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The precise separation of whole and broken rice is an issue of great significance in rice processing industry. This
paper presents a numerical study on the rice separation in an indented cylinder separator based on the discrete
element method. The probability density function of escape angle of whole and broken rice was investigated at
10% filling level for various rotational speeds and indent numbers. Hellinger distance, a statistical estimate
used to quantify the difference between two probability distributions, was adopted to measure the separation
ability. It was found that the Hellinger distance appears to initially increase to a maximum and then decrease
with the increase in rotational speed. While the Hellinger distance increases to a maximum value then keeps sta-
ble with the increase in indent number. After obtaining the optimal operating condition for the best separation,
the position of trough was decided based on the boundary of parabolic trajectories of whole rice after leaving in-
dents. The aim of this work is to determine the best parameters for the indented cylinder separator based on the
understanding of separation progress at a particle scale, providing a foundation for the numerical investigation of
indented cylinder separator.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Rice as the stable food is normally consumed in whole milled form
[1]. The broken rice is an inevitable problem during the processing.
Most consumers prefer whole rice because it has superior nutritional
and cooking qualities [2]. Meanwhile, the transaction price of head
rice is almost double or triple as compared to that of the broken rice
[3]. Therefore, the precise separation is of vital importance for market-
ing, food quality and food industry requirement. According to the differ-
ence in the physical properties of milled rice, such as length, width,
shape, density, color etc., mechanical separation and optical sorting are
two common separation types. Compared with the high cost and com-
plexity maintenance of optical sorter, the mechanical separation device
with simple structure and easy operation is widely used. Whole rice is
quite different from broken rice in length compared with width or
thickness. Therefore, indented cylinder separator which is the most ef-
fective and widely used method compared with screening machine for
length separation, has been normally adopted to separate milled rice
[4]. The indented cylinder separator is mainly comprised of a cylinder
with indents and a trough (Fig. 1). Only the broken rice in the bottom
of the rotating cylinder can stay in the indents and be carried up to a cer-
tain position, then thrown off and drop into the trough under gravity.
While the whole rice which does not fit into the indents cannot be lifted
high enough to fall into the trough. They return to the bottom of the cyl-
inder. Thus, the milled rice can be separated into two fractions. The
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working principle of the indented cylinder separator is easy to under-
stand. However, previous study showed that the indented cylinder sep-
arator needed improvement both in the separation accuracy for whole
and broken kernels and in the separation precision for small broken ker-
nels and foreign materials. Therefore, to clarify the effect of engineering
and operational factors on the separation ability and appropriately set
the processing parameter to achieve an optimal separating efficiency
are critically important but very challenging.

A series of studies have been published on finding the optimal oper-
ating parameters based on experience, trial and error tests for each ma-
chine [5]. Most of the studies were focused on establishing relationships
between separation efficiency and operational parameters, including
cylinder indent size, revolution speed and trough position [4,6,7].
Concerning the indents shape, Fouad [8] established a new cell configu-
ration through analysis of fall angles of long and short rice. Lee et al. [9]
examined the relationship between indents size and the removal rate of
broken rice using 41 varieties of milled rice, providing a recommenda-
tion for the working diameter. However, these researches are generally
difficult to understand the separation process at a particle scale.

A key step in optimizing the separation process is to have an insight-
ful understanding of rice motion. However, to obtain an insight into the
rice motion in the cylinder during the separation is difficult using exper-
imental approaches. In order to investigate the particle flow in the cyl-
inder, image analysis has been applied to directly monitor the
dynamic motion of particles. Sorica et al. [ 10] developed a mathematical
model of the motion behavior of particles escaping from the indents of
the cylinder. Then the kinematic parameters (trajectory, velocity, abso-
lute acceleration) of the working process of the indented cylinder
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Fig. 1. Cross-section view of an indent cylinder separator.

separator were determined based on the images stored by high speed
video camera. The results obtained from experimental research confirm
well with the mathematical model. Buus et al. [11] further evaluated the
separation efficiency by the statistical method (Hellinger distance) on
the basis of Sorica et al. [10]. These two researches provided a novel
method for predicting and controlling the separation process, also pro-
vided a foundation for this paper. Unfortunately, they were restricted to
two dimensions of particle motion. Other experimental methods for the
measurement of particle moment, such as positron emission particle
tracking (PEPT), and magnetic resonance imaging can only resolve the
granular dynamics to a fine scale with relatively poor temporal resolu-
tion [12]. Above all, it is expensive, time-consuming and requires a lot
of manpower and material resources to conduct experimental studies
in the separation process.

Compared with experimental investigations, numerical simulations
have proven to be an effective tool for providing new insights regarding
the phenomena occurring in food engineering [13-15]. Discrete ele-
ment method (DEM) proposed by Cundall and Strack [16] have enabled
the velocity, stresses and torque to be studied on microscope level and
the trajectory of each particle to be visualized on macroscope level
[17]. It has been widely used to understand the mechanism of mixing,
screening and milling in the simulation of rotating drum or milling de-
vice of which the structure is exactly similar to the indented cylinder
separator [18-20]. These researches indirectly proved that DEM is an
available method. To the best of our knowledge, there is no report avail-
able about the application of DEM in the separation process of the in-
dented cylinder separator.

In the current study, the separation process of indented cylinder sep-
arator is investigated by the use of DEM. In the first part the numerical
and experimental results are compared quantitatively and qualitatively
at first. Good agreement is observed in dynamic angle of repose under a
range of rotational speeds. The escape angle can be calculated by
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Fig. 2. The CAD model of the indented cylinder separation system.
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Fig. 3. (a) Multi-sphere model of rice particles used in DEM simulation; (b) Photographs of
rice with various length.

obtaining the position of each rice after leaving the indents. Thus, the
probability density function of escape angle of whole and broken rice
is available. Hellinger distance, a statistical estimate is adopted to quan-
tify the difference between probability distributions of escape angle of
whole and broken rice, aiming to evaluate the separation ability. The ef-
fect of rotational speed ratio and indent number on the Hellinger dis-
tance is investigated. In the second part, the optimal position of
trough is decided based on the boundary of whole rice under the opti-
mal condition determined by Hellinger distance. The aim of this work
is to determine the best parameters for the indented cylinder separator
based on the understanding of separation progress at a particle scale. It
not only has the advantage of saving time and material cost but also pro-
vides a foundation for the numerical design of indented cylinder
separator.

2. Simulation method and analysis of separation
2.1. DEM model

To simulate the separation of whole and broken rice in an indented
cylinder separator, the discrete element method (DEM) has been
used. In the present model, the motion of individual particles can be cal-
culated by the Newton's second law of motion, the translational and ro-
tational motions are, respectively, determined by:

dVi = n t
mid_t:mig+Z(Fij+Fii) 1)
j=1
R T 2
i d - Z( t+ l‘) ( )
j=1
Table 1
Geometry parameters and physical parameters used in the simulation.
Type Parameters Value
Cylinder Radius x Length (mm) 125 x 50
Indent shape and size  Rectangle Length x Width x Height (mm) 6x3x3
Rice particle Density, p,, (kg/m>) 1550
Poisson ratio, v, 0.25
Shear modulus, G, (Pa) 1x10°
Number of particles 2800 x 4
Cylinder Density, p. (kg/m?) 7800
Poisson ratio, ¢ 0.3
Shear modulus, G, (Pa) 7 x 108
Filling level (%) 10
Particle-particle Restitution coefficient, epp 0.68
Coefficient of static friction, tispp 0.15
Coefficient of rolling friction, tipp 0.01
Particle-cylinder Restitution coefficient, ep. 0.68
Coefficient of static friction, tispc 0.1
Coefficient of rolling friction, tpc 0.01
Simulation Time step, At (s) 1.62x107°
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Fig. 4. Dynamic analysis of rice in the cylinder.

where V; and o; are the translational and angular velocity vector of par-
ticle i, respectively. m;g and I; are the gravity and moment of inertia. n; is
the number of particle j in contact with particle i. Fff and Fj;are the nor-
mal force and the tangential force. T, is the torque caused by the tangen-
tial force. T, is the rolling friction torque.

The most popular no-slip Hertz-Mindlin contact model, which com-
bines Hertz's theory in the normal direction and Mindlin's no-slip
model in the tangential direction [21], was employed in modeling
each contact between particles or particle and geometry. The equations
used to calculate the normal total force, the tangential total force, the
tangential torque and the rolling friction torque can be found in our pre-
vious study [22]. The DEM simulation of rice separation progress in an
indented cylinder was performed with a commercial EDEM (DEM Solu-
tion Ltd., Edinburgh, UK) software installed on an Intel Core 2 Duo pro-
cessor with 8 GB RAM and a 64-bit Windows 7 professional operating
system. With the current configuration, it takes about 2 CPU hours to
simulate 1 s of real time.

2.2. Simulation condition

The schematic of the indented cylinder separator system used in the
separation is shown in Fig. 2. The system comprises a cylinder with rect-
angle shape indents and a trough. The axial length of the cylinder is set to
50 mm. Too small of an axial length amplifies wall friction effects. In-
creasing the thickness, however, brings complications as axial segrega-
tion starts playing a role [23]. The cylinder is placed on a pair of rollers
which are connected through a timing belt driven by a DC motor. A

(a)

PVC belt is used to coat the outside cylinder wall to prevent slippage be-
tween the cylinder and the roller. The front faceplate of the rotating cyl-
inder is composed transparent acrylic plate to facilitate visual
observations and the other was painted to dark as the background.
While in the simulation, in order to simplify the modeling and increase
computational efficiency, the drive parts are removed. Note that the co-
ordinate origin is placed in the center of the cylinder front plate.

The multi-sphere model is employed for the representation of rice
in different lengths. As can be seen in Fig. 3, rice particles are classified
into four groups according to their length. Respectively, whole rice,
3/4 of whole rice, 1/2 of whole rice and 1/4 of whole rice. Head rice
is defined as milled kernels that are at least three-quarters of the orig-
inal kernel length (USDA, 1990) [24]. Therefore, in this study, the first
two types of rice are termed as whole rice, and the latter two types of
rice are termed as broken rice. The detailed properties of rice particles
and geometry are listed in Table 1 based on our previous work [25].

A simulation started with well mixed stable packed bed which the
ratio of each particle is equal. Note that the filling level of 10% was inves-
tigated, where the filling level is defined as

Vparticle _ Lcylinder X Aparticle 3)
Lcylinder X Acylinder

chl inder

with cylinder volume Vyjinger, volume of the particles Vjarticle, depth of
drum Leyiinger and cross-sectional area A.

The cylinder then rotated at the given condition during the separa-
tion process. Unless otherwise specified, all the results were analyzed
after 6 s, when the system reached the macroscopically steady state.

2.3. Statistical method

2.3.1. Escape angle

When the cylinder starts to rotate, rice rises up with the cylinder
until it is thrown out, falling along the parabolic trajectory under their
own gravity. As seen in Fig. 4, each particle is regarded as a point moving
in the cylinder. When the particle reaches escape point, the vertical
component of the centrifugal force of the particle is equal to the gravity
but in the opposite direction. Assuming the particle is a mass point and
ignoring the role of friction, the motion of particle after leaving the in-
dents can be analyzed as follow:

The initial position of particle i leaving the indent can be described
by:

X; = Reosb; 4)

Z; = Rsing; (5)

Fig. 5. A snapshot of the simulation and experiment in a steady state.



4 X. Meng et al. / Powder Technology 348 (2019) 1-12

~
N

T T T T

70 -
g Contour line of rice heap
560 - — Fit line
£ k=0.43
=50 '
<
8
5
240

e in
g

Pixels 0£ ima.
= S

1 1 |

140 160

180 200 220 240 260

Pixels of image in horizontal direction

~

=3

~
N
e

Dynamic angle of repose (°)
N N N N N N
[\S] (93] L n =) |
T T T T T T

8]
[y
T

T T T

simulation

O  experiment

[l
<

30 40

50 60 70

Rotational speed ratio(%)

Fig. 6. (a) Numerical measurement of dynamic angle of repose by image processing; (b) Dynamic angle of repose as a function of the rotational speed ratio.

The initial velocity of particle i is the first derivation of position:
Vix = —Rwsinb;
vi; = Ro cosb;

The ordinate of particle i at ts after leaving the cylinder:

X; = Xj + Vixt

Zi=Zi+ Vit — %gt2

where v;y is the initial horizontal velocity of escape point A. v, is the ini-
tial vertical velocity of escape point A. R is the radius of cylinder. 6 is the
escape angle. X; is the horizontal ordinate of escape point A. Z; is the ver-
tical ordinate of escape point A. x; is the horizontal ordinate of particle at
ts after leaving the cylinder. z; is the horizontal ordinate of particle at ts
after leaving the cylinder. g is the gravitational acceleration.
Combining Egs. (4), (5), (6), (7), (8) and (9) gives the following:

(Rcos6; —x; )

. 1
z; = Rsin®; + cotb;(Rcosb; —x;)— jgm

(10)
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Fig. 7 (continued).

Due to the location of each rice in every timestep can be obtained,
the escape angle 6 can be calculated. First, a function was defined as:

1 _(Rcost; —x;)?

= |zj—Rsinb;— coth;(Rcosh;—x;) + = g-~—~——"— 11
fo i i i( i—Xi) Zg R2w? sinzf),» (11)
It becomes a minimization problem:
6 = argmin(f,) (12)

Now that the escape angle of each particles is determined, the prob-
ability density function of escape angle for two kinds of rice can be
calculated.

2.3.2. Hellinger distance

The separation ability depends on the difference of escape angle be-
tween two kinds of rice. The greater the difference, the smaller the size
of overlap between two kinds of rice motion trajectory after leaving
the indents, the stronger the separation ability is. In order to evaluate
the separation ability, the difference should be quantified. Hellinger dis-
tance, a valid statistical estimate which can be used to quantify the

difference between two probability distributions was adopted. The
squared Hellinger distance between two probability density function
p1(x) and p,(x) is defined as follows:

2/ pi(x

The Hellinger distance is a true metric since it is non-negative, sym-
metric, and satisfies the triangle inequality. It is also bounded between 0
and 1. A distance of O corresponds to a complete similarity between two
distributions and a distance of 1 to no similarity [26].

The closed form expression of Hellinger distance can easily be com-
puted in the case of normal distributions. For normal distributions, p;(x)
and p,(x) of a random variable x, where p;~N (i, 07) and p>~N (1, 03),
where 11; and i, are the means and o7, 03 are the variances for p; and py,
the Hellinger distance between p; and p, is given by:

/ 20'1 O 7Eulziuzz))2
H — 4 -l_ 4( o7 +o: 14
(p17p2) O_% +O‘%e 12 ( )

HD? (p; (¥) Vo)D) dx (13)
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3. Results and discussion
3.1. Model validation

This section investigates the validity of simulation results by com-
paring the dynamic angle of repose of particle obtained in the DEM sim-
ulation with those of a physical experiment. The dynamic angle of
repose is defined as the angle between the surface of the bed and a hor-
izontal line. A primary qualitative comparison between experiment and
simulation can be obtained from visual inspection. In Fig. 5, the com-
puted dynamic angle of repose is almost identical with the experiment
(60% of the critical speed). To give a quantitative comparison, dynamic
angle of repose is quantified by image processing technology such as

Number of indents 45

Number of indents 72

Fig. 6(a). Details about the image processing method can be found in
our previous work [27] and not repeated for brevity. In Fig. 6(b), a quan-
titative comparison is given by plotting the extracted dynamic angle of
repose against the rotational speed ratio. The experiment results are
compared to the corresponding simulation results. The bars denote
the variation of the measured values under steady-state conditions. It
can be seen that the simulation and physical results are quite similar.
The trends of the curves are very similar, displaying as the dynamic
angle of repose increases linearly with the rotational speed. The result
is consistent with those observed by Santos et al. [28]. Thus, one can
conclude that the good agreement between the numerical and physical
results confirms the validity of the current DEM model.

3.2. Effect of rotational speed on the separation ability

The initial position and motion trajectory of whole and broken rice
in the first quadrant under different rotational speeds are shown in
Fig. 7, due to the separation mainly occurs here. The snapshots are
taken at time 6 s. The blue one represents whole rice and red one is
the broken rice. As we can see from Figs. 7(A-E), only few particles
can be lifted and they drop off at a low position when the rotational
speed is in a lower level, which means a low separation ability. With
the increase in the rotational speed, the lifted fraction increases obvi-
ously. Compared with whole rice, there are more broken rice lifted.
Figs. 7(a-e) shows the motion trajectory of rice from 6 s to 6.05 s
which is consistent with the parabolic trajectory. The faster the rota-
tional speed, the larger the escape angle is. The rice is in the centrifugal
motion when the rotating speed reaching the critical speed, showing as
they stick to the inner surface of the cylinder and remain at relative rest
to the cylinder. Separation is therefore no longer possible. From the
Fig. 7, it can be concluded that the size of overlap is large between two
kinds of rice motion trajectory when the rotational speed is too faster
or slower, which means a negative effect on the separation ability.

In order to quantify the variation of escape angle with rotational
speed ratio, Fig. 8 shows the normalized probability density

(b)

Number of indents 60

(d)

Number of indents 90

Fig. 10. Cross-section view of an indent cylinder separator with different indent numbers: (a) 45indents; (b) 60indents; (c) 72indents; (d) 90indents.
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distributions of the escape angle under different rotational speed ratios.
It can be seen that with the increase in the rotational speed ratio, no
matter whole or broken rice, the peak value moves towards the right,
which means the escape angle increases. Meanwhile, the distribution
range expands. Due to Hellinger distance can be used to quantify the dif-
ference between two probability distribution, Fig. 9 plots the relation-
ship between rotational speed and Hellinger distance. The Hellinger
distance appears to initially increases to a maximum and then de-
creases. The result coincides well with the observation of rice motion
trajectory as mentioned above. The maximum value is achieved at rota-
tional speed of 55% of the critical speed which corresponding to the best
separation ability.

3.3. Effect of indent number on the separation ability

Indent number is an important parameter that needs to be carefully
considered in the designing an indented cylinder separator as it will af-
fect particle behavior [29,30]. Therefore, in this section, the effect of the
indent number on the separation progress is investigated. The indent
number is changing from 45 rows to 90 rows, as shown in Fig. 10.

Fig. 11 shows the normalized probability density distributions of the
escape angle under different indent numbers. It can be seen that with
the increase in the indent number, no matter whole or broken rice,
the peak value moves towards the left, which means the escape angle
decreases. Meanwhile, the difference of the peak value increases

between whole and broken rice. This indicates a good separation
performance.

The calculated Hellinger distance as a function of the indent number
is summarized in Fig. 12. It shows that the Hellinger distance increases

0.5 T T T T

045 i

Hellinger distance

03 E

0.25 : : : :
45 60 72 9

Indent number

Fig. 12. Variation of the Hellinger distance with indent number when rotational speed
ratio is 55% of critical speed.
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Fig. 13. (a)The position of whole rice under the optimal operating condition from 6 to 6.1 s; (b) The boundary that the whole rice covered from 6 to 6.1 s.

with indent number until a maximum value reached when indent num-
ber is 72. With further increase of indent number, the Hellinger distance
keeps stable. The lesser indent number means a poor separation ability,
while the use of too many indents can not further increase the efficient
separation but leads to the higher manufacture cost. Therefore, it is nec-
essary to arrange the number of indents appropriately.

3.4. Determination of the position of trough

Now that the best condition for the separation has been decided
based on the above analysis, in order to realize the separation of
whole and broken rice, the trough must be placed in an appropriate po-
sition. Actually, it is the side of trough which closes to the escape posi-
tion of rice decided separation ability. It should be placed upper the
trajectory of whole rice to prevent the whole rice drop into the trough.
Therefore, in this study, the angle of trough was decided based on the
trajectory of whole rice under the optimal rotational speed and indent
number determined by Hellinger distance.

Fig. 13(a) shows the position of whole rice under the optimal oper-
ating condition from 6 to 6.1 s. The boundary was obtained and shown
in Fig. 13 (b). Each point on the boundary was connected to the origin of
coordinates. The maximum slope of the line between two points corre-
sponding to the optimal angle of trough, which is 60°.

Fig. 14 shows the indented cylinder separator with the trough in op-
timal angle (60°). To quantify the separation ability, the efficiency was
calculated as the percentage of separated broken rice in the trough as
follows [7]:

CNT

E=Rys

(15)

Meanwhile, the separated whole rice in the trough were calculated
as losses as follows:

Ny T
Losses = NTVS

(16)
where SE = separation efficiency; N,T = number of separated broken
rice in trough; N,S = number of broken rice in sample; N,,T = number
of separated whole rice in trough; N,,S = number of whole rice in
sample.

It can be seen from Fig. 14 that separation efficiency curve increases
rapidly at first but then a light steady increase forms. The maximum
value is around 80% which is close to the optimal separation efficiency

with Kim and Park [6] and Lee et al. [9]. Meanwshile, the lifted whole
rice can drop into the trough which means the losses is far less than
1%. As we are known, the increase of contact opportunities between
broken rice and indents can significantly improve the separation effi-
ciency. At the beginning of the separation, due to the large number of
the broken rice, it has more opportunities to get into the indents, show-
ing as the separation efficiency increased sharply. But with further sep-
aration, the increasing trend of separation efficiency slows down. One
reason is the reduction of the broken rice in the cylinder. And another
is due to granular materials that differ in size tend to segregate in the ro-
tary cylinder [31], such as the reverse Brazil nut segregation which may
lead to the reduction of the probability of broken rice getting into the in-
dents. Therefore, future work will focus on the effect of the segregation
phenomenon of whole and broken rice in the bottom of the cylinder on
the separation.

To further verify the optimal trough angle obtained from the simula-
tion. The separation experiments of different trough angles were per-
formed under the optimal rotation speed ratio of 55% of the critical
speed. Fig. 15(a) depicts that the separation efficiency with standard de-
viations at three trough angles of 55°, 60° and 65°. The obtained results
revealed that the separation efficiency decreased by increasing the
trough angle. The highest value is almost 0.9 for trough angle of 55°.
While Fig. 15(b) indicated that the percentage of lifted separated
whole rice. It can be obviously seen that the losses of trough angle of

0.9 — T T T T T T T T T T T T

0.8

Separation efficiency
s o = o = 2
5] w - (9] =) =2

e
=

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (s)

S

Fig. 14. Separation efficiency as a function of time with optimal position of trough.
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Fig. 15. (a) Separation efficiency at three trough angles; (b) Losses (Lifted whole rice in trough) at three trough angles.

55° is almost reaching 0.4 which is much higher than the trough angle of
60°, showing a terrible separation performance. Hence, the optimum
value of trough angle was 60° which gave a value of separation effi-
ciency of 0.78 with a minimum percentage of lifted whole rice in the
trough. The optimal trough angle obtained by experiments agreed
well with the simulation result, validating the DEM method can be ap-
plied to design the indented cylinder separator and achieve optimal per-
formance and better operation parameters.

4. Conclusion

In this study, the separation process of the cylinder separator was
very first simulated by the use of DEM. The probability density function
of escape angle of whole and broken rice was investigated at 10% filling
level for various rotational speeds and indent numbers. Hellinger dis-
tance was adopted to evaluated the separation ability. After under-
standing the effect of rotational speeds and indent number on
Hellinger distance, the optimal operating condition for best separation
was obtained. Finally, the optimal angle of trough was decided by find-
ing the maximum slope of the line between the connection of whole
rice boundary and origin of coordinates. Therefore, a new method to de-
termine the best parameters for the indented cylinder separator by the
numerical design was proposed.

The key conclusions are as follows:

» With the increase in the rotational speed, no matter whole or broken
rice, the escape angle increases. Meanwhile, the distribution of escape
angle became wide. The Hellinger distance appears to initially in-
creases to a maximum and then decreases. The maximum value is
achieved at rotational speed of 55% of the critical speed which corre-
sponding to the best separation ability.

With the increase in the indent number, no matter whole or broken
rice, the escape angle decreases. Meanwhile, the difference of distri-
bution of escape angle between whole and broken rice increases.
The Hellinger distance increases with indent number until a maxi-
mum value then keeps stable.

The optimal angle of trough can be decided based on the boundary of
whole rice. During separation process, the separation efficiency of in-
dented cylinder separator increases sharply at first but then a light
steady increase forms. The maximum value is around 80%.
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