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Acceleration of particle settling in inclined containers, known as the Boycott effect,
is a common natural phenomenon, which can significantly affect the particle conveying
process. Particularly for proppant transport constrained in narrow channels, physical mech-
anisms related to this effect remain undetermined. In this study, an Eulerian-Lagrangian
method, i.e., the unresolved computational fluid dynamics–discrete element method, has
been adopted to simulate the particle settling process in inclined narrow channels, with an
aim to deepen the understanding of the Boycott effect on proppant settling. The simulation
results illustrate that two types of granular-induced instabilities dominate the sediment
settling process in inclined fractures, which are analogous to Kelvin-Helmholtz instability
and Rayleigh-Taylor instability, respectively. Due to the instabilities, spatial inhomogeneity
of the particle phase, i.e., particle clustering, is clearly observed. Based on parametric
studies, it is proven that there exists a critical inclination angle where the acceleration ratio
reaches a maximum, which ranges from 2 to 6 in this work. Moreover, the critical angle can
shift between 60 ° and 75 ° as physical properties change, such as fluid viscosity, particle
size, and particle density.
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I. INTRODUCTION

Acceleration of particle settling in inclined containers is a common natural phenomenon in
energy and resources engineering, and is often referred to as the Boycott effect [1,2]. In water
treatment engineering, this effect is usually utilized for effective sand settlement in Lamella gravity
settlers [3,4]. However, this effect is undesired for the proppant transport process in hydraulic
fracturing systems [5,6], which is essentially a two-phase flow with strong fluid-particle coupling
constrained in narrow channels. The Boycott effect may negatively affect the proppant transport
distance in stimulated fracture networks due to the undesired rapid settling.

Although the Boycott effect is significant for proppant transport, it is seldom investigated and
usually overlooked in extant literature. In previous works, stimulated fractures are frequently
considered as vertical, assuming that fractures propagate perpendicular to the direction of minimum
horizontal stress [7]. However, for existing natural fractures, the directions are more complex due
to long-term stratigraphic evolutions [8]. When hydraulic fractures intersect with natural fractures,
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FIG. 1. Illustration of particle settling in an inclined vessel (a) and in an inclined fracture or narrow channel
(b). L, W, and H denote horizontal spreading length, transverse width, and longitudinal height of vessel or
fracture in the x, y, and z directions, respectively. �g is the gravity in the vertical direction, and θ is the inclination
angle. Note that θ = π/2 indicates a rigorously vertical state.

considering the effects of fracture inclination on proppant settling becomes significant. Recently,
Chun et al. [9] studied proppant transport in inclined fractures through experimental approaches,
and reported that sand dunes actually build up faster in an inclined fracture. Therefore, it is crucial
to elucidate the underlying physical mechanisms for deepening the understanding of the Boycott
effect on particle settling in inclined narrow channels, and find a feasible solution for suppressing
the Boycott effect for proppant transport.

The Boycott effect was first identified by Boycott [10] when studying the sedimentation of blood
corpuscles in inclined tubes. Particle settling in inclined vessels [Fig. 1(a)] has been investigated
for several decades, with corresponding models proposed to predict the acceleration ratio. Ponder
[11] and Nakamura and Kuroda [12] first independently gave a kinematic estimation to predict
the enhanced settling velocity of suspension, i.e., the PNK theory. Acrivos and Herbolzheimer
[13] then proposed an asymptotic analysis of sedimentation rate based on principles of continuum
mechanics, which provided an interpretation of deviations between predictions of PNK theory and
experimental observations by considering sediment thickness and resuspending mechanisms. These
standard models, however, may not be sufficient or appropriate for describing the proppant settling
process in inclined narrow channels [Fig. 1(b)].

First, previous models mainly consider suspension settling for small particle Reynolds num-
bers (Rep ∼ 1), while sediment settling is ignored. As mentioned previously, proppant settling
is constrained in a narrow channel. In this case, suspension settling can be accomplished very
rapidly (within seconds) due to large particle Reynolds number (Rep > 100) and Grashof number
[(H/W )2 > 106]. However, for a typical field-scale proppant transport process, the time scale can
reach 1 h. Therefore, how fast sediment settles after suspension has deposited on the upward facing
wall becomes the main concern.

Second, for the situations studied previously, the horizontal spreading length L is comparable
to vessel width W and usually is much smaller than the container (tubes or vessels) height H,
which is not the case for proppant transport where H ≈ L � W. The difference of aspect ratio
will influence the development of granular-induced instability. Herbolzheimer [14] reported that a
Kelvin-Helmholtz analog instability can occur near the interface between clean fluid and suspension
in the y-z cross section during suspension settling in inclined vessels. Moreover, if the horizon-
tal spreading length L is sufficiently large, the granular-induced instability can achieve further
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development in the x-z cross section. In Nevskii and Osiptsov’s work [15], a Rayleigh-Taylor analog
instability is observed during the settling process of bandlike sediment in inclined domains through
two-fluid model simulation. Above all, the related physical mechanisms within proppant settling in
inclined narrow channels are more complex than those in previous works, which still need further
investigation.

In this work, we aim to exploit the latent phenomena and mechanisms of the Boycott effect in
proppant transport through numerical approaches. Generally, for most industrial-scale fluid-particle
coupling systems, including proppant transport in petroleum engineering and catalyst fluidization
reaction in chemical engineering, three characteristic scales exist [16,17]: microscale, mesoscale,
and macroscale. For each scale, corresponding appropriate numerical approaches are available to
investigate the characteristic behaviors. At the microscale, the particle surface’s effects on the fluid
field around particles are usually examined using direct numerical simulation (DNS) methods.
In DNS methods, fluid field and particle-particle–wall, as well as fluid-particle interactions, are
fully resolved, and basic drag laws can be derived for a small number of particles [18–20]. At
the mesoscale, the unresolved computational fluid dynamics–discrete element method (CFD-DEM)
method is usually employed to study particle-fluid interaction and spatial flow inhomogeneities
(particle clustering) [21]. At the macroscale, how fluid field and averaged particle concentration field
evolve, given submodels derived from smaller scales, is investigated using coarse-grid methods,
such as the MultiPhase-Particle In Cell (MP-PIC) method [22,23], the two-fluid model [24], and
the concentration transport model [25,26]. Generally, particle concentration distribution at the
macroscale is important in engineering problems, and thus macroscale simulation methods are
widely used in engineering designs. However, studying microscale and mesoscale behaviors of a
particular particle conveying process is also crucial for developing high fidelity submodels.

In consideration of the advantages for capturing behaviors of granular-induced instabilities
(particle clustering), in this work, the unresolved CFD-DEM method is utilized to elucidate proppant
settling behaviors in inclined fractures. On the one hand, we intend to illustrate that the Boycott
effect should not be ignored in the proppant transport process. On the other hand, we aim to build a
modification model of proppant settling velocity that considers fracture inclination for macroscale
simulations.

The remainder of this paper proceeds as follows. Section II presents the governing equations of
fluid and particle phases, fluid-particle coupling force, and numerical issues. Section III illustrates
two groups of validation tests, including Ergun’s equation and sediment transport. In Sec. IV,
problem settings for proppant settling in inclined fractures are described. Section V focuses mainly
on the numerical results for various parametric studies, including fluid viscosity, proppant size, and
density. Section VI provides the conclusion of this study.

II. METHODOLOGY

A. Fluid equation

In this work, fluid motion is governed by the volume-averaged incompressible Navier-Stokes
equation [27,28]:

∂

∂t
(α f ) + ∇ · (α f �u f ) = 0, (1)

∂

∂t
(α f �u f ) + ∇ · (α f �u f �u f ) = −α f

1

ρ f
∇Pf + α f ∇ · ↔

τ f + α f �g + �fp, (2)

where α f is the volume fraction of fluid; �u f is the mass-averaged fluid velocity; ρ f and Pf are the
fluid density and pressure, respectively; ↔

τ f = ν f (∇�u f + ∇�uT
f ) is the viscous stress tensor of fluid;

�g is the gravity acceleration; and �fp is the source term describing momentum transfer between the
fluid phase and the particle phase.
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According to [27], three different formulations exist for the governing equation of fluid, and the
equation set II is adopted in this work. It is worth noting that, after substituting Eq. (1) into Eq. (2),
an alternative form for the governing equation of fluid can be obtained as follows:

D�u f

Dt
= ∂ �u f

∂t
+ �u f · ∇�u f = − 1

ρ f
∇Pf + ∇ · τ f + �g + 1

α f

�fp, (3)

which provides some intuition as to how the coupling of fluid and particle affects the original Navier-
Stokes equation of pure fluid. It is obvious that the motion of a fluid element is determined by
a combination of pressure gradient force, viscous force, gravity, and fluid-particle coupling force,
respectively. Usually, Eqs. (1) and (2), known as conservative forms, are preferred for numerical
discretization in practice.

In this work, turbulence is also considered by introducing the subgrid eddy viscosity νt , and
it is modeled following Vreman’s [29] work, which offers several advantages over the original
Smagorinsky’s subgrid model.

B. Particle equation

In this work, the discrete element method (DEM) [30] is utilized for modeling the particle phase.
Particle motion is governed by Newton’s second law and Euler’s rotation equation [31,32]:

mp
d �up

dt
= �Ff +

∑ �Fc + �Fb, (4)

d�xp

dt
= �up, (5)

Ip
d �ωp

dt
= �Tc + �Tr f , (6)

where mp, �up, �xp, and �ωp are the particle mass, velocity, displacement, and angular velocity,
respectively; �Ff is the fluid-particle interaction force; �Fc is the collision force due to particle-particle
and particle-wall interaction; �Fb is the body force, including gravity and driving force; Ip is the
particle’s moment of inertia; and �Tc and �Tr f are the collision torques due to collision force and
rolling friction, respectively.

In this work, particle-particle and particle-wall interactions are described as coupling units of
springs and dashpots, which is known as the soft sphere model [28]. For a contact pair of two
particles, denoted as particles i and j, collision force exerted on particle i from particle j is calculated
according to the following formulas [28]:

�Fi j,n = kn�δn + γn�vn, (7)

�Fi j,t = kt �δt + γt �vt , (8)

where subscripts n and t refer to the normal and tangential components, respectively; kn and kt are
the normal and shear stiffness coefficients, respectively; γn and γt are the damping coefficients; �δn is
the overlap displacement between two particles; �δt is the shear overlap between two particles, which
is also known as the shear history; and �vn and �vt are the relative velocities of two particles.

In previous works, the Hertz contact model [33] is commonly adopted to calculate the stiffness
coefficient, in which the spring is assumed to be nonlinear. In this work, for simplicity, the linear
spring model is used, which permits a larger DEM time step to some extent. Moreover, shear
stiffness is assumed to be the same as normal stiffness. Given a restitution coefficient e, the damping
coefficient can be calculated as follows [23]:

γn = 2π
√

meff kn√
π2 + ln e

, (9)

where meff = mimj

mi+mj
is the effective mass of particle pair i and j.
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Furthermore, the normal and tangential contact forces should fulfill Coulomb’s friction law,
which reads [34]

Fc,t � μFc,n, (10)

where μ is the sliding friction coefficient.
In this work, rolling friction is also considered, and the rolling friction torque is calculated by

[34]

�Tr f = −μr f ‖Fn‖Ri �ωi j,t/‖�ωi j,t‖, (11)

where μr f is the rolling friction coefficient; Ri is the radius of particle i; and �ωi j,t = �ωi j −
(�ωi j · �ni j )�ni j is the projection of the relative angular velocity of particle i and j on the contact
tangential plane.

C. Fluid-particle coupling

According to Maxey and Riley’s [35] pioneering work, the fluid-particle interaction force exerted
on a particle can be modeled as a combination of drag force, pressure gradient force, viscous tensor
gradient force, added mass force, Basset force, Saffman force, Magnus force, and other forces. In
a gas-particle system, normally only pressure gradient force and drag force are considered as the
dominant terms for gas-particle coupling. However, for dense fluid-particle flow simulation, such
as sediment transport and proppant transport, viscous tensor gradient force, added mass force, and
Saffman force can be significant, as pointed out by Sun and Xiao [32]. Therefore, in this work, we
consider the above five terms for fluid-particle coupling.

First, Di Felice’s drag model [36] is adopted to calculate the drag force according to the following
formulas:

�Fdrag = 1

2
πr2ρ f Cd‖�u f − �up‖(�u f − �up), (12)

Cd = 24

Rep

{
8.33 αp

α f
+ 0.0972Rep if α f < 0.8

fbaseα
−ζ

f otherwise
, (13)

fbase =
{

1 + 0.167Re0.687
p if Rep < 1000

0.0183Rep otherwise
, (14)

ζ = 3.7 − 0.65 exp

[
−1

2
(1.5 − log10Rep)2

]
, (15)

where Cd is the drag coefficient; r is the particle radius; and Rep = 2r‖�u f −�up‖
ν f

is the particle Reynolds
number.

Second, Saffman lift force [37] is calculated by

�FSaffman = 1.61ρ f D2
p

√
ν f

‖�ω f ‖ (�u f − �up) × �ω f , (16)

where Dp is the particle diameter; and �ω f is the fluid vorticity.
Third, the added mass force [38] is modeled as follows:

�Faddmass = ρ f Vp

2

(
D�u f

Dt
− d �up

dt

)
, (17)

where ρ f is the fluid density, Vp is the particle volume, and D�u f

Dt is the material derivative of the fluid.
Pressure gradient force �Fpress = −Vp∇Pf and viscous tensor force �Fvisc = ρ f Vp(ν f ∇ · τ f ) are

calculated from the fluid field. Then, �Ff in Eq. (4) can be written as

�Ff = �Fdrag + �Fpress + �Fvisc + �FSaffman + �Faddmass. (18)
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It is worth noting that the explicit pressure gradient force and viscous tensor force are due to
the undisturbed flow, which can be considered as global effects at the large scale compared to the
particle size. However, drag force is due to local effects, i.e., the in situ change of pressure and
viscous tensor when one particle is placed in the fluid field [28,35]. In mesoscale simulations, the
global effects are resolved, while the local effects are not because grid size is larger than particle
size. Therefore, the drag force model is necessary for capturing the local effects.

Then, �fp in Eq. (2) can be written in the following form according to the equation set II in Zhou’s
work [22]:

�fp =
∑

i

wi( �Fdrag,i + �FSaffman,i + �Faddmass,i ), (19)

where wi is a weighting factor describing the contribution part from particle i to a certain fluid cell.
In fluid-particle two-phase flow, lubrication force is also an important mechanism. Due to the

lubrication force, particle collisions immersed in fluid appear to be more inelastic compared to
dry particle collisions. Usually, the lubrication force for two approaching particles can be derived
based on the Stokesian dynamics, which relates to the particle size and fluid viscosity, as well as
approaching velocity and distance [28,39,40]. For simplicity, the lubrication force is not directly
considered in this work. Instead, we consider the lubrication effect by introducing a relatively small
restitution coefficient, i.e., e = 0.1, for particle-particle–wall collisions. This approximate approach
is also adopted in previous works for studying sediment transport [31,32,41].

D. Numerical issues

In this work, fluid equations (1) and (2) are discretized in a three-dimensional (3D) Eulerian
staggered grid with the finite volume method [42]. The convection term in Eq. (2) is discretized
using the third-order QUICK scheme [43], and the pressure gradient and viscous terms are discretized
using the second-order center difference scheme. For time discretization, a second-order scheme is
adopted [42]. Fluid velocity and pressure are decoupled using the SIMPLE algorithm [44], and then
the corresponding linear systems can be obtained for velocity components and pressure correction
values. In this work, an open source package, i.e., PETSc [45], is adopted to efficiently solve these
linear systems for every time step. The time step for the fluid solver is determined using the Courant
number defined by ‖�umax‖t

x , which is set as less than 0.5 in this work.
Particle motion is solved within the Lagrangian framework, and Eqs. (4) and (5) are integrated

using the velocity Verlet algorithm [46]. In the DEM method, most computational costs are due
to the search of neighbor particles and collision force calculations. In this work, the linked-list
searching algorithm [47] is utilized for fast neighbor search, with the O(N ) order complexity. To
calculate the fluid-particle interaction force exerted on particles, a trilinear interpolation function
is adopted to estimate fluid quantities at the particle positions, such as fluid velocity, vorticity, and
pressure gradient. It is worth noting that, in staggered Eulerian grids, control volumes for fluid
velocity and pressure are not consistent, and therefore a total of four sets of interpolation operators

are necessary for 3D problems [22]. The time step for DEM simulation is constrained by π
5

√
m
kn

,

considering the numerical stability of linear springs [28].
In this work, parallelism strategies based on Message Passing Interface (MPI) are utilized to

improve computational efficiency for various designed cases. Following [46], a three-way data
transferring strategy is employed to transfer grid and particle data among various processors. Within
the current framework, a large-scale case with 1 000 000 particles can be accomplished within 1 day
at a 32-core occupied workstation.

Figure 2 illustrates the flowchart of the code implementation of this work. Governing equations
of fluid phase and particle phase are sequentially solved with explicit interphase coupling. Prior
to solving fluid governing equations, particle volume fraction and momentum source due to fluid-
particle coupling need to be updated based on particle displacements and hydrodynamic forces.
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FIG. 2. Flowchart of the unresolved CFD-DEM framework.

When solving particle equations, fluid fields, including velocity, vorticity, and pressure gradient,
are utilized for calculating hydrodynamic forces, including drag force, Saffman force, and pressure
gradient force. As usual, the DEM time step is much smaller than that of the CFD time step, and
thus an internal loop is required in the DEM module to keep the fluid and particle phase advancing
at the same time level.

III. VALIDATION TESTS

A. Ergun equation

The Ergun equation [48] describes the relationship between pressure drop and averaged bulk
velocity for the flow in granular medium as follows:

P

L
= 150μ f

d2
p

(1 − α f )2

α3
f

U + 1.75ρ f

dp

1 − α f

α3
f

U 2, (20)

where P is the pressure drop, L is the length of granular medium in the flow direction, and U =
α f u f is the averaged bulk velocity.

Simulation parameters of this test are listed in Table I. First, pure DEM simulation is performed
to obtain an arbitrary arrangement of the granular medium, of which the averaged volume fraction
of fluid is estimated as 34%. Various driving forces are then exerted on the right-hand side of Eq. (2),
with all six boundary sides set as periodic. After several time steps, the fluid field reaches a steady

TABLE I. Parameter settings for the Ergun equation test.

Parameter Value Parameter Value

Fluid density 1000 kg/m³ Particle density 2650 kg/m³
Fluid viscosity 1 cp Particle diameter 1 mm
Domain size 0.02 × 0.02 × 0.04 m3 Mesh size 10 × 10 × 20
Stiffness coefficient 3.5 N/m Restitution coefficient 0.1
Friction coefficient 0.6 Rolling friction coefficient 0.1
Particle numbers 19561 Porosity 0.36
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FIG. 3. Illustration of particle-packed porous medium (a) and comparison results of friction factor f ∗

versus modified particle Reynolds number Re∗
p between the Ergun equation and the present work (b).

state, and the averaged bulk velocity is estimated. Figure 3 plots the dimensionless friction factor
f ∗ of the packed bed against the modified particle Reynolds number Re∗

p, defined as follows:

f ∗ = P

L

dp

ρ f U 2

α3
f

1 − α f
= 150

Re∗
p

+ 1.75, (21)

Re∗
p = ρ f dpU

μ f (1 − α f )
. (22)

Numerical results show good agreement with the analytical solution, and the relative errors of all
cases are less than 0.5%. By this test, the calculations of the drag forces on particles and the source
terms fed back to the fluid momentum equation are validated.

B. Sediment transport

In this part, a dynamic test is performed by simulating the sediment transport process [31].
Simulation parameters are listed in Table II. Simulation is performed in a 3D cuboid box. The flow
direction is the +z direction, and the gravity direction is the −y direction. Four boundaries of x and

TABLE II. Parameter settings for sediment transport.

Parameter Value Parameter Value

Fluid density 1000 kg/m³ Particle density 2650 kg/m³
Fluid viscosity 1 cp Particle diameter 0.5 mm
Domain size 0.06 × 0.04 × 0.12 m3 Mesh size 60 × 40 × 120
Stiffness coefficient 3.5 N/m Restitution coefficient 0.1
Friction coefficient 0.6 Rolling friction coefficient 0.1
Particle numbers 288000 Simulation time 10 s
CFD time step 0.5 ms DEM time step 10 μs
z-Direction averaged

bulk velocity 〈〈w〉〉 0.6–1.2 m/s
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FIG. 4. Images of sediment transport of four cases. (a), (b): bed-load regime; (c), (d): suspended-load
regime. The direction of gravity is −y, and the downstream direction is +z.

z directions are set as periodic. The −y direction is a nonslip wall boundary, and the +y direction
is set as a slip mirror condition. An additional driving force is appended in the fluid momentum
equation to assure an expected averaged bulk velocity for each time step. Sediment transport is a
two-phase fluid-particle coupling problem similar to the proppant transport. However, compared to
the proppant settling as illustrated in Fig. 1(b), channel width in this test is much larger than the
fracture width in the y direction.

Initially, the channel is exactly located in a horizontal status without inclination, and particles
are all closely packed in the bottom of the channel. As net bulk velocity increases, particles lying
on the surface of the packed particle bed start creeping under the shear stress and drag force,
which corresponds to the “bed-loaded” regime. As bulk velocity experiences a further increase,
an increasing number of particles start to suspend into the main flow region and the flow pattern
appears to be chaotic, which corresponds to the “suspended-load” regime. In the suspended-load
regime, all the fluid-particle coupling forces mentioned in Sec. II C play important roles in the
sediment transport.

Figure 3 presents images of particle distributions for four cases, i.e., time-averaged bulk velocity
〈〈w〉〉 = 0.6, 0.8, 1.0, and 1.2 m/s, respectively. It is clear that, for the first two cases, the flow
regime is bed-load dominated, while the suspended-load regime dominates in the latter two cases.
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FIG. 5. Nondimensional transport rate versus shield stress in sediment transport tests. The red solid line is
Wong and Parker’s [49] empirical curve describing the bed-load regime, and the blue solid line is Nielsen’s
[50] empirical curve describing the suspended-load regime. The black square dots indicate numerical results
of the present work, and the red circle and blue diamond are the numerical results of CFD-DEM methods in
previous studies [31,32].

To quantitatively compare the results with previous works in the literature, we show the curves (cf.
Fig. 4) of dimensionless transport rate q∗ against shield stress τ ∗:

q∗ ≡
∑

i

Vpup,z/A

[(
ρp

ρ f
− 1

)
gd3

p

]1/2

, (23)

τ ∗ = ρpH f̄ /[ρ f (ρp − ρ f )gdp], (24)

where Vp and up,z are the particle volume and downstream velocity of the particle, respectively; A is
the horizontal plane area; H is the domain height; and f̄ is the time-averaged driving force.

Figure 5 shows that the simulation results are in close accordance with those in the extant
literature. Cases of 〈〈w〉〉 = 0.6, 0.7, and 0.8 m/s are bed-load regime dominated, and cases of
〈〈w〉〉 = 0.9, 1.0, 1.1, and 1.2 m/s are suspended-load regime dominated.

IV. PROBLEM DESCRIPTION

Figure 6 presents a typical proppant transport process in hydraulic fracturing. In this case, a
vertical well is completed, and fracturing fluid with proppant is pumped into the stimulated fracture
through perforations. The horizontal direction represents the main direction for fracture propagating.
Then, the proppant settles and forms a sand bed at the bottom of the fracture. For industrial-scale
proppant transport, it is challenging to resolve full-scale details through simulation because of the
large scalar ratio. Generally, the fracture length can reach hundreds of meters, while the proppant
size is less than a millimeter. Consequently, a macroscale equation is usually utilized to describe
large-scale behaviors, in which volume-averaged approaches are adopted and additional models are
introduced to capture the unresolved physical mechanisms, including particle settling and packing at
smaller scales. In this work, we are primarily concerned with mesoscale particle settling behaviors
in inclined fractures, and the modified settling models can be extracted from simulation results.

034302-10



SIMULATING PARTICLE SETTLING IN INCLINED …

FIG. 6. Illustration of the relationship between field-scale (left) and mesoscale (right) study for proppant
transport. The blue shaded region indicates the packed sand bed, and the gray shaded region indicates the
suspended slurry.

Then, by utilizing the modified models in large-scale simulation, the eventual spatial distributions
of slurry and sand bed are obtained.

It should be noted that, in inclined fractures, even though the proppant quickly deposits and
temporally forms a sediment layer on the upward facing wall of the fracture, the sediment will
continue settling and evolving in cases of high inclination angles. Then, from the perspective of
volume average, as long as the proppant keeps settling and does not form a close-packed sand bed
in the bottom of the fracture, the ensemble of fluid-particle mixture can still be considered as slurry,
regardless of the embedded complex dynamic behaviors.

In this work, the domain of focus is illustrated as the zoomed-in dashed window shown in Fig. 6.
The domain size is approximately several decimeters in this case, and then mesoscale behaviors can
be precisely determined using the unresolved CFD-DEM method. At the large scale, slurry velocity
can also fluctuate with space and time. Here it is assumed that the large-scale slurry velocity does
not affect mesoscale behaviors. Moreover, slurry velocity is set to be zero in later studies, which can
be regarded as a baseline.

The simulation domain is illustrated Fig. 1(b). The −z direction is the settling direction. In the y
direction, both sides are set as the nonslip boundary condition for the fluid phase and the solid wall
condition for the particle phase. The other four sides in the x and z directions are set as periodic
for both the fluid and particle phases. The inclination angle θ is defined as the intersection angle
between the gravity direction and the x-y plane, and then fractures of θ = 0 and θ = π

2 indicate
rigorously horizontal and vertical fractures, respectively.

In this work, the periodic boundary condition is applied in the settling direction, and an additional
driving force is adopted to achieve zero slurry velocity every time step in the settling direction as
follows:

〈ws〉 ≡ α f 〈w f 〉 + αp〈wp〉 = 0, (25)

where 〈ws〉 is defined as the slurry velocity, or averaged bulk velocity; and 〈w f 〉 and 〈wp〉 are
phase-averaged velocity components in the settling direction of the fluid phase and the particle
phase, respectively.

If the simulation domain is too small, however, the statistical averaged settling velocity will
diverge from the actual results. Therefore, in consideration of the balance of computational cost and
statistical accuracy, the domain size is set to be sufficiently large to capture mesoscale behaviors.
For an eight-core occupied workstation, the execution time of a single case is within 1 h. Simulation
parameters for the base case are listed in Table III. Properties of the fluid and particles are designed
based on engineering parameters of proppant transport.
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TABLE III. Parameter settings for proppant settling in inclined fractures (base case).

Parameter Value Parameter Value

Fluid density 1000 kg/m³ Particle density 2650 kg/m³
Fluid viscosity 1 cp Particle diameter 0.6 mm
Domain size 0.2 × 0.1 × 0.006 m3 Mesh size 200 × 100 × 6
Stiffness coefficient 3.5 N/m Restitution coefficient 0.1
Friction coefficient 0.6 Rolling friction coefficient 0.1
Particle numbers 120000 Simulation time 20 s
CFD time step 1 ms DEM time step 20 μs
Inclination angles 15°–90° (interval: 5°)

Through dimensional analysis, the following dimensionless numbers are obtained for the above
transport process:

Ga =
√

gW 3

ν f
, Sg = ρp

ρ f
, Sr = D

W
, (26)

where Ga is the Galileo number, Sg is the density ratio, and Sr is the size ratio of particle diameter
over fracture width.

Combined with other dimensionless variables, including inclination angle θ , averaged volume
fraction of fluid α f , and friction coefficients, the acceleration ratio of interest in this work can be
expressed as

racc = w̄

w̄θ=π /2
= f (Ga, Sg, Sr, θ, α f , . . .) (27)

In this work, collision parameters for DEM are assumed to be constant for simplicity, and in
a later section, various curves describing the relationship between racc and θ are obtained under
several conditions through numerical results.

V. RESULTS AND DISCUSSIONS

A. Elementary settling process and mechanisms

First, the case of the inclination angle θ = 75◦ is taken as an example to provide insight into
the proppant settling process in an inclined fracture. Figure 7 presents ten images at different
times during the settling process. It is clear that the proppant is uniformly distributed at the
early stage [Figs. 7(a)–7(c)]. Plume structures then gradually form [Figs. 7(d)–7(g)], and strong
spatial inhomogeneity with spike structures (particle clustering) is finally observed in the x-z plane
[Figs. 7(h)–7(j)].

Figure 8 illustrates the time-varying curve of phase-averaged settling velocity, defined as

〈wp〉 ≡ 1

Np

Np∑
i=1

wp,i, (28)

where Np is the total particle number in the simulation domain, and wp,i is the z-direction velocity
component of particle i.

According to the curve trend illustrated in Fig. 8, and combined with the numerical results shown
in Fig. 7, the particle settling process in inclined narrow channels can be roughly divided into three
stages: stratified acceleration stage (stage I), resuspended stage (stage II), and secondary instability
stage (stage III). Figure 9 provides a brief illustration of these stages to show the underlying
mechanisms.
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FIG. 7. Images of proppant settling in an inclined fracture of the case θ = 75◦ (plotted on the x-z plane).
Proppant particles are scattered as black points.

FIG. 8. Phase-averaged settling velocity curve in an inclined fracture of the case θ = 75◦. The curve can
be divided into three stages over time: stratified acceleration stage (stage I); resuspended stage (stage II); and
secondary instability stage (stage III).
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FIG. 9. Different stages of development for granular-induced instability. (a), (b) stratified acceleration stage
(I); (c), (d) resuspended stage (II); (e) secondary instability stage (III). (a)–(c) are presented on the y-z plane,
and (d), (e) are presented on the x-z plane. Red and black arrows indicate velocity vectors of the fluid phase
and the particle phase, respectively.

(I) Stage I: Stratified acceleration. Initially, proppant is suspended uniformly in the channel, as
shown in Fig. 9(a). Proppant suspension then quickly settles on the bottom side of the channel under
gravity. The settling process forms stratified layers where the particle phase lies on the bottom layer,
and the pure fluid phase lies on the upper layer. Subsequently, driven by the gravity component in the
settling direction, particles and fluid keep accelerating in opposite directions [Fig. 9(b)], and shear
stress continues to increase. During this stage, the phase-averaged settling velocity keeps increasing
under the convection effect, as shown in Fig. 8.

(II) Stage II: Resuspended. Under a strong shear effect, granular-induced interface instability
occurs, which is analogous to Kelvin-Helmholtz instability, in which the heavy layer is covered
by the lighter layer, and is under the transverse shear effect. Then, interfaces gradually deform,
and plume structures (KH modes) begin to develop, as shown in Figs. 7(e) and 7(f). Unlike most
KH instability cases, however, a miscible mixing process in granular-laden flow does not exist.
Therefore, after interface deformation, particle distribution becomes uneven, and this unevenness
continues to increase, as indicated in Fig. 9(c), and particles on the bottom layer start to resuspend to
the upper layer. This mechanism assists in propelling momentum exchange between the upper and
lower layers. Consequently, the phase-averaged settling velocity keeps decreasing, and the curve
continues to rise during this stage, as shown in Fig. 8. It is worth noting that the resuspended
mechanism in this stage is similar to that of sediment transport discussed in Sec. III B. There exists
a critical shear velocity for the change from the bed-load regime to the suspended-load regime in
sediment transport. In this case, the stratified acceleration stage (stage I) is necessary to obtain a
sufficient shear velocity to induce the subsequent KH instability.

It is worth noting that Herbolzheimer [14] also reported another granular-induced KH instability,
which occurs near the interface between clarified fluid and suspension. Compared to the afore-
mentioned KH instability in this work, which occurs near the clarified fluid–sediment interface, the
induced mechanism is similar. Qualitatively, both of them are caused by shear effects near interfaces
(between pure fluid and suspension or sediment) and can be classified into Kelvin-Helmholtz
instability. On the other hand, the differences between these two types of instabilities are also
readily apparent. Suspension of low concentration can still be considered as a continuum similar
to a Newtonian fluid. Under reasonable assumptions, the developing rate can be estimated through
theoretical analysis, as done by Herbolzheimer [14]. However, the constitutive laws of mixture of
sediment and fluid in this work are more complex.

(III) Stage III: Secondary instability. From the configuration illustrated in Fig. 9(c) on the x-z
plane [Fig. 9(d)], one can discern that this situation leads to another instability, i.e., the Rayleigh-
Taylor instability. At the end of the resuspended stage, dense and dilute regions become separated
on the x-z plane, and interfaces begin to form where the heavy phase (dense) lies on the upper
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side of the light phase (diluted). Subsequently, another granular-induced instability, analogous to
Rayleigh-Taylor instability, occurs driven by the gravity component in the settling direction. As a
result, spike structures (RT modes) start to form and evolve, as shown in Figs. 7(h)–7(j) and 9(e).
Due to the secondary instability, a trend of reacceleration can be observed at the start of stage III in
Fig. 8. Finally, the fluid-particle system becomes fully developed and achieves a pseudo steady state,
with the phase-averaged settling velocity reaching a plateau, irrespective of statistical fluctuations,
as indicated in Fig. 8.

B. Correlation curves

The relationship between ensemble-averaged settling velocity and the inclination angle is also
a primary concern in this work. In this part, 16 cases with various inclination angles (θ =
15◦, 20◦, 25◦, . . . , 85◦, 90◦) are designed. The ensemble-averaged settling velocity is defined as
follows:

〈〈wp〉〉 ≡ 1

Nt Np

Nt∑
n=1

Np∑
i=1

wn
p,i, (29)

where Nt denotes the total time steps of the time interval of interest. For this study, the averaged
settling velocity during the pseudo-steady stage (stage III) becomes the main focus because it
represents the long-term settling behavior of the particle phase. Most importantly, the ensemble-
averaged settling velocity can be regarded as the time-averaged result of the phase-averaged particle
velocity. The averaged time interval ranges from 5 to 20 s, in which the particle-fluid system is fully
developed.

Figure 10 shows images of eight cases at the end of the simulation time. For cases of θ =
40◦−80◦, strong spatial heterogeneities of particle distributions are observed, implying that the
particle cloud evolution experienced the aforementioned three stages in these cases. Moreover, as the
inclination angle increases, the scale length of spike structures decreases due to the increase of the
gravity component in the settling direction. For cases of θ < 35◦, bed-load regimes are recognized
because the development of the stratified acceleration stage (stage I) is poor, and the shear velocity
is not sufficient to induce KH instability. For the case of θ = 90◦, because the gravity component
in the width direction is zero, the particle cloud keeps suspending during the entire settling process.
However, as the particle cloud evolves, local heterogeneities of particle volume fraction gradually
form, and small-scale spikes can also be observed in Fig. 10(h).

Figure 11 shows the corresponding correlation curve. It is clear that a peak value of 〈〈wp〉〉 =
−0.1816 m/s exists at the inclination angle θ = 65◦. Compared to the vertical case, in which
〈〈wp〉〉 = −0.0802 m/s, the acceleration ratio reaches approximately 2.25. Combined with the
images presented in Fig. 10, the correlation curve can be roughly divided into four parts as follows:

(I) θ � 15◦. In these cases, the gravity component in the settling direction is not sufficiently
large to drive the fluid-particle mixture. Consequently, particles settle on the bottom side of the
channel, reaching a self-supporting state, and the statistically averaged settling velocity is zero.
Particle-particle–wall damping mechanisms, including friction force and rolling friction, dominate
the process in these cases.

(II) 15◦ < θ � 35◦. As the gravity component in the settling direction increases, the particle-
packed bed begins to move. The fluid-particle mixture starts to enter stage I, i.e., the stratified
acceleration stage. Therefore, a steep decline is observed in the correlation curve in this interval of
inclination angles. In these cases, the stratified acceleration mechanism in the y-z plane dominates
the settling process.

(III) 35◦ < θ � 65◦. As the gravity component further increases, the shear velocity reaches a
critical value to induce KH instability, and the fluid-particle mixture starts to enter stage II and stage
III. Although a temporary decline of averaged settling velocity exists, as shown in Fig. 8, there is a
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FIG. 10. Images of proppant settling in inclined fractures of various inclination angles (base case).

FIG. 11. Correlation curve between ensemble-averaged settling velocities and inclination angles.
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FIG. 12. Particle distributions of y-direction coordinates (a) and settling velocity (b).

further acceleration of settling velocity due to the secondary RT instability. Both fluid-particle and
particle-particle–wall interactions play significant roles in these cases.

(IV) 65◦ < θ � 90◦. The averaged settling velocity reaches a peak value near θ = 65◦. As the
inclination angle further increases, the stratified acceleration effect becomes weaker because of
the decreasing gravity component. The increasing inclination angle leads to a stronger particle
resuspension, and the particle distribution inclines to be more uniform in the width direction. As
a result, the absolute ensemble-averaged settling velocity begins to decrease monotonically.

Here, the probability density functions of the particles’ y-direction coordinate and settling
velocity are also obtained to understand how the inclination angles affect the proppant settling
process, shown in Fig. 12.

For the case of θ = 90◦, particles are basically uniformly distributed over the width direction,
with sudden rises near the two solid boundaries. The boundary rises indicate that particle-wall
interactions are significant in this process, even though there are no additional forces driving
particles in the width direction. Moreover, the central plateau in the case of θ = 90◦ can be
considered as a baseline for particle suspending magnitude. As shown in Fig. 12(a), as the incli-
nation angle θ decreases, the high-value tail also declines, implying that particle resuspension is
gradually suppressed by the increasing gravity component in the width direction. It is clear that, for
low-value tails, multi-modal distributions are observed for cases of θ = 30◦, 50◦, and 70◦. This is
because proppant particles are packed into several layers near the wall boundary due to the gravity
component in the −y direction. Under this configuration, preferential locations for particles exist.
For example, y = 0.3 mm indicates the first layer of particles. This effect is particularly evident
in cases with low inclination angles. However, as the inclination angle increases, this effect is
gradually diminished due to the particle resuspension mechanism. As shown in Fig. 12(b), for cases
of θ = 50◦, 70◦, and 90◦, the distribution of the particle settling velocity spreads widely around the
mean value and appears to be a single-modal type. In contrast, for the case of θ = 30◦, a bimodal
distribution is observed due to the multilayer configuration.

C. Effects of parameters

In practical engineering designs, several approaches are effective in preventing the rapid settling
of proppant, such as increasing fracturing fluid viscosity and utilizing proppant with small size
and density. In this part, another three groups of cases are designed to investigate whether these
approaches remain effective for proppant settling in inclined fractures.
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In the base case, three dimensionless numbers listed in Eq. (26) are Ga = 1456, Sr = 0.1, and
Sg = 2.65. We then increase fluid viscosity from 1 to 10 cp, and decrease proppant size from
0.6 to 0.4 mm. In addition, proppant density is changed from 2650 to 1500 kg/m3. Therefore,
the dimensionless numbers are changed to Ga = 145.6, Sr = 0.0667, and Sg = 1.5, for additional
groups of cases. For each group, 16 cases with various inclination angles θ = 15◦−90◦ are designed
to obtain correlation curves, similar to the base case.

Particle distributions of the three groups of cases at the end of the simulation are given in Fig. 13.
Similar to the base case, particles are uniformly distributed for cases of low inclination angles. In
cases of moderate inclination angles, particle clustering behaviors can be observed due to secondary
instability.

Compared to the base case, the high viscosity group [Figs. 13(a)–13(d)] has a much larger scale
length of spike structures because of the suppression of the development of small RT modes. Due to
the viscous mechanism, particle distribution in the case of θ = 90◦ is also more uniform than that
of the base case. For the group with small particle size, to ensure the same total particle volume
fraction, 405 000 particles are simulated in these cases. Therefore, the rendered results appear to
be darker than other cases, as shown in Figs. 13(e)–13(h). Because the particles’ Stokes number
is smaller than that of the base case, the particles’ tracing capability is stronger. Consequently,
granular-induced instability is more likely to occur in cases of small inclination angles, as shown in
Fig. 13(e). For the group with small particle density, settling behaviors are similar to the base case
for θ < 70◦. In the case of θ = 90◦, particle distribution is more uniform because the lower density
difference between fluid and particle helps to prevent local granular-induced instability.

Figure 14 provides a quantitative comparison of the correlation curves of the four groups,
including the base case. From Fig. 14(a), it can be seen that, in rigorous vertical fractures (θ = 90◦),
the absolute ensemble-averaged settling velocities of the cases designed in this part are all smaller
than that of the base case. The situation, however, becomes complex as the inclination angle varies.
As discussed in Sec. V A, the acceleration of particle settling in inclined narrow channels is
attributed to the balance of three mechanisms, i.e., stratified acceleration, particle resuspension,
and secondary instability mechanisms. Particularly, the second one is attributable to deceleration,
while the other two are due to acceleration. Combined with the above inferences, the effects of
parameters can be summarized as follows:

(I) High-viscosity group Ga = 145.6. For high-viscosity cases, stratified acceleration, particle
resuspension, and second instability effects are all suppressed to some extent. As a result, compared
to the base case, the absolute ensemble-averaged settling velocity decreases. However, the quiescent
settling velocity of this group is too small, and the acceleration ratio reaches a peak value of approx-
imately 6. Furthermore, due to the viscous effect, granular-induced instability is more difficult to
develop. As a consequence, a higher inclination angle is required for particle resuspension, and the
peak value shifts from θ = 65◦ to θ = 75◦ compared to the base case.

(II) Low particle size group Sr = 0.0667. First, decreasing particle size has no significant effects
on the stratified acceleration mechanism. Second, as the particle size decreases, the particles’ Stokes
number is smaller, and particle resuspension is more likely to occur. Third, better tracing capability
assists the development of secondary instability. Overall, the peak value of the absolute settling
velocity curve is slightly larger than the base case, implying the dominance of the third effect over
the second effect. Decreasing particle size does not reduce the absolute settling velocity in inclined
fractures in most cases.

(III) Low particle density group Sg = 1.5. From Fig. 14(a), it can be seen that the lower particle
density group achieves comparatively better performance. In fact, decreasing the particles’ density
leads to a weaker stratified acceleration effect, a stronger resuspended effect, and a diminished
secondary instability effect. Both acceleration mechanisms, i.e., stage I and stage III, are suppressed,
and the deacceleration mechanism, i.e., stage II, is strengthened. Therefore, compared to the base
case, the peak value of the absolute settling velocity decreases from 0.1816 to 0.109 m/s. However,
even in this case, the acceleration ratio reaches approximately 3, as shown in Fig. 14(b), implying
that the Boycott effect cannot be ignored.
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FIG. 13. Images of proppant settling in inclined fractures of various inclination angles: (a)–(d) for cases
Ga = 145.6; (e)–(h) for cases Sr = 0.0667; (i)–(l) for cases Sg = 1.5.
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FIG. 14. Curves of ensemble-averaged settling velocity (a) and acceleration ratio (b) against inclination
angles for four groups of cases. For the base case, the dimensionless numbers are Ga = 1456, Sr = 0.1, and
Sg = 2.65.

VI. CONCLUSIONS

In this work, the unresolved CFD-DEM method is utilized for investigating proppant settling in
inclined fractures. In order to validate our in-house codes, a static test of the Ergun equation, and
a dynamic test of sediment transport, are performed under various conditions. The problem of the
proppant settling process in inclined fractures is then proposed and formulated. Various groups of
cases are designed to elucidate the process. Embedded physical mechanisms are comprehensively
discussed to provide deeper insights, and quantitative correlation curves are obtained for various
conditions. In summary, the following conclusions can be drawn:

(I) Settling acceleration of proppant in inclined fractures is attributed to the balance of three
mechanisms, i.e., stratified accelerating, resuspension, and secondary instability mechanisms. Each
mechanism corresponds to a particular stage during settling.

(II) Particle clustering behaviors are found during the settling process in inclined channels,
which are induced by a strong shear effect during the resuspension stage and developed during the
secondary instability stage. The former mechanism is analogous to Kelvin-Helmholtz instability,
and the latter one is analogous to Rayleigh-Taylor instability.

(III) As inclination angle varies, a peak value exists in the correlation curves for describing the
acceleration ratio, ranging from 2 to 6 in this work. As fluid viscosity increases, the inclination angle
of the peak value shifts to a higher level.

(IV) Under any situation, the Boycott effect cannot be ignored for proppant settling in inclined
fractures. Although high fracturing fluid viscosity and proppant with small size and density can
prevent rapid settling of proppant in rigorously vertical fractures, the results can change dramatically
in inclined fractures. This work shows that decreasing proppant density is an efficient way to
lower the absolute averaged settling velocity. However, the results also demonstrate that decreasing
proppant size can even increase the absolute averaged settling velocity to some extent.

In this work, we aim to discover the fundamental mechanisms that play important roles during
proppant settling in inclined fractures, and many factors are simplified to some extent. For example,
fracture width is assumed to be constant in this work. However, width is usually not uniformly
distributed for a real fracture, which can lead to a local net flow and affect the developments of
instabilities. Uneven particle size distribution should also be considered for real-world proppants.
Moreover, the adopted subgrid eddy viscosity model in this work was originally built for pure fluid,
which may be not accurate for fluid-particle flow. In future work, we will incorporate these important
factors for investigating more complex and real scenarios.
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