlubrication.

Further experimental investigations are necessary

to verify the results obtained.
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