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Keywords: A new particle-based simulation model to tackle the problem of micrometer scale particle motion in sedi-
Sedimentation mentation at low to high concentration is presented. In this model, the solid particle interactions are described
Particle simulation by discrete element method (DEM), while the liquid part are simulated by a mesoscale fluid simulation method

Dissipative particle dynamics (DPD)
Discrete element method (DEM)
Functionally graded materials

dissipative particle dynamics (DPD). The coupling part are modified DPD potential with tuned parameters to
ensure the correct hydrodynamic interaction between solid and liquid particles. Experiments are further con-
ducted to compare the simulation phenomenon. The well agreement verifies the presented coupling is an ef-
fective model for this scenario. Some new results for sedimentation of different initial conditions, such as liquid
volume, and particle size are then presented. This new model can be a powerful tool to simulate micrometer
particles sedimentation process, which is important in material design and quality control of sedimentation
based FGM manufacture.

1. Introduction vary gradually, leading to a continuous variation of the effective
thermal, electrical, or mechanical properties, which a homogenous

Functionally graded materials (FGMs) are a type of heterogeneous material does not exhibit [2,3]. FGMs have attracted extensive atten-
materials that possess a position-dependent microstructure, resulting in tion from both academia and industry because of their unique material
continuous variation of material properties with position at the mac- characteristics not offered by conventional materials. Recent research
roscale [1]. Usually, the volume fractions of the constituents in an FGM conducted at Columbia University [4,5] has shown its great potential in
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Fig. 1. Sedimentation-based manufacturing of an FGM for a multifunctional solar roofing panel: (a) Schematic illustration of the BIPVT roofing pane; (b) a graded
mix of Al and HDPE particles produced by sedimentations; and (c) the FGM obtained by sintering the graded mix.

harvesting solar energy efficiently by using an FGM in a building in-
tegrated photovoltaic thermal (BIPVT) roofing panel. Fig.1 schemati-
cally illustrates the innovative idea of this BIPVT in that a photovoltaic
(PV) solar cell laminated by a protective layer directly transfers solar
energy into electricity; the PV layer bonds to a structural substrate
through an FGM layer, in which water tubes are cast to harvest heat
energy by water flow and thus control the panel temperature. The two
components of this FGM layer are aluminum (Al) and high-density
polyethylene (HDPE). The co-sedimentation method has been used to-
ward producing FGM from powders [6].

Particle sedimentation has been attracting considerable research
efforts. Different numerical methods have been developed based on the
level of length scale. In cases dealing with colloidal particles, polymer
molecules and fibers, where length scale is small, the dynamics of
suspensions are governed by short range interparticle forces such as van
der Waals, Brownian motion due to thermal fluctuations, and shor and
long range hydrodynamic interactions transmitted by the suspending
fluid. The Reynolds number is usually very small and the motion of the
fluid is governed by Stokes equation. Some methods are devised for this
type of suspension flow, such as Stokesian Dynamics Method [7] and
Force Couplling Method [8]. In cases dealing with sand grains and
gravel, the length scale is large, dynamics of such flows are dominated
by particle-particle collisions, and the surrounding fluid is expected to
play a very subdued role in the phenomenon. Due to the discontinuous
granular nature, there is no comprehensive understanding of such
material and the derivation of a continuous constitutive equation is not
straight-forward. A promising method to tackle granular flows is DEM,
introduced by Cundall and Strack in 1979 [9]. It is a particle-based
method simplified from the contact mechanics theory [9]. It has been
widely used in particulate flows [10].

The intermediate level of length scale between Stokes regime and
granular matter is probably the most challenging length scale: moder-
ately to highly concentrated suspensions of nearly macroscale particles
in a fluid. It is also the scale of the sedimentation process for FGM. In
such flows, the particulate Re is indeed not small and the hydrodynamic
forces need to be considered. Consequently, a proper model of collisions
is required for two main reasons: the probability of collisions is suffi-
ciently high and lubrication forces are not large enough anymore to
prevent particles from touching each other. The simulation of this type
of flow is a non-trivial task due to the constantly evolving space oc-
cupied by the fluid as particles move. The first class of numerical model,
the boundary fitted approach, is very complex because of remeshing
requirement of the fluid domain and corresponding projection of flow
fields on the updated mesh at every time step [11]. The second class,
the non-boundary fitted method, is usually easier to implement (the
grid is fixed) and more efficient for the simulation of a large number of
particles. This class includes Lattice-Boltzmann Method (LBM), Im-
mersed Boundary Method (IBM). In most of literature contributions in
this class, the collision model is a simple repulsive force that prevents

the overlap of two particles. As the volume fraction increases, the rise of
collisions probability requires the use of a more proper collision model
that is crucial to the study of particulate flows, especially at high Re.
The third class is coupling DEM method with a computational fluid
dynamics solver. Various coupled model have been studied, including:
Cleary and Prakash [12] couple DEM with a SPH approach, Komiwes
et al. [13] couple DEM with an IBM, Singh et al. [14] couple DEM with
a DLM/FD method. The coupled framework improves the flexibility and
accuracy of the model and has attracted considerable research attempts.

In this work, we proposed a new coupled Dissipative Particle
Dynamics-Discrete Element Method (DPD-DEM) method, aiming the
problem of moderate to high concentration of micrometer solid parti-
cles setting in liquid. The new model has three main advantages: (1)
DEM ensures the solid particle collision cased by high concentration
been properly modeled; (2) In length scale of micrometer, the above-
mentioned N-S equation solver did not include the thermal fluctuation.
DPD is a thriving fluid simulation method for mesoscale phenomenon.
It naturally involves the thermal fluctuations as well as short and long
range hydrodynamic interactions. It has been applied to many me-
soscale fluid problems, such as polymer solutions [15,16], red blood
cells [17,18], and droplet motion [19,20]. (3) The particle nature of
both DPD and DEM makes the coupled framework straightforward and
reduces the computational cost. This avoids problems raised by cou-
pling a particle-based and a grid-based method.

The remainder of the paper is organized as follows: Section 2 pre-
sents the overview of the algorithm; Section 3 contains benchmark
validation with experiments; Section 4 focuses on some new results for
sedimentation of different initial conditions, such as liquid volume, and
particle size; Section 5 summarizes this work with some conclusive
remarks.

2. Simulation technique: coupled DPD-DEM
2.1. Dissipative particle dynamics

Hoogerbrugge and Koelman [21] initially proposed DPD in 1992,
Espaifiol and Warren [22] then modified it to recover the Gibbs dis-
tribution as the stationary solution to the Fokker-Plank equation. This
method clusters a certain amount of molecules into a single particle in
which the coarse-graining parameter gives the number of molecules per
DPD particle [23]. Instead of defining potential energy directly as
classic MD potential, Espaiol et al. [23] used three inter-particle forces
that lie along their center-to-center line, thus conserving linear mo-
mentum. F; = FS + F,? + F}}, where FS represents a purely repulsive
conservative force, FE a dissipative or frictional force to consider the
effects of viscosity that slows down the particles with respect to each
other, and F}}- a random force to take into account the thermal or vi-
brational energy of the system. All three forces are calculated within a
cutoff radius r., beyond which the forces are considered negligible.
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Ff = wC(re; )
Fj = —ywP () [vyeyley @
Fj = ow® (1;)8ye; 3
where 7; = Ir; | = | r; — rjl represents the distance between two parti-

cles i and j, e; = ry/r; is the unit vector from particles j to i, 6 is a
Gaussian white noise function with symmetry property 6; = 6; to en-
sure the total conservation of momentum and consider the stochastic
properties which will be elaborated later. y and o are the coefficients of
the dissipative and random forces, respectively, which satisfy the
Gibbsian equilibrium:

wP(r) = [WR(r)? 4
0% = 2ykgT/m 5)

where kg is the Boltzmann constant and T is the equilibrium tempera-
ture. Since the algorithm involves the relative velocities and interac-
tions between particles, the isotropic Galilean invariant thermostat can
preserve hydrodynamics. A simple decaying function of distance can
define the conservative force weight function and is represented by:

a;|ll— 5 i <r,
wep =10 k) VT
0 tj > 1. 6)

The dissipative and random weight functions take the general form:

2
1- 5 1 < T
wP () = [wR(n) P = r) YT

0 B> 1. )

Groot and Warren (1997) thoroughly reviewed the DPD method and
established several useful guidelines for choosing DPD force para-
meters. By matching the dimensionless compressibility of water at room
temperature, an analytical form was derived for the repulsive force
parameter of water-water particles

o= T5ksT
Pppp ®

where pppp, is the number density in simulation. Currently, most studies
in literature apply this parameter established for water. However, in
fabricating the FGM shown in Fig. 1, it is necessary to replace water
with ethanol to avoid corrosion of aluminum particles. Thus, the force
parameters need to be modified for ethanol in DPD simulation. By
following Groot and Warren [24], one can obtain the relation between
a and dimensionless compressibility x:

2aapnpp ~ 0.2apppp
kg T ke T (C)

x1=1+

USing ¥epanol © 20, the coefficient of conservative force between
ethanol-ethanol particles is expressed as:

_ 95ksT

ae—e
nppp (10)

2.2. Discrete element method

Unlike DPD, in which a particle is represented by a mathematical
point, a particle in DEM has a radius. Conventional DEM rotates the
particle by adding the expression of torque into the governing equa-
tions:
dr av dw

V, m—=F, I— =T,
dt da an
where r, V, I, w and T, represent the position, velocity, momentum of
inertia, rotation speed, and torque.

i

B
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In this study, since the DEM particle can be considered as a rigid
body compared with the soft DPD particles, the linear spring-dashpot
(LSD) model is applied to describe the contact in a linear regime with
simplicity. In LSD, a normal spring and dashpot, a tangential spring and
dashpot, and torque [9] express the interaction between two particles.
It has been simplified by only considering the spring force as an im-
posing force based on the relative velocity between particles to simulate
the dashpot force [25]. The normal (FY) and tangential forces (Ffj ) can
be decomposed to the spring and dashpot (dissipative force) respec-
tively. The formulation of the force potential is summarized below:

F = knyArind — C, VY (12)

Fi — kArfti — VY if IFY 1<ul FY
t = o . -

— w IFY| ¢V if IFY1 > u|FY| 13)
T) = —Lini x F} a4
where ArJ = 1arJ| and ArY = |ArY|are the normal and tangential dis-
placements respectively, n/ and t¥ are the normal and tangential di-
rection, V¥ and V{ are the normal and tangential relative velocity,
L} = |L}], and L stands for the vector from the center of particle i to the
contact point. k,, Cp, and k¢, C; are the spring stiffness and dashpot
damping coefficient along the normal and tangential directions re-

spectively. u is the friction coefficient.
The normal damping coefficient can be derived analytically as [26]

Ine
Cy= 2\ meffknin
JIn%e, + 72 (15)

where mqy = m'm’/(m! + m’) is the effective mass. e, (normal resti-
tution coefficient) for aluminum and HDPE particles can be found in
[27,28]. The tangential spring stiffness and damping coefficients are set
as [29]

2
ko= Zhkn (16)

1
G=56 a

The critical time step, or the collision duration, is derived as [26]

ton = 7| =2 — —2
Megr  4My (18)

Following the convention, the time step is chosen below At = min([;—'o“)

to maintain a stable simulation.
2.3. Algorithm and implementation of the coupled model

2.3.1. DPD-DEM coupling

To model solid particle, Chen et al. [30] proposed a rough sphere
model that uses numerous particles. This method can form solid par-
ticles of different shape. Yang and Yin [31] proposed using a single
particle to represent a solid particle, introducing a core radii and al-
tering the interaction parameters between its surrounding liquid par-
ticle, see Fig.2. By this way, the liquid DPD fluid particle cannot enter
the force cut-off range, which produces a similar effect as in the rough
sphere model. The difference is that the particles in the reduced rough
sphere model are smooth, spherical, and structureless. Although the
rough sphere model has certain advantages, its high computational cost
limits its applications. Considering the solid particles are almost sphe-
rical as illustrated in Section 3 and the huge number, the reduced rough
sphere model is used in this study.

Fig. 3 illustrates the main concept of our model. The collision be-
tween solid particles are modeled by DEM, while the interaction be-
tween liquid-liquid particles are modeled by DPD. The liquid-solid in-
teraction is using a modified DPD model.

The modified DPD model for liquid-solid interaction is proposed by
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Fig. 2. Solid particle model: (a) Rough sphere model [30]; (b) Reduced rough sphere model [31].
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Fig. 3. Illustration of DPD/DEM coupled model.

Yang and Yin [31]. They provided a systematic study in selecting the
parameters for different conditions through matching the Stokes’ law.
An analytical expression of the minimum as_jiquiq as a function of the
Pppp is provided as follows:

i = 10~(002220pypy+0.255)In[0.03/(1178.460) o 53y ]

min
AAl-liqui

19

They also concluded two empirical equations of Egs. (20) and (21)

to help choose r§* and a/[\Tii—nliquid in terms of 7).

rt = 1.249r,; + 0.369 (20)

azr\l}lfliquid - 10—(0,281rA1+0.202)1n[OAO3/(2&192(7‘,;])—2,242)] (21)

2.3.2. Coarse-graining level of liquid particle

DPD is different from MD since it represents a cluster of molecules
instead of a single atom, thus making DPD a coarse-grained method.
The tunable coarse-graining level in DPD needs to be determined for
specific cases. For the sedimentation case, the coarse-graining level
should be selected very carefully because liquid DPD particle should be
small enough to provide continuum force on solid particles. In this
subsection, the influence of the coarse-graining level on the sedi-
mentation process will be investigated. Since the diameter of solid
particle is determined, we use diameter ratio (n,.,) between solid and
liquid particles to mark the liquid particle size.

Two group cases are presented in this subsection. Table 1 shows a
summary of the simulation parameter inputs. Notice that suspension
height and gravity (gppp) should change according to coarse-graining
level.

In the first group, the size ratio between solid and liquid is set as
Mratio = 1 to minimize the computational cost. The volume fraction of Al
particles varies from 5% to 20 %. Numerical tests reveal a non-physical
meaningful behavior that the settling of Al particles moves up and
down. Fig. 4(a) provides the temperatures of the liquid particles, cen-
troids, and average settling velocities of Al particles along the grav-
itational direction. The temperature profile exhibits big fluctuation in

Table 1
Simulation inputs for the sedimentation with different ¢, ;; and ng, (DPD
units).
Group 1 Group 2
Beoiid 5%,/10%/15%/ 5%
20%
Nratio 1 1/2/3/4/5
&pPD 0.202 0.202/0.0252/0.00748/0.00315/
0.00162
suspension height 200 200/400/600/800/1000

the beginning and reveal the mean temperature can’t reach reference
temperature (1.0) except the 5% case. To numerically analyze this
phenomenon, Fig. 4(b) plot the centroids and average settling velocities
evolution over time. As $*! increases, the settling seems not happing,
while solid particles fluctuate up and down together.

The up and down motion suggests two fundamental issues: (1) DPD
liquid cannot provide sufficient and consistent viscous force; (2) par-
ticles cannot move freely. This phenomenon is principally related to the
coarse-graining level up limit for the liquid particle. Fig. 5 shows a
simple but vivid demonstration of the liquid coarse-graining effect,
noticing that in our proposed reduced rough sphere model, the strong
interaction between solid-liquid particles prevents the fluid particles
from penetrating the solid particle. If the average space among solid
particles is narrow, the lower fluid particles will be pushed downward
while the upper fluid particles loses contact with solid particles. After a
certain time, the extremely inconsistent local density of liquid particles
will push the solid particles upwards.

In order to investigate the size ratios effect, n, is increased from 1
to 5. As a result, the suspension height in the DPD units becomes larger.
Hence, the centroid of Al particles with different n,, shown in Fig. 6 is
normalized. When n,, > 3, the temperature profile is relatively stable,
and the noise is much smaller compared with that of when n;, = 1 or
2. The average settling velocity profile in Fig. 6(b) also reflects the same
trend. When ny,, = 4,5, we can almost ignore such a fluctuation. The
centroid plot shown in Fig. 6(b) can also confirm this fact. The curve is
almost smooth when n,,4, = 4 or 5 while saw shape bumps appear
when 7,5, < 3. To prevent the problem discussed above, the parameter
Nratio Should be greater than 4 in the DPD/DEM coupling model.

2.3.3. Simulation of particle sedimentation

With the established guidelines, the coupled DPD-DEM model is
then used to simulate two different types of particles, Aluminum and
HDPE, settling down in liquid ethanol. The periodic boundary condition
is applied along the x and y directions to eliminate the influence of the
side wall. Fig. 7 illustrates the simulation domain.

The diameter of the particle is a crucial factor for sedimentation. In
experiment, the size of the particle usually follows a Gaussian dis-
tribution. However, in previous literature, solid particles are set to
monosize to simplify the model. In this study, we set the solid particle
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Fig. 4. Comparison of (a) DPD fluid temperature T, (b) centroid and average settling velocity

volume fractions.@?!

size with Gaussian distribution like experiment, helping to better catch
the detailed structure while unavoidably bringing some computational
overhead.

The simulation procedure has 3 stages like the experiments. The
first stage is preparing the well-mixed suspension. The Al, HDPE, and
liquid particles are first randomly generated to fill the domain. The
system is then carefully relaxed to push apart the particles overlapped.
The second stage is sedimentation, the most time-consuming part. The
last stage corresponds to the dry treatment in the experiment in which
the liquid is removed and all the solid particles eventually packed as an
FGM mix.

3. Experiment validation

A series of experimental tests were conducted to validate the si-
mulation results predicted by our model. The solid particles are a
mixture of spherical Al particles and HDPE powders. This test used the
H-30 spherical aluminum particles provided by Reade Advanced
Materials which exhibit a wide size distribution ranging from 15um to
58um. No.270 and No.325 ASTM sieves sieved the original Al particles
to reach a narrower size distribution of 38 um to 45 um. Fig. 8 shows the
size distribution which is measured by Mastersizer 2000 Particle Ana-
lyzer. The high-resolution cold field emission scanning electron mi-
croscope (SEM) examined the shapes of particles. Al and HDPE particles
are both fairly spherical as shown in Fig. 9.

Centroid of Al Particles along y Coordinate
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VAL of Al particles along the gravitational direction with different

The volume fraction of solid is 10 % and volume ratio of Al/HDPE is
set to be 1:3. After pouring the solid particles into the liquid, con-
siderable air bubbles are observed in the suspension, which will affect
the gradation. To eliminate such effects, the suspensions were degassed
in the vacuum by gradually decreasing the air pressure down to 45 T.
Then the suspension is put still for sedimentation. Fig. 10 illustrates the
evolution of the sedimentation process. The sediments were maintained
for 24 h until the supernatant became quite clear.

Then, the sediments were fully dried and divided into five segments
with equal height. The density of sediments was measured by a mod-
ified Rice method developed by the authors [32]. Based on the test
density of the dried mixture, the volume fraction of Al (¢*!) and HDPE
(¢ in each layer can be determined by

M HDPE

oAl — pM
oAl — pHDPE

-p
-p

, HDPE — P
0

Al _
P = Al HDPE

(22)
where pA!, pHPPE and pM are the density of Aluminum, HDPE, and dried
mixtures respectively.

Table 2 gives the summary of the experiment and the simulation
details, D indicates the diameter of the solid particle.

Fig. 11 shows the comparison of the gradation between experiment
and simulation results. It shows that the numerical simulation generally
agrees well with the experiment. Overall, more aluminum particles are
settled in the bottom layer while HDPE particles are in the top layer,
indicating a successfully formed gradation.

s o AT
. )
£

-

Fig. 5. Schematic demonstration of the size ratio effect.
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4. Parametrical studies
4.1. Liquid volume

Many factors could influence the sediment gradation, the liquid
volume is one of them. In this subsection, we use solid concentration
(¢go1iq) to characterize the liquid volume used in the sedimentation. Five
cases with different ¢, 4, namely 10 %, 20 %, 30 %, 40 %, 50 %, are
compared. Fig. 12 illustrates the initial configurations of all cases. It is
worth noting that the greatest fraction of space occupied by spheres is
around 74 %, implying ¢, ., = 50% a relative high concentration.

The different gradation of sediment in the five cases were plotted in
Fig. 13. It shows that the higher solid concentration (¢4 = 30 %)
leads to poor gradations. This is because crowded solid particles in li-
quid has not enough room to move around, prevent the difference of
setting velocity to take effect. We can learn that solid particle con-
centration higher than 30 % is not suitable for producing FGM. The
deoia= 20 % and 10 % cases share a similar Al-free top layer, while the
general gradation curve is quite different. Researchers could customize
a specific gradation through manipulating the liquid volume in sedi-
mentation process.

4.2. Particle size

The mechanism behind the co-sedimentation method lies in the
particles’ different settling velocities. The basic relationship between

25

Aluminum

20

i
@
[
|
|

= = = HDPE

Volume (%)
=
(o3

Particle size {um)

Fig. 8. Size distributions of the Al particle and the HDPE powder.



C. Lin, et al.

1 4 s
20.0um

Colloids and Surfaces A 604 (2020) 125326

1.0kV 14.2mm x1.50k SE(U)

Fig. 9. SEM observations of particle shapes (a) aluminum and (b) HDPE.
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Fig. 10. Sedimentation process in glass vials.

Table 2
Summary of the experiment and simulation details.
Experiment Simulation

Suspension Height 82.79 mm 300 (DPD units)
DAl 38—-45um 7 —9 (DPD units)
pDHDPE 21—28 ym 4—6 (DPD units)
#A 25% 25%
GHDPE 7.5 % 7.5%

the terminal velocity and the particle density and diameter is revealed
in Stocks’ law. By adjusting the particle size, one could control the
difference of two type particles’ terminal velocity, which determine the
final sediments. To quantitatively investigate the effect of the particle

1.0 4 _ i
-
_-" A
-
0.8 -7 A -
-~ " A
-
-
‘A - -
0.6 s —— Simulation-Al 4

— — Simulation-HDPE
B Experiment-Al
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0.2 E
[ ]
0.0 E
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0.0 0.2 0.4 0.6 0.8 1.0

Relative Thickness

Fig. 11. Gradation comparison of the sedimentation composite between the
experiment and the simulation.

Al particle
@ HDPE particle
Liquid particle (translucent)

Nyt hd
20%

Fig. 12. Initial configuration of the mix at different solid volume fractions.

size, four different sizes of Al particles are studied, they are 28um,
36um, 42um, and 50um. The diameter of HDPE stays the same (24um) in
all cases. Fig. 14 shows the particle number in different cases. To
maintain the solid volume fraction unchanged (¢, =5% and
¢uppr = 15%), the increase in Al particle size leads to decrease in par-
ticle numbers.

Fig. 15 presents the effect of Al diameter on the sediments. It gen-
erally shows that the gradation gets more obvious as the diameter of the
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Fig. 15. The variation of volume fraction of the sediments with different Al
particle sizes.
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Al particles increases. The group with small Al size (Dy = 28um) re-
sulted a quite flat gradation and left a relatively high volume fraction of
Al particles in the top layer. As Dy, increases, Al began to vanish from
the top layer, reaching 0% in both cases of Dy; = 42um and Dy = 50um,
which is ideal for our application. On the bottom side, it is interesting to
notice that the two adjacent layers have very close volume fraction.
This phenomenon could be resulted from the limited settling time for
the bottom particles, which alleviates the separating of particles and
makes the bottom sediment fraction significantly pinned to its initial
composition fraction. Once the settling begins, both Al and HDPE
particles reach the bottom and formed a relatively stable mixture be-
cause of the insufficient settling time. The simulation results disclosed
in Fig. 15 could help to tailor a specific gradation curve by mixing Al
particles with different sizes.

5. Conclusions

For the problem of micrometer scale solid particles sedimentation
towards FGM fabrication, from low to very high concentration, a new
coupled DPD-DEM numerical simulation model is proposed. The new
model can handle both the solid particle collision, the mesoscale be-
havior of fluid, and has a straightforward coupling framework. To va-
lidate the new model, experimental studies were conducted and the
results showed good agreement. Further studies reveal how various
initial condition influence the final material gradation with the fol-
lowing conclusive remarks: (1) With the same solid particles, the more
dilute the suspension, the finer the gradation; no considerable gradation
was observed for a solid volume fraction higher than 40 %. (2) For a
given particle size of HDPE, the gradation of the sediments gets more
obvious as the size of the Al particles increases.
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