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bstract

Experimental investigations on the motion trajectory of solid particles inside the hydrocyclone have been successfully carried out by using a
igh-speed motion analyzer to track the particle movement. For each single particle, the motion trajectory is featured with stochastic characteristic;
owever, for the overall samples of particles, their motions hold the statistical property. The initial position of particles at the entrance of hydrocyclone
eavily affects the motion trajectory of particles inside hydrocyclone and consequently the separation performance. An inlet with pre-sedimentation

ffect should be very helpful for the separation inside hydrocyclones. The results in this study are valuable for understanding the stochastic and
tatistical behaviors of particle motion in the separation process inside hydrocyclones, and provide some valuable information for finding some
ffective way to improve the separation performance in the hydrocyclone.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrocyclones are getting more and more interest from var-
ous industries, because of their obvious advantages such as
imple structure, large capacity, low cost and small volume.
eside a large amount of applications in mineral process-

ng, hydrocyclone separation technique has gotten numerous
pplications recently in environmental engineering [1–8],
etrochemical engineering [9–15], food engineering [16–19],
lectrochemical engineering [20,21], bioengineering [22–25],
ulping process [26–28] and so on. More and more attentions
re being paid to hydrocyclones.

Although the geometric structure of a hydrocyclone is simple,
he motion of particles inside the hydrocyclone is very compli-
ated. To understand the separation behavior of hydrocyclones

nd to obtain a theoretical foundation for structure optimization
nd efficiency improvement of hydrocyclones, it is essential to
ake the motion of particles in the hydrocyclones as clear as

ossible. Therefore many investigations have been made on the
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otion of solid particles in hydrocyclones previously. Almost
ll previous experimental works on the motion of solid parti-
les in hydrocyclones have made by adopting an Euler method,
.e., all the works have been focused on the flow field by study-
ng the motion of particle passing through some fixed positions
n hydrocyclones [29–31]. However, to understand the stochas-
ic and statistical behaviors of particle motion in the separation
rocess inside hydrocyclones, which have been considered as
he key point to understand the separation behavior in hydrocy-
lones, it is very important and essential to investigate the motion
f particles in the hydrocyclone by using a Lagrange method,
.e., studying the motion of particles by tracking the particles in
he hydrocyclone.

The objective of this study is to understand the stochas-
ic and statistical behaviors of the motion of solid particles in
he hydrocyclone by adopting a Lagrange method. The inves-
igation was experimentally carried out by using a high-speed

otion analyzer (HSMA) system to track the motion trajec-
ory of solid particles inside hydrocyclones. The stochastic and
tatistical characteristics of the motion of solid particles in the

ydrocyclone were analyzed according to the measured motion
rajectory of solid particles. The experimental results in this
tudy are valuable for understanding the separation process in
he hydrocyclone.

mailto:chuly@scu.edu.cn
dx.doi.org/10.1016/j.cej.2007.05.037


2 Z.-B. Wang et al. / Chemical Engine

2

2

p
d
t
a

t
c
v

F
(
c

w
t
f
i
p

2

t
t
b
s
k
1
c
w
a
w

i
c
d
t
t
i
w

3

3
p

c
t
T
c

Fig. 1. Geometry of the hydrocyclone.

. Experimental

.1. Apparatus and instrument

The hydrocyclone was made of transparent Perspex and
olished. The geometric parameters of the hydrocyclone were
esigned according to Rietema’s optimum geometry for separa-
ion [32], as illustrated in Fig. 1. The experimental instrument
nd apparatus system were arranged as shown in Fig. 2.
A high-speed motion analyzer (HSMA) system was used to
rack the motion trajectory of solid particles inside the hydrocy-
lone. It is composed of a high-speed camera, a data processor, a
ideo recorder, a monitor and a computer. When solid particles

ig. 2. Schematic illustration of the test system: (1) tank; (2) valve; (3) pump;
4) valve; (5) valve; (6) flowmeter; (7) pressure gauge; (8) hydrocyclone; (9)
amera; (10) data processor; (11) video; (12) monitor; (13) computer.
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ere fed into the hydrocyclone, a movie of the solid motion was
aken by the high-speed camera. Then, the movie was trans-
ormed into frames. The motion trajectory of solid particles
n the hydrocyclone was obtained by plotting the position of
articles at different times, as shown in Fig. 3.

.2. Particles and injection positions

The liquid phase was water. To be captured by the fast camera,
he solid particles should be easy to be found in the water, i.e.,
he color should be dark and the size should be large enough to
e seen in the movie, but the density should not be too large to
tudy the separation behaviors. In the experiments, we chose a
ind of vegetable seeds with black surface and with density of
.14 g/cm3 as the solid particles. The particle size was graded
arefully before experiments, and particles with uniform size
ere selected for a batch of observations. The inlet flow rate

nd pressure of the feed was adjusted by the valves and both
ere maintained constantly throughout all the experiments.
To study the effect of the initial position of particles at the

nlet of hydrocyclone on the particle motion inside the hydro-
yclone, we injected the particles into hydrocyclone from three
ifferent positions of the inlet section, as shown in Fig. 4. The
hree positions were in the same cross-section, in which injec-
ion point 1 was near the outer side of the inlet wall, point 2 was
n the central axis, and point 3 was near inner side of the inlet
all.

. Results and discussion

.1. Effect of particle size on the motion trajectory of solid
articles

With injecting particles from the fixed position point 1, parti-
les with diameters of 700, 800 and 900 �m were used to study
he motion trajectories inside the hydrocyclone. As listed in
able 1, when the particle diameter was 700 �m, most parti-
les (72%) were discharged from the vortex finder; on the other
and, when the particle diameter was 900 �m, most particles
71%) were separated and went to the underflow orifice. The
arger the particle diameter, the larger the centrifugal force on
he particles, as a result the more particles were separated into
nderflow. The smaller the particle diameter, the more particles
ntered the overflow without entering the cone section, i.e., the
arder for the particles to be separated into underflow.

Figs. 5 and 6 show the typical motion trajectories of particles
ith different diameters that discharging from underflow and
verflow, respectively.

In Fig. 5, when the particle diameter was 700 �m, the particle
otated and wandered in the middle area of cylinder and cone
ody. The reason might be that the particle fell into the locus
f zero vertical velocity (LZVV). On the other hand, such phe-
omena were not observed for the particles with diameters of

00 and 900 �m. Table 2 listed the statistical residence time of
articles with different diameters that finally discharging from
nderflow. With increasing the diameter, both the average resi-
ence time and the shortest residence time of the particle inside
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Fig. 3. Photographs of particle motion inside the hydrocyclone.

Table 1
Statistical percentage of particles with different diameters entering underflow and overflow (particles were injected into the hydrocyclone from point 1)

Particle diameter (�m) Percentage entering underflow Percentage entering overflow

Total Entering into the cone section first Never entering into the cone section

700 28.0 72.0 36.0 (50.0%*) 36.0 (50.0%)
800 55.0 45.0 27.0 (60.0%) 18.0 (40.0%)
900 71.0 29.0 18.0 (62.0%) 11.0 (38.0%)

Note: *the percentage in the parentheses is that calculated by taking the overflow as 100%.
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Table 2
Statistical residence time of particles with different diameters that finally dis-
charging from underflow (particles were injected into the hydrocyclone from
point 1)

Particle
diameter (�m)

Residence time of particles inside the hydrocyclone (s)

Longest time Shortest time Average time

700 1.467 0.620 1.060
800 3.212 0.541 0.831
900 1.099 0.498 0.712

Table 3
Statistical residence time of particles with different diameters that finally dis-
charging from overflow (particles were injected into the hydrocyclone from point
1)

Particle
diameter (�m)

Residence time of particles inside the hydrocyclone (s)

Longest time Shortest time Average time

700 0.722 0.207 0.346
8
9
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ig. 4. Location points for injecting particles into the hydrocyclone: (1) outer
osition; (2) central position; (3) inner position.

he hydrocyclone decreased. That is, with increasing the particle
iameter, the separation process finished faster. However, a par-
icle with diameter of 800 �m held the longest residence time.
ig. 7 shows the motion trajectory and 2D motion path curve of

he particle that discharging from the underflow with the longest
esidence time inside the hydrocyclone. The particle moved sev-
ral circles between the inner helical flow and outer helical flow.
he reason might be that the particle fell into the locus of zero

ertical velocity, and at the same time the particle suffered from
radial velocity fluctuation because of the turbulence inside the
ydrocyclone. Therefore, the particle spent a lot of time to get
he way to the underflow.

i
t
t
fi

ig. 5. Typical motion trajectories of particles with different diameters that dischargi
iameter = 900 �m. The particles were injected from point 1.
00 1.817 0.400 0.750
00 1.517 0.543 0.856

In Fig. 6, when the particles finally discharged from the over-
ow, the bigger the diameter of the particle, usually the longer

he axial distance that the particles traveled. When the parti-
le had larger diameter, larger centrifugal force was acted on it,
herefore the inertia of its motion should be larger, as a result it
ould arrive a longer axial distance from the entrance. Table 3
hows the statistical residence time of particles with different
iameters that finally discharging from overflow. With increas-
ng the particle diameter, both the average residence time and

he shortest residence time became longer. That is, the larger
he particles, the more difficult for them to enter the vortex
nder.

ng from underflow: (a) particle diameter = 700 �m; (b) diameter = 800 �m; (c)
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ig. 6. Typical motion trajectories of particles with different diameters that dis
iameter = 900 �m. The particles were injected from point 1.

.2. Effect of the injection position on the motion trajectory
f solid particles
To study the effect of the injection position on the motion
rajectory of solid particles inside the hydrocyclone, the particle
ize was fixed as 800 �m.

ig. 7. (a) The motion trajectory and (b) 2D motion path curve of the particle
hat discharging from the underflow with the longest residence time inside the
ydrocyclone.
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ing from overflow: (a) particle diameter = 700 �m; (b) diameter = 800 �m; (c)

When the particles were injected into the hydrocyclone from
ifferent positions, some of them were discharged out from the
nderflow orifice, while some were discharged from the vortex
nder. The statistical percentages of particles entering underflow
nd overflow when they were injected into the hydrocyclone at
ifferent positions are listed in Table 4. Most particles were sep-
rated from the underflow when the particles were injected into
he hydrocyclone from the position point 1, while least particles
ere separated from the underflow when they were injected from

he position point 3, and those particles injected from the position
oint 2 were in the medium condition. When the particles were
njected into the hydrocyclone from the point 1, only 4.5% of
hem discharged from overflow with never entering the cone sec-
ion; on the other hand, when the particles were injected from the
osition point 3, 35.5% of them discharged from overflow with
ever entering the cone section. That is to say, the initial posi-
ion of the particles at the entrance section of the hydrocyclone
s very important for them to get separated or not.

Fig. 8 shows the typical motion trajectories of particles inside
he hydrocyclone that discharging from underflow, Fig. 9 shows
hat entering the cone section first and then discharging from
verflow, and Fig. 10 discharging from overflow and never enter-
ng the cone section, respectively.

As shown in Fig. 8, for those particles discharging from
nderflow, when the particle was injected into the hydrocyclone
rom the point 1, it arrived to the hydrocyclone wall very soon.

hen the particle was injected from the point 2, it arrived to
he hydrocyclone wall near the cylinder–cone intersectant area.

hereas, when the particle was injected from point 3, it arrived

o the hydrocyclone wall in the middle part of cone body. The
eason was that the radial distance for the particles to arrive the
ydrocyclone wall was different when they were injected into
ydrocyclone from different position. Furthermore, Fig. 8 shows
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Table 4
Statistical percentage of particles entering underflow and overflow when they were injected into the hydrocyclone at different positions (particle diameter = 800 �m)

Injection point Percentage entering underflow Percentage entering overflow

Total Entering into the cone section first Never entering into the cone section

1 55.0 45.0 40.5 (90.0%*) 4.5 (10.0%)
2 50.0 50.0 38.0 (76.0%) 12.0 (24.0%)
3 26.0 74.0 38.5 (52.0%) 35.5 (48.0%)

Note: *the percentage in the parentheses is that calculated by taking the overflow as 100%.

Fig. 8. Typical motion trajectories of particles inside the hydrocyclone that discharging from underflow: (a) particles injected from point 1; (b) injected from point
2; (c) injected from point 3.

Fig. 9. Typical motion trajectories of particles inside the hydrocyclone that entering the cone section first and then discharging from overflow: (a) particles injected
from point 1; (b) injected from point 2; (c) injected from point 3.
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ig. 10. Typical motion trajectories of particles inside the hydrocyclone that d
rom point 1; (b) injected from point 2; (c) injected from point 3.

hat the screw pitch of the motion trajectory existed differences
n the cylinder body. The screw pitch of the motion trajectory of
articles injected from point 1 was larger in the cylinder body
han those injected from point 2 and point 3. When the par-
icles entered into the cone body, the screw pitches gradually
ecame small. According to the typical tangential velocity pro-
le uθrn = c inside the hydrocyclone [29,30], with increasing the
adial position r, the tangential velocity uθ would decrease, and
hen the particle would spend longer time to rotate a cycle; as a
esult, the axial screw pitches were different.

Table 5 shows the statistical residence time of particles inside
he hydrocyclone that injected into cyclone at different positions
nd finally discharging from underflow. The results showed that,
hen the particles were injected into the hydrocyclone from the
osition point 2, both the longest residence time (3.212 s) and the
verage residence time (1.088 s) were the longest. The reason
ight be that they were easy to reach the critical position for

eparation, i.e., they were wanderers near the critical position

or reaching the main flow of underflow. On the other hand,
hen the particles were injected into the hydrocyclone from
osition point 1, the residence time inside the hydrocyclone was
hortest.

able 5
tatistical residence time of particles inside the hydrocyclone that injected into
yclone at different positions and finally discharging from underflow (particle
iameter = 800 �m)

njection point Residence time of particles inside the hydrocyclone (s)

Longest time Shortest time Average time

1.354 0.441 0.825
3.212 0.447 1.088
1.849 0.628 0.828
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ging from overflow and never entering the cone section: (a) particles injected

Fig. 9 shows typical motion trajectories of particles inside
he hydrocyclone that entering the cone section first and then
ischarging from overflow. When those particles were injected
rom position point 1 and finally discharged from overflow, they
sually could arrive at the axial position of about two-third of
he cone height from cylinder–cone intersectant plane. On the
ther hand, when the particles were injected into the hydrocy-
lone from position 2, most particles could only arrive at the
iddle part of the cone body. When the particles were injected

rom position point 3, most particles could only arrive at the
djacent area of cylinder–cone intersectant plane. Because the
nitial radial positions were different when the particles were
njected into hydrocyclone from the mentioned three position
oints, the centrifugal force acted on the particles injected from
oint 1 was the largest, while that on the particles injected from
oint 3 was the smallest. From Fig. 9 we can also find that the
crew pitch of the motion trajectory existed differences between
hose in inner and outer helical flow. The screw pitch of the

otion trajectory of particles in inner helical flow seemed to be
ore regular than that in outer helical flow.
Fig. 10 shows the typical motion trajectories of particles

nside the hydrocyclone that discharging from overflow and
ever entering the cone section. Because of the difference in the
entrifugal force at initial injection point as mentioned above,
he particles injected into the hydrocyclone from position point

most easily reached the vortex finder, while it was the most
ifficult for those from position point 1 to get into the vortex
nder.

Table 6 shows the statistical residence time of particles inside

he hydrocyclone that injected into hydrocyclone at different
ositions and finally discharging from overflow. The results
howed that the average residence time of particles injected from
oint 1 was the longest, and that of particles injected from point
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Table 6
Statistical residence time of particles inside the hydrocyclone that injected into
cyclone at different positions and finally discharging from overflow (particle
diameter = 800 �m)

Injection point Residence time of particles inside the hydrocyclone (s)

Longest time Shortest time Average time

1
2
3

3
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0.928 0.722 0.838
1.898 0.212 0.601
0.493 0.222 0.440

was the shortest one, just as expected. On the other hand, for
rbitrary single particle, the residence time of particles injected
rom position point 2 was the longest. The motion trajectory and
D motion path curve of the particle that discharging from the
ortex finder with the longest residence time inside the hydro-
yclone are shown in Fig. 11. The particle might happen to fall
nto the locus of zero vertical velocity, which led to the particle
ust rotating with little axial moving, and then the residence time
n the hydrocyclone became the longest one.

The experimental results showed that, even though the parti-
le size and initial position at the entrance of hydrocyclone are
he same, the motion trajectories of particles inside the hydrocy-
lone are still different and random. The point is different from
ome previous hypothesis and presumes used in the numerical
imulation. Although the motion trajectory of every particle is
andom, and the chance for a single particle being separated into
he underflow is stochastic; for the whole involved particles, they

old statistical characteristics for their motions. Statistical anal-
sis of our experiment results (listed in Table 4) showed that
he percentage of particles of injected from point 1 to be sep-
rated into underflow was much more than that injected from

ig. 11. (a) The motion trajectory and (b) 2D motion path curve of the particle
hat discharging from the vortex finder with the longest residence time inside
he hydrocyclone.
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osition point 3. That is, the separation efficiency of particles in
he hydrocyclone was heavily influenced by the initial position
f the particle at the entrance of hydrocyclone. According to
he results, design of inlet pipe with pre-sedimentation effects
hould be very helpful for the separation inside hydrocyclones.
or example, inlet pipe with involute or helical shape should be
etter than that with common tangential shape for the separation
rocess inside the hydrocyclone, because there exists centrifugal
edimentation in the inlet pipe with involute or helical shape due
o the function of centrifugal force, but no centrifugal sedimen-
ation exists in the inlet pipe with traditional tangential shape
ecause the tangential inlet pipe is straight and no centrifugal
orce acts on the particles in the inlet pipe.

. Conclusions

Experimental investigations on the motion trajectory of solid
articles inside the hydrocyclone have been successfully car-
ied out by using a high-speed motion analyzer. For each single
article, the motion trajectory is featured with stochastic char-
cteristic; however, for the overall samples of particles, their
otions hold the statistical property. The initial position of par-

icles at the entrance of hydrocyclone heavily affects the motion
rajectory of particles inside hydrocyclone and consequently the
eparation performance. An inlet with pre-sedimentation effect
hould be very helpful for the separation inside hydrocyclones.
he results in this study are valuable for understanding the
tochastic and statistical behaviors of particle motion in the sep-
ration process inside hydrocyclones, and from which we can
nd some effective way to improve the separation performance

n the hydrocyclone, e.g., designing the inlet pipe with pre-
edimentation effects could be very helpful for the separation
nside hydrocyclones.
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