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Abstract: This study examines the usefulness of the discrete element method
(DEM) for studying particle motion in SPLITT fractionation. The method was
tested against the conventional SPLITT theory and published experimental data
for particle sizes 7, 10, and 15 mm at various run conditions and good agreement
was achieved. Illustrative studies presented in this paper show that particle colli-
sions occur at concentrations as low as 0.05%(v=v); and particle trajectory devi-
ates from theory more notably for larger particles, 15mm diameter and greater.
The finding suggests the DEM can be useful in SPLITT calculations for modeling
the influence of particle-particle interactions.

Keywords: Numerical study, particle separation, SPLITT fractionation, the
discrete element method

BACKGROUND

SPLITT or split-flow thin-channel fractionation is a continuous separ-
ation method related to the field-flow fractionation (FFF) family of
analytical separation techniques, which have been widely used in many
applications dealing with particulate and macromolecular samples
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(1,2,3). First introduced in 1985 by the late J. Calvin Giddings (4),
SPLITT techniques have been steadily developed for a diverse range of
samples such as environmental sediment samples (5,6), blood samples
(7), pharmaceutical emulsions (8), and biological cells (9).

The general separation principle of the SPLITT technique is illu-
strated in Fig. 1 and is briefly described below. Further information
about the SPLITT technique can be obtained from the literature (4,10).

Sample suspension and carrier fluid are continuously introduced
into the channel via inlets (a0) and (b0) respectively. An external force field
is applied across the SPLITT channel to influence the differential,
transverse transport of the particles. The field has commonly been
gravitational (10,11), but can also be centrifugal (7,12), electrical
(13–15), magnetic (16,17), or acoustic (18,19). A binary split of the sus-
pended particulate samples is achieved and the two fractions are collected
at the outlets (a) and (b). For gravitational SPLITT fractionation with
uniform density, the fraction from outlet (a) contains particles with a
smaller diameter, relative to a cut-off value, and the other fraction (outlet
(b)) contains particles having a greater diameter. The cut-off value is
determined by adjusting the inlet and outlet flow rates and the field
strength (for further details see the Theory Section below).

Ideal SPLITT operation requires laminar flow throughout the channel.
Under such a condition, parabolic profiles for the carrier flow may be used
to calculate the channel fluid velocity, except in the two small regions
around the inlet and outlet splitters (20,21). The Stokes number for such sys-
tems is small, therefore, particles are believed to exactly follow the fluid
motion down stream (22,23). Particle-particle collisions and particle-chan-
nel wall collisions are usually assumed to be negligible in number at the
low particle concentrations that are typically used (�0.1 %(v=v)).

These assumed ideal conditions have been used in a relatively simple
theory to quantitatively describe the SPLITT separation processes, and

Figure 1. Illustration of the separation mechanism in a SPLITT channel.
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there is reasonably satisfactory agreement between theory and
experimental results (7,10). However, there are a number of undesired
phenomena, believed due to some degree of fluid mixing, that have been
observed (24–26). In order to improve the technique’s performance, both
analytical and numerical approaches have attempted to obtain insight
into the particle and fluid behavior within the SPLITT micro-channel
(17,21,24–26).

The availability of commercial computational fluid dynamics (CFD)
software has made it potentially easier to numerically study the fluid flow
behaviour in a SPLITT system. Despite being widely used in many scien-
tific and engineering applications (27,28), the CFD approach has only
recently been applied to the field of SPLITT flow. Fuh et al. (29)
employed CFD to investigate fluid flow behaviour in SPLITT channels.
They reported that vortex flow could be active at high inlet flows ratio
and disturb the required laminar flow condition. The group then used
the CFD simulation to identify a range of flow conditions in which
SPLITT fractionation can be carried out without concern for hydrody-
namic disturbances. They found that tapered splitter edge may be used
to minimize the vortex. Thanks to this result, tapered splitters are now
commonly used in SPLITT experimental set-ups. CFD has also proved
useful to study edge effects on non-specific crossover due to splitter
imperfections in annular SPLITT channels (30,31). The effect of several
fluid forces upon particle motion, such as Basset force, drag force, and
lift forces, has also been discussed in a number of SPLITT studies using
the CFD method (23,32,33). In these studies, the CFD simulation
approach helps to obtain two dimensional fluid flows at regions around
the two splitters, where the parabolic fluid velocity profile can not be
applied, therefore providing more accurate particle trajectories assuming
particles being mass points. In addition, numerical modelling and simula-
tion allows researchers to combine the effects of the particle-liquid forces
in a relatively simple way.

Consistent results between simulation and experimental data from
these investigations confirm the applicability of computational simula-
tion in SPLITT studies. Additional questions to be explored are how
the discrete volume of particle, or particle–particle interactions affects
the overall behaviour of particles and fluid in the system? At what sample
concentration or at what particle size will such effects become of concern?
Among the simulation approaches available in the literature, the discrete
element method (DEM) has proved to be very effective in numerous stu-
dies for particulate systems (34–39).

The DEM is a family of numerical methods for computing the
motion of a large number of particles. The method was pioneered by
Cundall and Strack (34) in 1979 and now has a wide range of applications
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for particulate systems consisting of particles from a boulder size down to
colloidal size (35–39). It would be desirable for SPLITT workers to take
the advantage of this powerful approach to explore its potential use in
SPLITT studies.

The use of the DEM in SPLITT studies was first mentioned by
Nguyen et al. (32) Here, we further examine the usefulness of the
method in SPLITT fractionation using two selected case studies,
particle collision and two-way coupling of particle-fluid interactions.
Similar to approaches reported by Fuh et al. (29) and Zhang et al.
(23,33), in this DEM work, two dimensional (2D) fluid is used.
However, in this current approach particle discrete volume is included
in our computational algorithm, so that particle collisions and the
effect of particle momentum on the surrounding fluid can now be
quantified. Inter-particle forces are not included into the algorithm
at this stage. An in-house computer code was used to generate simula-
tion models, and the simulation was validated using published experi-
mental SPLITT fractionation data. The source code provides the
flexibility needed for our tests, which could disable or enable the
effects of particle discrete volume and=or particle-particle and par-
ticle-fluid interactions on particle trajectory. Note that when these
effects are disabled, the numerical algorithm is similar to that given
in Zhang et al. (23).

SPLITT THEORY

The simple theory of separation in SPLITT channels based mainly on
horizontal fluid flow and vertical particle settlement (Fig. 1) has been well
described in numerous SPLITT publications as listed in the Introduction.
It can be summarized as follows.
From Fig 1,

_VVðtÞ ¼ _VVðaÞ � _VVða0Þ ¼ _VVðb0Þ � _VVðbÞ: ð1Þ

If Fb is the fraction of a monodisperse population exiting with substream
b, then

Fb ¼ 1 for _VVðtÞ þ _VVða0Þ � D _VV ; ð2Þ

and

Fb ¼ 0 for _VVðtÞ � D _VV : ð3Þ

2984 M. Nguyen et al.
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where, D _VV is the crossed volume of fluid carrying a particle downstream,
and is calculated from

D _VV ¼ bUL: ð4Þ

Between these above two cases, particles exit the channel via substream
(a) or (b) depending on the particle stream plane (see Springston et al.
(10) for detail explanation), and Fb can be represented as

Fb ¼
D _VV þ _VVða0Þ

_VVða0Þ
�

_VVðaÞ
_VVða0Þ

: ð5Þ

There exists a critical particle transverse velocity, Uc, which divides the
particle population between the (a) and (b) exit substreams:

Uc ¼
_VVðtÞ
bL

: ð6Þ

Particles having a transverse velocity greater than the critical value will
exit substream (b).

In this study, the simplest form of SPLITT fractionation, the
gravitational SPLITT was used. In this case, U is the terminal velocity
of particles and is described by the formula:

U ¼ Dqgd2

18g
; ð7Þ

From Eqs. (6) and (7), there exists a critical particle diameter, dc, above
which particles will exit (b):

dc ¼ 3
2g _VVðtÞ
DqgbL

� �1
2

ð8Þ

NUMERICAL METHOD

Numerical study of particle trajectories is based on the general theory of
the discrete element method (DEM) for particle motion in a fluid flow.

Numerical Modeling of the Fluid Flow in a SPLITT Thin Channel

The governing equations used in fluid simulation are: the continuity:

@u

@x
þ @v

@y
¼ 0; ð9Þ
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and the Navier-Stokes equations for a dimensionless 2D incompressible
viscous flow (40)

@u

@t
þ u

@u

@x
þ v

@u

@y
¼ � @p

@x
þ 1

Re

@2u

@x2
þ @

2u

@y2

� �
þ fx; ð10Þ

and

@v

@t
þ u

@v

@x
þ v

@v

@y
¼ � @p

@y
þ 1

Re

@2v

@x2
þ @

2v

@y2

� �
þ 1

Fr2
þ fy; ð11Þ

It should be noted that, if the y dimension is considerably smaller than x
dimension, and if the pressure difference between the inlet and the outlet
flows, DP, is constant, the above Navier–Stokes equations reduces to

u ¼ 6�uu
y

w
� y2

w2

� �
; ð12Þ

Equation (12) is the parabolic velocity profile that has been used for field-
flow fractionation FFF and most SPLITT calculations (1,2,20,21).

The DEM naturally assumes the presence of particles with a finite
volume. To help couple the DEM particles to a viscous fluid flow, the
concept of void fraction has been introduced into the DEM calculations
to take into account the volume of the individual particles. The void frac-
tion, e, is defined as the ratio of fluid volume unoccupied by particles,
Vparticle, to the total fluid cell volume, Vcell:

e ¼ Vcell �
P

Vparticle

Vcell
: ð13Þ

Using the void fraction, the Navier-Stokes equation can be rewritten to
calculate the average flow around the particles (37). The void fraction
concept has been widely used in many solid–fluid systems such as flui-
dized bed processes (37,41,42).

Numerical Modelling of Particle Motion

The DEM traces particles in a system using the Newton’s second law of
motion. X

F ¼ ma ð14Þ

Particle rotational motion is not included in this study.
As particles travel along the channel they may collide with each other

or with the vessel walls. In the DEM, particle collisions may be modelled
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by various ways, most commonly by the soft sphere and hard sphere
models. In the soft sphere model, a spring, dashpot, and friction slider
are used to describe particle interaction, which is assumed Voigt visco-
elastic (37,41–43). Particles can also be treated as hard spheres as is
commonly encountered in molecular dynamics simulation (44). In the
hard sphere collision model, the particle velocity after the collision is
calculated from the conservation of momentum equation. A restitution
coefficient may be used to take into account of energy dissipation during
the impact (38,43,45). For Brownian particles, various interparticle forces
such as Van der Waals attraction, electrical double-layer repulsion, and
short-range adhesive contact can be used (39). The lubrication effect of
the viscous fluid layer between two particles may also be considered as
an adjustment to the restitution coefficient or the spring constant (46,47).

Particle–Fluid Interactions

It is believed that there are a number of fluid forces present in the solid–
fluid system that influence both particle and fluid behaviour (17,23,33).
However, for simplification, in this study only the buoyancy and the drag
forces were considered.

With the buoyancy effect included, the net force resulting in particle
settling is defined as

Fs ¼
4

3
pr3ðqp � qf Þg; ð15Þ

For the drag force, given the small particle size and the low Reynolds
number of the fluid flow in a SPLITT channel, the simple Stokes drag
equation was used

Fd ¼ �6prgðUp �Uf Þ: ð16Þ

Aspects on 2D modelling of a 3D solid–fluid system have been well
discussed in the literature (48). In this paper, particle and fluid behavior
were studied at the central plane of the channel breadth, where negligible
wall affects can be safely assumed.

RESULTS AND DISCUSSIONS

Comparison of SPLITT Theory, Simulation, and Experimental Data

In order to compare simulation results with SPLITT theoretical predic-
tion, we disabled the particle–particle interaction and the effect of particle
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momentum on fluid behavior. It should be noted that, such a setup
allows the simulation to perform in a similar way to the approach of
Zhang et al. (23,33) but in this case only the buoyancy and drag force
were included in the algorithm.

Figure 2 shows the SPLITT channel model (not to scale) used in the
simulations. Typical channel dimensions were chosen as follows: the
channel length L was 10 cm. In order to simplify the grid structure, the
total channel width w was set equal to 390 mm, and the splitters had a
thickness of 130 mm and were placed as shown in Fig. 2. A channel
breadth of 2 cm was used for some calculations to convert flow rates to
axial velocities. The computational domain and fluid cells (not to scale)
are indicated in the figure.

A small number of particles were evenly placed at the inlet and their
exits at the two outlets were recorded. This particular initial boundary
condition was used to compare the results of the simulation with SPLITT
theory. Experimental run conditions from Springston et al. (10) were
used for the simulation. Specifically, _VVða0Þ ¼ _VVðbÞ ¼ 0:28 mL=min, and
_VVðb0Þ ¼ _VVðaÞ varied from 0.227 mL=min to 0.607 mL=min, and the par-

ticle diameter was 10 mm. While the channel thickness reported in the
above paper was slightly different to that used in our calculations,
380 mm compared to 390 mm, the difference between the theory lines
obtained from this study and from the experimental data was negligible
(see Fig. 3).

Experimental data were scanned from the figures in the paper by
Springston et al. and re-plotted together with the theoretically pre-
dicted trends and the simulation results. The very good match
between the SPLITT theory and the simulation results verified the
computer program for the DEM simulation. Following are two
illustrative examples on

Figure 2. Simulation model for the SPLITT channel used in this study, which
shows simulation domain and fluid grids (not to scale).
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1. the extent of possible particle collision and
2. the effect of particle motion on its surrounding fluid and, therefore,

on the particle trajectory.

Estimation of the Extent of Particle Collision in a SPLITT Process

At very low Reynolds numbers, because lubrication forces between
particles play an important role, theoretically, particles do not touch
in this regime. For the purpose of the discussion on particle interac-
tions, we will use the words ‘‘collision’’ to refer the process where
the trajectories of two approaching particles change directions as a
result of the interaction.

In the classical SPLITT theory, particles are treated as mass points
and particle collisions are considered to have a negligible effect. In prac-
tice, to minimize particle interaction, very dilute sample solutions are
used. A typical concentration of 0.1% (v=v) has been commonly con-
sidered as satisfactory for this assumption. However, the microdimensions
of SPLITT channels make this assumption difficult to verify by micro-
scopic observation. Some SPLITT researchers believe that particle

Figure 3. Comparison of SPLITT theory (solid line), simulation (hollow squares)
and experimental results (filled circles) for the retrieval factor, Fb, for 10 mm par-
ticle. The dotted line is the SPLITT theoretical line calculated in Springston
et al.(10) from which experimental data was also obtained.
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trajectories are affected to some extent by the shear-induced diffusion
phenomenon, especially for concentrated suspensions often used in
SPLITT fractionation. Shear-induced diffusion occurs when two parti-
cles, located in neighboring streamlines, change their distance from the
channel wall. The overall tendency is for the faster moving particle
(located at a larger distance from wall) passing the slower moving par-
ticle. It is believed these collision-like motions could be the reason behind
the cross contamination effect, an undesired phenomenon that causes
smaller particles entering the larger particle fraction stream and vice versa
(49,50).

As DEM simulation can monitor individual particle motion, it
provides an excellent tool to estimate the extent of particle collision under
a particular SPLITT run condition. Depending on the particle interaction
model used, the particle trajectory after a collision may vary. This, in
turn, will determine the particle’s subsequent collisions. However, if only
the first collision of each particle is taken into account then the minimum
number of collisions should be the same regardless of what collision
mechanism is employed or whether a collision mechanism is included
in the calculations. With that in mind, this study adopted the simplified
case where a physical collision model was not employed and the effect
of particle motion on the fluid flow was disabled. To find out whether
particles collide when they travel down stream, we monitored individual
particle movement using the Newton’s second law of motion. A collision
was detected when two particles crossed paths–approaching, overlapping,
and then continuing on their paths. For an individual particle, only its
first collision was taken into account. Subsequent collisions involving this
particle were ignored. Results so obtained, effectively provided the
theoretical minimum number of collisions associated with a particular
run condition.

For this case study, the inlet flow rate _VVða0Þð¼ _VVðbÞ) was first set to
0.28 mL=min, while the outlet flow rate _VVðaÞð¼ _VVðb0Þ) varied in corre-
spondence with Fb ¼ 0.1, 0.4, 0.6 and 0.9. Five sample concentrations,
0.025, 0.05, 0.10, 0.15, and 0.20% (v=v), were used. The channel flow rate
was then kept constant while both the inlet and outlet flow rates were
allowed to vary to achieve the four values for Fb for sample concentration
0.10% (v=v). Monodisperse particle size distributions were used for each
run. Particle sizes were 7, 10, and 15 mm. A total of 6000 particles for each
size were randomly placed across the channel inlet (a0) at fixed time steps
according to the corresponding sample concentration

Collision results are tabulated in Tables 1 and 2. In Table 1 it was
found that, even at extremely dilute concentrations (0.025% (v=v)), a
small number of collisions were still detected. For all the three different
particle sizes, more collisions were obtained for Fb ¼ 0.1 and 0.9 than
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for Fb ¼ 0.4 or 0.6 (Tables 1 and 2). This observation is consistent with
theoretical prediction, as at Fb ¼ 0.1 and 0.9, particles tend to travel in
the regions closer to the upper and lower channel walls, where the fluid
flow has higher shear. Also shown in the two tables, at the same Fb value,
more collisions were counted for greater channel flow rates (higher
shear).

For the same sample concentration, more collisions were detected
for smaller particles. This is consistent with the theory as more (smaller)
particles are required to make up the solution volume, hence there is a
greater chance of collision. Whether this tendency is true in practice
remains to be verified by experiment.

The initial entry conditions for the particles may also affect sub-
sequent particle collisions. In this study, particles were randomly placed

Table 1. Number of particles (%) involving collision with other particles for 7, 10
and 15mm particles in 5 different sample concentrations and 4 channel flow rates,
together with their according retrieval factors. In all cases, inlet flow rates were
0.28 mL=min.

Conc. (%v=v) Fb ¼ 0.1 Fb ¼ 0.4 Fb ¼ 0.6 Fb ¼ 0.9

7 lm
_VV ¼ 0.69
mL=min

_VV ¼ 0.61
mL=min

_VV ¼ 0.55
mL=min

_VV ¼ 0.47
mL=min

0.025 12.5 11.5 10.1 11.3
0.05 20.7 17.4 17.1 21.0
0.10 31.8 28.0 29.6 33.5
0.15 39.6 35.6 37.6 42.9
0.20 45.5 42.5 44.2 49.0
10 lm

_VV ¼ 0.86
mL=min

_VV ¼ 0.77
mL=min

_VV ¼ 0.72
mL=min

_VV ¼ 0.63
mL=min

0.025 5.5 4.9 4.3 4.7
0.05 14.0 12.5 11.8 12.4
0.10 26.2 23.0 22.6 25.4
0.15 35.4 32.0 31.0 35.2
0.20 41.3 38.0 37.6 41.6
15 lm

_VV ¼ 1.26
mL=min

_VV ¼ 1.18
mL=min

_VV ¼ 1.12
mL=min

_VV ¼ 1.04
mL=min

0.025 1.2 0.9 0.8 0.5
0.05 6.8 6.0 5.6 4.8
0.10 17.6 16.4 15.1 15.5
0.15 26.9 24.7 22.6 24.1
0.20 34.2 31.2 29.8 32.2
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across the channel inlet (a0). While it is a small effect, the number of colli-
sions varies slightly for different random seeds. In reality, it is more likely
that most particles enter the channel near the surface of the inlet splitter.
This modelling approach could be effectively used to identify the right
entrance conditions in order to reduce particle collisions.

Effect of Particle–Fluid Interaction on Particle Trajectory

By assuming that the fluid affects particle motion, but the particles do not
affect the fluid, the local force system involving the particle and its sur-
rounding fluid is not balanced. Most SPLITT studies assume that the
particle size is small and typical SPLITT runs use an extremely dilute
sample concentration, so the effect of the particle motion on the carrier
fluid can be ignored (23). This assumption, however, has not been inves-
tigated to determine when it becomes invalid. To find out how particles
will behave when the force system is more balanced, the effect of particle
momentum upon the fluid behavior should be considered. Although,
there is a wide range of particle–fluid interaction forces, in this study only
the drag and buoyancy forces were included into the Navier Stokes equa-
tions, together with the void fraction calculations. This approach adapts
the momentum exchange model developed and discussed in detail in
Schwarzer et al. (48).

The same channel described in Section 4.2 was used to simulate
particle trajectories for 7, 10, and 15 mm particles, with and without the
effect of particle momentum on fluid velocities. We will use the terms

Table 2. Number of particles (%) involving collision with other particles for 7, 10
and 15mm particles at sample concentrations 0.1% (v=v), and at 4 different
retrieval factors 0.1, 0.4, 0.6 and 0.9. For each particle size, channel flow rate
was kept constant, while both inlet and outlet flow rates were varied and included
in the Table. All flow rates are in mL=min.

Particle size (mm) Fb ¼ 0.1 Fb ¼ 0.4 Fb ¼ 0.6 Fb ¼ 0.9

7
( _VV ¼ 0.47
mL=min)

31.0%
( _VVða0Þ ¼ 0.16,
_VVðaÞ ¼ 0.31)

29.8%
( _VVða0Þ ¼ 0.19,
_VVðaÞ ¼ 0.28)

30.1%
( _VVða0Þ ¼ 0.22,
_VVðaÞ ¼ 0.25)

33.5%
( _VVða0Þ ¼ 0.28,
_VVðaÞ ¼ 0.19)

10
( _VV ¼ 0.63
mL=min)

24.2%
( _VVða0Þ ¼ 0.16,
_VVðaÞ ¼ 0.47)

22.3%
( _VVða0Þ ¼ 0.19,
_VVðaÞ ¼ 0.44)

21.4%
( _VVða0Þ ¼ 0.22 ,

_VVðaÞ ¼ 0.41)

25.4%
( _VVða0Þ ¼ 0.28,
_VVðaÞ ¼ 0.35)

15
( _VV ¼ 1.04
mL= min)

15.4%
( _VVða0Þ ¼ 0.16,
_VVðaÞ ¼ 0.88)

15.1%
( _VVða0Þ ¼ 0.19,
_VVðaÞ ¼ 0.85)

14.8%
( _VVða0Þ ¼ 0.22,
_VVðaÞ ¼ 0.82)

15.5%
( _VVða0Þ ¼ 0.28,
_VVðaÞ ¼ 0.76)
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‘‘uncorrected’’ and ‘‘corrected’’ to refer the case where the particle
momentum effect on fluid velocities is disabled and enabled, respectively.
Simulation results show this effect increases as the particle size increases,
which is to be expected since both drag and buoyancy forces are size
dependent. Figure 4 shows uncorrected and corrected trajectories for
15 mm particles; results for 7 and 10 mm are not included as the difference
between corrected and uncorrected values are not significant.

A further simulation was conducted to investigate how this deviation
affects the overall retrieval factor for each particle size. In order to isolate
this effect from other factors (e.g. collisions) a simulation was run under
extremely dilute particle concentration. A random number generator,
was used to place 200 particles at the inlet entrance, 50% weighted
toward the lower region of the inlet. The weighted random number
was used to ensure uncorrected retrieval factor values, Fb, lying on the
theory line. Particle trajectories were then monitored and their outlet exit
was used for the calculation of their retrieval rate.

It was found that the difference between the corrected and the uncor-
rected values for Fb is unnoticeable for both 7 mm and 10 mm particles.
A slight difference can be observed for 15 mm particles as shown in
Fig. 5. However, when compared with experimental data, the contri-
bution of this particular effect to the overall deviation from the theory
line is still quite small for this size. The deviation from the theoretical line
can be explained when a particle travels with a transverse velocity U
slightly above its Uc, the uncorrected theory may include that particle
into a smaller size sub-stream, while, in fact, it would exit the channel

Figure 4. Comparison of particle trajectories obtained from standard theory
(thick solid lines) and from simulation for 15 mm particle, where the latter includes
the effect of particle motion on its surrounding fluid (thin lines).
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via a larger size sub-stream. As a result, the measured retrieval rate for
this particle size will be slightly higher than that predicted by the theory.
However, since only a small particle population may fall within that velo-
city range, the overall effect is small.

This effect was also investigated for 10 mm particles at 3 different
inlet flow rates, using the conditions described by Springston et al., in
particular, _VVða0Þ ¼ 0:05; 0:10; and 0:20 mL=min. Although the experi-
mental results from Springton et al., show that Fb values tend to deviate
more from the theoretical line when the channel flow rates increase, simu-
lation results for this particle size show that, when the inlet flow rate
increases the ‘‘particle on fluid’’ effect does not contribute to the overall
deviation from the theory line. This indicates some other effects play
a more important role in SPLITT separation, e.g. particle interactions

Figure 5. Illustration of the deviation of simulation results from the SPLITT
theory line when the effect of particle motion on fluid behaviour was included
in calculations for 15mm particles. The solid line is from the theoretical predic-
tion, hollow circles are for uncorrected simulation results, filled circles for
corrected simulation results, and filled triangles are experimental data obtained
from the Springston et al.(10).
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brought about by the increase in the inlet flow rate, which would increase
the total shear in the channel flow (Figs. 6(a), (b), and (c)).

Simulation for the ‘‘particle on fluid’’ effect for larger particles was
also attempted. We felt that it was more realistic to have the particles
enter the channel from the lower region of the inlet, since it is more likely
these particles would have settled somewhat nearer to the splitter surface.
This entry can be achieved by using a random number generator 50%
weighted toward the lower half of the channel inlet. When large particles
(15 mm and greater) were forced to enter the channel in this way, their
retrieval factors increased notably in comparison with the case where par-
ticles are evenly spread across the sample inlet stream (Fig. 7).

Simulations using 30 mm particles reveal the limit of particle size that
can be used with the DEM simulation. For the numerical calculations to
be meaningful, the fluid cell has to be large relative to the particle size.

Figure 6. Illustration of the effect of particle-fluid interaction on particle retrieval
factor Fb for 10 mm particles at 3 different inlet flow rates, which shows the effect
is negligible for that particle size regardless of inlet=channel flow rates. In these
figures, the solid line is from the theoretical prediction, hollow circles are for
uncorrected simulation results, filled circles for corrected simulation results,
and filled triangles are experimental data obtained from the Springston et al.(10).
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Figure 6. (Continued).
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However, increasing the fluid cell size may sacrifice the accuracy of the
fluid calculation, given the micro thickness of the SPLITT channel. More
accurate calculations for both particle and fluid motion can be achieved
by means of more expensive computational approaches such as the direct
simulation method, which is outside the scope of this paper.

The above finding also indicates more work is needed to determine
the conditions where a big particle, say 20 or 30 mm in size, can still be
safely treated as a mass point in such a thin channel of 300–400 mm thick-
ness. The outcome of such work would help to improve the SPLITT frac-
tionation method for large particles.

While this paper shows that, for larger particles, particle motion may
have some effect on its surrounding fluid, we are not yet able to compile
generic guidelines for this effect.

CONCLUSIONS

This paper examines the usefulness of the discrete element method
for SPLITT study. Our work starts with the simplest case in which,
particle-particle collisions together with the effect of particle momentum
on surrounding fluid were switched off. In such condition, the DEM results
well agree with both SPLITT theory and experimental observations.

When particle discrete volume is considered, particle collisions can be
detected. The possibility of particle collision is high even at very dilute
sample concentration. For instance, if we consider 10 mm particles,

Figure 7. Illustration of the effect of particle-fluid interaction on particle retrieval
factor Fb for particle size 15 mm (left), 20mm (middle), and 30 mm (right), which
shows the effect increases with particle size. Particle entry condition is 50%
weighted toward ½ lower inlet region.
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at typical concentration of 0.1%(v=v), then around 25% of particles
are involved in collisions with other particles. This observation indicates
the role of the interparticle and=or the lubrication forces may be signifi-
cant in the SPLITT separation process.

For the effect of particle momentum on the surrounding fluid, the
simulation found that in dilute sample concentration, the ‘‘particle on
fluid’’ effect was either negligible or small for particle sizes up to
15 mm. More meaningful results could be obtained when an interparticle
force is incorporated which allows all forces in the system to be
considered. Nonetheless, simulation results show the DEM can be used
for particle size up to 30 mm for this micro-dimensional system.

If an interparticle force is included, it would not only improve the
accuracy for the SPLITT results, but also allow the technique to handle
higher sample concentration. While it may be a challenging task to incor-
porate those forces into SPLITT theory analytically, the DEM provides
SPLITT researchers with a much simpler way for testing their force
hypotheses.
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NOMENCLATURE

_VV volumetric flow rate

U particle field-induced velocity

b channel breadth

L channel length

d particle diameter

Dq difference between particle density and fluid density

qf, qp fluid density and particle density, respectively

g fluid absolute viscosity

g the gravitational acceleration

x, y axes of Cartesian system

u, v fluid velocity components along x and y axes, respectively

t time

p fluid pressure

w channel width
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Re ¼ lU1
n Reynolds number, where l is the channel width, l ¼ w

Fr ¼
ffiffiffiffiffiffi
U1
gl

q
Froude number, where l is the channel width, l ¼ w

U1 fluid inlet velocity

�uu average fluid velocity

r particle radius

Uf, Up fluid and particle velocity, respectively, in vector notation
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