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Abstract. Random loose packings of monodisperse spherical micron-sized particles under a uniform flow field

are investigated via an adhesive discrete-element method with the two-way coupling between the particles and

the fluid. Characterized by a dimensionless adhesion parameter, the packing fraction follows the similar law to

that without fluid, but results in larger values due to the hydrodynamic compression. The total pressure drop

through the packed bed shows a critical behaviour at the packing fraction of φ ≈ 0.22 in the present study. The

normalized permeability of the packed bed for different parameters increases with the increase of porosities and

is also in consistent with the Kozeny-Carman equation.

1 Introduction

Understanding the properties of random packings of uni-

form spherical particles has drawing a lot of scientific at-

tractions, since random packings are classical models of

simple liquids, colloidal systems as well as granular mat-

ter [1–3] and also occur in a variety of engineering appli-

cations including fibrous filtration, industrial manufactur-

ing, agriculture and physics [4, 5]. In packings of large

grains where elastic and frictional forces dominate, the

packing fraction φ expands between two well-known lim-

its, the random close packing (RCP) limit at φRCP ≈ 0.64
and the random loose packing (RLP) limit at φRLP ≈ 0.55
[1, 2, 6, 7]. However, most of the real particles in the na-

ture are micron-sized, which are subject to not only elas-

tic and frictional forces, but also adhesive forces, electro-

static forces and hydrodynamic forces [4, 5]. In this case,

both the structural and mechanical properties of micro-

particle packings could be intrinsically different in pres-

ence of such interactions.

Previous simulations have found that both the volume

fraction and the coordination number of micro-particle

packings can go far below the RLP limit when consider-

ing the van der Waals adhesive forces [8, 9]. The effect

of adhesion can be characterized by a dimensionless ad-

hesion parameter, which uniquely determines the packing

fraction φ and coordination number Z [8–10] with fixed

friction coefficient. The introduction of electrostatic re-

pulsion reduces both φ and Z due to the deceleration of the

incoming particles, resulting in weaker inertial impaction

and looser packing structure [11]. As for experimental in-

vestigations, a relatively low packing fraction of φ = 0.15
was achieved by random ballistic deposition of 1.5μm par-

ticles in vacuum [12]. Similar results were obtained with
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fluidization technique that jamming of 7.8 − 19.1μm par-

ticles takes place in the range φ = 0.23 − 0.33, which is

related to the attractive energy [13]. Beyond jamming, the

increase of hydrodynamic pressure results in the compres-

sion and densification of the micro-particle packing, and

the applied stress is found to follow a power-law scaling

σ ∼ (φ − φJ)
β near jamming.

In this work, we study the random packings of micron-

sized spherical particles under a uniform flow field by

means of a CFD-DEM coupled approach. The influence

of the particle clusters on the fluid flow is well consid-

ered, through a two-way coupling of the fluid motion and

the particle motion. The packing fraction with different

material properties is examined and regressed with respect

to the adhesion parameter. The pressure drop through the

packing as well as the permeability are also analysed and

discussed.

2 Models and method

2.1 Two-way coupled CFD-DEM approach

We perform numerical simulations of micro-particle pack-

ings via a discrete element method (DEM), which is cou-

pled into an framework of the open-source CFD codes

MFIX. The governing equations of the fluid-phase involve

the mass and momentum conservation, which can be ex-

pressed as
∂εf
∂t + ∇ · (εfu) = 0,
D
Dt (εfρfu) = ∇ · S f − Ifs.

(1)

Here, εf is the fluid-phase volume fraction, ρf is the mass

density of the fluid, u is the volume-averaged fluid veloc-

ity, S f is the stress tensor of the fluid and Ifs is the momen-

tum transfer term between the fluid and particle phases.

     
 

DOI: 10.1051/, 08017   (2017) 714008017140EPJ Web of Conferences epjconf/201
Powders & Grains 2017

© The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of  the Creative Commons Attribution
 License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



The computations of the flow field and the particles’ infor-

mation are two-way coupled through the the momentum

transfer, which means that in every time step the flow field

is first updated in the presence of the particle phase and

then the forces acting on the particles are recalculated with

the newest flow field. The DEM framework used in this

work is specifically developed for micro-particles. The

multi-coupling of adhesive force, friction and other inter-

actions in the short-range particle-particle interaction zone

is well tested and validated by particle/surface impact ex-

periments [4, 5]. Both the translational and rotational mo-

tions of each particle follow the Newton’s second law,

m dv
dt = Ff + Fa,

I dΩ
dt = Mf +Ma,

(2)

where v and Ω are, respectively, velocity and rotation rate

of an individual particle, m is the particle mass, and I is the
moment of inertia. Gravity is not considered here. Ff and

Mf are the fluid forces and torques exerting on a particle.

Fa and Ma denote the van der Waals contact forces and

torques acting on the particle. They include

Fa = Fnn + Fsts,
Ma = rpFs(n × ts) + Mr(ts × n) + Mtn,

(3)

where Fn is the normal force including adhesively elastic

contact force Fne and damping force Fnd, Fs is the tangen-

tial force due to the sliding friction, Mr is the rolling resis-

tance and Mt is the twisting resistance. rp is the particle

radius. n, ts and tr are the normal, tangential and rolling

direction unit vectors, respectively. The Johnson-Kendall-

Roberts (JKR) model is employed to account for Fne be-

tween relatively compliant micro-particles [14]. The slid-

ing, twisting and rolling friction terms in the presence of

adhesion, are all approximated by a spring–dashpot–slider

model with model parameters given in Ref. [15]. The crit-

ical values Fs,crit, Mt,crit and Mr,crit are given by

Fs,crit = μf |Fne + 2FC|,
Mt,crit = 3πaFs,crit/16,
Mr,crit = −4FC(a/a0)

3/2ΘcritR,
(4)

meaning that once these limits are reached, the particles

start to slide, spin or roll and the resistances stay constant.

Here Θcrit is the critical angle for the relative rolling be-

tween two particles, FC is the critical pull-off force ex-

pressed by the surface energy γ: FC = 3πγR, R is the

effective radius between two contacting particles (1/R =
1/rp1 + 1/rp2), and a is the radius of the contact area with

a0 at equilibrium in the JKR model.

2.2 Simulation conditions

As shown in Fig. 1, the simulation domain sizes with

H×L×L, where L = 20rp and H = 10L. The domain width

L is selected as the characteristic length scale, and the di-

mensionless computational domain is set as −5 ≤ X∗ ≤ 5,

−0.5 ≤ Y∗ ≤ 0.5 and −0.5 ≤ Z∗ ≤ 0.5, with x-axis set

along the direction of height. Periodic boundary condi-

tions are set along the Y∗ and Z∗ directions. Our simulation

Figure 1. The schematic of the computational domain.

Table 1. Parameters used in the CFD-DEM simulations

Parameters Value Unit

Particle
Particle radius (rp) 1 μm
Mass density (ρp) 2500 kg/m3

Elastic modulus (Ep) 2 × 107 Pa
Surface energy (γ) 0.03-125 mJ/m2

Friction coefficient (μf ) 0.3

Fluid (Air)
Mass density (ρf ) 1.25 kg/m3

Viscosity (μ) 1.79 × 10−5 Pa · s
Velocity (U0) 0.01-5 m/s

starts from successive random injection of 2,000 uniform

spheres at X∗ = −5 with an initial velocity U0. Note that

the gravitational effect is eliminated, so that all the parti-

cles are transported by the fluid flow and deposit onto a

plane at X∗ = 5. The initial flow field is set to be uni-

form, with Ux = U0,Uy = Uz = 0, and updated with the

information of particles during every computational time

step. Hence when the particles enter the domain, the flow

field could be changed to be nonuniform. The physical

parameters used in the simulations, including the particle

and fluid properties, are all listed in Table 1. The friction

coefficient is kept constant at μf = 0.3. Two series of sim-

ulations were performed to investigate the effects of the

physical parameters, where only one parameter was tuned

while the others remained unchanged in each series. The

tuned parameters are velocity and surface energy, respec-

tively, of which the ranges can also be found in Table 1.

3 Results and discussions

Figure 2 shows the packing fraction as a function of a di-

mensionless adhesion parameter [8, 11],

Ad =
γ

ρpU2
0
R
, (5)
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Figure 2. Packing fraction as a function of Ad. “rp1-γ10” means

that the particle radius and surface energy are fixed at rp = 1μm
and γ = 10mJ/m2. The solid line is a fitting in Ref. [9] for micro-

particle packing in vacuum.

which represents the ratio of adhesion to particle inertia. It

can be seen that with the increasing of Ad, packing frac-

tion decreases exponentially from close to φRCP to a lower

limit. A good regression can be observed for the two se-

ries simulations, as they still seem to fall on a single curve.

However, the regression is not in consistent with that re-

ported in Refs. [9] (the solid line), showing a shift to larger

values of Ad. Note that the packings in [9] were generated

in a vacuum environment. The introduction of the fluid

flow exerts continuous compression on the packed aggre-

gates and results in denser structure, which gives rise to a

larger packing fraction at the same Ad. Since the flow ve-

locity was fixed in each simulation case, a stable packing

state will always come into being eventually due to the bal-

ance between fluid force and interparticle adhesive forces.

The lowest packing fraction obtained in our simulations

is around 0.22, which is higher than the conjectured ALP

limit [8] due to the fluid compression. The highest packing

fraction achieved is still around φRCP. This is because at

this packing fraction, particles jam and geometrical con-

strains prevent the packing from reaching higher density

through fluid compression.

In the study of the mechanical properties of the particle

assembly, the consolidation stress plays an important role.

Meanwhile, the pressure drop through packed bed is also

an important parameter, since it serves as a fundamental

property in fibrous filtration. Considering that gravity is

not taken into account in our system, the normal consoli-

dation stress applied on the packings equals the fluid pres-

sure drop through the packed bed. It is well known that

the pressure drop ΔP through a porous packed bed can be

predicted by the Ergun function, or namely the Kozeny-

Carman equation for a laminar flow field,

−ΔP
h
=

180μU(1 − ε)2
d2
pε3

. (6)

Figure 3. Variation of the applied stress with packing fraction.

The solid line is a power-law fitting.

Here h is the height of the packed bed, U is the super-

ficial fluid velocity and ε = 1 − φ is the porosity of the

packed bed. Figure 3 shows the variation of packing frac-

tion with pressure drop. We see that the pressure drop de-

rived from the simulations agrees well with the Kozeny-

Carman equation, which testifies the validity of our nu-

merical approach. Furthermore, when the fluid velocity is

further decreased there comes a critical point at which the

pressure drop gradually vanishes but the packing fraction

stays. At this stage the clusters start to develop a yield

stress, or in other words they are jammed [13]. It is also

reported that the jamming point (φJ) for adhesive particles

depends on the attractive energy, i.e. the surface energy

in our study, instead of the particle size [13]. Here the

jamming point found in the present work is φJ ≈ 0.22 for

γ = 10mJ/m2. More data is needed to further explore the

relationship between φJ and γ. Moreover, the stress near

jamming is found to follow a power-law ΔP ∼ (φ − φJ)β
[13]. The power-law fitting is plotted as the solid line in

Fig. 3. The critical exponent is β = 1.788 in our work,

which is higher than β = 1.5 for Hertzian-type interactions

[13].

Apart from the pressure drop, permeability is also

critically important in industries, especially in the com-

posite manufacturing processes. Permeability describes

the ability of porous materials to allow for fluid to flow

through. Based on the Darcy’s law, permeability is de-

fined as K = Uμh/ΔP. Combining the Kozeny-Carman

equation (Eq. 6), permeability can also be calculated as

K = d2
pε

3/(180(1 − ε)2). From this definition, we can

see that permeability depends on the particle size and the

porosity. Thus, we can define a normalized permeability

as

K∗ =
K
d2
p

=
ε3

(180(1 − ε)2) . (7)

In this case, permeability is only a function of packing

porosity. Figure 4 shows the normalized permeability for

different series simulations along with the theoretical pre-

diction of Eq. 7. Generally, we can see that the permeabil-

     
 

DOI: 10.1051/, 08017   (2017) 714008017140EPJ Web of Conferences epjconf/201
Powders & Grains 2017

3



Figure 4. The normalized permeability as a function of the pack-

ing porosity. The solid line is the theoretical prediction derived

from the Kozeny-Carman equation.

ity calculated from the simulation agrees with the theory,

where a relatively large deviation occurs for small poros-

ity.

4 Conclusions

In this work, a mesoscopic adhesive DEM incorporated

with CFD approach was applied to investigate the random

packings of monodisperse spherical micro-particles under

a uniform flow field. The packing fraction with different

material properties, the consolidation stress on the particle

assembly and the permeability through the packed bed are

examined and discussed. Conclusions are summarized as

below.

(1) The packing fraction decreases with the increasing

of a dimensionless adhesion parameter Ad but is higher

than the reported value at the same Ad, which is due to the

hydrodynamic compression.

(2) The pressure drop, or the consolidation stress on

the packed bed agrees well with the Kozeny-Carman equa-

tion and follows the power-law scaling ΔP ∼ (φ − φJ)β
near the jamming point, which is found to be φJ ≈ 0.22 for

γ = 10mJ/m2 under the present protocol.

(3) The normalized permeability agrees with the theo-

retical prediction derived from the Kozeny-Carman equa-

tion, except for a little deviation at low packing porosity.
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