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Electric and magnetic fields have been used in various ways to enhance the performance of lubrication systems. The presence of these fields can significantly change the properties of lubricants. The rapid adoption of electric vehicles (EVs) has presented new lubrication-related challenges due to the presence of electric current. There is an urgent need for an in-depth study of lubrication systems subjected to such fields. This paper highlights recent research works on several key areas of lubrication involving electric or magnetic fields, which are:1) electric double layer in lubrication, 2) electrorheological fluids, 3) magnetorheological fluids, 4) ferrofluids, and 5) typical fluids used in the current EVs and typical surface failures of bearing components in EVs. Commonly used lubricants in each area are reviewed; lubrication mechanisms and related mathematical models are summarized; methods for and results from numerical analyses and experimental explorations are discussed; and common features of lubrications in different fields are explored. Based on the current research progress in these fields and the classic generalized Reynolds equation, a generalized mechanical-electro-magnetic-thermal-field (MEMT-field) Reynolds equation is proposed to describe the aforementioned lubrication scenarios and the effects of coupled mechanical, electric, magnetic, and thermal fields, which can be solved with a numerical iteration method.
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1 INTRODUCTION
The presence of electric or magnetic field can significantly change the flow characteristics of lubricants made of special fluids. Applications have been developed to use these features to enhance lubrication. On the other hand, improper use of electric or magnetic field can be detrimental. The rapid adoption of electric vehicles (EVs) has presented new lubrication-related challenges due to the presence of electrical current (Chen Y. et al., 2020). It is important to have an in-depth understanding of lubrication systems subjected to electric and magnetic fields and under the influences of charged particles.
In the field of lubrication, four types of electric/magnetic lubrications have been studied extensively, which are the electric double layer (EDL) lubrication, electrorheological (ER) fluid lubrication, magnetorheological (MR) fluid lubrication, and ferrofluids lubrication. The electric double layer (EDL) often appears at the interface of an ionic fluid and a solid surface. The charge on the solid surface adsorbs the nearby counter-ions and repels identical ions in the flowing fluid, forming an adsorbed layer near the surface as liquid molecules move (Fang et al., 2023). The electric double layer can lead to a reduction of the coefficient of friction and an improvement in the load carrying capacity of the lubricant (Palacio and Bhushan, 2010). A numerical model for EDL lubrication has been proposed (Zhang and Umehara, 1998), in which the electric force is expressed as a function of electric potential. The EDL lubrication is commonly used with water-based lubricants, and it still draws wide research attention currently.
Electrorheological (ER) fluids consist of a suspension of micron-size particles in a low-electrical-conductivity liquid, usually a dielectric oil (Khusid and Acrivos, 1995). The ER fluid responds to the excitation of an external electric field by creating chain-like structures between exciting poles (Michalec et al., 2018), thus changing the rheological properties of the ER fluid. The response time is generally around 10 ms and is strongly dependent on particle size, magnitude of the excitation source, along with the viscosity, electric conductivity, and dielectric constant of the ER fluid (Hao, 2001). A Bingham-type model has been widely used to describe this non-Newtonian rheological change when an ER fluid is subjected to an external electric field (Bossis and Brady, 1984; Parthasarathy and Klingenberg, 1996). The controllable rheological variation makes ER fluids ideal lubricants for many advanced lubrication systems.
Magnetorheological (MR) fluids and ferrofluids both fall into the category of ferrohydrodynamic fluids. The rheological response of an MR fluid results from the magnetic-particle polarization induced in the presence of a magnetic field; induced dipoles can form chain structures aligned with the exerted magnetic field (Moles, 2015). The rheology of MR fluids can be rapidly and reversibly varied from the state of a Newtonian-like fluid to that of a stiff semisolid by controlling the magnetic field (Simon et al., 2001). Similar to ER fluids, a Bingham-type model can also be used to describe this rheological change (De Vicente et al., 2011; Gołdasz and Sapiński, 2015). Compared with the ER fluids, the MR fluids inherently have higher yield strengths and are capable of generating greater fluid forces (Bompos and Nikolakopoulos, 2011). Like the ER fluids, the MR fluids can also improve the performance of lubrication.
Ferrofluids used as lubricants are usually comprised of ferromagnetic particles. An external magnetic field can significantly change the rheological properties of a ferrofluid without forming a chain structure, i.e., the field controls its rheology while simultaneously maintaining its fluidity (Prajapati, 1995). When a ferrofluid is used, the system load capacity can be enhanced by viscosity increase in the magnetic field; the lubricant can be retained at desired locations to prevent leakage and contamination; fine magnetic particles may help reduce wear of rubbing surfaces (Deysarkar and Clampitt, 1988; Säynätjoki and Holmberg, 1993; Prajapati, 1995; Uhlmann et al., 2002). These advantages make ferrofluid lubricants more promising than traditional oil-based lubricants in many applications.
Figure 1 shows the formations of four lubrication types mentioned above, with the conventional hydrodynamic lubrication presented as a reference. From the left, the first one illustrates a regular lubrication case with a conventional oil. The next is the EDL lubrication, where some ions in the lubricant are attached strongly in the stern layers and others are free in the diffuse layers. The next is the ER lubrication, for which an external electric field is exerted, and electrical particles are aligned to form chains. A similar phenomenon also appears in the MR fluid lubrication under an external magnetic field, in which magnetic particles also form lines along the magnetic field direction. However, the magnetic particles in the ferrofluid lubrication, far right, should retain their fluidity in the carrier fluid.
[image: Figure 1]FIGURE 1 | Formations of different lubrications in various fields. Here, S means the source, which can be an electric field or magnetic field, or no external field.
Electric vehicles (EVs) have gained increasing momentum during recent years as a viable solution to reduce emissions and promote a cleaner environment, showing promising advantages in a trend to replace vehicles using the internal combustion engine (ICE) (Farfan-Cabrera, 2019; Shah et al., 2021a; Sanguesa et al., 2021; Rodríguez et al., 2022). Regarding mechanical performance, lubricants used in EVs may come into direct contact with electric units and circuits, exposing them to electric and magnetic fields. However, these lubrication systems can be vulnerable under certain circumstances and experience failures (He et al., 2020). These failure phenomena in EVs raise a huge demand on explorations of new lubrication strategies for EVs. A robust lubrication technology is crucial for energy efficiency and EV durability (Tung et al., 2020). Safe EVs for future transportation require in-depth research on component lubrication behaviors under an electric field.
This paper reviews the mechanisms and formations of the lubrications mentioned above, revisits the numerical models for these lubrication systems in electric and/or magnetic fields, and discusses related numerical simulations and experimental explorations. EV lubrication systems and their potential failure modes will also be briefly evaluated. A primary purpose of such an extensive cross-field review is to explore the common features of lubrication in different fields, so as to identify an integrated approach for future lubrication research for EVs and other mechanical systems involving electric and magnetic fields. At the end, a generalized mechanical-electro-magnetic-thermal-field (MEMT-field) Reynolds equation is proposed from modification and extension of existing models, and from consideration of the electric and magnetic forces and the field effects.
2 ELECTRIC DOUBLE LAYER (EDL)
Electrostatic charges on a solid surface create an electrical potential. When an ionic liquid is in contact with the solid surface, counter ions in the ionic liquid will be attracted by the electrostatic field and become balancing charges. The rearrangement of electrostatic charges and ions is called the electric double layer (EDL). EDL usually occurs at the interfaces of ceramic tribo-pair and water-based lubricants, which often shows low friction and high load capacity (Xu and Kato, 2000; Phillips and Zabinski, 2004). In the EDL lubrication, hydrodynamic lubrication is believed to occur on very thin water film, and experimental results showed the influences of EDL structures on fluid viscosity and lubrication friction coefficient (Chen et al., 2002; Phillips and Zabinski, 2004). Elton (1948) attributed the apparent increase in viscosity to the resistance to shear of the double layer and termed it the “electroviscous effect.” For lubrication systems with EDL structures, the existence of the EDL resists the flow and makes the load carrying capacities increase (Li, 2005). The EDL structure can form spontaneously and can be reconstructed by changing the ionic concentration in a lubricant or by applying an external electric field on the friction pair (Wang et al., 2006). Both numerical and experimental research have been mainly focused on the effect of the EDL on enhancing the performance of water lubrication systems.
2.1 Lubricants used in EDL
The key to form the EDL structure in lubrication is the existence of ions in the lubricant, and the EDL is less obvious in nonionic fluids or fluids with very few ions (Xie et al., 2015). Ionic liquids (ILs) are room-temperature molten salts that consist of organic cations and inorganic or organic anions (Cai et al., 2020), which make them ideal additives in a fluid to form the EDL in lubrication. Due to their good solubility in water, they are widely used in water-based lubricants. Commonly used cations including 1,3-dialkylimidazolium, N-alkylpyridinium, alkylammonium, alkylphosphonium, and common anions including Cl−, Tf2N−, BF4−, PF6− (Cai et al., 2020). Oil-miscible ILs have been developed by adding proper alkyl chains to both cations and anions, which made it possible for ILs to become additives in oil-based lubricants (Zhou and Qu, 2017). Quaternary ammonium and phosphonium cations, along with halogen-free anions like phosphate, sulfonate, orthoborate, and carboxylate, have been synthesized and tested as additives in base oils (Cowie et al., 2017). Generally, more carbon atoms in the alkyl groups on the cation lead to a higher solubility of ILs in nonpolar oils by diluting the charge density and increasing intermolecular London dispersion forces (Barnhill et al., 2014). Oil-based ILs decompose without producing ash and remain stable at high temperatures. Their ability to create a strong EDL structure similar to pure ILs enables effective lubrication of diverse solid surfaces (Silvester et al., 2021). Phosphonium-based ILs have been explored, and some of them show synergistic interactions with such traditional additives as ZDDP (Qu et al., 2012; Yu et al., 2012; Qu et al., 2015).
2.2 Structure and electric properties of EDL
EDL consists of the Stern layer (compact layer) and the diffuse layer. In the Stern layer, the ions are strongly attracted to the solid surface and are immobile. The diffuse layer is over the Stern layer. Due to the drop of net charge density, the ions in this layer are mobile. A typical EDL structure is illustrated in Figure 2. There are two EDL structures between the upper and lower solid surfaces of a lubricated gap, and in Figure 2, the dashed line connected to the electrical source indicates that an optional external electric field can also be added to enhance the EDL effects (Kailer et al., 2011). The border between the Stern layer and the diffusion layer is defined as the slipping plane. The electrical potential at the slipping plane, called the zeta potential, [image: image], can be measured experimentally (Bai et al., 2006). Film thickness, [image: image], is defined between two slip planes. The stern layer is very thin, compared to film thickness.
[image: Figure 2]FIGURE 2 | Formation of the EDL in lubrication, dash line connected to the electric field means an external electric field is optional.
From the Maxwell equation, the local net charge density per unit volume, [image: image], can be described by the Poisson equation, Eq. 1 (Zhang and Umehara, 1998):
[image: image]
where [image: image] is the absolute dielectric constant, and [image: image] is the electric potential. Multiple methods can be used to simulate [image: image] (Zhang and Umehara, 1998; Zuo et al., 2012a; Chen Q. D. et al., 2020). Here discussed below is the method by Zhang and Umehara (1998). The electric potential, [image: image] between the EDLs of two EDL structures on both side of the gap along the film thickness direction (the z direction) is given by:
[image: image]
where [image: image] is the film thickness, and [image: image] is the Debye double layer thickness. Based on the Helmgoltz-Smoluvhowski theory, the streaming potentials, [image: image] and [image: image] in the x and y directions are:
[image: image]
[image: image]
where [image: image] is the apparent viscosity of the fluid, [image: image] is the pressure, and [image: image] is the specific conductance. Thus, the differential electro-kinetic forces, [image: image] and [image: image], in the x and y directions, can be given by:
[image: image]
[image: image]
2.3 Mathematical model of EDL in lubrication
Prieve and Bike (1987; Bike and Prieve, 1990) first proposed a model for electrohydrodynamic lubrication with a thin EDL film. Later, Zhang and Umehara (1998) developed a hydrodynamic lubrication theory including a modified Reynolds equation with the consideration of the EDL. The latter is briefly summarized here. Combining the electro-kinetic forces with the viscous force and pressure gradient, the force equilibrium equations in the x and y directions are:
[image: image]
[image: image]
The boundary conditions of the lubricant flows are:
[image: image]
Here, the no-slip conditions are used for velocity in Eq. 9, while the velocity boundary condition considering the Navier slip has also been studied (Li and Jin, 2008). Using integration, the flow velocities in the x and y directions are:
[image: image]
[image: image]
Based on velocities from Eqs. 10, 11, the flow rates in the x and y directions are:
[image: image]
[image: image]
By assuming that the fluid is incompressible and the flows are in a steady state, based on the continuity equation, the governing equation for the EDL lubrication model can be obtained as:
[image: image]
where [image: image] is the apparent viscosity defined by:
[image: image]
The second term can be considered as the viscosity increment caused by the EDL.
2.4 Numerical simulations of the EDL effects
With the modified Reynolds equation discussed in the previous section, Zhang and Umehara (1998) calculated the hydrodynamic load and friction coefficient of infinitely wide plane bearings. Wong et al. (2003) studied the EDL effect on water lubrication of metal-ceramic friction pairs under a high pressure. The numerical simulations results showed that the EDL effect was only significant for a water-film thickness of less than approximately 100 nm. As the zeta-potential increases, the minimum film thickness increases (Figure 3A), while the friction coefficient decreases (Figure 3B). Chun and Ladd (2004) pointed out that the substantial difference in the electroviscous forces predicted by constant-charge and constant-potential boundary conditions was caused by the Debye–Hückel approximation. By assuming that the ion concentration obeyed the equilibrium Boltzmann distribution, Bai et al. (2006) calculated the local net charge density of lubricants and further derived the expression of electric field intensity. As a result, a new equation to calculate apparent viscosity was derived. Li (2009), Li and Jin (2008) considered boundary slip and stress-jump boundary conditions; they derived an apparent viscosity equation expressed explicitly as a function of the Debye length, electro-viscosity, and slip length, as well as a stress-jump parameter. The coupled effects of the EDL and slip/stress jump boundary were also studied, Chakraborty and Chakraborty (2011) pointed out that the flow and consequent ion migration caused by the EDL effect can increase the load capacity of a slider bearing.
[image: Figure 3]FIGURE 3 | (A) Influence of the zeta-potential on the minimum film thickness (B) Influence of the zeta-potential on friction coefficient (W is the load). With permission to re-use (Wong et al., 2003).
Under certain conditions, the EDLs on the two solid/ions liquid interfaces can be asymmetrical. Zuo et al. (2012b) derived a numerical model considering asymmetrical EDLs and came to a conclusion that the larger the sum of the two zeta potentials is, the larger the pressure increment. Later, their numerical model was modified for the cases where the lubrication film was very thin and the two EDLs were overlapped (Zuo et al., 2012a). Based on the asymmetrical EDL numerical model, Chen et al. (2013) calculated the film thickness and the pressure distribution of the elastohydrodynamically formed water film in a line contact used a viscosity-pressure relationship.
Recently, several new numerical models have been developed via more realistic assumptions. Jing et al. (2017) proposed a model based on the nonlinear Poisson-Boltzmann equation without using the Debye–Hückel approximation, and the new model also considered the variation in the bulk electrical conductivity of the lubricant under the influence of the EDL. Chen Q. D. et al. (2020) developed an asymmetrical EDL lubrication model using the Poisson equation to determine the electric field and the Nernst equation to express the ionic concentration. Fang et al. (2020) combined EDL effect with the average flow Reynolds equation, conducted lubrication simulation in roughness surface, showed the EDL effect and asperity contact work together to balance the out applied load. Later, Fang and Ma (2023) proposed a model, based on surface-force effects, to analyze the boundary lubricated contact behavior of smooth and rough surfaces, and the results showed that a relatively low normal load could be supported by the EDL and the van der Waals effect, whereas a high normal load was supported by the hydration effect.
2.5 Experiments on EDL in lubrication
Experiments work on EDL focuses on the structure, controllability, and lubrication performances. Different EDL structures in SiC and Si3N4 tributaries caused different lubrication results (Chen et al., 2002). The overlap of EDLs between two like-charged surfaces would develop a repulsive pressure (Gong et al., 1999), Oogaki et al. (2009) did experiments and extended this repulsive pressure theory to the contact between two soft but repulsive surfaces with a finite roughness. Arora and Cann (2010) measured film thickness and friction behaviors of four imidazolium ionic liquids, and the EDL was found to be the reason for the similar friction coefficients in the boundary lubrication regime. An external field can change the structure and properties of an EDL. Luo et al. (2004) experimentally investigated the formation of an ordered layer by applying an external electric field. Wang et al. (2006) conducted experiments to study the changes of viscosity and friction coefficient due to different strengths of an external electric field. Gajewski and Glogowski (2010) tested the performance of a ZDDP-oil blend under an external DC electric field and made several predictions on the EDL structures at the earthed metal shaft.
Liu et al. (2019) explained the nature of the EDLs in solvents with weak or without polarity based on the experiment results of CuS nanoparticle additives. Dong et al. (2020) showed that a self-assembled EDL with the proton-type ionic-liquid additives could result in a continuous boundary protective film to reduce shear damping in the horizontal direction. The EDL effect has also been studied from the angle of tribochemistry, revealing that an applied electric potential could promote redox reactions and change the EDL structure (Spikes, 2020). Kailer et al. (2011) investigated the tribological behavior of sintered SiC under electric potentials and found that the cathodic polarization of the ceramic surfaces modified the EDL structures and affected the chemical-chemical reactions of SiC with water; an EDL could cause enhanced near-surface viscosity that stabilized hydrodynamic lubrication conditions.
In conclusion of issues of EDL in lubrication, EDL phenomenon usually appears in the lubricant systems with ionic-liquid additives. The balance of electrostatic charges on a solid surface and counter ions in the fluid forms the EDL structures along the lubrication borders. Within the EDL regime, the surface area exhibits a notably higher concentration of the ionic liquid, compared with that in the bulk solution. This concentration variation plays a pivotal role in improving the load-carrying capacity and lowering friction coefficient (Zhou et al., 2009). The electric forces induced by EDLs are portions of the overall force field, and a modified Reynolds equation has been re-visited. Both numerical simulations and experiments have been conducted to evaluate the effects of EDL structures on lubrication performance.
3 ELECTRORHEOLOGICAL (ER) FLUIDS
Electrorheological (ER) fluids are composed of suspensions of electrically polarizable particles in a non-conducting carrier liquid (Stejskal, 2015). Winslow (1949) first discovered the ER effect where the apparent viscosity of an ER fluid changed in response to an applied electric field and predicted its application in various fields. Due to the dielectric constant contrast between the particles and the liquid, each particle would be polarized under an electrostatic field with an effective dipole moment (Wen et al., 2008). The induced dipole-dipole interaction can cause particles to form fibrous structures along the applied field direction. It requires a significant work to break these fibers and to make the suspended particles flow (Rankin et al., 1998). As a result, the apparent viscosity is enhanced. The controllability of the rheological property of an ER fluid makes it an ideally “smart” lubricant to program the performance of bearings and other tribological systems.
3.1 Components of ER fluids
Three major components of a typical ER fluid are a carrier liquid, additives, and ER particles. ER fluids contains two phases, i.e., a dispersed phase (solid particles) and a continuous phase (nonaqueous/nonpolar liquids) (Zhao and Yang, 2013). In terms of the miscibility of dispersed phases, ER fluids can divide into two categories, which are the heterogeneous ER fluids with solid particulates and homogeneous ER fluids with liquid particulates (Hao, 2011). The solid particles are usually referred to inorganic metal oxide particles, ferroelectric particles, or some other inorganic or organic polarizable particles (Jolly and Carlson, 2000). Homogeneous ER fluids usually contain low-molecular weight liquid crystals or polymeric liquid crystals, they have the advantage that they display no sedimentation or flocculation (Richtering, 2001). The containing liquids of ER fluids are usually be mineral or silicone oils, or other organic oils with additives, and the additives can be any polar material that can enhance the ER effect and/or the stability of the particle suspension (Hao, 2001).
3.2 Mechanisms of ER fluids
3.2.1 Forces in ER fluids
The Stokesian dynamics method (Bossis and Brady, 1984; Brady and Bossis, 1988; Bonnecaze and Brady, 1992; Baxter-Drayton and Brady, 1996) can be used to model an ER fluid in lubrication. Possible forces in an working ER fluid include hydrodynamic forces, electrostatic forces, Brownian forces, short-range repulsive forces, van der Waals forces, and other colloidal forces (Parthasarathy and Klingenberg, 1996). However, the two major forces of them are the hydrodynamic forces, in vector [image: image], and the interparticle electrostatic forces, in vector [image: image]. When neglecting the inertial effect on the low Reynolds-number flows, the motion of the particles can be described as:
[image: image]
The hydrodynamic forces, [image: image], on spheres in a suspension, can be calculated as (Brenner, 1966; Bonnecaze and Brady, 1992):
[image: image]
where [image: image] is the particle translational/rotational velocity vector; [image: image] is the imposed flow velocity tensor at infinity evaluated at the particle center; [image: image] is the symmetric (and traceless, by virtue of continuity) portion of the velocity gradient tensor; [image: image] and [image: image] are the hydrodynamic resistance matrices that relate the hydrodynamic force/torque on the particles to their motion relative to the fluid and to the imposed shear flow, respectively.
3.2.2 Electrostatic forces
Multiple methods, based on simplified physical models, have been used to calculate the electrostatic forces (Parthasarathy and Klingenberg, 1996). The simplest physical model is the idealized electrostatic polarization model that contains dielectric spheres, characterized with diameter [image: image], [image: image] is the particle radius), dielectric constant [image: image], and a Newtonian continuous phase of a fluid with dielectric constant [image: image] and viscosity [image: image]. Both the liquid and particle phases are assumed to be uncharged and have zero conductivity when there is no external electric field. In this model, the force, [image: image], on a given particle can be calculated by the following integration over the sphere surface area, [image: image], at a determined electrical potential, as:
[image: image]
where [image: image] is the Maxwell stress tensor, [image: image] is the local electric field, [image: image] is the absolute dielectric constant and [image: image] is the unit tensor. When considering a uniform electric field, [image: image], the exact [image: image] between two isolated spheres is:
[image: image]
where [image: image] is [image: image], [image: image] and [image: image] are the unit vectors in the [image: image] and [image: image] directions, respectively, and [image: image], [image: image], [image: image] are the dimensionless functions describing the influences of higher order multipole moments. Bonnecaze and Brady (1992) employed electrostatic energy [image: image] to calculate the electrostatic forces (Eq. 20):
[image: image]
where [image: image] is the particle’s position. Thus, for a system with [image: image] particles, the ensemble average [image: image] for a statistically homogeneous suspension is given by:
[image: image]
When considering the conductivities of both the particles and the bulk fluid, the Maxwell-Wagnel model can be used if the permittivity and conductivity of the individual phases are assumed to be constants (Parthasarathy and Klingenberg, 1996). In addition, Foulc et al. (1994) investigated the effect of nonlinear electrical conduction in ER fluids.
3.2.3 Rheology of ER fluids
The bulk stress [image: image] of a statistically homogeneous suspension containing [image: image] particles in volume [image: image] is (Batchelor, 1970; Batchelor, 1977; Brady and Bossis, 1988; Bonnecaze and Brady, 1992):
[image: image]
where [image: image] is an isotropic term, and the second term is the contribution of the fluid to the stress. The presence of the particles makes the contributions shown in the last term. The hydrodynamic and particle stresslets, [image: image] and [image: image] are the symmetric and traceless first moments of the force distributions on a particle due to the shear flow and the interparticle forces, respectively (Eqs. 23, 24):
[image: image]
[image: image]
where [image: image] and [image: image] are the configuration-dependent resistance matrices that relate the particle stresslets to particle velocities and the rate of strain. For a monolayer system, the bulk shear in the [image: image] plane is ([image: image]), the total relative viscosity, [image: image], is the proportionality between the [image: image] components of the bulk stress [image: image] and shear rate [image: image] represented by:
[image: image]
which can be calculated as:
[image: image]
where
[image: image]
[image: image]
[image: image]
In Eqs. 25–29, [image: image] is the areal fraction of the monolayer, [image: image] is the monolayer equivalence of the Einstein viscosity, [image: image] is the shear rate, [image: image] is the hydrodynamic viscosity, [image: image] is the particle viscosity, and [image: image] is the [image: image] viscosity. The combination of [image: image] and [image: image] can be referred to as the ER viscosity, [image: image]. [image: image] is the Mason number, which represents the relative importance of the viscous shear forces to the electrostatic forces. The magnitude of the electrostatic polarization force and hydrodynamic force can be written as (Marshall et al., 1989):
[image: image]
[image: image]
where [image: image] is the magnitude of the electric field strength, [image: image]. The expression of [image: image] is:
[image: image]
A numerical simulation result is shown in Figure 4, where the total viscosities have been converted into the shear stresses by multiplying them with their corresponding [image: image]. The shear-stress shear-rate plot has the asymptotic feature of the Bingham plastic model for shear stress. The shear stress approaches a constant value, or the Bingham yield stress, at small [image: image] values or low shear rates. When [image: image] is large ([image: image] ), the viscosity increases linearly as a Newtonian fluid.
[image: Figure 4]FIGURE 4 | Shear stress for the monolayer simulation. Ma is the Mason number. The solid line is for the results from the Bingham shear-stress model, assuming a constant plastic viscosity. NF indicates that near-field electrostatic interactions were included. With permission to re-use (Bonnecaze and Brady, 1992).
By comparing the experimental data over the range of [image: image], where [image: image] is volumetric fraction, Parthasarathy and Klingenberg (1996) found that the ER-fluid viscosity [image: image], normalized by fluid viscosity [image: image], could be described fairly well in the form expressed below:
[image: image]
where [image: image] is a material constant, equivalent to a dimensionless dynamic yield stress; for their system, [image: image]. Rewriting Eq. 33 as [image: image], then multiplying it by the shear rate [image: image], result in a form similar to the widely used Bingham model, which can be utilized here to simplify the rheology modeling for ER fluids:
[image: image]
The Bingham model, Eq. 34, requires two main parameters, yield stress [image: image], beyond which a solidified ER fluid breaks and starts to behave like a fluid (Sheng and Wen, 2012), and original fluid viscosity [image: image] without the applied electric potential, where [image: image] is the applied electric field strength. When shear stress [image: image] is smaller than the yield stress, [image: image], the fluid remains at rest. When the shear stress is larger than the yield stress, the fluid starts to flow, and the shear stress has a linear relationship with the shear rate. It is important to determine the yield stress of an ER fluid. Winslow (1949) first summarized the square relationship between the yield stress and the intensity of the applied electric field. Later, [image: image] is often represented as:
[image: image]
where [image: image] and [image: image] are empirical parameters, and [image: image] is usually chosen as 2.0.
Besides the typical Bingham model, a quasi-Bingham model (Jang and Tichy, 1997) has also been widely used:
[image: image]
where [image: image] is a constant. When [image: image], Eq. 36 is converted to the typical Bingham model; when, [image: image] it becomes the Newtonian fluid rheology model. The apparent viscosity of ER fluids can be written as:
[image: image]
3.3 Mathematical model of ER fluids lubrication
A modified Reynolds equation for ER fluids lubrication has been developed by Tichy and his colleagues (Tichy, 1991; Dorier and Tichy, 1992; Tichy, 1993; Jang and Tichy, 1997) based on the Bingham model, which is briefly repeated here. Consider an ER lubrication geometry system shown in Figure 5. The momentum equations in the [image: image] and [image: image] directions are:
[image: image]
[image: image]
where [image: image] is calculated from constitutive equation Eq. 37, and represented by:
[image: image]
[image: image]
[image: Figure 5]FIGURE 5 | Formation of ER fluid lubrication.
By combining the momentum and constitutive equations and using the boundary conditions, a nonlinear equation to calculate [image: image] can be obtained as:
[image: image]
with
[image: image]
[image: image]
subjected to the boundary conditions of the lubrication system (Eq. 45):
[image: image]
Now, the velocities can be solved as:
[image: image]
[image: image]
with
[image: image]
The continuity equation of the fluid element is:
[image: image]
The mass flow rates in the [image: image] and [image: image] directions can be obtained by integration:
[image: image]
[image: image]
Substitute Eqs. 50, 51 into the continuity equation, Eq. 49, the modified Reynolds equation for an ER fluid can be written as follows:
[image: image]
where
[image: image]
[image: image]
3.4 Numerical simulations of ER-fluid lubrication
In 1991, Tichy (1991) used the Bingham model calculated the lubrication behavior of journal bearings lubricated with an ER fluid. The pressure distribution against yield stress [image: image] is showed in Figure 6. Later, Dimarogonas and Kollias (1992) investigated the controllability of the stability properties of ER-fluid-lubricated bearings, and the numerical results showed that an applied electric could considerably change the lubrication behaviors of the bearings. Dorier and Tichy (1992) calculated several lubrication flows and revealed non-monotonic trends in the load and flow rate behaviors as functions of stress parameter. Jang and Tichy (1997) proposed a dimensionless modified Reynolds equation for ER-fluid lubrication and obtained spring and damping coefficients for the journal bearing.
[image: Figure 6]FIGURE 6 | Squeeze film damper, dimensionless pressure distribution, low eccentricity ratio [image: image]. With permission to re-use. (Tichy, 1991).
Zhun and Ke-Qin, (2002) emphasized that the primary factors affecting the performance of ER-fluid-lubricated journal bearings under low shear-rate conditions were the apparent viscosity and the movement of the yield surface within the bearing clearance. The yield surface distinguishes the yield and non-yield region of an ER fluid in lubrication. Peng and Zhu (2005), Peng and Zhu (2006) used a modified Bingham model to describe the ER fluid for journal bearings and solved the fluid equation using CFD techniques. The results showed that the ER effects increase the film pressure and load-carrying capacity (Figure 7). Basavaraja et al. (2010) pointed out that using ER fluids as lubricants could partially compensate the reduction in the film thickness caused by journal misalignments. Lee (2015) made a time-transient nonlinear analysis of a rigid rotor supported by an ER lubricated plain journal bearing, and the results show that an increased electric field strength could lead to a greater loading capacity for the bearing operated at certain clearance ratios.
[image: Figure 7]FIGURE 7 | (A) Film pressure [image: image] as a function of circumferential position angle [image: image] for different applied electric voltages [image: image], [image: image] is eccentricity ratio; (B) Load capacity [image: image] vs. [image: image] at different [image: image]. With permission to re-use (Peng and Zhu, 2005).
Christidi-Loumpasefski et al. (2018) studied the stiffness and damping dynamic coefficients of the journal bearing with ER lubrication and obtained these coefficients as functions of the applied electric field. Mutra and Srinivas (2019) focused on the unbalance response of a rotor system lubricated with an ER fluid. Both gyroscopic effects and nonlinear bearing forces were considered, and the effect of externally applied electric field on the dynamic response was studied.
Recently, numerical modeling of ER lubrication has been further extended to more bearing systems. A group of researchers (Kumar and Sharma, 2019; Agrawal and Sharma, 2021; Singh et al., 2022) calculated the ER-fluid lubrication behavior of textured conical hybrid journal bearings, textured multi-lobe hole-entry hybrid journal bearings, and spherically recessed hydrostatic thrust bearing. Kumar et al. (2021a, 2022) simulated the impact of ER fluids on symmetric journal bearings and hybrid journal bearings.
3.5 Experimental research on ER-fluid lubrication
Many experimental works have been conducted to study the performances of tribopairs lubricated with ER fluids. Nikolakopoulos and Papadopoulos (1998) conducted an experiment to test a high-speed journal bearing with a small radial clearance lubricated with an ER fluid, and the results gave good agreement with the corresponding numerical solutions. Their work also demonstrated that items like eccentricity, attitude angle, and stiffness coefficients were all functions of the applied electric field. Lingard et al. (1989) studied the wear in ER fluid lubrication on a laboratory wear tester and indicated that ER fluids could lead to more severe wear compared to those lubricated with conventional commercial oils in the pin-on-disc and disc-on-disc test configurations. They summarized that the wear of an ER-fluid-lubricated surface could be characterized as adhesive interaction of asperity, extensive delamination, and the generation of large numbers of spherical particles. Park et al. (1996) conducted pin-on-disc experiments, and their results showed that both wear rate and friction coefficients increased with particle concentration. Barber et al. (2005) demonstrated, using a pin-on-disc tester worked in a hydrostatic lubrication, that friction and wear of sliding components could be controlled by an applied electric voltage. Moreover, the analysis of microscopic surface topographic changes due to wear of the pin specimen indicated that ER fluid could stabilized wear and friction at a higher wear rate as compared to the case lubricated only with the carrier liquid (Choi et al., 2010).
To conclude the work related to ER-fluid lubrication, the working mechanisms of ER fluids are based on the polarization of electrical particles due to the difference in dielectric constants of electrical particles and carrier fluid. This polarization behavior leads to the formation of chain structures of particles along the applied electric field. As a result, the rheology of an ER fluid is changed, viscosity increased, and load capacity improved. Besides, the behaviors of ER fluids can be controlled by an external electric field, which makes them suitable for many lubrication scenarios. In simulations, the rheology of ER fluids is often described by a Bingham model. A modified Reynolds equation has been derived by using the rheological model. ER fluids have been widely researched with both numerical and experimental approaches. In numerical modeling, the performances of ER fluids used in multiple types of bearings have been simulated along with the properties of these lubrication systems. The focus of experimental work has been on the wear performance and the controllability of ER fluid lubrication.
4 MAGNETORHEOLOGICAL (MR) FLUIDS
An MR fluid is composed of ferromagnetic or paramagnetic particles dispersed within a carrier fluid (Margida et al., 1996). The size of the solid particles is in the order of micrometers. Without an external magnetic field, the magnetic particles are arbitrarily distributed, and MR fluid behaves like a Newtonian fluid. Under an external magnetic field, the viscosity and yield stress of the MR fluid change due to queuing of magnetic particles, and the MR fluid behave like a non-Newtonian fluids (Gołdasz and Sapiński, 2015). The functionality of MR fluids is due to the magnetic permeability mismatch between the solid particles and the liquid (De Vicente et al., 2011). By adjusting the external magnetic field, the rheological features of MR fluids are controlled. The interesting nature of MR fluids has attracted a great deal of research on the employments and applications of these fluids (Ahamed et al., 2018). Among them, using MR fluids as lubricants in journal bearing and other lubrication systems has been a major focus (Elsaady et al., 2020).
4.1 Components of MR fluids
MR fluids are basically non colloidal solid-in-liquid suspensions of micro-sized magnetizable particles, an insert base fluid, and other additives (Baranwal and Deshmukh, 2012). Typically, carrier liquids can be petroleum base oil, silicone, polyesters, polyethers, water, synthetic hydrocarbon oils, and others (Carlson and Jolly, 2000). Metals or ceramics, such as the iron–cobalt alloy, carbonyl iron, nickel–zinc ferrites, and ferrite-polymers, can be used as magnetic particles (Ashtiani et al., 2015). Additives are often used as auxiliary materials to improve the MR effect through increasing re-dispersibility and reducing sedimentation ratio and oxidation, frequently used additives include oleic acid, silica nanoparticles, and stearic acid (Pei and Peng, 2022).
4.2 Mechanisms for MR fluids and mathematical modeling
Like ER fluids, the working mechanisms of MR fluids can be explained by a particle magnetization model. Under an external magnetic field, polarization can be induced in the suspended particles to form dipole moments (Jolly et al., 1999). As the dipole-dipole interaction increases, the particles align to form chains along the flux lines of the magnetic field (Felt et al., 1996).
The ratio between Stokesian hydrodynamic and dipolar magnetostatic forces acting on the particles can also be represented by a Mason number (Ramos et al., 2011). The definition of Mason number [image: image] in the MR fluids can be different, two of them, which has been widely used, are (Volkova et al., 2000; Klingenberg et al., 2007):
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where [image: image] is the permeability of vacuum, [image: image] is the relative permeability of the continuous phase, [image: image] is a contrast factor, [image: image] is the relative permeability of the particles, and [image: image] is the magnetic-field strength.
The basic formation of MR fluid lubrication is shown in Figure 8. Experimental and numerical results also support the use of a non-Newtonian model for MR fluids (Pei and Peng, 2022). Several models have been used to calculate viscosity of MR fluids (Kumar et al., 2021b), and the most popular models for MR fluid lubrication systems are the Bingham model and the Herschel–Bulkley model. In the Bingham model, shear stress [image: image] can be approximated as:
[image: image]
which is the same as Eq. 34, where [image: image] is the yield stress, [image: image] is the shear rate, and [image: image] is the viscosity of the fluid without magnetic field. [image: image] is a function of external magnetic field, which can be obtained from experimental data (Bompos and Nikolakopoulos, 2011). Then the apparent viscosity, [image: image], can be represented as:
[image: image]
[image: Figure 8]FIGURE 8 | Formation of MR fluid lubrication.
In the Herschel-Bulkley model, [image: image] is represented as:
[image: image]
where [image: image] and [image: image] are model constants. If [image: image], Eq. 59 becomes Eq. 57, and [image: image] becomes the fluid viscosity without the applied magnetic field; if [image: image], the MR fluid is shear thickening; and if [image: image], the MR fluid is shear thinning (Wang et al., 2015). The apparent viscosity is then given as:
[image: image]
Based on Tichy’s theory (Tichy, 1991; Dorier and Tichy, 1992; Tichy, 1993; Jang and Tichy, 1997), a modified Reynolds equation can be obtained, which is similar to that discussed in the previous section for the ER fluids.
4.3 Numerical simulations of MR-fluid lubrication
In 2008, Gertzos et al. (2008) used the commercial CFD software, Fluent, to simulate the hydrodynamic journal-bearing lubricated by MR fluids. The rheological property of the MR fluid was described by an extended Herschel–Bulkley model. The Navier-Stokes equation was solved, instead of the Reynolds equation, due to the high density of the MR particles in the fluid. The results showed that the values of load carrying capacity, the film pressure, and the frictional force of the MR fluid were larger than those produced by a Newtonian fluid, and that they increase with the yield stress. Bompos and Nikolakopoulos (2011) built an integrated MR fluid journal-bearing simulation model with ANSYS based on the CFD and finite element method. Amperes law was used to calculate the magnetic field generated by different current densities. The presence of a magnetic field can increase attitude angle, means an enhancement of the load-carrying capacity, or reduction of the Sommerfeld number, which is reciprocal of load capacity, whereas friction coefficient can also be increased by the magnetic field. It should be mentioned that MR fluid lubrication makes friction more dependent on the bearing structure in terms of width over diameter, L/D, and shifts the attitude angle-Sommerfeld number curves towards the high load or low Sommerfeld number side. Based on previous studies, Bompos and Nikolakopoulos (2015) conducted numerical simulations to examine the effect of artificial textures on the performances of the journal bearings lubricated by MR fluid.
The external magnetic field may alter the yield stress of an MR fluid. Lampaert and Van Ostayen (2019b) presented a mathematical model to predict the load and stiffness of a planar hydrostatic bearing lubricated with a Bingham plastic fluid. The model showed that the yield stress of an MR fluid was about proportional to intensity of the magnetic field. In order to improve the efficiency of numerical simulation, they (2020) also proposed an “exact” thin-film lubrication simulation model for the Bingham plastic fluid. This new model was less computationally demanding since it had a lower number of degrees of freedom needed and required no numerical regularization for the Bingham plastic fluid model. Lampaert et al. (2020) assessed the lubrication of a hybrid journal bearing via this new model and the finite element method, which demonstrated that both yield stress and viscosity increase as functions of the applied magnetic field.
A group of researchers also extended the use of MR-fluid lubrication to more types of journal bearings. Sharma and Tomar (2021) considered the lubricant flow via an orifice restrictor in the bearing clearance space and solved a modified Reynolds equation along with a restrictor flow equation to determine the performance of an MR-fluid lubricated hybrid hole-entry spherical journal bearing with micro-grooves. The MR fluid lubrication improved the minimum fluid-film thickness, and the micro-grooves on the surface of the hybrid spherical journal bearing significantly enhanced the stiffness coefficients. Sahu and Sharma (2019) used a simulation model and examined the thermal effects on the performance of an MR-fluid lubricated slot-entry journal bearing. When the temperature of the MR fluid rose, the viscous structure of the MR fluid became weaker, and the fluid resistance against movement decreased. Sahu et al. (2022) studied the behavior of an MR-fluid lubricated journal bearing with surface irregularities under misalignment conditions, and they reported that the mutual effects of surface irregularities and MR particles enhanced the minimum fluid film thickness and increased the damping capabilities of the bearing system.
4.4 Experimental research on MR-fluid lubrication
Numerous experiments have been conducted on testing the performances of MR-fluid lubrication systems in recent years. Wang et al. (2017) set up a test stand and measured rotordynamic coefficients of an MR-fluid-lubricated floating-ring bearing, the bearing separates the MR fluid into two lubricant films, inner film and outer film. Their results showed that stiffness and damping of the outer film increased as the external magnetic field was enhanced, which indicated that the bearing could achieve a semi-active control by changing the external magnetic field. Vaz et al. (2017) conducted experiments to investigate variations of the frictional force developed in the journal bearing lubricated with an MR fluid, revealing that friction became higher as the magnetic field strength got stronger. Lampaert and Van Ostayen (2019a) built an experimental apparatus to measure the load capacity of a hydrostatic bearing lubricated with an MR fluid. The results were compared to those from a numerical model and an analytical model, all three yielded similar characteristics in the same order of magnitude. Compared with experimental results, the inaccuracy of the analytical model was attributed to its coarse assumptions, and that in the numerical model to the material model. Quinci et al. (2021) used a dedicated test rig to assess the behavior of the bearing lubricated with an MR fluid. Compared to oil lubrication, the bearing lubricated with the MR fluid had thicker fluid films at low speeds and beneficial pressure distribution. Figure 9 shows the coefficient of friction from both experiments data and FEM simulations. The results indicate that the use of MR fluid may lead to increased friction losses.
[image: Figure 9]FIGURE 9 | Coefficient of friction at different speeds and applied loads for (A) reference (SAE 30 mineral oil lubricated) and (B) Tested (MR-fluid lubricated) bearings (Both FEM and experimental results are plotted). With permission to re-use (Quinci et al., 2021).
In summary, the MR-fluid lubrication utilizes chains of particles formed, due to the magnetic permeability mismatch between the solid particles and the carrier fluid, under an external magnetic field. The polarization of magnetic particles changes the rheology of MR fluids and causes viscosity to increase. This change can be controlled by the intensity of the magnetic field and improve the load capacity of the lubrication system. Non-Newtonian viscosity models can be used to simplify the rheology model. Modified Reynolds equation, similar to that for the ER fluids, can be derived and used to analyze MR lubrication problems. Numerical simulations have been conducted to examine the ability of MR fluids to lubricate different bearings. Experiment results show that MR fluids can enhance lubrication performances of different bearings.
5 FERROFLUIDS
A ferrofluid is a kind of magnetic fluids of synthesized colloidal mixtures of a non-magnetic carrier liquid and permanently magnetized solid particles (Rinaldi et al., 2005). Compared to the MR fluids, solid particles in the ferrofluids are on the order of nanometers, about 3–15 nm, which are relatively smaller, while the size of those in a usual MR fluid is well above 1 μm (1–20 μm) (Vékás, 2008). By applying an external magnetic field, the rheological properties of ferrofluids are changed, and ferrofluids can be confined, positioned, shaped, and controlled at desired places (Huang et al., 2011). Using ferrofluid as the lubricant under an appropriate magnetic field can gain the merits of increasing load capacity and film thickness.
5.1 Components of ferrofluids
Ferrofluids can be treated as colloidal suspension of single-domain magnetic particles and a base liquid. These magnetic nanoparticles could be Fe, Co, iron oxide (γ-Fe2O3, Fe3O4) or MnZn ferrites (Genc and Derin, 2014). In order to prevent agglomeration due to van der Walls interactions, the particles are usually coated (Odenbach, 2013). The coating could be surfactant molecules or an electric shell. For particles coated with surfactant agents, steric repulsion between particles acts as a physical barrier. For particles coated with electric shells, electrostatic repulsion exists between particles, the pH of the carrier liquid depends on the sign of the surface charge of the particles. Both steric and electrostatic repulsion prevent particle agglomeration (Scherer and Neto, 2005). The carrier liquid could be either polar or non-polar, such as water, ethylene glycol, transformer oil, and engine oil, etc. (Kole and Khandekar, 2021).
5.2 Mechanisms of ferrofluids
The small-size magnetic particles in ferrofluids can prevent fluids from forming sediment in the gravitational field or in moderate magnetic field gradients (Odenbach, 2004). As mentioned before, these particles are also covered with a surfactant layer to prevent agglomeration due to van der Waals interactions, and hence, ferrofluids can maintain fluidity in high magnetic field gradients, and the particles can be treated as small permanent magnets in the carrier liquid (Odenbach, 2004). There is no chains structure in ferrofluids. An energy factor, [image: image], can be defined, based on the Brownian thermal energy and magnetic polarization energy of individual particles, to show the difference between an MR fluids and a ferrofluid (Eq. 61) (Olabi and Grunwald, 2007):
[image: image]
where [image: image] is the permeability of vacuum, [image: image] is polarization, [image: image] is particle volume, [image: image] is Bolzmann’s constant, and [image: image] is temperature. When [image: image] is larger than 1, the magnetization energy is larger than thermal energy, and the fluid should have MR functionality. Otherwise, the thermal energy is larger, and the magnetic field would guide the particles according to the flux density, the fluid should have the ferrofluid functionality (Olabi and Grunwald, 2007).
Since the magnetic particles in a ferrofluid are not interacting with each other, the magnetic moment is fixed within the particles. When a ferrofluid is subjected to an external magnetic field, as the magnetic moments of particles tending to align with the magnetic field direction, the rotation caused by viscous dissipation would lead to a misalignment of particles magnetic moments and the magnetic field. This misalignment gives rise to a magnetic torque that counteracts the mechanical torque due to the shear flow. Thus, the free rotation of the particles is hindered and, macroscopically, an increase in viscosity can be observed (Odenbach, 2004). This mechanism of rheological variations makes the flow of a ferrofluid controlled by the gradient and direction of the magnetic field.
5.3 Mathematical model of ferrofluids lubrication
Several flow models have been proposed to describe the behaviors of ferrofluids (Neuringer and Rosensweig, 1964; Jenkins, 1969; Shliomis, 1971). Among them, the Neuringer–Rosensweig model represents a pioneering effort of ferrofluid–lubrication research and has been widely used. Here, the procedure (Osman et al., 2001) to derive the Neuringer–Rosensweig model is briefly re-visited.
The core concept of the Neuringer-Rosensweig model is the consideration of the magnetic body force. Ferrofluids are non-conductive, and the induced magnetic force [image: image] is:
[image: image]
where [image: image] is the permeability of a free space or air, [image: image] is the magnetization of the ferrofluid, and [image: image] is the magnetic field intensity.
Consider a typical ferrofluids lubrication system shown in Figure 10. By treating the magnetic force as an external body force, the momentum equation can be written as:
[image: image]
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where [image: image] and [image: image] are the velocities in the [image: image] and [image: image] directions, [image: image] is the pressure, and [image: image] is the viscosity of ferrofluids. Assume [image: image] is independent of temperature, and [image: image] does not change along the film thickness direction. A new pressure expressed [image: image] can be introduced as:
[image: image]
[image: Figure 10]FIGURE 10 | Formation of ferrofluid lubrication.
The momentum equation can be written as:
[image: image]
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By considering the boundary conditions (Eq. 68):
[image: image]
The velocity profiles can be obtained as:
[image: image]
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Combing velocity profiles, Eqs. 69, 70, with the continuity equation, a modified Reynolds equation can be written as follows for the ferrofluids (Eq. 71):
[image: image]
5.4 Numerical simulations of ferrofluids lubrication
Major numerical models used to calculate ferrofluid lubrication systems are Neuringer-Rosensweig model, Shliomis model, and Jenkins model (Huang and Wang, 2016). Numerous numerical simulations have been conducted using Neuringer-Rosensweig model. Tipei (1982) considered magnetization [image: image] as a function of magnetic field intensity [image: image] and film thickness direction [image: image], and derived a more general pressure differential equation. Equation 65 is a particular case when [image: image] and [image: image]. When applying the model to investigate the lubrication performance of short bearings, the results showed that in the modeled ferrofluid lubrication, the active area of the load-supporting film was increased, and bearing stiffness and stability were improved. Shat and others (Bhat and Deheri, 1991; Bhat and Deheri, 1993; Shah and Bhat, 2000; Shah, 2003) researched the squeeze-film performances for two approaching surfaces with various physical configurations, including step plates, annular plates, and curved circular plates. Numerical results indicated that the pressure and load capacity both increased with the increasing magnetization parameter. Osman et al. (2001), Osman et al. (2003), Osman (2004) tested different magnetic field models for ferrofluid-lubricated bearings and took the elastic deformation and non-Newtonian fluids characteristic into consideration. Their results showed that a shear thickening non-Newtonian ferrofluid could increase the load-carrying capacity and decrease the friction coefficient at high eccentricity ratios of the journal bearings. Hsu et al. (2013), Hsu et al. (2014) examined the combined effects of stochastic surface roughness and a magnetic field on short and long journal bearings lubricated with ferrofluids. For the short bearings, introducing longitudinal roughness can increase load capacity, but for the long bearings, the lubrication performance can be improved by transverse roughness. These observations are similar to what shown in conventional elastohydrodynamic lubrication of rough surfaces (Zhu and Wang, 2013; Wang and Zhu, 2019).
The Shliomis model (Shliomis, 1971) considered the effects of rotation of magnetic particles, magnetic moments, and particle volume concentration into the ferrofluid flow model. Walker and Buckmaster (1979) made several assumptions to simplify the Shliomis model and found that the Brownian motion of the particles, together with rotation of the magnetic particles, produces the rotational viscosity, which could support stronger loads. Shukla and Kumar (1987) used the Shliomis model and calculated the ferrofluid lubrication performances of squeeze-film bearings and slider bearings in the presence of a transverse magnetic field. They revealed that as the strength of applied magnetic field increased, the load capacity of bearings increased, but the coefficient of friction decreased. The cavitation effects were also investigated using the Shliomis model, and results showed that the application of the magnetic field to the ferrofluid would not affect the point of cavitation (Chandra et al., 1992; Sinha et al., 1993). By neglecting the magnetic moment relaxation time and assuming a saturated ferrofluid, Shah and Bhat (2005a) derived a modified Shliomis model to include the rotation of magnetic particles in a squeeze film, the load capacity and response time were found to increase with increasing values of the ferrite-particle concentration and the strength of the applied magnetic field. By applying the averaged momentum principle, a governing equation based on the Shliomis model could be derived to include the influences of convective fluid inertia forces. The results showed that the effect of the fluid inertia forces enhanced the load capacity (Lin, 2012; Lin, 2013; Lin et al., 2013).
The Jenkins model (Jenkins, 1969; Jenkins, 1971) used the isothermal static equilibrium theory for ferrofluids, obtained integrals of the linear momentum equations, and identified the magnetic energy density function for ferrofluids to determine the governing equations of the system. Compared with the Neuringer–Rosensweig model, in the Jenkins model, the body-force density due to the self-field is separated from the external body forces, such as that caused by an external magnetic field (Huang and Wang, 2016). Shah and Bhat (2003a, 2003b, 2004, 2005b) studied the performance of different ferrofluid lubrication systems numerically using Jenkins model. For a ferrofluid lubricated parallel-plate squeeze-film bearing, the load-carrying capacity was found to increase with increasing values of the rotation parameters (Shah and Bhat, 2003b). The slip velocity effect was theoretically analyzed in two different slider bearings, and the results stated that an increased slip parameter could help reduce load capacity and friction (Shah and Bhat, 2003a; Shah and Bhat, 2005b). As the strength of the magnetic field increases, the load capacity increases and the coefficient of friction decreases in a slider bearing with its stator having a circular convex-pad surface (Shah and Bhat, 2004). Based on the Jenkins model, Patel and Deheri (2011) studied the effect of surface roughness on a slider bearing with a slip velocity. It was found that the negatively skewed roughness could help increase the load capacity. Laghrabli et al. (2017) created a magnetic field by diplaced finite wire to study the hydrodynamic lubrication by ferrofluids of finite journal bearings, and got the numerical solution of the Jenkins model. Figure 11 shows the influence of magnetic force on load capacity and attitude angle. Compared with non magnetic fluid case, ferrofluids can provide higher load capacities, and the increase of magnetic force coefficient causes an increase in the attitude angle.
[image: Figure 11]FIGURE 11 | (A) Effect of the magnetic force coefficient [image: image] on dimensionless load capacity. NFL, nonmagnetic lubricant. (B) Effect of the magnetic force coefficient [image: image] on attitude angle. NFL, nonmagnetic lubricant. With permission to re-use (Laghrabli et al., 2017).
5.5 Experimental research on ferrofluids lubrication
Experimental studies on ferrofluid lubrication have been mainly focused on the tribological performances of different ferrofluids. Wang et al. (2008) investigated Mn0.78Zn0.22Fe2O4 nanoferromagnetic as the additive in 46# turbine oil using a four-ball friction and wear tester. It is shown that the ferrofluid yielded a much better friction reduction and anti-wear ability than the base oil. Huang et al. (2009) prepared ferrofluid composes of different Fe3O4 additives in α-olefinic hydrocarbon synthetic oil (PAO4) and evaluated their tribological performances in a four-ball tester. The use of ferrofluids increased the maximum non-seizure load and reduces the wear scar diameter compared to what the carrier liquid did. Later, they prepared Fe3O4-based ferrofluids with different saturation of magnetizations by the co-precipitation technique and tested the performances of the ferrofluids on a ring-on-cylinder tester. The experimental results indicated that ferrofluids had a good friction-reduction ability subjected to an external magnetic field, compared with the carrier liquid, and the proper magnet field distribution could be suitable for the fixation of the lubricant in the contact zone of the friction pairs (Huang et al., 2011).
Xu et al. (2020) used a commercial Fe3O4-based ferrofluid as the lubricant to improve the operation performance of a thrust ball bearing under starved lubrication conditions on a tribo-tester, and experiment results showed ferrofluid could easily be restricted on the ring surface, even at high rotational speed, by the external magnetic field. Thus, lubricant usage could be reduced, and starvation could be avoided or delayed. Recently, Sahoo et al. (2022) proposed to use inverse ferrofluids that were dispersions of non-magnetic particles (typically silica or polystyrene) in a ferrofluid to lubricate tribo-pairs, in which the amount of lubricant was small and the lubricated region highly confined. The proposed ferrofluids were composed of non-magnetic solid particles, such as MoS2, polytetrafluoroethylene, or silica dispersed in polyalphaolefin. An MCR-302 tribometer with a ball-on-three-plate configuration in steel-steel contacts (AISI 316) was used for these experiments. With appropriate magnetic field gradients, the prepared ferrofluids could be driven to the region of interest and thus controlled the friction locally.
For ferrofluid lubrication, magnetic particles in the base-liquid carriers are much smaller than those in the MR fluids. Under an external magnetic field, the nano-sized magnetic particles do not form chain structures, and the ferrofluids can maintain fluidity. The rheological properties of ferrofluids can be controlled by an external magnetic field, which can help increase load capacity. Mathematical models have been developed to describe the magnetic force on magnetic particles, and a modified Reynolds equation based on the Neuringer-Rosensweig model has been briefly derived in this section. Numerical simulations based on different models and various lubrication situations have been conducted. Experimental research has been focused on the performances of ferrofluids with different lubrication properties.
6 ELECTRIC VEHICLES (EVS) LUBRICATION
Compared to internal combustion engine vehicles (ICEVs), EVs have an average total energy use that is 3.4 times lower, and the CO2 emissions per kilometer of an ICE vehicle can be up to 4.5 times higher than that of an EV (Holmberg and Erdemir, 2019). Leading consumer concerns regarding EVs including driving range, charging time, accessibility to charging infrastructure, and vehicle cost (Van Rensselar, 2019).
The distinctive design configurations of EVs have created substantial impact on driveline lubrication requirements pertaining to electrical and heat transfer characteristics, energy efficiency, and the presence of electric currents and magnetic fields (Shah et al., 2021b). Main components to be lubricated in EVs include electric-motor system bearings, steering system bearings, wheel bearings, constant-velocity joints, the transmission system, and among others (Farfan-Cabrera, 2019; Hemanth et al., 2021). The presence of the electric and magnetic fields in EVs can potentially lead to various forms of bearing damage and lubrication failures (Gahagan, 2017; Chen Y. et al., 2020). Enhancing the lubrication systems in EVs requires thorough research into the intricate interactions between tribological components and electric and magnetic fields to ensure performance and durability.
6.1 Lubricants used in EVs
Lubricated contacts in EVs are likely to be exposed to stray currents (Spikes, 2020), and the operation of power electronics may subject lubricants of EVs to an elevated temperature (Johnson et al., 2004). Thus, it is crucial to assess the electrical and thermal properties of the lubricant used in EVs (Shah et al., 2022). Moreover, there is a heightened need for anticorrosion capabilities due to the direct interaction between lubricants and copper components (Gahagan, 2017). Compared to ICEVs, the shaft of the electric motor in EVs is usually subjected to a higher rotation rates, which requires the use of lubricants with low viscosity to facilitate high torque transferring, minimize friction, and enhance cooling performance (Van Rensselar, 2019; Parenago et al., 2022). In developing lubricants for EVs, special attention should be paid to thermal conductivity, material compatibility, copper corrosion, electrical resistivity, aeration, and wear (McCoy, 2021).
Multiple conventional transmission oils have been used for EV lubrication (Taylor, 2021). Test results showed that conventional automatic transmission fluids can maintain good electrical compatibility in electrified drivelines, and the higher the content of antioxidant additives is, the lower the variations of electrical conductivity with the oxidation (Rodríguez et al., 2022).
However, due to the working environment differences between EVs and ICEs, new lubricants suitable for EVs are still needed to satisfy the special requirements of the EVs. Besides the fluidic performance, both the electrical and thermal properties of lubricants should be well controlled (Chen Y. et al., 2020).
The electrical properties of a lubricant includes electrical conductivity, dielectric constant (permittivity), and dielectric strength, which are dependent on both base oils and lubricant additive package (Gahagan, 2017). A too low electrical conductivity of the lubricant can lead to accumulation of electric charges and sparking; on the contrary, current leakage can arise short circuits when the conductivity is too high (Parenago et al., 2022). Tang et al. (2013) pointed out that transmission lubricant need to have a relatively low electrical conductivity and found a hybrid electric transmission fluid consisting of a dispersant/detergent additive system, which shows low electrical conductivities and excellent anti-oxidation durability. Gahagan (2017) developed and tested an electric dual-clutch transmission fluid that had a low electrical conductivity and dielectric constant along with a good compatibility with typical electrical insulating materials and enhanced protection against copper corrosion. Nano particles have been used to mitigate harmful electrical current discharges by enhancing lubricant insulation or conductivity (Ahmed Abdalglil Mustafa et al., 2022).
High thermal conductivity is essential for driveline fluids in electrified powertrains, which helps take heat away from metal wings, cools the motor, and allows more current to pass through the motor to increase the torque output (McCoy, 2021). Rivera et al. (2022) tested the cooling performance of three automatic transmission fluids, indicated that both the base oil molecular structure and antioxidant property have a great influence on thermal conductivity. Beyer et al. (2019) emphasized the importance of the new lubricant requirements for electrical properties, copper corrosivity, heat transfer ability, and material compatibility, when the lubricant is in contact with electric motors. A recent review summarized and presented, in tabular forms, of the tribological performances of common electrically and thermally conductive lubricants (Bustami et al., 2023).
The efficiency requirement of EVs demands a low viscosity to reduce churning and pumping losses (Tung et al., 2020). Lubricants with low viscosity also have high heat transfer property. However, a low viscosity may also result in potential problems with hardware protection, low-temperature sealing, and volatility (Newcomb, 2023). To address these issues, additives with improved chemistry are needed to encounter wear and fatigue, and redesign of seals may be necessary to ensure proper functionality at low temperatures (Tokozakura et al., 2022).
6.2 Failures of EVs lubrication
Optimal lubrication systems for EVs should be designed to resist potential failure of both electromechanical and electrical components (Parenago et al., 2022). In EVs, the induced shaft voltages and currents can lead to premature failures in components like bearings, seals, pads, and gears, and they can also result in electromagnetic interference and radio frequency interference that destabilize the motor’s operation (He et al., 2020). Approximately 40%–60% of all early motor failures are bearing related (Walther and Holub, 2014). Besides, the highly fluctuating charged environment in EVs can cause electrical breakdown of lubricants in improper lubrication systems (Chen Y. et al., 2020). These lubrication failures of bearings and the electrically induced bearing damage (EIBD) are the main failure modes discussed in this paper.
The primary failure mechanisms of electrical breakdown of lubricants are degradation, microbubble formation, and electrowetting (Chen Y. et al., 2020; He et al., 2020). The degradation of a lubricant occurs due to the impact of discharge currents, leading to a decrease in dielectric strength and a change in the chemical composition (Romanenko et al., 2016). The voltage across the bearing induces an electric discharge current, which imbues chemical decomposition of the components of the grease, including additives and thickeners, and generates particles with reduced dielectric strengths (Romanenko et al., 2016). The high temperature during bearing operation may further induce oxidation of the base oil and thickener, which increases the amount of acidic species and high-viscosity products in lubricants (Yu and Yang, 2011). Evaporation of volatile oxidation products at a high temperature also causes the loss of base oil (Komatsuzakl et al., 2000). Degradation alters the lubricant components, causing a reduced bearing load-carrying capacity. The ineffective lubricant film formed by degraded lubricants results in contact fatigue wear on bearing rolling surfaces, and finally, a shorter bearing life (Yu and Yang, 2011). Experimental results showed the generation of microbubbles in charged lubricant films (Luo et al., 2006; Xie et al., 2008; Xie et al., 2009; Xie et al., 2010). The main reason for microbubbles formation was attributed to the local overheating due to electro-thermal effect (Xie et al., 2008). The dielectrophoretic force, the pressure difference force due to the residual pressure near the contact region, and viscous drag force are the dominant forces responsible for the bubble motion (Xie et al., 2009). The collapse of bubbles in a higher-pressure region could cause noise, vibration, and damage to bearing systems (Dowson and Taylor, 1979). In addition, electric field emission at the interface of the microbubbles and the liquid could initiate electrical breakdown, which may also cause failure in lubricants (Qian et al., 2005). Electrowetting is the phenomenon that the contact angle of partially wetting liquid droplets on surfaces could be altered by the applied voltage (Mugele and Baret, 2005). In lubricants, electrowetting-induced interfacial tension could change the fluidic behavior of the lubricants (McHale et al., 2019), potentially leading to lubricant spread and breakdown when subjected to high electrostatic stress (Mugele and Baret, 2005).
The EIBD stems from a dissymmetrical effect when voltage differences are created between the shaft and the bearing housing, and electric current breaks through the lubrication system (Ahmed Abdalglil Mustafa et al., 2022). The passage of current induces localized surface heating (Prashad, 2001b), which may reach temperatures high enough to cause some local damage. Under severe operating conditions, such as high speeds, torques, and temperatures, electric currents can further exacerbate the situation and reduce bearings service lives by triggering more severe adhesive, abrasive, and oxidative wear (Farfan-Cabrera et al., 2023). Although bearings are designed to operate in the hydrodynamic regime, there are asperity contacts. Electric charges can be accumulated on the surfaces up to the threshold limit at which discharge leaks at the asperity contacts, then the current tends to flow through the asperity contacts along paths of least resistance (Prashad, 1988). Bearing currents mainly depend on the magnitude of the shaft voltage and bearing impedance (Prashad, 1987). Tribo-pairs under electric fields can act as capacitors, the voltage between these tribo-pairs would rise until it reaches the dielectric breakdown voltage of the lubricant film, resulting in a significant current surge (Chen Y. et al., 2020). In specific, dielectric breakdown can be initiated by thermally generated electrons within a high electric field that acquire enough kinetic energy to ionize molecules within the fluid (Gahagan, 2017). These current discharges usually happen through the bearing balls and raceways, causing significant energy dispersion and various degrees of EIBD within a short time (Ahmed Abdalglil Mustafa et al., 2022). In EVs’ electric motors, when bearing lubrication-film breakdown happens, a leakage current path can be established through both the motor bearings and load bearings (Hadden et al., 2016).
Electrical breakdown would also cause arcing across asperity contacts, which may result in surface damage in bearings (Spikes, 2020). Arcing occurs when current-conducting paths are disrupted due to asperities separating because of increased film thickness, vibration effects, or a combination of these factors, or by the presence of a high-resistivity lubricant (Prashad, 1987). As a result, surfaces damages will be caused by the arc welding and high temperature effect (Prashad, 1988).
Typical morphological damages to bearing component surfaces include: i) pitting, ii) frosting, iii) fluting, iv) spark tracks, v) welding, and vi) brinelling (Costello, 1993; Boyanton and Hodges, 2002; Silva and Cardoso, 2005). Pitting of bearings in EVs, which is due to the electric discharge between surfaces caused by the concentration of current at spots as small as several micrometers in diameter (Sunahara et al., 2011), could result in noise and vibration in motors. Micro arcing or flash causes local metal melting and produce pitting, leading to washboard-like marks on bearing surfaces (Suzumura, 2016). Rough surface asperity contacts could further accelerate pitting failure in lubrication systems (Pu et al., 2016).
Frosting, also known as micro-spalling, originates from either adhesive or abrasive wear to the material surface. This kind of wear is induced by insufficient lubrication related to electric discharges, which is generally imperceptible to the naked eye and is microscopically characterized as small “craters” (Plazenet et al., 2018). Pits of frosting are smaller than those of pitting, but they may merge with damage progression, and then, surfaces become stain-like, similarly to a shot-peened or sand-blasted surface, looking like etched or frosted glass (McCloskey, 1995).
Fluting, or washboarding, is seen as a pattern of multiple gray lines across bearing raceways, the washboard appearance is a secondary damage, as it becomes visible over time (Oliver et al., 2017). Bearing current flow intrigued by capacitive coupling is normally the root causes of bearing fluting (Boyanton and Hodges, 2002). Ball vibration of bearings is believed to enhance the scratch marks of the raceway, which also induces fluting (Liu, 2014).
The appearance of spark tracks is that of scratches in the babbitted surface, which looks very irregular and is often askew to the direction of rotation (Costello, 1991). Under magnification, the bottoms of the tracks are sometimes melted, and the corners are sharp (Costello, 1993). The formation of spark tracks has a close relation to shaft voltages and bearing current, and the appearance of craters are due to spark erosion on the track surfaces (Prashad, 2001a). Heavy stray welding current from momentarily contact between the rotor and the stator is a main cause of welding, which appears as spot-welded marks (Costello, 1993). A before-and-after vibration analysis revealed the change occurred in a bearing that had suffered the welding current damage (Hisey, 2014).
Brinelling is related to bearing static vibration, which may be a consequence of the operation of damaged surfaces. Bearing electric current is another cause of brinelling (Silva and Cardoso, 2005). True brinelling happens when loads are over the elastic limit given to the bearing materials. Indentations in the raceways are called Brinell marks and can lead to vibration noise. False brinelling is similar to true brinelling but has no macroscopic plastic deformation (Liu and Zhang, 2020).
6.3 Lubricants behaviors in EVs
Fundamental research on the intricate interactions between lubricants and electric/magnetic fields in EVs is essential to address lubrication system failures effectively. The presence of an electric field generates electrostatic interaction in lubrication systems, which may affect the frictional behavior at tribo-pairs (Xie et al., 2015). EDL and ER structures may form under electrostatic forces. The stern layer of EDL can be further divided into “inner” and “outer Helmholtz” planes. In the inner plane, a layer of water dipoles may align with the electric field and adhere to the electrode surface. Hydrated ions of opposite charges are attracted to the electrode surface by electrostatic forces in the outer plane (Spikes, 2020). For ER structures, the electrostatic forces between particles are the main reason for the polarized chain structures (Davis and Ginder, 1995). Shear thickening controlled by the electric field and electrostatic particle-interaction-induced interparticle friction forces are considered to play an important role in the origin of lateral shear resistance of ER fluids (Tian et al., 2011). If lubricants containing magnetic particles are used, the electric and magnetic fields in EVs may also induce magnetic interactions and result in the MR effects or ferrofluid properties. The MR performance is due to the magnetic dipole induced on each particle in the fluid by the application of an external magnetic field, as well as the interaction between these dipoles and the magnetic field itself (Dassisti and Brunetti, 2022). Under a magnetic field, the particles in ferrofluids should experience a magnetic volumetric force, both the translational and rotational motions of these particles are then transferred to the corresponding ferrofluid by the shear mechanism, spin diffusion, and rotational friction (Dalvi et al., 2022). Theories mentioned in the previous sections can offer valuable insights into the study of these complex interactions in the lubrication systems of EVs.
Besides electrostatic and magnetic interactions, the electric field in EVs can cause structural changes of lubricant molecules or transferred-film formations (He et al., 2020). Research showed the influence of such events, triggered by applied electric field, on wear and friction performance (Lavielle, 1994; Csapo et al., 1996). Another rising concern is the influence of the external electric field on chemical reactions and physical absorption occurred at material surfaces, which can lead to changes in friction and wear performances of the system (Chen Y. et al., 2020). For chemical reactions, the applied electrode potential on tribo-pairs could promote redox reactions at dubbing surfaces, involving either oxygen in air or lubricant additives. The physical absorption of ionic and polarizable species can be controlled by changing the surface charge distribution of metal and oxide-covered metal surfaces (Spikes, 2020).
7 GENERALIZED MEMT-FIELD REYNOLDS EQUATION
The lubrication issues discussed in previous sections largely fall into one or more types of EDL, ER fluids, MR fluids, ferrofluids, and conventional lubrications. Table 1 summarized the Reynolds equations of these cases. Compared to the original expressions in references, the same boundary conditions are used in the equations in this table. For EDL and ferrofluid conditions, the electric and magnetic forces were described as body forces in the Reynolds equation. For ER and MR lubrications, a non-Newtonian model was used to represent the rheology changes caused by particle polarizations. It should be noted that Table 1 only summarized one model for each situation, and other numerical models and modified Reynolds equations may also be used to analyze these lubrication problems. Extending the view of lubrication modeling to a wider scope of fluid-mechanics studies, the effects of electromagnetic fields can be analyzed through coupling the Maxwell and the Navier-Stocks equations via the Lorentz force (Duan, 2012; Thompson et al., 2014).
TABLE 1 | Modified Reynolds equations of different lubrication scenarios (steady state; incompressible).
[image: Table 1]Based on previous discussions, a generalized MEMT-field Reynolds equation can be derived, following the work by Dowson (1962), for the lubrication problems in all these major fields. Here, the gravitational and inertia forces are ignored. The effects of electromagnetic fields are coupled through the Lorentz forces on charged particles, and through the fluid density and non-Newtonian viscosity.
7.1 Force equilibrium
Figure 12 shows all the forces involved in a lubrication system subjected to electric and magnetic fields. In a fluid element marked with the cuboidal volume, the electric and magnetic fields should induce volumetric Lorentz (electromagnetic) force [image: image]. Other forces are due to pressure and shear stresses. The force balance in the x and y directions is:
[image: image]
which can be summarized as:
[image: image]
where [image: image] is pressure, [image: image] is shear stress. For given electromagnetic fields, the Lorentz force components are:
[image: image]
where the Lorentz forces are elementary average volumetric forces related to average volumetric charge density [image: image] and average particle velocity [image: image]. Separate the Lorentz forces into the electric and magnetic forces. The expressions of electric force [image: image] in the x and y directions are:
[image: image]
[image: Figure 12]FIGURE 12 | Forces on fluid element under electric and magnetic fields. Here, S means the source, which can be an electric field, or a magnetic field, or an electromagnetic field or no external field.
Magnetic force [image: image] in the x and y directions are:
[image: image]
Substituting electric force [image: image] and magnetic force [image: image] into Eq. 73 results in:
[image: image]
7.2 Constitutive equation
Generally, a non-Newtonian viscosity model is expected due to the effects of electric, magnetic, and thermal fields. Here, the viscosity behavior in the electromagnetic field is summarized as [image: image], which is determined by temperature [image: image], shear rate [image: image], and subjected to pressure p, electric field intensity [image: image], and magnetic field intensity [image: image]. The shear-stress and shear-rate relationship can be expressed as:
[image: image]
where [image: image] is shear rate, u and v are the velocities in the x and y directions. Then, substituting Eq. 78 into Eq. 77, the equilibrium equation can be re-written as:
[image: image]
7.3 Integration to the generalized MEMT-field Reynolds equation
The velocity boundary conditions used here are:
[image: image]
Integrating Eq. 79 with respect to z and dividing the result by [image: image] lead to the following, in which pressure remains constant across the lubricant film:
[image: image]
where [image: image] are each a function of z, related to the electric and magnetic forces, represented by:
[image: image]
In the integration process, if velocity is involved in the electric and magnetic forces calculation, the velocity profiles from the previous iteration can be used. Therefore, f1 ∼ f4 from Eq. 82 have no current-step velocity components. Integrating Eq. 81 with respect to z finds the velocity components of the current-step as follows,
[image: image]
where [image: image], [image: image], [image: image], [image: image] are integration constants, and [image: image] are all functions of z, represented by:
[image: image]
Substituting the boundary conditions for velocities, the integration constants can be solved (Eq. 85):
[image: image]
As a result, the velocities can be represented as:
[image: image]
[image: image]
where
[image: image]
Note that the coefficients in the right-hand side terms in Eqs. 86, 87 contain the velocity components from the previous iteration step if these terms are related to velocity.
The mass continuity equation is:
[image: image]
where density [image: image] is a function of pressure [image: image], temperature [image: image], electric field intensity [image: image], and magnetic field intensity [image: image]. Integrating this mass continuity equation with respect to z, between the limits of the gap, yields:
[image: image]
Substitute velocity gradients and velocities expressions into Eq. 90 and calculate the integrations result in the following generalized MEMT-field Reynolds equation. Detailed derivation is in the Supplementary material.
[image: image]
where the [image: image] and [image: image] functions are:
[image: image]
The generalized MEMT-field Reynolds equation, Eq. 91, resembles format of the classic generalized Reynolds equation by Dowson (1962) because the two terms on the left-hand side describe the flows due to pressure gradient, the first three terms on the right-hand side are the “shear” flow terms, and the last three terms are the “squeeze” flow terms, although the fluid viscosity and density have been augmented to include the effect of electromagnetic fields. However, the terms containing [image: image], [image: image], [image: image], and [image: image] represent the effect of the electric forces; terms containing [image: image], [image: image], [image: image] and [image: image] represent the effect of the magnetic forces.
In most engineering applications, the boundary surface velocity in the x and y directions are constant, or not stretchable. For a liquid lubricant, the density variation across the film can be neglected, i.e., [image: image], and thus, all [image: image] functions are zero. In this way, the generalized MEMT-field Reynolds equation can be reduced to the following.
[image: image]
The generalized MEMT-field Reynolds equation, Eq. 91 or Eq. 93, fully couples the effects of different fields, such as mechanical flow, electric, magnetic, and thermal fields, in a lubrication system under the support of the Maxwell equations for the Lorentz forces and the energy equation for temperature, solvable with a numerical iteration method. The field-related f functions can be defined following the approach of the mechanical-electrical-magnetic-chemical-thermal (MEMCT) theory (Zhang et al., 2018; Wang and Zhu, 2019) and quantified with experiments on fluid properties in electromagnetic fields.
7.4 Discussion
The generalized MEMT-field Reynolds equation (Eq. 91) can be degenerated into the classic Reynolds equation and each specific scenario discussed in Sections 2–5 under specific conditions.
7.4.1 Conventional lubrication
In a conventional lubrication system without electric and magnetic forces, functions related to electric and magnetic fields, [image: image], [image: image], [image: image] and [image: image] are zero. In this way, Eq. 91 can be written as:
[image: image]
This is the same as the generalized Reynolds equation for fluid-film lubrication derived by Dowson (1962). Further, if viscosity and density variations across the lubricant film are ignored, the remaining [image: image] functions are also zero, and the other [image: image] and [image: image] functions can be simplified to:
[image: image]
Besides, if the boundary velocities are constants, generalized Reynolds equation Eq. 94 can be reduced to:
[image: image]
Eq. 96 a popular form of the Reynolds equation for fluid lubrication, widely used for solving various types of isothermal lubrication problems (Wang and Zhu, 2019).
7.4.2 EDL in lubrication
When lubricants form the EDL structures under an electric field and there is no magnetic field, functions related to magnetic field, [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are zero. Assume there are no viscosity and density changes across the film, [image: image] and [image: image] functions can be simplified to the same expression as Eq. 95. If boundary velocities are constants, the generalized MEMT-field Reynolds equation reduces to:
[image: image]
Choose the same method as stated by Zhang and Umehara (1998) to calculate the functions related to electric forces, the electric forces in the x and y directions are:
[image: image]
As a result, [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] become:
[image: image]
Equation 97 is then:
[image: image]
In references (Zhang and Umehara, 1998), an apparent viscosity [image: image] is usually used to combine the effect of the electric forces with viscosity as:
[image: image]
where [image: image] is the viscosity of bulk fluid and [image: image] is usually called the “electro-viscosity” caused by the EDL effects. Following the details given in Section 2.3 and rearranging terms, Eq. 100 can be summarized as:
[image: image]
If the system is in the steady state and the fluid incompressible, this equation is the same as the one derived by Zhang and Umehara (1998).
7.4.3 ER and MR fluids in lubrication
In the usual ER or MR lubrication modeling, the electric forces or magnetic forces are not included; therefore, [image: image], [image: image], [image: image] and [image: image] are zero. Assuming that there is no density change across the film, and a non-Newtonian viscosity model determined by the electric, magnetic, and temperature field is used, Eq. 91 is reduced to:
[image: image]
Compare to the modified Reynolds equation for ER or MR fluids, Eq. 52,
[image: image]
Substitute Eq. 104 into Eq. 103, and for the steady state lubrication with an incompressible fluid, the above becomes the same expression as Eq. 52, the one given by Dorier and Tichy (1992), which uses a Bingham-like viscous fluid.
7.4.4 Ferrofluids in lubrication
When considering the ferrofluid effect alone, only the magnetic forces are applied to particles, no electric forces are expected, and thus, [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are zero. Assuming that there are no viscosity and density changes across the film, [image: image] and [image: image] functions can be simplified to the same expression as Eq. 95. If boundary velocities are constants, Eq. 91 reduces to:
[image: image]
Using the Neuringer-Rosensweig model (Tipei, 1982) to process the magnetic force, when magnetization [image: image] and magnetic field intensity [image: image] are independent of temperature and film thickness direction. The magnetic force in the x and y directions are:
[image: image]
In this way, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] become:
[image: image]
Introducing the concept of generalized pressure, [image: image], with [image: image] where [image: image] is the effective pressure due to the magnetic forces, Eq. 105 can be written as:
[image: image]
In steady-state incompressible lubrication, Eq. 108 is the same as the equation derived by Osman et al. (2001), only the velocity expressions are different.
In magnetohydrodynamics lubrication, an electrically conducting fluid flows subjected to a magnetic field. The magnetic force exerted on the fluid may involve velocity. Instead of generalized pressure, a new function representing the effect of the magnetic force could be derived and added in the modified Reynolds equation (Hughes and Elco, 1962; Lin et al., 2009; Jadhav et al., 2019).
7.4.5 Generalized pressure term and a different form of the generalized MEMT-field Reynolds equation
The format of Eq. 108 suggests that an effective pressure could also be defined for the cases where the electric force also exists if this new effective pressure is independent of film thickness direction z. In this way, both electric and magnetic forces can be represented by similar effective pressure gradients as:
[image: image]
where [image: image] and [image: image] are effective pressures due to electric and magnetic forces, independent of z along the film thickness direction. As a result, a generalized pressure [image: image] can be structured as:
[image: image]
Reasoning from Eq. 108, a different form of the generalized MEMT-field Reynolds equation with generalized pressure terms can be obtained:
[image: image]
where [image: image] should possess the nature of the fluid pressure, independent of z along the film thickness direction. This equation resembles the classic generalized Reynolds equation (Dowson, 1962), revealing an analogy between certain variables pertaining to the mechanical and electromagnetic fields, similar to that in solid systems which crosses different fields (Zhang and Wang, 2022) and that in fluid mechanics (Kambe, 2014; Marner, 2019).
8 SUMMARY AND CONCLUSION
This paper presents an overview of the studies of four lubrication areas subjected to electric and magnetic fields, which are those about electric double layer (EDL), electrorheological (ER) fluids, magnetorheological (MR) fluids, and ferrofluids, as well as lubrication issues in electric vehicles (EVs). It includes a discussion on the mechanisms and benefits of electric and magnetic fields in these scenarios, as well as typical lubricants used in each system, and highlights the analyses of the effects of electric and magnetic fields in the numerical research and experimental work in each area. This paper has also visited current EV requirements for lubricants properties and the common failures in EV lubrication. A generalized MEMT-field Reynolds equation is derived for all four scenarios mentioned above from the summary of the theories for each of the four areas. The results of this study can be concluded as follows.
1) The presence of electric and magnetic fields can change the rheological properties of lubricants, which usually increases the lubricant viscosity. As a result, the load-carrying capacity of the lubrication system can be enhanced.
2) In the EDL lubrication, the effect of the electric field is represented by an electric force. For ER and MR fluids, non-Newtonian empirical models are commonly used to describe the rheological changes due to the electric and magnetic fields. The magnetic forces exerted on magnetic particles are added to the ferrofluid lubrication to simulate the magnetic effects.
3) The electrical environment of EVs brings about new requirements for lubrication system design and lubricant development. The existence of shaft voltage and bearing current can induce many failures. Both experimental and numerical investigations are needed for a more fundamental understanding of lubricant behaviors in EVs.
4) The review suggests a possibility to extend the current understanding of lubrication to electromagnetic fields with an integrated theory. Starting from the classic generalized Reynolds equation, a set of three forms of the generalized MEMT-field Reynolds equation, Eqs. 91, 93, 111, has been derived for the coupled effects of electric, magnetic, thermal, and mechanical fields. Given the fact that the lubrication in EVs may involve two or more of these fields, this equation set may prove instrumental in designing advanced EV lubricants and tribo-pairs.
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