
Chapter 12

Particle Tribology: Granular, Slurry,

and Powder Tribosystems

C. Fred Higgs III, Martin Marinack Jr., Jeremiah Mpagazehe,

and Randyka Pudjoprawoto

Abstract The purpose of this chapter is to give the reader a basic understanding

of particles in sliding contact. First, we will describe granular flows (the flow of

inelastic particles that transfer momentum primarily through collisions) from a

tribology perspective, including modeling and experiments that have been

conducted inside and outside of the tribology community. Second, slurry flow

(particles in gas or liquids) tribosystems will be discussed including models and

experiments related to the flow of particles in fluids. And finally, we conclude with

a section on powder lubrication (soft particles which coalesce under load and coat

surface asperities), where thick and thin film powder lubrication is discussed along

with select modeling and experimental approaches.

1 Introduction

Particles in sliding contacts have always been a complex area of tribology. While

tribology is a very broad field that is diffused into many areas of engineering and

science, gaining an understanding of the interface between two sliding materials

(i.e., a tribosystem) requires one to take a multidisciplinary perspective. When

particles are introduced into the interface, the problem can quickly become intrac-

table and thus highly empirical to compensate for the uncertainties involved with

predicting the resulting tribology. Further, various particle flow communities are

independent fields of science and engineering themselves, so few tribologists are

trained to interpret the behavior of particulate systems and few classical particle

engineers are trained to understand phenomena associated with sliding surfaces and

the inherent friction, wear, and/or lubrication phenomena that emerge. For example,

classical granular flow is a field mostly comprised of chemical engineers and

C.F. Higgs III (*) • M. Marinack Jr. • J. Mpagazehe • R. Pudjoprawoto

Carnegie Mellon University (CMU), Pittsburgh PA, USA

e-mail: higgs@andrew.cmu.edu

P.L. Menezes et al. (eds.), Tribology for Scientists and Engineers:
From Basics to Advanced Concepts, DOI 10.1007/978-1-4614-1945-7_12,
© Springer Science+Business Media New York 2013

391

mailto:higgs@andrew.cmu.edu


physicists; the mechanical engineer studying the flow of these inelastic grains is

rarer, albeit not uncommon. The same situation exists with the flow of particles in

fluids in sliding contacts, which we call slurry tribology. There is a strong slurry

community, more commonly known as the multiphase flow community, which

exists primarily to study fossil fuel-type energy systems such as circulating

fluidized beds and flowing coal particles. This community routinely solves

Navier–Stokes equations, not just for the fluid phase but for the solid phase

comprised of flowing particles as well. The same cannot be said of powder

lubrication however. Powder flows in sliding contacts remain an area rooted in

tribology, and unlike granular and slurry (multiphase) flows, researchers outside of

tribology reference papers within tribology journals when studying problems

involving powders in sliding contacts. Even in areas such as earthquake science,

powder lubrication works found in tribology journals are referenced to describe

intriguing friction phenomena connected to shearing layers of earth.

2 Granular Flow Tribology

Granular flows are complex flows of solid, macroscopic, non-cohesive particulates

(or granules), which collectively comprise the bulk flow. These granules are

generally on the order of millimeters (mm) or larger, unlike powder flow particles

(discussed in Sect. 4) which generally reside on the order of micrometers (μm).

Granular flows are often characterized by the fact that they dissipate energy (unlike

traditional liquid-based flows) through the inelastic collisions and interactions

between the individual grains comprising the global flow. Granular flows can

exhibit solid-, liquid-, and gaseous-like behavior under varying flow conditions.

This display of nonlinear and multiphase flow behavior makes the prediction and

study of granular flows challenging both locally (at the individual particle scale)

and globally (at the bulk flow scale).

In tribology, liquid lubricants break down at extreme temperatures and can bring

about stiction in micro-/nanoscale environments. This has led to the advent of

alternative, dry lubrication mechanisms such as powder and granular flow. While

powder tribology is described in detail in Sect. 4, the focus of this section remains

granular tribology. Granular flow tribology focuses on the study of granular flows

between relative sliding contacts, specifically focusing on the use of granular flows as

a lubricant. Granular flows have been proposed as a particulate lubricant alternative to

traditional oil-based lubricants [1–3] because of their hydrodynamic fluid behavior in

sliding contacts, specifically their ability to carry loads and accommodate surface

velocities. Typical sliding contact geometries, as summarized in Wornyoh et al. [4],

include annular, parallel, and converging geometries, as shown in Fig. 12.1.

In their detailed review of dry particulate lubrication, Wornyoh et al. [4] define

granular lubricants as “dry, ‘cohesionless,’ hard particles that essentially maintain

their spherical geometry under load and accommodate surface velocity differences

through sliding and rolling at low shear rates, and largely through collisions at high
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shear rates.” In sliding contact geometries, granular lubrication mechanisms have

shown that the particles inside the contact can enhance lubrication and lower

friction beyond boundary lubrication levels. Granular flow lubricants also show a

density distribution in sliding contacts, where a low-density region exists near

the surfaces, while a high-density region exists near the center of the flow. Unlike

hydrodynamic fluids, granular flow lubricants display a load-carrying capacity

in static and parallel sliding (dynamic) contact regions, as well as a significant

(measurable) amount of slip at the boundaries of macroscale geometries [4]. As an

example of a specific granular lubrication application, McKeague and Khonsari [5]

developed a model which predicts the behavior of a granular flow inside of a slider-

bearing geometry.

Two modes of granular lubrication have been observed to exist. At lower shear

rates or high loads, the load is supported by strong contact forces between

compacted granules. This regime is known as granular contact lubrication; the
classical granular flow community calls this the frictional regime. Global frictional

forces are due to the continuous shearing of the beads, and the load-carrying

capacity is due to elastic and plastic deformation of the granules in contact. At

increased shear rates or small loads, the granules are more agitated and lubrication

in this secondary regime is known as granular kinetic lubrication. There is also a

transition regime which may be quasi-static [6, 7]. Load-carrying capacity in this

mode is due to the shear and normal forces created by the colliding particles against

the upper surface.

The scope of granular flows in tribology is not limited to the study of granular

lubrication. Granular flow tribology also involves the more general examination of

the role of friction, macroscale surface roughness, and the collision and contact

mechanics of moving particles. Particularly important in characterizing and

understanding granular flows from both a classical and tribological perspective

is the study of the individual particles which comprise the bulk granular flow.

This involves the study of individual particle collision parameters such as the

coefficient of friction (COF) and coefficient of restitution (COR). Knowledge and

understanding of all of these granular flow concepts (friction, roughness, contact

Fig. 12.1 Sliding contact geometries: (a) Annular, (b) parallel, and (c) converging [4]
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mechanics, COF, COR, etc.) can provide insight into areas, industries, and

applications well beyond granular lubrication, including solids processing [8],

pharmaceuticals [9], wheel and granular terrain interaction of planetary rovers

[10], coal transportation [11], granular segregation [12, 13], and the design and

operation of hoppers [14, 15] and silos [16, 17].

The following sections examine numerous aspects of granular flow tribology,

beginning with a look at applications and phenomena such as segregation, jam-

ming, and planetary rover–terrain interaction. Also discussed are key experimental

geometries used to elucidate core granular flow science. This includes the study of

individual particle physics as well as the study of global granular flow properties.

Finally, modeling techniques in the study of granular flows are discussed, which

includes an examination of both discrete (discrete element method (DEM), cellular

automata (CA), and finite element method (FEM)) and continuum modeling

approaches. Before moving forward, it should be noted that this section should

not be viewed as an exhaustive examination of granular flows in tribology. Instead,

it serves as a detailed overview of the major areas of study, concepts, experimental

methods, and modeling methods in the study of granular flow tribology.

2.1 Applications and Phenomena

Granular flows display several unique behaviors and physical phenomena. Granular

flow lubrication, which was already discussed in the granular introduction, is one

such phenomenon. Other common granular flow phenomena include granular

segregation and jamming, both of which are often witnessed in solids processing

applications involving hoppers, silos, and/or mixers. Another interesting granular

flow behavior involves the shear flow witnessed beneath a planetary rover wheel as

it interacts with the granular terrain. The following section will highlight and

discuss these three phenomena (segregation, jamming, and planetary rover-terrain

interaction) in further detail.

It is well known that even small variations in granular properties and/or

characteristics can lead to segregation in a granular flow. Granular segregation

involves the separation (“unmixing”) of individual granular species inside of

a bidisperse or polydisperse flow (i.e., a flow with two or more species).

Bi/polydispersity in a granular flow can be due to differences in any number of

granule properties or characteristics such as size, shape, material density, restitu-

tion, and friction coefficient. While granular flow segregation can be induced by

variations in any number of these characteristics, perhaps the most prevalent

characteristic inducing granular segregation is particle size. Ottino and Khakar

[18] provide a detailed review of studies examining both density and size segrega-

tion for a range of granular flow geometries and situations. Particle size segregation

is studied and witnessed in a wide variety of natural processes and industrial

applications. Natural processes, such as avalanches, were studied by Gray and

Ancey [19] who demonstrated that in an avalanche flow, the larger particles
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segregate at the top, where the flow velocity is largest, and move towards the flow

front [19]. In terms of industrial applications, size segregation is displayed and has

been studied in hoppers [20, 21] and silos [16, 22], as well as mixers [23], each of

which is used extensively in the solids processing industries (e.g., pharmaceuticals

and food processing).

Maintaining a tribological perspective, size segregation is a phenomenon which is

also seen extensively in granular shear flows, such as those exemplified by the

geometries shown in Fig. 12.1. Size segregation in a parallel-type geometry

(Fig. 12.1b) has been studied extensively by Golick and Daniels [13] and May and

her colleagues [12, 24]. In thework ofGolick andDaniels [13], a bidisperse flowusing

glass particles with diameters of 4 and 6 mm was initially placed between two disks

such that the smaller particles resided at the top, while the larger particles resided at

the bottom. As the flowwas sheared between parallel disks, the larger particles began

to segregate to the top creating amixed flow for a period of time. However, by the end

of the experiment, the flowwas fully segregated, with the larger particles now residing

at the top of the flow and the smaller particles at the bottom. This classic trend of larger

particles segregating to the top occurs because the smaller particles tend to fall

through the gaps between the large particles in a sievelike fashion.

Jamming is another relevant and important granular flow phenomenon which has

been studied extensively in the literature [15, 25–31]. Jamming involves the

granular flow becoming rigid and stagnating. Figure 12.2, adapted from the work

of To et al. [15], shows an example of jamming occurring inside of a hopper flow.

At the local level, jamming is related to the forces and force distribution among the

individual particles and particle chains [26–28]. Jamming in granular flows has

been likened to the jamming of certain other complex fluids like glass which is rigid

(jammed) but can transition to a flowing state at higher temperatures [26]. Granular

flows have likewise demonstrated the ability to transition between a flowing state

and a jammed (stagnate) state based on the properties of the so-called granular

temperature, solid fraction, and shear stress, as exemplified in the works of Zhang

et al. [28] and Liu and Nagel [31].

A third granular flow application is the interaction between planetary rover

wheels and granular regolith (terrain). As described by Higgs et al. [10], wheeled

Fig. 12.2 Schematic of a

two-dimensional hopper

exhibiting a jammed

configuration (adapted from

To et al. [15]). The red
granules at the bottom
display the formation of a

granular arch which causes

jamming of the flow
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mobile robots, also known as rovers, are the primary vehicles for transporting

scientific instrumentation across rough planetary terrain while being controlled

remotely. Since there is a finite lifetime for which scientific information can be

obtained, it is important that the rovers are reliably built to transverse the rough

terrain without mechanical failure [10]. One of the most important mechanical

operations of the rover is the ability of the rover wheel to negotiate the granular-

type Martian surface, which requires sufficient traction between the wheel surface

and granular terrain [10]. The planetary rover wheel and granular terrain display

a geometry which is detailed in the works of Shibly et al. [32] and Liu

et al. [33]. Figure 12.3 (adapted from Liu et al. [33]) displays a schematic for a

rover wheel being driven on a granular surface in which the granular material enters

the converging gap at the front end of the driven wheel [33]. The key thing to notice

from the diagram in Fig. 12.3 is that the geometry of the rover wheel–terrain

interaction is that of a converging-type sliding contact as depicted in Fig. 12.1c.

Thus, this application/phenomenon becomes a granular flow tribology problem in

that the wheel–terrain interface serves as a converging gap flow bounded by the

wheel on one side and the bulk granular material on the other. This situation also

shows the development of different granular flow regimes at different locations.

The portion of the granules near the surface flows due to the shear being applied by

the wheel, while the base of the granular terrain remains stationary. A more detailed

summary and review of specific theoretical, simulation, and experimental work

performed on wheel–terrain interaction mechanics for planetary rovers can be

found in the work of Ding et al. [34].

2.2 Experiments

2.2.1 Single-Particle Experiments: Coefficient of Restitution

Granular flow experimentation takes place at both the single-particle (micro-

scopic) level and the global (macroscopic) bulk flow level. At the single-particle

level, individual particle and collision properties are examined, as these properties

Fig. 12.3 Schematic of the

planetary rover

wheel–terrain interaction

geometry, showing the

individual granules

becoming entrained in the

converging gap at the

wheel’s leading edge

(adapted from [33])
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ultimately drive the behavior of the bulk flow. Granular collision properties, such

as coefficient of restitution (COR) and coefficient of friction (COF), are of

particular importance, as they influence the granular flow characteristics, such as

velocity, spin, solid fraction, and granular temperature. The following section

details the experimental examination of the COR. COF is studied through the use

of pin-on-disk testing of individual granules to characterize friction inside of

granular flows.

The coefficient of restitution (COR) is a parameter which defines the ratio of

relative post-collision velocity to pre-collision velocity when two materials

collide. Mathematically, the coefficient of restitution between colliding

materials can be written as seen in (12.1), where e, vreb,1, vreb,2, vimp,2, and
vimp,1 represent the COR, the rebound velocity of object 1, the rebound velocity

of object 2, the impact velocity of object 2, and the impact velocity of the object

1, respectively:

e ¼ vreb, 1 � vreb, 2
vimp, 2 � vimp, 1

(12.1)

The coefficient of restitution can also be understood to indicate the fraction of

the pre-collision kinetic energy present after the collision, where e ¼ 1 represents a

perfectly elastic collision with no kinetic energy loss and e ¼ 0 represents a

perfectly inelastic collision where all kinetic energy is dissipated during the colli-

sion. When examining the COR as it relates to granular flows, several collision

cases (geometries) are of significant importance.

The first of these cases is granules (spheres) colliding with thick plates (blocks)

and thin plates, which represent the boundaries of many granular systems. In the

case of sphere–plate collisions, most of the experimental rigs are relatively simple

in their construction and design, with spheres being dropped (under the influence of

gravity) on a plate [35–39]. In these setups, the plates (like most granular

boundaries) remain stationary (in the normal direction) during the collision. Thus,

the expression in (12.1) can be reduced to that of (12.2). The subscripts in (12.2) are

dropped since both values are now for the moving sphere, which impacts and

rebounds from its collision with the plate/block:

e ¼ �vreb
vimp

(12.2)

When the sphere (granule) is undergoing free fall under the influence of gravity,

it is often useful to write the COR in terms of the impact (HI) and rebound (HR)

height of the sphere for post-processing purposes. Through the use of kinematics

and the inclusion of air drag effects, (12.2) can be written as (12.3), where the

coefficient of restitution is now a function of heights instead of velocities. In (12.3),

g, ms, FD,I, and FD,R represent the acceleration due to gravity, mass of the sphere,

the drag force during the particle’s free fall before impact, and the drag force during

the particle’s rebound to its maximum height, respectively:
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e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gþ FD, I

ms

� �
g� FD,R

ms

� �
vuuut

0
B@

1
CA

ffiffiffiffiffiffi
HR

HI

r
(12.3)

However, in most instances air drag effects can be neglected. This eliminates the

first term in (12.3), reducing the coefficient of restitution equation (for a falling

sphere impacting a stationary boundary) to the much simpler expression shown in

(12.4):

e ¼
ffiffiffiffiffiffi
HR

HI

r
(12.4)

A large body of experiments has been performed to examine the coefficient of

restitution between spheres and stationary plates. Tabor [40], Kharaz and Gorham

[37], and others [38, 39, 41] performed experiments studying the coefficient of

restitution between spheres and thick plates (large blocks) for various material

combinations and impact velocities. Results from the work of Kharaz and Gorham

[37], for 5 mm (diameter) aluminum oxide particles colliding against thick steel and

aluminum plates, show a decrease in coefficient of restitution with increased impact

velocity. This trend is well documented in other experimental works [36, 39, 40] as

well as in theory development. For example, K.L. Johnson [42] developed an

analytical formulation of e, for the plastic impact of rigid small spheres colliding

with elastic–plastic bodies (i.e., blocks, spheres) at what the author termed “mod-

erate” speeds (up to ~500 m/s). This formulation is shown in (12.5), where pd,
E*, vimp, and R represent the dynamic pressure (hardness) of the softer material, the

composite elastic (contact) modulus, the impact velocity, and the reduced radius of

curvature (1/R ¼ 1/R1 + 1/R2), respectively. The dynamic hardness can be related

to the more commonly well-known static hardness of the material through a

material-specific factor, as shown in the works of Tabor [40, 43]. As can be seen,

e varies with v
�1=4
imp [42], demonstrating the trend of decreasing COR for increased

impact velocity:

e ¼ 1:88
pd
E�
� �1

2
1
2
msv

2
imp

pdR
3

 !�1
8

(12.5)

There are many other collision situations such as repeated impacts [44], spheres

colliding with thin plates (as compared to sphere diameter) [36, 45–47],

sphere–sphere collisions [48–50], oblique impacts [51–53], and the collision of

spheres and boundaries in fluids. Gondret et al. [54], Joseph et al. [55], and Ruiz-

Angulo and Hunt [56] have studied the COR for these fluid-based collisions

extensively. However, this work goes beyond the scope of the current section on

dry granular flows.
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2.2.2 Granular Flow Experiments

The previous section detailed experiments performed at the local (single-particle)

level, namely, COR. At the global (bulk) flow level, a number of experimental

studies have been performed to gain insight into the behavior of granular flows

inside of tribosystems, such as those seen in Fig. 12.1. As such, this section focuses

specifically on experimental work performed using the annular, parallel, and

converging geometries shown in Fig. 12.1. These tribologically relevant sliding

contact geometries are discussed in detail, with their examination being adapted

from the work of Wornyoh et al. [4]. Other common, but less (non-)tribologically

relevant, granular flow geometries are briefly highlighted at the end of the section.

Annular geometry refers to the concentric cylinder setup shown in Fig. 12.1a,

where the granular flow resides in the annular gap between the cylinders which

slide relative to one another. The pioneering experiments of Bagnold [57] were the

first to study the flow of granules under shear. He sheared a dispersion of uniform-

sized, solid spherical grains in Newtonian fluid in annular space between two

concentric drums. Two distinct regions, grain–inertia region and macroviscous

region, were identified, and empirical relations for shear stress were formulated.

He also established a third transition region. Representative results for a number of

granular experiments [58–60] performed using the annular geometry can be found

in the detailed review of MiDi [61]. MiDi [61] summarized experiments and

simulations conducted on dense (high solid fraction) granular flows and classified

them into six geometric configurations. Figure 12.4 (adapted from MiDi [61])

shows a schematic of the annular flow geometry and velocity profile. In Fig. 12.4,

the velocity profile displays an exponential decrease in velocity when moving from

the inner rotating wheel to the outer stationary wheel (cylinder). This is typical of

many experimental velocity profiles, as detailed in MiDi [61]. It is also shown that

for annular geometries, volume fraction shows a slight increase when moving away

from the inner wall, while velocity fluctuations (when plotted on a log scale) show a

relatively linear decrease when moving across the annular gap [61].

Fig. 12.4 Schematic of an

annular geometry with a

velocity profile (adapted

from MiDi [61])
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Other annular-type experiments include the work of Tardos et al. [62] which

sheared a bed of fine glass beads between concentric rough vertical cylinders and

measured the shear and normal stresses. Veje et al. [63] sheared photoelastic disks

at slow rates in a two-dimensional annular setup with a rough rotating inner wheel.

Velocity, spin, and solid fraction distributions were measured by means of digital

particle tracking. Howell et al. [64] used the same annular setup as Veje et al. [63] to

measure the stress fluctuations using photoelasticity. Mueth et al. [59] combined

three noninvasive techniques—magnetic resonance imaging (MRI), x-ray tomog-

raphy, and high-speed-video particle tracking—to obtain the particle velocity, spin,

and solid fraction data in three dimensions. They sheared mustard and poppy seeds

between concentric rough cylinders. Losert et al. [65] sheared black glass beads

between a rotating inner cylinder and outer cylindrical frame. Mean particle

velocities and velocity fluctuations were measured as a function of distance from

the rotating wall [65]. The inner and the outer cylinder walls were coated with glass

beads to make them rough. These experimental results [65] were compared to a

continuum model developed by the same researchers in the work of Bocquet

et al. [60].

Higgs et al. [10], Jasti and Higgs [66], and Marinack et al. [35] made use of the

granular shear cell (GSC) shown in Fig. 12.5 to study granular material in an

annular configuration (Fig. 12.1a). The GSC is unique in that it provides a variable

and quantifiable macroscopic roughness on its inner driving wheel as shown in

Fig. 12.6. These works [10, 35, 66] obtained data for the granular velocity, solid

fraction, granular temperature, and slip velocity by averaging discrete particle data

gathered in radial bins. Representative results from the GSC [35] are shown in

Fig. 12.7 for granular velocity, solid fraction, and granular temperature. Slip

velocity at the boundary of the inner wheel can also be obtained as the difference

between the wheel’s linear surface velocity and the velocity of the granules in the

bin adjacent to the inner rotating wheel.

Fig. 12.5 Granular shear

cell (GSC) [35]

400 C.F. Higgs III et al.



Figure 12.7a displays one of the interesting behaviors from these experiments

[35, 66], which is the development of two distinct regions inside the flow. The

region near the inner rotating wheel is termed the kinetic region, where the flow is

sparsely populated, and characterized by high-speed collisions with short contact

times. In these types of collisions, extended sliding between granules, in which

frictional effects become more significant, is unlikely. As a result, the coefficient of

friction (COF) between colliding particles tends to have a much smaller influence

on the flow characteristics than does the coefficient of restitution (COR). In

contrast, the contact region (region adjacent to the outer wall) is densely populated

and depicted by extended frictional (sliding) contacts. This leads to the COF, as

opposed to the COR, being more influential on the characteristics and properties of

the contact region [35].

The tangential velocity profile in Fig. 12.7b shows a decrease in velocity when

moving from the inner wheel to the outer rim. A distinct transition between the two

regions (regimes) is witnessed, where velocities in the contact region approach

zero. The velocity profile (Fig. 12.7b) also displays a significant amount of slip at

the driving (wheel) surface, which is a common difference between granular and

traditional fluid flows. The solid fraction is a minimum near the wheel (Fig. 12.7c)

and increases while moving outward to the contact region. The granular tempera-

ture (Fig. 12.7d) follows a similar trend as the velocity (Fig. 12.7b).

Parallel geometry (see Fig. 12.1b), often called “parallel type,” refers to hori-

zontal plates or “racetrack” geometries, which are commonly studied for first-order

predictions and as idealistic conditions. Savage and Sayed [67] developed and

performed experiments on annular shear cells with various granular materials, at

rapid shear rates. Though the setup was annular, the shear zone was parallel type.

They determined the effects of shear rates and solid fraction on shear and normal

stresses. Similar to the annular shear cell, a parallel-plate shear cell was used to

shear glass spheres mixed with water or air at high speeds by Hanes and Inman

[68]. They observed two types of flows. At high shear rates, all the granules in the

Fig. 12.6 Macroscopic

roughness factor on the

GSC in the form of granules

glued at fixed distances

along the wheel’s outer

edge [66]
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shearing gap were mobile. On the other hand, in the second type of flow, some

granules remained stationary and others were sheared rapidly creating an internal

boundary.

Miller et al. [69] performed experiments on variable-sized glass beads by shear-

ing them in a Couette parallel geometry. They measured the fluctuations in normal

stress. Yu et al. [2] sheared glass beads in a parallel shear cell apparatus in order to

measure normal and shear stresses. This is the first experimental work that refers to

Fig. 12.7 Experimental results for the granular shear cell (GSC) [35]: (a) image of experiment

displaying kinetic and contact flow regions, (b) velocity profile, (c) solid fraction profile, and (d)

granular temperature profile
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normal stress as load and shear stress as a frictional stress. They also proposed the

idea of granular kinetic lubrication in this paper. Effects of surface roughness,

particle size, and solid fraction are further elaborated using the same setup as

Craig et al. [70, 71]. Elkholy and Khonsari [3] performed experiments to investigate

the characteristics of granular collision lubrication by using a rig similar to that of Yu

et al. [2]. In their work [3], three regions were witnessed along the width of the flow.

The first region consisted of the granules adjacent to the upper moving wall; the

second was the “locked” (or jammed) granules adjacent to the bottom stationary

wall; and the third region was the transitional region in between [3].

Converging-type geometry, also called bearing type, usually refers to a geome-

try that has a converging region that the particulate materials are entrained in during

operation to produce a lubrication effect, as seen in Fig. 12.1c. The shear cell

apparatus developed by Yu et al. [2] was adjustable such that it could have a flat

shear surface or a surface containing three sloping regions with a step. This

geometry created a converging gap between shearing surfaces. They confirmed

that lubrication wedge effect exists and that the (lubrication) normal stress is

roughly proportional to the square of the surface slope. Additional experimental

studies into converging gap geometries can be seen in the experimental

investigations into the behavior of planetary rover wheel–terrain interactions,

which have already been mentioned and discussed in Sect. 2.1.

2.3 Modeling

Granular flow modeling can be divided into two categories or factions. These

categories are discrete and continuum modeling. Discrete modeling treats each

individual particle within the flow as a single entity while discretizing time into

individual time steps at which the particles can move and interact with each other

and the boundaries. In a discrete modeling approach, all the granules are tracked at

every time step and simulations are driven by the collisions and interactions of the

individual granules. Flow parameter results are obtained by means of averaging

discrete particle data from the individual granules in the flow. In contrast, contin-

uum modeling treats the granular flow as a fluid-like continuum through the use of

mass, momentum, and energy conservation equations, with granular modifications,

to describe the flow. These conservation equations can be paired with constitutive

relations and boundary and initial conditions to effectively solve for the flow

parameters of interest, in the same manner that the Navier–Stokes equations

might be solved for a fluid. This section will discuss the three main discrete

modeling approaches as well as continuum modeling.

2.3.1 Discrete Modeling

There are three major discrete modeling approaches which will be discussed in this

section. These three approaches include the discrete element method (DEM),
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lattice-based cellular automata (CA), and the explicit finite element method (FEM).

As will be detailed in the following sections, these discrete approaches differ in

significant ways such as their particle physics, spatial discretization, and/or

processing algorithms.

Discrete Element Method (DEM)

The discrete element method (DEM) of particle modeling, originally introduced by

Cundall and Strack [72], treats each particle as an individual and singular entity

which moves freely through space (at fixed time intervals), participating in

interactions with other particles and boundaries. DEM modeling can be split into

two main classifications: the hard-sphere (body) model and the soft-sphere (body)

model.

Hard-Sphere DEM: The hard-body model assumes that particle collisions are instan-

taneous, nonoverlapping, and binary, meaning that one particle may only interact with

one other particle in a given time step. As a result of not having to incorporate multi-

particle contacts, the hard-bodymodel can utilize a larger time step and is better suited

for dilute flows. Particle collisions are generally solved through the use of coefficient

of restitution (COR), coefficient of friction (COF), and coefficient of rotational

(tangential) restitution (CORR) interaction parameters. Walton [73] provides a

friction-inclusive hard-sphere collision model which is essentially an extension of

the works ofHawkins [74] orHopkins and Shen [75]. Thismodel [73] serves as a good

representation of collision processing within hard-sphere collision models and is thus

presented in detail. The hard-sphere model presented in Walton [73] is based on the

use of the three previouslymentioned parameters: COR (e), COF (μ), and CORR (β0).
Conserving linear momentum and making use of the definitions of the coefficient of

restitution (e ¼ v0n/vn) and the coefficient of rotational restitution (β ¼ �v0s/vs) result
in (12.6) and (12.7) for the changes in normal direction velocities (Δvna and Δvnb) of
two colliding spheres (denoted a and b):

Δv
!
na ¼ mb 1þ eð Þ

ma þ mb
v
!
n (12.6)

Δv
!
nb ¼ �ma 1þ eð Þ

ma þ mb
v
!
n (12.7)

where m and vn represent the mass of the particles and the relative normal velocity,

respectively.

In terms of application of the hard-sphere model, Campbell and Brennen [76]

compared their two-dimensional simulations of collisional granular flows to

experiments by Savage and Sayed [67] and Bagnold [57]. Hopkins and Louge

[77] developed a two-dimensional computer simulation for rapidly shearing

uniform smooth inelastic disks. They compared the results to the theoretical
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model of Jenkins and Richman [78] with good agreement. Sawyer and Tichy [79]

performed numerical and particle dynamic simulations to generate results that were

compared to the granular experiments of Yu and Tichy [80]. Louge [81] examined

the interaction of a rapid granular flow with a flat, frictional wall, by means of a

simulation domain similar to the one shown in Fig. 12.8, with the addition of

hemispheres along the upper wall. In this same work, Louge [81] also displays

results for the dynamic friction coefficient vs. normalized slip at the wall at varying

friction coefficients. Louge [81] compares numerical simulation results against

theoretical predictions from Jenkins [82].

Soft-Sphere DEM: In contrast to the hard-body approach, the soft-body particle

collision model treats the granules as deformable spheres which allows for enduring

(over multiple time steps) and multiple particle contacts. This requires the soft-

body approach to employ a relatively small time step. In the soft-body collision

approach, particle interactions are governed by force laws which determine the sum

of the forces acting on the particles and hence dictate the resultant motion of the

interacting particles. As a result, the soft-body approach is well suited for modeling

dense granular flows where multi-body contact is prevalent.

Examples of force models and equations used in the soft-body modeling

approach are provided by McCarthy et al. [83]. This set of force models (equations)

is presented as merely a sampling of the types of equation used in the soft-body

approach. There are certainly a wide range of other force equations and models

available. In terms of normal forces, two separate force models are examined. The

first normal force (Fn) model is a spring–dashpot model shown in (12.8):

Fn ¼ knα
3=2 � βα _α (12.8)

The first term acts as the “spring” term, where α and kn represent the particle

overlap and the normal force constant from Hertz theory [42], respectively. The

second term acts as the “dashpot,” where β and _α define the damping parameter and

the relative normal velocity of the colliding particles, respectively. A plastic normal

Fig. 12.8 Couette shear

cell simulation domain

(similar to that of Louge

[81])
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force model is also examined in the work of McCarthy et al. [83] and is shown in

(12.9):

Fn ¼ Fy þ ky α� αy
� �

(12.9)

The variables Fy and ky respectively define the yield force and plastic stiffness

(ky ¼ (3/2)(Fy/αy)). The variable αy is the deformation at the point of yield. A

tangential force (Ft) model is shown in (12.10):

Ft ¼ Ft0 � ktΔs (12.10)

In (12.10), Ft0 , kt, and Δs define the initial tangential force during the previous

time step, the tangential stiffness, and the tangential displacement during the

current time step. The quantity ktΔs gives the incremental change in tangential

force during the current time step based on relative particle motion. Finally, a

rolling friction model is also included, where the torque resisting the rolling motion

(Mr) is calculated as shown in (12.11):

Mr ¼ � 3γ

16
aFn

ω

ωj j (12.11)

In (12.11), γ, a, and, ω define the fraction of energy lost in a single rotation, the

radius of the contact spot, and the angular velocity of the particle, respectively. By

defining a coefficient of rolling friction as μ ¼ 3γa/16R, this (12.11) can be reduced
to (12.12):

Mr ¼ �μrRFn
ω

ωj j (12.12)

Overall, the discrete element method provides for a large amount of accuracy in

the simulation of granular flows. The development and use of numerous force and

particle interaction models allows for rigorous modeling of granule interactions at

the local level. This results in DEM being able to provide good quantitative and

qualitative predictions for a number of flow situations. As a result, DEM is often

considered the “gold standard” in granular flow modeling. The one major drawback

of the discrete element method is its computational cost. As a result of its rigorous

modeling, DEM simulations tend to be extremely computationally demanding and

costly. This becomes particularly concerning as the number of particles being

simulated is increased.

Cellular Automata (CA)

Cellular automata (CA), originally introduced by von Neumann [84] in his study of

biological systems, is a discrete modeling platform for obtaining fast first-order

406 C.F. Higgs III et al.



approximations of the properties of many physical systems, such as local granular

flow properties. CA modeling uses either rule-based mathematics or physics-based

equations to model physical processes (such as granular flow). It does this on a

lattice, where space is divided into cells and each cell exists in one of a defined

number of states.

CA is based on several fundamental principles, which are common among CA

modeled systems. These principles, outlined in Ilachinski [85], include:

1. Space is represented by a uniform grid made up of discrete cells.

2. Each cell should be in one of a finite number of fixed states.

3. Cells may change states only at fixed, regular intervals of time.

4. States are updated in accordance with fixed local rules operated on an interaction

neighborhood.

The major advantage of using a CA model is its computational efficiency. For

example, a multiphase (solid particle–fluid) flow model, which combined compu-

tational fluid dynamics to model the fluid phase and CA to model the particle phase

[86], has demonstrated the potential computational advantages of using a CA

approach over DEM. It did so by comparing the CA model’s run times for

simulating ten real-time seconds of a low solid fraction multiphase flow between

parallel plates against run times for a model using DEM for the particle phase. As

shown in Fig. 12.9, as the number of particles in the simulation domain increased,

CA provided for an increasingly large amount of time savings. Another advantage

of the CA model is that because the particles are on a lattice and only move based

on neighbor interactions, no particle interaction behavior is missed. Additionally,

the spatial lattice is inherently comprised of neighborhoods, which can each be

processed in parallel.

The disadvantages of the CA model include an accuracy trade-off and some

simulation limitations. While CA is a fast first-order modeling approach, the

computational efficiency of CA leads to a trade-off in accuracy as compared to

Fig. 12.9 Time study for

CA vs. DEM at increasing

particle counts, as presented

in Marinack et al. [86]
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the DEM approach. Additionally, the lattice-based spatial discretization scheme

makes it impossible to model length scales smaller than the size of a lattice cell.

Additional comments and details on the strengths and limitations of a CA frame-

work are given by Jasti and Higgs [87].

CA has been used to model a wide array of granular behavior, including

segregation [88–90], heap formation [91–93], and flow down silos and hoppers

[94, 95]. Particle interactions in a CA model can be derived from empirically based

rules (often from lookup tables), rule-based mathematics, or physics-based

equations. The Higgs’ group began employing physics-based particle interaction

equations to granular tribology problems through the CA modeling framework

[87, 96]. Other works [89, 91, 93, 94] consider the dissipative nature of COR and

COF in processing particle interactions. However, they do not apply them directly

through the solving of physics conservation equations, but rather through rules

based on probability.

Jasti and Higgs [97] applied a CAmodeling approach to granular flow lubrication

and compared results from the CA simulations to the granular kinetic lubrica-

tion (GKL) model [1]. The GKL model is a continuum approach that applies

rheological constitutive equations for stress, conduction and dissipation to thin

granular shear flows, as well as rigorous boundary conditions for momentum and

energy transport [1]. Particles in the CA model from Jasti and Higgs [97] were

processed primarily with a rule-based approach as shown in Fig. 12.10. Figure 12.10

displays the rules for processing particle–particle interactions inside of the parallel-

type shear cell geometry. The results from the CA simulations were promising

as they showed a favorable match to results from the GKL continuum model [1]

for the prediction of slip at the wall of a shear cell. Other uses of CA in granular

tribology include Osterle et al. [98], who used a CA modeling approach to examine

the flow of third bodies during dry sliding in automotive braking technology.

Jasti and Higgs [87] applied CA modeling to annular-type geometries (see

Fig. 12.1a), namely, the granular shear cell (see Fig. 12.5). Marinack and Higgs

[96] extended this CA framework to include interparticle friction and spin. In this

work [96], particles which collided on the CA grid were processed using the full

model from Walton [73], as presented previously during the discussion of hard-

sphere DEM. The simulation representation of the GSC and velocity profile results

from this work [96] are shown in Fig. 12.11. For relatively dilute flows (see

Fig. 12.11a), results showed that the CA model which accounted for friction

compared much more favorably to the experiment than the frictionless CA model.

Finite Element Method (FEM)

The finite element method (FEM) has become widely used in the tribology com-

munity to study complex contact, thermal, fluid, and structural interaction. In the

finite element analysis arena, two distinct methods, the implicit and explicit time

integration techniques, have emerged for simulating engineering and scientific

problems. Although both of these methods are used to solve the same basic set of
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Fig. 12.10 Rules for

processing particle–particle

interactions in the model

of Jasti and Higgs [97]

Fig. 12.11 CA simulation of the GSC (Fig. 12.7) from Marinack et al. [96]. (a) The simulation

domain. (b) Velocity profile results for experiment and CA simulation
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governing equations, the primary applications for which each method obtains a

robust accurate solution are vastly different. Explicit FEM was originally devel-

oped to solve problems in wave propagation and impact engineering, but more

recently, it has been applied to diverse areas that include sheet metal forming,

underwater simulations, failure analyses, glass forming, metal cutting, pavement

design, and earthquake engineering [99]. Since the method is good for highly

transient events, the explicit FEM approach has been employed in granular flow

tribology.

Kabir et al. [100, 101] first introduced the explicit FEM approach for granular

modeling. In these works [100, 101], the explicit FEM method (using LS-DYNA

software) was applied to modeling parallel (Couette) shear cells where the top wall

remained stationary while the rough bottom wall moved at a fixed velocity.

Figure 12.12 shows examples of two meshed finite element models [100], one of

which contains round particles (Fig. 12.12a), while the other contains multi-shaped

particles (Fig. 12.12b). In both cases, the roughness bumps on the bottom wall can

be seen. As can be seen in Fig. 12.12, the particles themselves are meshed and thus

comprised of a number of elements. This is in contrast to the previously examined

discrete element method (DEM) and cellular automata (CA) approaches, which

treat each particle as a single entity. As a result of individual particle meshing, the

stress distributions inside of the particles can be obtained. This ability allows for

many interesting phenomena to be witnessed in explicit FEM simulations, such as

the breaking and forming of force chains. Figure 12.13 [100] displays an example of

this behavior where a chain of particles spans the gap from the upper to lower wall.

The stress distribution is easily viewed, obviating the formation of a force chain

throughout these particles.

There are several advantages that make FEM uniquely suited to model granular

flow tribosystems. First, FEM allows deformations of the grains to happen in silico

(i.e., during the simulation), which means that the surrounding particles have to

Fig. 12.12 Meshed finite element models [100] with (a) round particles and (b) multi-shaped

particles
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react to a newly deformed geometry, where particles have modified shapes and

contact behavior. Secondly, the explicit FEM approach can handle complex

boundaries and aspherical particles (as shown in Fig. 12.12b), since the FEM

framework meshes all solid objects with a finite set of elements that can be assigned

varying material behavior. This also enables FEM to accommodate heterogeneous

materials with varying mechanical properties or material behavior. Third, the main

material information needed to simulate the contact and collision behavior of grain

flow is the mechanical properties, since the FEM framework is fundamentally

solving the continuum equations of solid mechanics. Thus, collisional system

parameters such as the coefficient of restitution can be predicted in FEM whereas

it is normally required as input in the DEM and CA approaches. As such, FEMwork

to predict COR has been done to consider elastic and elastic–plastic impact of

spheres against substrates of varied thickness [102], repeated impacts [44], and

many other collision situations [49, 103–105]. There are two major disadvantages

of the explicit FEM approach with application to discrete grain simulations. First, as

it is not an implicit approach (i.e., unconditionally stable for large time steps),

smaller time steps have to be used to maintain stability. The time step in the explicit

FEM approach must not exceed Δt ¼ Le/c, where Le is a mesh element length and

c is the wave propagation velocity through the material [106], which is often the

speed of sound. Therefore, the time step scales down with increased FEM mesh

resolution. Second, as the FEM particles are meshed (as opposed to a single element

per particle in DEM or CA), computational costs per contact event are higher than

the mesh-free particles.

LS-DYNA user input
Fringe Levels

9.769e+06

8.792e+06

7.815e+06

6.838e+06

5.861e+06

4.684e+06

3.907e+06

2.931e+06

1.954e+06

9.769e+05

0.000e+00

Contours of Effective Stress (v-m)
max ipt. value
min=0. at elem# 1
max=9.76865e+06. at elem# 2662

Y

X

Time =       3.78

Fig. 12.13 Stress and deformation plot from an explicit FEM study of a shear cell, performed in

the work of Kabir et al. [100]
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2.3.2 Continuum Modeling

This section is adapted from the detailed review performed by Wornyoh

et al. [4]. Since granular flows exhibit fluid-like behavior, continuum approaches

for modeling granular flows have used the conservation equations for mass,

momentum, and granular energy, which take into account velocity fluctuations

and the inelastic collisions of particles. Once obtained, the governing equations

are solved for parameters such as velocity, solid fraction (or density), friction

coefficient, and load-carrying capacity. Constitutive relations are also needed to

describe the behavior of dry particulates, in addition to describing the behavior of

the particulates at the surface boundaries.

The granular tribology community [1, 79, 107, 108] has employed granular

forms of the conservation equations as described by either Haff [109] or Lun

et al. [110]. The conservation of mass equation for granular flows is of the form

Dρ

Dt
¼ �ρ ∇

!
�U!

� �
(12.13)

where the granular flow density ρ and granular mixture velocity U are the key

parameters. The granular conservation of momentum equation is

ρ
DU

!

Dt
¼ ρg

! �∇ � π! (12.14)

where π
!

is the stress tensor and g
!

is the body force vector. The granular

conservation of energy equation is also known as the pseudoenergy equation. It is

similar to the conventional energy equation for fluids except that the rate of change

of the granular temperature is balanced against the energy added and dissipated

from the system due to friction and inelastic particle collisions. The granular

temperature is a measure of the fluctuating component of the granular particles

relative to the mean granular velocity field [111]. Thus, it is written as

3

2

D ρTð Þ
Dt

¼ �∇
!

�q! � φf � φc (12.15)

where q
!
is the molecular energy transport, φf is the work rate of momentum, and φc

is the inelastic work rate (dissipation due to inelastic particle collisions). Details on

(12.13)–(12.15) can be found in Higgs and Tichy [1].

Haff’s continuum theory and constitutive relations [109] for describing the

motion of granular material are used frequently by granular tribologists ever

since Elrod took the “first look” in his granular tribology review paper [112],

which focused largely on granular flows. Adopting Haff’s constitutive relations,

Dai et al. [113] worked to determine the capability of granular flows to be viable

mechanisms for lubrication in slider bearings. Subsequently, McKeague and
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Khonsari [5] used his theories to perform parametric studies with granular flows

and also to predict the hydrodynamic pressure profiles from the well-known powder

lubrication experiments of Heshmat [114]. Tribologists have also used constitutive

relations by Lun et al. [110] to model granular flows in parallel sliding contacts

under load [1, 79, 108, 110] and granular slider bearings [115].

Developing relations to describe the behavior of granular materials around the

boundaries is also important. The boundary equations in the granular tribology

community are often derived from the work of Jenkins and Richman [116] and

Hui et al. [117]. In these works, the macroscopic roughness factor R varies as

0 � R � 1, where R ¼ 0 corresponds to a fairly (macroscopically) smooth surface

and R ¼ 1 corresponds to a very (macroscopically) rough surface. It has been

characterized in Fig. 12.14 as the fraction of lateral momentum transferred to the

granular flow by the walls [118] and the fraction of a granule that fits exactly

between the cylindrical wall disks [119]. The roughness factor affects the slip at the

boundary, which ultimately affects the granular film’s ability to accommodate

velocity and carry load.

3 Slurry Tribology

“Slurry tribology” is the study of particle–fluid suspensions as they relate to

friction, lubrication, and wear. In tribology, slurries are often used to remove

materials from surfaces in a controlled manner [120–123]. However, oftentimes,

engineering solutions are sought to reduce the amount of material removed from

surfaces due to slurry wear mechanisms such as abrasion and erosion [124]. In other

scenarios, slurries formed by adding lubricious particulates to fluid lubricants can

actually increase bearing life [125]. Though the behavior of a slurry in a tribological

environment is complex, many people are already familiar with natural processes

that are dominated by slurry tribology. The erosion of riverbeds due to small rocks

suspended in the flow is also a slurry tribological phenomenon.

In one of their most familiar tribological applications, slurries are used as

lapping and polishing compounds for the preparation of test specimen surfaces.

The micron- and submicron-sized particles used in these polishing applications are

Fig. 12.14 Roughness factor schematic (adapted from [4]). The roughness factors are defined as:

(a) the fraction of lateral momentum imparted to the granule by the surface and (b) the fraction of a

granular particle that fits between wall hemispheres
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essential for achieving the desired surface finishes. Though there are many different

particle types in slurries, a few of the most common ones used in slurry polishing

are silica, alumina, and synthetic diamond. The specific abrasive particle type is

chosen based upon parameters such as the material being polished, the base fluid in

which the particles are suspended, the polishing load and speed, and the desired

surface finish. Typically, the smaller the particle size, the better the surface finish

(i.e., lower surface roughness) as large particles may remove more material and

produce unwanted scratches. This type of slurry polishing has been used for years

with much success. Currently, there are many new and exciting applications of

slurry tribology.

3.1 Slurry Tribology Applications

In this section, three important uses of slurry tribology in relation to

nanofabrication, lubrication, and energy production are discussed.

3.1.1 Slurry Tribology in Nanofabrication

Over the last several decades, chemical mechanical polishing (CMP) has become a

fundamental application of slurry tribology [126]. CMP is used to fabricate com-

puter chips or integrated circuits (ICs) because of its ability to planarize and polish

the large wafers on which ICs are built. During CMP, the wafer is pressed into a soft

rotating polishing pad. Between the pad and the wafer, a chemically-active slurry,

containing abrasive nanoparticles, is entrained. Though there is still discussion in

the literature regarding the details of the wear mechanisms in CMP, it is generally

accepted that the nanoparticles in the slurry abrade the wafer to remove unwanted

material from its surface. In Fig. 12.15, an image of the G&P Poli-300 CMP

machine is displayed.

Though widely used in the IC fabrication industry, improper CMP is known to

impart defects on the IC’s [122]. As the IC is built, nano-sized trenches are etched

into the dielectric materials (mostly silicon dioxide) on the surface of the wafer.

Conductive copper is deposited into these trenches to form copper lines which serve

as the wires in the IC. To ensure that the trenches are filled, it is easier to deposit

copper over the entire wafer and remove the excess using CMP. Once much of the

excess copper has been removed, the resulting wafer surface is a heterogeneous

combination of soft copper and hard dielectric materials. The difference in material

properties between the copper and the dielectric can result in differential wear rates

as CMP is performed. Two defects which occur during this CMP process are

commonly known as “dishing,” which is unwanted material removal from the

copper line, and “erosion,” which is unwanted material removal of the dielectric.

Moreover, contact stresses and fluid pressures in the slurry can cause changes in

material removal rates at the edge of the wafer. This unwanted material removal can
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result in electrical shorts or open circuits which may ultimately require the IC to be

discarded. Understanding the mechanics of the slurry during CMP can lead to a

reduction of such defects [126].

3.1.2 Slurry Tribology in Lubrication

Greases and oils provide essential lubricant films for machine components such as

bearings, gears, chains, and seals. However, when tiny particulate matter is

entrained into these lubricants, a slurry is formed which, in many cases, exacerbates

wear and reduces the lifetime of the hardware [127]. Once the particles get into the

interfacial film, they can disrupt the load-carrying capacity of the film and reduce

the lubricant’s effectiveness. If the particles are so large that they transmit load

between the surfaces, stresses on the surfaces can result in unwanted wear.

There are several examples of this phenomenon. In the internal combustion

engine, the air filter helps to prevent particulate matter from entering the engine.

However, when sand or dirt particles in the air intake make it past the air filter, these

particles can enter the combustion cylinder and make their way into the lubricant

system. Notably, they can become trapped in the lubricant film on the piston rings

and cause abrasive wear damage to the cylinder walls [127]. In internal combustion

Fig. 12.15 An image of the G&P Poli-300 CMP machine
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engines, particulates are also generated as a result of the combustion process itself.

Soot particles can be formed which affect the lubricant’s performance. Finally, a

third example is the generation of particulate matter due to wear debris. During

startup and shutdown, bearings are particularly vulnerable to wear as they transition

into the mixed and boundary lubrication regimes. Once this happens, wear debris

can be introduced into the lubrication system. Oil filters in engines are used to help

remove particulate debris from the lubricant to minimize the effect of these wear

particles.

Artificial Joints

Another example of slurry formation in lubricants occurs in the human body. When

hip and knee replacements are performed, cements, such as polymethyl methacry-

late (PMMA), are used to bind materials together. Over time, the PMMA can chip

generating sharp fragments which make their way into the synovial fluid forming a

slurry. This slurry of synovial fluid and PMMA fragments can be detrimental to

joints and cause unwanted wear to them [128].

Particle Additives

It should be noted that not all slurries are detrimental to lubricated interfaces.

Particle additives such as polytetrafluoroethylene (PTFE) and molybdenum disul-

fide (MoS2) have been discussed in the literature for years. Some studies indicate

that the effect of such additives may increase bearing performance [129] and this

practice has been adopted commercially. There is, however, a balance between

particulate additives acting to increase the bearing performance and the potential

for them to clog the interface reducing the entrainment of lubricant into the bearing.

That has led to the emerging and exciting new field of nano-fluid slurry lubricants.

Nano-fluid slurry lubricants are fluid lubricants to which nanoparticles have been

added. The particles in nano-fluid slurries may be large enough to help lubricate

the interface during boundary and mixed lubrication but small enough to reduce

the potential for clogging [125, 130]. Additionally, because of their fine size,

nanoparticles may form a more uniform protective layer on the surfaces as com-

pared to larger micron-sized particle [131].

There have been several studies which have investigated the use of nanoparticles

as lubricant additives which show great promise in improving bearing performance.

In a recent work, boric acid particles were added to environmentally-friendly

lubricants, such as canola oil, and displayed a reduction in friction [130].

As a final example of the potential benefits of particles in lubricants, there is a

class of bearings called “two-phase porous” bearings which rely on the presence of

particles, advected by the lubricant, to clog pores in the bearing surfaces reducing

their porosity. Once the porosity of the bearing is reduced, sufficient film pressures

are generated to carry the bearing loads [132].
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3.1.3 Slurry Tribology in Energy Production

Slurry tribology is an important component in energy production. There are several

examples of the role of slurry tribology in the petroleum industry. Petroleum and

natural gas reserves are found deep under the Earth’s surface. When drilling for

these fuel reserves, it is common to use a slurry to lubricate the drill bit as it cuts

into the rock formation [133]. This slurry, called a drilling fluid (often referred to as

a drilling “mud” in the field), is an important component in the drilling process. The

drilling fluid (1) lubricates the drill bit, (2) removes heat from the rock–drill bit

interface, (3) transports rock cuttings away from the well bore, and (4) helps to

prevent well blowouts by keeping formation fluids from prematurely entering the

well bore.

Typically, the drilling fluid slurry is either oil based or water based and contains

particles such as calcium carbonate. By adjusting the concentration of particles and

the particle type, the drill operator or “mud engineer” responsible for the drilling

fluid can “tune” the drilling fluid’s properties to better perform its tasks.

A closely related application of slurry tribology is a process called hydraulic

fracturing. During hydraulic fracturing (often called “fracking”), fracturing fluid is

pumped into fissures and cracks in the rock formation. The high pressure of the

fracturing fluid fractures the rock formation releasing pockets of trapped gas. Much

like drilling fluid slurries, fracturing fluid slurries are comprised of a base fluid and

loaded with particulates to enhance their performance.

Finally, after the petroleum fluids have been taken from the ground, sand and dirt

in raw petroleum fluids create a slurry which can cause erosive wear to pipe

surfaces as it is being transported long distances to refineries. This erosion is

particularly severe at areas where the fluid changes directions or velocities sharply

such as pipe elbows, tees, and valves [124].

3.2 Slurry Tribology Experiments

Before using a slurry in tribological applications, it is important to test its perfor-

mance. There are many devices that have been created which can assess the

performance of slurries. One such device is a multipurpose tribometer. These

types of instruments can be configured to conduct experiments such as pin-on-

disk tests in which a slurry can be introduced into the interface. Additionally, some

of the machines can be configured to do benchtop CMP to test the performance of

different CMP slurries. Moreover, 4-ball tests can be run with contaminated

lubricants to test their effect on potential ball-bearing applications. In Fig. 12.16,

an image of the CETR UMT multipurpose tribometer is displayed.

In addition to these multipurpose slurry tribometers, there are also a host of

highly specialized tribometers which are used to test slurries in extreme conditions

using specialized materials. An example of this is the spiral orbit tribometers
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(SOTs) used by the US National Aeronautics and Space Administration (NASA)

to evaluate the performance of nano-fluid slurry lubricants under a high vacuum

[125]. A schematic of the SOTs used by the NASA Glenn Research Center is shown

in Fig. 12.17 [134].

3.3 Slurry Tribology Modeling

Many techniques have been developed to model the behavior of slurries in tribo-

logical applications. The challenge in modeling slurries is that particle–particle

interaction and particle–fluid interaction usually play a significant role in the slurry

behavior. Slurry tribology modeling has benefited from decades of fluid modeling

and particle modeling from the well-developed fields such as fluid mechanics,

colloid science, and granular flow.

Fig. 12.16 CETR UMT

multipurpose tribometer
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3.3.1 Fluid Modeling

Typically in tribology, fluids are modeled using the Reynolds equation. The

Reynolds equation (12.16), derived from the more general Navier–Stokes

equations, is suitable for predicting fluid pressures in thin interfaces at low

Reynolds numbers [135–137]:

∂
∂x

h3
∂p
∂x

� �
þ ∂
∂y

h3
∂p
∂y

� �
¼ 12ηU

dh

dx
(12.16)

To derive the Reynolds equation, from the Navier–Stokes equations, there are

several assumptions which must be made [138]:

1. Body forces are negligible.

2. Pressure is constant through the lubricant film.

3. No slip at the bounding surfaces.

4. The lubricant flow is laminar (low Reynolds number).

5. Inertial and surface tension forces are negligible compared with viscous forces.

6. Shear stress and velocity gradients are only significant across the lubricant film.

The advent of increased computing power on modern personal computers and

supercomputers has led to increased usage of computational fluid dynamics (CFD)

as a means to predict fluid behavior in tribological interfaces. Because CFD is a

numerical approximation of the Navier–Stokes equations (12.17 and 12.18), it is

applicable for more general slurry modeling. Moreover, it is better suited for

incorporating the effect of the slurry particles on the fluid:
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Fig. 12.17 Schematic of

spiral orbit tribometer used

by the NASA Glenn

Research Center to test

nano-fluid slurry

lubrications on ball-bearing

components in extreme

vacuum (Courtesy NASA/

GRC [134])
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In CFD, the momentum equations (12.17a–12.17c) are discretized, and

pressure–velocity coupling is achieved by seeking to satisfy the continuity equation

(12.18). The variables u, v, w, and p represent the x, y, z components of the fluid

velocity and the pressure, respectively. The increased modeling fidelity and flexi-

bility gained by using CFD comes at the price of computational time. As a result,

when applicable, the Reynolds equation is still widely used today. As computers

become faster, it is expected that CFD usage will increase in slurry tribology.

Computational processing speeds may become so fast that widespread simulation

of fluids in slurry tribology can be performed using molecular dynamics (MD). In

MD, the fluid is not modeled as a continuum. Instead the behavior of the atoms that

comprise the fluid is simulated. It is currently unfeasible to perform macroscale

slurry tribology simulations using MD due to the computational resources required.

However, much progress has been made in the study of nano-fluids using MD

simulations at nanoscales. In the not-too-distant future, it may be possible to run an

MD simulation to predict the slurry behavior at the macroscale.

3.3.2 Particle Modeling

Particle modeling in slurry tribology has benefited from a number of other fields

such as contact mechanics [42] and granular flow. It is typically assumed that the

behavior of the particle in the absence of the fluid will be the same as when the fluid

is present except for specific forces which are introduced by the fluid. There are

many numerical methods now used to predict particle behavior in slurry tribology.

One of the most commonly used techniques is the discrete element method (DEM).

Details about the DEM and finite element method (FEM) for particle modeling in

slurry tribology are provided in the granular flow tribology section 2.3.1.

3.3.3 Particle–Fluid Interaction

The fundamentals of particle modeling in slurry tribology were developed with

little consideration for the particle’s effect on the fluid. Unlike classical multiphase

flow mechanics where there are advanced treatments of particle dynamics, it was

assumed that the particles would generally follow the path of the fluid and their
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effect on the system would be to do the tribological work of removing material.

This type of modeling, called one-way particle–fluid coupling, has been successful

in predicting many phenomena such as material removal rates during CMP [139].

A desire to model the scenario with higher fidelity has led to the use of two-way

coupling in particle tribology. In two-way coupling, the fluid is affected by forces

from the particle, and the particle is affected by forces from the fluid [140]. Such

interaction is necessary, especially when predicting the effect of particulates on the

entrainment of lubricants into the interface between surfaces.

Typically, the momentum between the fluid and the particle is coupled by

calculating the force of drag and the force of pressure gradients in the fluid

(buoyancy) on the particle. In some of the earliest models, and in many models

used today, Stokes drag was used to calculate the drag force. Stokes drag is

applicable for spherical-particle slurry flows with low solid fractions (so that the

effect of other particles can be neglected) and very low Reynolds numbers in areas

where the fluid boundary has little effect on the flow around the particle. When

these criteria are satisfied, Stokes drag can be calculated by 12.19:

Fdrag ¼ 6πηUa (12.19)

When these criteria are not satisfied, it may become necessary to take into

account phenomena such as the shearing of the fluid through a collection of

particles and the effect of wakes generated in the fluid as it flows around the

particles. For the former, there have been methods derived based on empirical

predictions for the flow through packed beds of particles [141]. For the latter, more

detailed modeling may be necessary, and fine CFD meshes around particles have

been created to elucidate this behavior. Empirical relations, such as the COR of

immersed particles [55], have also been used in slurry modeling when such

relations adequately describe the dominant physics [140].

Finally, slurry tribology has benefitted largely from the field of colloid science.

The understanding of forces such as Magnus forces, Saffman forces, and Brownian

forces gleaned from colloid science has helped in the modeling of slurry tribology.

Notably, the attractive dispersion forces (such as van der Waals forces) and the

repulsive electrostatic forces (such as electric double-layer forces) are important in

modeling the stability of slurries and interactions between particles.

3.4 Future Trends in Slurry Tribology

Though slurry tribology has been studied for many years, advances in the under-

standing of nano-fluids have opened many new applications. As discussed earlier,

the introduction of nanoparticles into lubricants can help to protect bearing surfaces

during boundary and mixed lubrication. Additionally, smart slurries such as

magneto-rheological fluids (MR) show great promise for future implementation

as their properties can be tuned based upon external magnetic fields. This property
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has much potential and has already been utilized in magnetically activated

suspensions. Additionally, there is a need for much analysis and modeling to be

performed for these novel applications and others such as two-phase porous

bearings.

4 Powder Tribology

4.1 Introduction

Powder lubricants suggest dry, cohesive, soft particles that accommodate surface

velocity differences by deforming under load and adhering to surfaces. Powder

lubricants can reduce friction and wear between two surfaces below boundary

lubrication levels, in a manner similar to granular lubricants because of their

abilities to allow interlayer motion. These similarities include the generation of

lift in sliding contacts, the existence of particle density distributions, the depen-

dence of pressure on the mixture properties, and the demonstration of slip at the

boundaries in macroscale geometries [4]. However, there must be distinguishing

features in the flow of powder lubricants that separate themselves from granular

lubricants. One of the main differences between powder and granular lubricants is

the fact that powder lubricants adhere and coat surfaces while granular lubricants

slip, roll, and collide with the surfaces at their boundaries. Because granular

lubricants slip, roll, and collide, granular particles experience nearly elastic

collisions. On the other hand, powder particles experience entirely inelastic

collisions since they adhere to surfaces after colliding with them. Another differ-

ence between powder and granular flow lies in the size of their particles (powder

particles are typically on the order of 1 μm or less, while granular particles are on

the order of 1 mm). This is a weaker delineation since cohesionless powders which

are on the order of microns can still transfer momentum between surfaces through

collisions. There are also similarities and differences between hydrodynamic fluids

and powder lubricants. Similar to hydrodynamic fluids, they shear in the bulk

medium, where lubrication can be attained by steady velocity accommodation.

Powder lubricants can achieve this lubrication process due to their lamellar

structures. However, they are different in that powder lubricants can sustain load

in not only static contacts but also in flows that include parallel geometries, where

the “wedge” effect is absent [4].

To understand the physics of powder lubrication, it is important to acknowledge

the macroscopic and microscopic interactions of powder lubricants. Some micro-

scopic quantities that influence powder flows are the small forces between particles,

individual particle size, and porosity [142]. The interlaying bonding between the

lamellar structures affects the lubrication processes of powder lubricants as

supported by friction data and results gathered from an electron microscope

[143]. These characteristics play a role in some important macroscopic properties,
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such as hardness and compaction. In powder lubrication, cohesive powder particles

amalgamate, shear, and coat surfaces to improve lubrication performance by

providing velocity accommodation and load-carrying capacity while reducing

wear and friction. Figure 12.18 presents the intricacy of the dispositions that

determine the circumstances of powder materials as reported by Higgs and

Heshmat [144]. Some typical examples of lamellar powder lubricants include

molybdenum disulfide [145, 146], titanium dioxide [147], boric acid [148], and

tungsten disulfide [149].

4.2 Application and Phenomenon

Powder lubrication schemes have been proposed as innovative candidates for

lubrication in extreme environments (i.e., temperature and/or loads), where

conventional lubricants cannot perform adequately. For example, the increased

capacity of turbine engines will result in high temperatures on the order of 800 �C,
posing serious problems on modern cooling technology. At temperatures greater

than 500 �C, conventional liquid lubricants are unable to sustain loads, hence, the

advent of solid/particulate lubrication [4]. Kaur and Heshmat developed an oil-free

journal bearing, capable of supporting significant rotor loads of 445 N (100 lb.)

operating at 815 �C and 30,000 rpm that was lubricated by in situ powder film

transfer. The dry particulate powders, which are pelletized, provide a long-lasting,

low-power-loss backup bearing. Some applications that may use such bearings are

ground- and space-based flywheel energy storage systems, auxiliary and integrated
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Fig. 12.18 Properties that affect powder lubricants
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power units, and gas turbine engines [150]. Similar concepts have been adopted by

companies that manufacture several different types of self-lubricating bearings that

utilize reservoirs containing polytetrafluoroethylene (PTFE) solid lubricants for

aerospace, hydropower, industrial, and offshore applications.

Powder lubricant applications extend beyond the bearing domain. Heshmat

designed a powder lubricant piston ring for adiabatic diesel engines and coal–water

slurry-fueled diesel engines [151]. The heat transfer between the cylinder walls and

the cooling system must be minimized in order to achieve an adiabatic cycle in an

internal combustion engine such as a diesel engine. The heat transfer normally

makes up for 30–35 % of the total fuel energy of a diesel cycle. An increase in

surface temperatures at the piston is observed in this configuration during the

compression stage. As the surface temperatures exceed the limit of the operational

temperature for the engine oil, current adiabatic diesel cycles are reduced to keep

the temperature of the process below the limit of the operational temperature of the

hydrocarbon lubricant. The reduction of the engine’s capacity results in lower fuel

efficiency and lower power per unit weight.

Consequently, a powder-lubricated piston ring was proposed for an adiabatic

cycle diesel engine that can operate at temperatures above the hydrocarbon lubri-

cation limit of 600 �C, thus, permitting the engine to function with higher fuel

efficiency and higher power output [151]. There are two embodiments of the patent.

The first includes powder-lubricated piston rings in conjunction with hydrodynamic

compliant-mounted bearings, and the second includes powder-lubricated piston

rings in conjunction with oil-lubricated hydrodynamic rings. Quasi-hydrodynamic

lubricant film between the piston and the cylinder is formed to provide a separation

between the two surfaces. The flow of powder particles is similar to the motion of

liquid molecules, such as hydrocarbon lubricant; the powder particulates provide a

load-carrying capacity and film thickness.

Powder lubrication can also be seen as an important factor in the fault weakening

of earthquake phenomenon [152]. For a long time, earthquake instability has been

accredited to fault weakening during accelerated slip, and the main question of

earthquake physics has revolved around identifying the weakening mechanisms.

During experiments with dry solid-granite blocks, fine rock powder, known as

gouge, quickly forms and is responsible for the reduced fault strength due to its

organization into a thin deforming layer. When the gouge ages, which happens soon

after slip, the fault would regain its strength rapidly, thereby, suggesting that only

newly formed gouge can weaken the experimental faults. It can be observed that

dynamic gouge formation is a common and causal mechanism for an earthquake due

to the behavior similarity between a fault gouge and industrial powder lubricants.

4.3 Experiments

The evaluation of powder lubrication based on its frictional behavior and wear

characteristics has been studied extensively. Various powder lubrication parameters

such as materials, surface conditions, load, speed, temperature, environment,
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contact area, and particle size are the main subjects of studies [153–155]. This

section will explore some of the experimental approaches to determine the rela-

tionship between some of the mentioned parameters in both thick film (i.e., hydro-

dynamic lubrication) and thin film (i.e., boundary lubrication) types of powder

lubrication.

4.3.1 Thick Film Powder Lubrication

One of the earliest thick film experimental investigations was carried out by

Heshmat to present a visual documentation of the fluid-like flow of certain powders

[119]. It can be observed that a number of basic features of powder flow in narrow

interfaces exhibit the characteristics of fluid film lubrication. These characteristics

are also called the “quasi-hydrodynamic” nature of powder lubricants. The test

rig assembly designed for flow visualization included a variable speed electric

motor and a cup-shaped transparent journal bearing. The test rig and journal were

made of a transparent thermoplastic synthetic resin (methyl methacrylate). A steel

shaft was connected at the journal’s center. An outboard grease-lubricated bushing

radially provided the support for the rotating shaft. A transparent cup-shaped cover

was positioned over the journal bearing to minimize the powder loss during the test

[119]. Figure 12.19 shows the general experimental setup.

The test rig was utilized to conduct a series of experiments to explore several

features of powder flow in eccentrically convergent spaces. The transparent bearing

clearance was filled with titanium dioxide (TiO2) and molybdenum disulfide

(MoS2) powders in a layered manner. To provide a reference frame for the powder

testing, the basic pattern of fluid flow in the interface of a journal bearing was

demonstrated. Viscosity was the main fluid property that was responsible for the

behavior of a hydrodynamic film; thereby, paint, due to its high viscosity that is

equivalent to SAE 40 oil, was chosen to compare to the hydrodynamic flow of the

powder lubricant. In comparing the results between powder flow and fluid flow in a

journal bearing, the following was inferred for powder flow [119]:

• A boundary layer-like flow can be observed along the moving surface, and there

is a distribution of shear stress across the film.

• Due to the journal rotation, compressive and tensile stresses in the radial

direction are generated in the film. The converging region of the film forms

compressive stresses, and the diverging region produces tensile stresses.

• There was an evidence of the formation of hydrodynamic pressure profiles in

powder lubricants.

• The original circumferential flow of powder assumes an axial motion as the

powder moves towards the smallest gap in the converging section. This occur-

rence suggests an axial pressure distribution, which is analogous to hydrody-

namic lubrication.

• After the powder particulates flow passed the smallest gap of the converging

section, a powder film shows chaotic motion similar to turbulent flow.

12 Particle Tribology: Granular, Slurry, and Powder Tribosystems 425



• There was adhesion of a thin powder layer to the two mating surfaces that was

responsible for the low-friction behavior of the tribological process of powder

lubrication.

A follow-on series of work to the powder-lubricated bearing visualization

studies led Heshmat to develop what he called “quasi-hydrodynamic theory of

powders” in converging contacts [156].

4.3.2 Thin Film Powder Lubrication

Heshmat and his collaborators studied powders in pin-on-disk tests to evaluate the

performance of molybdenum disulfide (MoS2) in bearings [150, 157]. The “pellet-

on-disk” tests were performed using a modified pin-on-disk tribometer where

compacted MoS2 powder was run against a titanium carbide (TiC) disk. The two

major technology components for the experimental setup consisted of the pelletized

powder lubricant delivery system and the compliantly mounted slider type. The

tests helped to establish the optimum geometries and system parameters to make

MoS2 lubricant pellets [147]. From this work, a self-contained solid-/powder-

lubricated auxiliary hydrodynamic bearing was developed. This bearing was

operated at 30,000 rpm and at loads up to 445 N (100 lb) [150].

Similar to the pellet-on-disk with slider tribometer developed by Heshmat,

Higgs and Wornyoh developed a tribometer setup to study thin powder transfer

films from compacted powder pellets [158], as shown in Fig. 12.20. In wear tests,

MoS2 pellets were sheared against the surface of the rotating titanium carbide (TiC)

disk forming a transfer film which was then depleted by the downstream loaded

slider pad [158]. The resulting friction coefficient between the slider and disk was a

function of the amount of lubricant that remained on the disk.

During the tests, a pellet was loaded against the disk, as it rotated. Since the

pellet is pressed against the disk with a weight Fp, the thin film is transferred to the

Fig. 12.19 Thick film

powder-lubricated journal

bearing
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disk which has a linear speed U. The transfer film supports the normal load Fs on

the slider. Lastly, the wear rate of the pellet and the frictional behavior at the

pellet–disk and pad/disk interfaces were measured with load cells [158].

Figure 12.21 shows typical experimental results from the pellet-on-disk with

slider tribometer. In Fig. 12.21a, the friction coefficients for an MoS2 pellet with an

average particle size of 7.4 μm and slider riding atop the rotating disk are shown.

The friction coefficient for the solid MoS2 compact is generally higher than a hard

metal slider pad riding on a lubricious transfer film of MoS2 likely because the

slider pad shears the lamellar MoS2 film similar to a fluid. Figure 12.21b shows a

typical wear graph for the pellet in terms of mass loss in grams. In Fig. 12.21c, the

friction coefficients for an MoS2 pellet with an average particle size of 1.56 μm and

slider are shown. The friction coefficients reach steady-state values in approximate

range of 0.13 and 0.15. The distance that it takes for these friction coefficients to

reach the steady-state values corresponds to the distance that indicates where a

steady-state wear rate starts to occur, and the approximate distance falls at 1 km as

shown in Fig. 12.21d.

4.4 Modeling

The nonexistence of a clear-cut fundamental equation of motion for powder

lubrication led researchers to adopt a variety of forms [4]. For example, some

authors have favored the rheological study or the study of material as a reasonable

assumption in modeling powder lubrication [4]. Rheology combines the theories of

continuum mechanics with ideas obtained by considering the microstructure of the

objects being studied. This section will examine three different modeling

approaches such as thick film modeling, thin film modeling, and discrete element

method (DEM) modeling.

Fig. 12.20 (a) Pellet-on-disk with slider setup. (b) Diagram of the pellet–disk and slider/disk

interfaces
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4.4.1 Thick Film Powder Lubrication Modeling

For thick film powder films, Heshmat [159] used a continuum approach to develop

a semiempirical model to predict the behavior and performance of powders, which

he said behaved as “quasi-hydrodynamic” lubricant films. Figure 12.22 shows his

phenomenological description of the velocity accommodation provided by lamellar

powders between sliding surfaces. Lamellar powders such as MoS2, graphite, and

tungsten disulfide are called “powder lubricants” because they inherently have

layered shearing. Heshmat developed a rheological model for powder lubricants

which related the shear rate (du/dy) of the powder to an odd fifth-order function of

the shear stress τ as seen in (12.20) [159]. Powder lubrication or layered shearing

was shown to only occur when the film is sheared with a stress between the

powder’s shear-based yield strength τ0 and its limiting shear stress τl; both are

values which he measured experimentally [159]:

Fig. 12.21 Test results from pellet-on-disk test. (a, c) Pellet and slider pad friction coefficient.

(b, d) Cumulative pellet wear. (a, b) Test results for average MoS2 powder particle size of 7.4 μm.

(c, d) Test results for average MoS2 powder particle size of 1.56 μm
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μ
du

dy

� �
� τ0 ¼ τ þ C1τ

3 þ C2τ
5 (12.20)

where μ is the powder viscosity, u is the velocity, τo is the yield shear strength,

τ is the shear stress, and C1 and C2 are empirical constants. An effective powder

viscosity could be measured in rheological-type experiments, and a

one-dimensional momentum equation taken from the Navier–Stokes fluid

equations was used to determine the hydrodynamic pressure numerically.

4.4.2 Thin (Transfer) Film Powder Lubrication Modeling

The transfer film approach of modeling powder lubrication assumes the powder

film thickness does not exceed the height of the surface asperities and, in most

cases, is less than the tallest asperities (see Fig. 12.20b). In order to develop a

tribology model of the lubrication process, the asperity domain was assumed to be

the control volume [158]. Figure 12.20b showed a simplified schematic of the pellet

as it is sheared against the disk and as the slider pad depletes the lubricant off the

disk with exaggerated asperity heights; for simplicity, the slider is not shown. A

control volume fractional coverage (CVFC) model [158] was developed with the

following assumptions:

Fig. 12.22 Powder lubricant as a third body
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• The slider/disk and pellet–disk interface topographies are represented by a

nominally flat or slider surface in contact with a rough disk.

• The disk topography varies little relative to the maximum asperity height hmax.

• The frictional response in the pellet–disk and slider/disk interfaces is predomi-

nantly a function of the height of the transfer film covering the disk surface.

The fractional coverage, X, is dimensionless and is defined as the fraction of

lubricant that covers the asperities of the disk surface. That is,

X ¼ h=hmax (12.21)

where h is the local height of third body film. The film height when the disk

asperities are completely covered is h ¼ hmax and in that case, X ¼ 1. Similarly,

X ¼ 0 represents the case of no lubricant coverage. Referring to Fig. 12.20b,

consider the control volume that encloses asperities and valleys. The rate at

which the amount of lubricant can be stored on the disk is equal to the difference

between the amount of lubricant entering the control volume and the amount of

lubricant exiting the control volume. This is expressed as (12.22) as a conservation

of mass flow rate or volume flow rate if density is assumed constant as in this case:

Third Body Storage Rateð Þ ¼ Third Body Input Rateð Þ
� Third Body Output Rateð Þ (12.22)

To mathematically interpret (12.21), a generalized wear law is used to describe

the rates of material being input or output from the control due to wear mechanisms:

_V ¼ KFNU (12.23)

where _V is the volume wear rate, K is the dimensional wear coefficient, FN is the

normal load applied, and U is the sliding velocity. K is an empirical constant that

describes the probability of wear occurring between two different materials such as

TiC on MoS2, although in some cases, K could just be between the same kinds of

material (e.g., MoS2 pellet riding on MoS2 third body). Applying Archard’s wear

law from (12.23) on each of the interacting interfaces, (12.22) becomes

A
dh

dt
¼ KpFpU 1� Xð Þ � KepFpU Xð Þ � KesFsU Xð Þ (12.24)

where A is the cross-sectional area and Fp and Fs are pellet and slider loads,

respectively. Additionally, Kp is the wear coefficient for the pellet–disk interface,

while wear coefficients for the third body wear due to the shearing from the pellet

and slider pad are Kep and Kes. The fractional coverage X coefficients in each of the

three terms on the right side of (12.24) act as “switches.” For example, if the disk is

fully covered (X ¼ 1), the pellet switches off from wearing which means the first

term goes to zero. When the disk has no lubricant film on it (X ¼ 0), the second and
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third output wear terms on the right side of the equation go to zero, and the equation

reduces back to the general wear equation just for the pellet.

Equation (12.24) is the governing equation which together with the initial

condition X(0) ¼ 0 completely define the problem for the CVFC model. The

solution to (12.24) is given by

X tð Þ ¼ KpFp

� �
Kep þ Kp

� �
Fp þ KesFs

1� exp � t

τ

� �h i
(12.25)

where τ is the time constant defined by

τ ¼ Ahmax

Kep þ Kp

� �
Fp þ KesFs

� �
U

(12.26)

After a long time has elapsed, the steady-state fractional coverage is

Xss ¼
KpFp

� �
Kep þ Kp

� �
Fp þ KesFs

(12.27)

Assuming a linear rule of mixture can be used to predict the friction coefficient

between unlubricated and fully lubricated conditions, the pellet and slider friction

coefficients can be defined as (12.28) and (12.29):

μp ¼ Xμlub,p þ 1� Xð Þμdry,p (12.28)

μs ¼ Xμlub, s þ 1� Xð Þμdry, s (12.29)

where μp and μs are friction coefficients at the pellet–disk and slider/disk interfaces,
respectively. The pellet and slider friction coefficients for unlubricated conditions

are μdry,p and μdry,s, while those for lubricated conditions are indicated by μlub,p and
μlub,s.

Lastly, Iordanoff et al. [160] suggest the use of a discrete element method

(DEM) modeling approach. They studied mechanisms operating in sliding contacts

and outline the influence of external parameters. The proposed unified approach

considers the following conventional modeling:

• The quasi-hydrodynamic model developed by Heshmat [159]

• The kinetic model developed by Haff [109] and extensively modified by

tribologists, such as Dai et al. [161], McKeague and Khonsari [5, 162], Yu,

et al. [163], and Zhou and Khonsari [108]

The authors’ [160] discrete model was based on the principles of DEM proposed

by Cundall and Strack [72] for geotechnical applications. Recently, simulations

involving solid third bodies, similar to pelletized powder, have been conducted by

Fillot et al. [164].
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5 Conclusion

The purpose of this chapter was to expose readers to the tribology of particles

interacting with other particles, fluids, and external or internal surfaces. The topic of

particle tribology is much broader than the three tribosystems—granular, slurry,

and powder—presented in this chapter. However, most fundamental issues

concerning particle tribology and its associated applications likely have been

addressed within the sections of this chapter. For example, granular flows can be

a broad description of particulate systems where the particles primarily interact

through collisions resulting in dissipative momentum transfer. An application of

this might be the flow of coal down long pipelines where vast amounts of power are

needed to pump these solids which are constantly losing kinetic energy due to

particle–particle and particle–surface interactions. Slurry flows which are multi-

phase particle–fluid flows exhibit behavior that is often difficult to predict because

one must first understand the fluid mechanics and particle dynamics occurring

between sliding surfaces. And finally, the most classical of the particle tribology

areas is powder lubrication which refers to particles that often exhibit dual lubrica-

tion behavior. They either accommodate surface velocity differences by shearing,

or they lower frictional performance by coating surface asperities during sliding.

The student aiming to study broad particle engineering and science problems such

as earthquake prediction, flow stoppage during solids processing, and the erosion

susceptibility of surfaces during processing or basic operation should greatly

benefit from the concepts presented in this chapter.
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Problems

12.1 Single Particle Coefficient of Restitution Analysis
Understanding granular flow tribology hinges on an understanding of the

interactions of individual particles at the local level. As discussed in the

chapter, one of the key parameters at the local particle interaction level is

the coefficient of restitution. Evaluate each of the following problems related

to the coefficient of restitution:

(a) Find e for the collision of a sphere falling from rest at an initial height of

18 in., which collides with a stationary plate and rebounds at a velocity of

2.43 m/s.

(b) Assuming a sphere colliding with a stationary block, derive an expression

for the coefficient of restitution (e), in terms of the pre-collision (KEi) and

post-collision kinetic energy (KEr) of the sphere.

(c) In experiments, it is impossible to study the effects of certain individual

particle properties, such as material density (ρ), due to the inability to

experimentally vary them in isolation. This is where modeling, theoretical

and/or FEM, can become particularly useful. Consider a sphere (granule)

being dropped from rest against a stationary block. Under a certain set of

collision conditions, the coefficient of restitution (e1) between the sphere

and the block is found to be 0.85. Now consider a second collision case,

where only the material density of the sphere (ρs) was to change and be

increased by a factor of 1.5. Assuming all other parameters of the collision

remain the same, use the theoretical formulation (12.5) to predict the

coefficient of restitution (e2) for this second collision case.

12.2 Particle Settling
You are a tribologist working for a chemical plant and are responsible for a

new process. During this process, a small amount of nickel catalyst particles

(100 μm in diameter) are placed into a 15 m-tall vat of vegetable oil to

encourage a chemical reaction. Though the suspension is very dilute, it has

been found that the catalyst particles cause substantial erosive and abrasive

wear to downstream equipment. As a result, the oil must be particle-free

before it can be sent to downstream processing equipment. Using gravitational

settling would be significantly less expensive than filtering the catalyst

particles out of the oil. The maximum amount of time the plant operators

can wait for the particles to settle is 2 h. Calculate whether or not gravitational

settling will be a viable method of separating the catalyst particles from the

vegetable oil given the time constraints of the plant operators.

12.3 Derivation of Powder Equation
Derive (12.25) starting from (12.22).

12.4 Powder Film Classification
What is the difference between thick film powder lubrication and thin film

powder lubrication?
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Solutions

12.1 Part a:. Solution.

v2imp ¼ v2I þ 2gHI ¼ 02 þ 2 9:81m=sð Þ 18in:ð Þ 0:0254m=in:ð Þ ¼ 8:970m2=s2

vimp ¼ �2:995m=s

From (12.2):

e ¼ �vreb
vimp

¼ �2:43m=s

�2:995m=s

e ¼ 0:81

Part b:. Starting from (12.1)

e ¼ vreb, 1 � vreb, 2
vimp, 2 � vimp, 1

Assuming the stationary block is object 1 and the sphere is object 2, this can

be reduced to

e ¼ 0� vreb, 2
vimp, 2 � 0

¼ �vreb, 2
vimp, 2

(1)

Just before impact the sphere’s kinetic energy is given by

KEimp, 2 ¼ 1

2
mv2imp, 2

Solving for the impact velocity gives

vimp, 2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KEimp, 2

m

r
(2)

Similarly the rebound velocity of the sphere can be derived in terms of kinetic

energy as

vreb, 2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KEreb, 2

m

r
(3)

Substituting (2) and (3) into (1) yields

e ¼
�

ffiffiffiffiffiffiffiffiffiffiffiffi
2KEreb,2

m

q
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2KEimp,2

m

q ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KEreb, 2

KEimp, 2

s
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Using KEi and KEr to represent the pre-collision and post-collision kinetic

energy of the sphere and since the positive or negative root can be obtained,

this can simply be written as

e ¼¼
ffiffiffiffiffiffiffiffi
KEr

KEi

r

Part c:. First, derive e as a function of ρs. Start from (12.5):

e ¼ 1:88
pd
E�
� �1

2
1
2
msv

2
imp

pdR
3

 !�1
8

(1)

Consider the equation for the reduced radius of curvature between the sphere

and block:

1

R
¼ 1

Rs
þ 1

Rblock
,

where Rblock ! 1
Solving for R yields

1

R
¼ 1

Rs
þ 1

1 ¼ 1

Rs
þ 0 ¼ 1

Rs

R ¼ Rs (2)

Substitute (2) into (1) to obtain

e ¼ 1:88
pd
E�
� �1

2
1
2
msv

2
imp

pdRs
3

 !�1
8

(3)

The density of the sphere (ρs) can be written as

ρs ¼
ms

Vs
¼ ms

4
3
πR3

s

Rearranging this expression yields

ms

R3
s

¼ 4

3
πρs (4)

Substitute (4) into (3) to obtain

e ¼ 1:88
pd
E�
� �1

2
1
2
4
3
πρsv

2
imp

pd

 !�1
8

¼ 1:88
pd
E�
� �1

2
2
3
πρsv

2
imp

pd

 !�1
8

12 Particle Tribology: Granular, Slurry, and Powder Tribosystems 441



Since no parameters (besides ρs) change between the two collision cases

(1 and 2) defined in the problem, this expression can be written for the two

collision cases as

e1 ¼ Cρ�1=8
s1

e2 ¼ Cρ�1=8
s2

In these equations, C is a constant which is equivalent in the two equations.

From this, it can be obtained that

C ¼ e1

ρ�1=8
s1

¼ e2

ρ�1=8
s2

(5)

It is given in the problem that

e1 ¼ 0:85 (6)

ρs2 ¼ 1:5ρs1 (7)

Substitute (6) and (7) into (5) to obtain

0:85

ρ�1=8
s1

¼ e2

1:5ρs1ð Þ�1=8

Solve for e2:

0:85 1:5ρsð Þ�1=8 ¼ e2ρ
�1=8
s1

0:85 1:5ð Þ�1=8ρ�1=8
s1 ¼ e2ρ

�1=8
s1

0:85 1:5ð Þ�1=8 ¼ e2

e2 ¼ 0:81

12.2 The particles in the suspension will have a number of different forces acting

on them. By using Newton’s second law (12P.1), it is possible to estimate

when they will fall out of suspension.

F ¼ ma (12P.1)

Because a clue is provided in the problem that the suspension is very dilute,

surface forces between particles are neglected. As a result, the primary forces

acting on the particles are gravity, buoyancy, and drag. The force of gravity Fg

is calculated from (12P.1) where ρp is the particle density, V is the particle

volume, and g is the gravitational acceleration.
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Fg ¼ ρpgV (12P.2)

The force of buoyancy on the particle is based on the particle volume and

can be calculated using (12P.3), where ρf is the fluid density.

Fb ¼ ρf gV (12P.3)

The force of drag acting on the particles can be calculated using a Stokes

drag formulation based on the assumption that the Reynolds number, Re, is

significantly less than unity. If this is the case, the force of drag can be

calculated from (12.19)

Fdrag ¼ 6πηUa (12.19)

It is important to note here that U is equal to the difference between the

particle velocity and the fluid velocity.

U ¼ Up �Uf

Because the fluid is mostly stationary, the fluid velocity will be considered

zero. Particles falling out of suspension will reach a constant terminal velocity

in which the sum of all forces on them is zero. Using this information to

populate (12P.1), (12P.4) can be generated.

Fdrag ¼ Fg � Fb

6πηUa ¼ ρpgV � ρf gV

Up ¼
Vg ρp � ρf
� �
6πηa

(12P.4)

Continuing the assumption that the particles are spherical, the volume can

be calculated as

V ¼ 4

3
πa3

The resulting equation can be used to calculate the terminal velocity of the

particle

Up ¼
4g ρp � ρf
� �
18η

a2 (12P.5)

Inserting values for the variables

Gravitational acceleration g ¼ �9.81 m/s2
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Density of the particles ρp ¼ 8,908 kg/m3

Density of the fluid ρp ¼ 918.8 kg/m3

Viscosity of the fluid η ¼ 0.0523 Pa s

Radius of the particles a ¼ 50E�6 m

yields a terminal velocity of �0.00083 m/s

This velocity is based upon the assumption that Stokes drag (12.19) would

be valid for this scenario. To check the validity of this assumption, we check

the Reynolds number using of the calculated particle velocity:

Re ¼ ρf Up2a

η

Re¼0:00147

It is seen, that the Reynolds number is significantly less than unity and the

use of the Stokes drag formulation was appropriate. Dividing the height of the

tank, 15 m, by the terminal velocity of the particles means that the particles

will take a minimum of approximately 5 h to fall out of suspension. The

particles will actually take longer due to the time needed for them to acceler-

ate to their terminal velocity. This time frame will be too long for the chemical

plant and a different type of particle separation will be desired:

12.3 Start with _S ¼ _I � O

_S ¼ dV

dt
and V ¼ A areað Þ � h

�
height

�
so, _S ¼ A

dh

dt

_I ¼ KpFpU
�
applying Eq: 12:23ð Þ at pellet=disk interface

�
_O ¼ KesFsU

�
applying Eq: 12:23ð Þ at slider=disk interface

�
There is one more output rate which is caused by the pellet

at the pellet=disk interface:
So, _O ¼ KepFpU þ KesFsU
After applying the linear rule of mixture, we arrive at Eq: 12:24ð Þ
A
dh

dt
¼ KpFpU 1� Xð Þ � �KepFpU þ KesFsU

��
X
�

We know that X ¼ h

hmax

from Eq: 12:21ð Þ: We can substitute h with X

in the storage rate:
Eq: 12:24ð Þ becomes :

A hmax

dX

dt
¼ KpFpU 1� Xð Þ � �KepFsU þ KesFsU

��
X
�
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Solving the differential equation u sin g integrating factor method:

X tð Þ ¼ KpFp

KpFp þ KepFp þ KesFs

� KpFp

KpFp þ KepFp þ KesFs
exp � KpFp þ KepFp þ KesFs

� �
U t

A hmax

� �

Simplify and define τ (time cons tan t), we arrive at Eq. (12.25)

12.4 Thick film powder lubrication is when the powder film separates the two interacting

surfaces completely so that no contact occurs between them. The film height

extends beyond the highest asperity. Typically, this phenomenon is associated

with hydrodynamic lubrication, and that is when the rubbing surfaces are separated

due to the hydrodynamic lift generated by the film flowing through a converging

gap. Thin film powder lubrication is when the powder film does not extend beyond

the highest asperity, and there is a constant contact between the two interacting

surfaces. This phenomenon is often associated with boundary lubrication.
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