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Numerical simulation of the effects of turbulence intensity and
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Abstract

From the point of view of the influence of turbulence structure, this paper presents an elementary numerical analysis of the interaction
between a particle and a gas phase. The effects of turbulence structure and the thickness of boundary layer on the separation efficiency
in a cyclone separator have been investigated. The effects of the Saffman force on the particle trajectory are also analyzed. The results
indicate that the separation efficiency decreases with an increase in turbulence intensity and increases with a decrease in the thickness of the
boundary layer. The Saffman force can enhance the separation of small particles and also can shorten their residence time in the cyclone.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The techniques of gas–solid separation are extensively ap-
plied in the energy and chemical industries. The cyclone sep-
arator is a typical gas–solid separator. Various researchers
have already made detailed studies on the effects of a solid
phase on gas phase velocity profiles in a cyclone. Most of
them found under conditions of high particle concentration
the separation efficiency always decreased with increased
particle concentration[1,2]. Tuzla and Chen[3] consid-
ered that there was a maximum particle concentration below
which the separation efficiency increased and above which
it decreased. Betal[4] considered that an agglomeration ef-
fect resulting from turbulence was very obvious because the
turbulence intensity in a cyclone separator was very strong.
Bloor and Iagham[5] studied the effect of a particle phase
on the flow with a similar fluid model. Their conclusions
gave a good explanation of why the separation efficiency
would increase under conditions of high particle concentra-
tion with an increment in tangential velocity because of the
existence of the solid phase, and also decrease with an in-
crement in the thickness in the condensed zone of particles
near the wall surface of the separator. But, they only inves-
tigated the influence of the particle phase on the mean flow
fields, not on the turbulence structure. Peskin[6] did a study
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on the interaction of the gas and solid phases in the turbu-
lence, and found that particles with small diameter (about
<0.5 mm) could weaken turbulent fluctuations in the gas
phase. In their study of the effect of the particle phase on the
turbulence structure in the isotropic turbulence, Squires and
Eaton[7] found that the particles phase not only enhanced
the high frequency parts of the turbulence, but also reduced
the low frequency parts and lessened the turbulent energy
dissipation, i.e. reduced the resistance loss.

In order to further study the effect of turbulence inten-
sity on separation efficiency, a numerical analysis has been
done. Considering a typical cyclone as the research object,
this numerical simulation focuses on two important factors:
the effects of turbulence intensity and the thickness of the
boundary layer on the separation efficiency. As there are
velocity gradients in the flow fields, the particles will have
imposed on them a lifting force named the Saffman force
due to the effects of fluid shear. In this paper, calculations
for the effects of the Saffman force on the boundary layer
are also considered.

2. Multi-phase gas–solid flow model

Fig. 1 shows a schematic of a cyclone. Zhou and Soo’s
[8] analysis was adapted to determine the gas-phase veloc-
ity field in the cyclone. Liu et al.’s test data[9] were taken
as reference. In the process of determining the particle tra-
jectory, two assumptions were made as follows:
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Nomenclature

C the maximum vorticity
CD drag coefficient
d diameter of cyclone
D0 diameter of the main section of the cyclone
D1 diameter of the gas exit throat of the cyclone
D2 diameter of the particle exit throat of

the cyclone
fb main fluctuation frequency
I turbulence intensity, 1–3
L height of the cyclone
Q flow rate of the gas
r radius
R radius of the cyclone
Re Reynolds number based on length

and velocity
u radial velocity component
v tangential velocity component
vB velocity on the edge of the boundary layer
vin inlet velocity of the cyclone
vT the maximum tangential velocity
w axial velocity component
w̄ mean axial velocity of the cyclone
w0 mean outlet velocity of the cyclone
z height
Zo height of the upper section of the cyclone
Ze height of the lower section of the cyclone

Greek symbols
δ thickness of the boundary layer viscosity
µ viscosity
ρ density

Subscripts
g gas phase
p solid phase

(1) The forces affecting the particles include only gravity,
drag force, centrifugal force and the force resulting
from the velocity gradient (the Saffman force).

(2) Regardless of the interaction among the particles, the
interaction between the particles and the wall surface
is taken into consideration.

2.1. Mean velocity field of the gas phase

2.1.1. Tangential velocity
When z < (L − S), Zhou and Soo’s analytical solution

[8] is adapted:

v = C

r

[
1 − exp

(
− r2

R2
C

)]
(1)

whereC is the maximum velocity andRC the radius of the
core of solid body rotation[8].

Fig. 1. The schematic of the cyclone.

Whenz ≥ (L− S), the tangential velocity distribution is
parabolic and is close to zero on the outside surface of the
exit pipe. The maximum tangential velocity occurs where
r = (2D0+D1)/6 and approximately coincides withEq. (1).
So, the maximum tangential velocityvT also can be deter-
mined byEq. (1)and then:

v = vT

[
1 − (r − ((2D0 +D1)/6))2

((D0 +D1)/3)2

]
(2)

2.1.2. Axial velocity
Whenz < (L− S), Zhou and Soo’s analysis solution[8]

is adapted:

w = w̄ · Z∗∗ · f(r∗∗) (3)

In Eq. (3),

Z∗∗ =
{
z/Ze, z ≤ Ze

1, z > Ze
,

f(r∗∗) = a0 + a1r
∗∗2 + a1r

∗∗4 + a1r
∗∗6, andr∗∗ = r/R(z)·

The a0, a1, anda2 are constants.R(z) is the radius of the
cyclone according to the position where the particles locate.

Whenz ≥ (L− S), the axial velocity is given[9]:

w =



−1, r ≥ (2D1 +D0)/6

−1 + 90r′

D0 −D1
, r < (2D1 +D0)/6

(4)

wherer′ = r − (2D1 +D0)/6.

2.1.3. Radial velocity
For the distribution of the radial velocity in the cyclone,

the following equation is used[9]:

u =




−2, r ≥ RC

−12r

RC
+ 10, RC > r >

5RC

12

−12r

RC
,

5RC

12
> r ≥ 0

(5)
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2.1.4. The distribution of the velocity in the boundary layer
An assumption is made that the distribution of velocity in

the boundary layer is parabolic. Taking the tangential veloc-
ity as an example, we suppose that the velocity at the edge
of the boundary layer isvB according toEqs. (1) and (2).
So, the distribution of the tangential velocity in the bound-
ary layer will be:

v = vB
[R(z)− r]2

δ2
(6)

The radial velocity and the tangential velocities are also
dealt with in such a way.

2.2. The fluctuation velocity in the gas phase

The instantaneous velocity of the gas flow consists of the
time–mean velocity and the fluctuation velocity. A random
Fourier series is used to simulate the gas velocity as follows:

u′ =
n∑
R1uimcos(iwit − R2a

u
i ),

v′ =
n∑
R3vimcos(iwit − R4a

v
i ),

w′ =
n∑
R5wimcos(iwit − R6a

w
i ) (7)

In Eq. (7), u′, v′ and w′ represent the velocities in the ra-
dial, tangential and axial directions,R1 ∼ R6 are random
numbers in terms of the normal distribution,aui , a

v
i andawi

are the relative angles of the fluctuations,uim vim andwim
are the scopes of the fluid eddy fluctuations with a certain
frequency that are determined according to a concrete tur-
bulent fluctuation. The fluctuation scopes of the fluid eddy
are determined according to the existing results rooted in
the experiments or calculation[8,9,10,11].

2.3. The equation of motion for the particles

In the three-dimensional cylindrical coordinates, for a par-
ticle, only gravity, drag force, centrifugal force and the force
resulting from the velocity gradient (the Saffman force) are
considered, the equation of motion is:

duP

dt
= 1

τr
(u+ u′ − uP)+ v2

P

r
− Fsaff,

dvP

dt
= 1

τr
(v+ v′ − vP)+ uPvP

r
,

dwP

dt
= 1

τr
(w+ w′ − wP)− g (8)

where τr is the relaxation time of the particle,τr =
(ρPd

2
P)/(18µf) andf = CD/(24/Re). The drag coefficient

in the turbulent fluctuation flow is:

CD = 24

Re
(1 + 0.19Re0.62)

[
1 + 0.095

(
fbRe

σ

)0.287
]

(9)

Here,fb is the main fluctuation frequency andσ is a fitting
constant of frequency spectrum, which is determined by ex-
periment.

In Eq. (8), Fsaff is the Saffman force, which can be cal-
culated as follow[12]:

Fsaff = 9.66

πdp
(µρg)1/2(vg − vP)

∣∣∣∣dvdr
∣∣∣∣
1/2

(10)

Here, dv/dr is the gradient of the tangential velocity.
After calculating the velocity of the particle according to

Eq. (8), we can determine the particle trajectory.

2.4. The turbulence intensity of the gas phase in a cyclone

Turbulence intensity can be calculated as follow[8,9,12]:

I =



I1, r > R(z)− δ

I2, R(z)− δ ≥ r ≥ Rc

I2 + (I3 − I2)(Rc − r)/Rc, δ < Rc

(11)

In the normal condition, the turbulence intensitiesI1 =
I2 = 5% andI3 = 30%. Different turbulence intensities
and thickness of the boundary layer were used to study their
effects on the cyclone’s separation efficiency.

2.5. The relevant parameters calculation of the model

The inlet conditions adopted for the cyclone are given as
follows: the inlet flow rate of gasQ = 0.266 m3/s the inlet
velocityvin = 21 m/s, the mean axial velocitȳw = 3.75 m/s,
and the mean velocity of outlet pipe (from the top pipe of
the cyclone)w0 = 11.7 m/s. The parameters of the cyclone
are listed in theTable 1.

The referent thickness of the boundary layer is 5 mm[5].
The thickness in different conditions andI1–I3 are shown in
Table 2.

In order to investigate residence time through the cyclone,
particle groups with various diameter were selected. During
the calculation, each group of 100 particles was uniformly
put into the inlet section, thus we can consider that the mean
residence time was:

∑100
i=1ti/100.

Table 1
The geometrical parameters of the cyclone separator

Parameters Values (m)

D0 0.30
Zo 0.394
D1 0.17
D2 0.11
Ze 0.686
L 1.08
a 0.115
b 0.11
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Table 2
The relevant parameters for calculation in the different conditions

Item no.

1 2 3 4∗ 5 6 7 8 9 10 11

The thickness of
the boundary
layer (mm)

5 5 5 5 5 5 1 3 7 9 11

I1 (%) 0 2 3 5 6 7 5 5 5 5 5
I2 (%) 0 3.5 4 5 7 9 5 5 5 5 5
I3 (%) 0 15 22 30 40 50 30 30 30 30 30

Note: The ∗ means the reference calculation condition.

3. Results and analysis

3.1. The effects of the velocity gradient force (the Saffman
force)

Fig. 2 shows a comparison of the residence times when
considering the effects of the velocity gradient force or not.
Except for the smallest particles regardless of the effect of
the Saffman force for the reason that they cannot reach the
boundary layer, the residence time of the other particles with-
out considering the Saffman force will be slightly increased,
over those calculated in the absence of the Saffman force.
The maximal deviation occurs for the 20�m particles and
reaches approximately 10 s.

Fig. 3 shows a comparison of the separation efficiencies
when considering the Saffman force or not and indicates
that the only obvious effects are on the particles ranging in
diameter from 7.5 to 20�m. As the particles below 7.5�m
cannot reach the boundary layer, the Saffman force has no
effect on their separation efficiency. It also has no obvious
effects on the particles with large diameter because they have
a relatively larger inertia.

Fig. 4shows the effect of the Saffman force on the particle
trajectory: r/R(z) and I − z/L, respectively, refer to the
non-dimensional positions in the radial and axial directions.
The place where the Saffman force has an obvious effect on

Fig. 2. The effect of the Saffman force on the residence time of the
particles.

Fig. 3. The effect of the Saffman force on the separation efficiency.

the particles has been marked on the curves shown inFig. 4.
Through the comparison of the two curves we can see that
the Saffman force accelerates the particles to move close to
the surface of the wall, and at the same time, after reflecting
from the wall, the particles have great fluctuation in their
velocities. Tile particle trajectories have no difference with
or without consideration of the Saffman force. So, we can
draw a conclusion that accelerating the particles close to the
wall surface enhances the separation of the particles.

The direction of the Saffman force depends on the rela-
tive velocity between the particle and the gas phase. When
the velocity of the particle is less than that of the gas phase,
the direction of the Saffman force will point towards the
axis of the cyclone, whereas it will point to the surface of
the wall if the particle velocity is greater than that of the
gas phase. When the particles enter the boundary layer, and
their tangential velocities are more than the local velocity
of the gas phase, they will be accelerated toward the surface
of the wall and their tangential velocities will be weakened.
However, after rebounding from the surface, their tangen-
tial velocities may be less than the local velocity of the gas

Fig. 4. The effect of the Saffman force on the particle trajectory
(dP = 7.5�m): (—) not considering Saffman force; ( ) considering
Saffman force.
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Fig. 5. The effect of turbulence intensity on the separation efficiency.

phase, and the Saffman force would tend to move them to-
wards the axis. Thereafter their tangential velocity might be
accelerated again and they would move toward the bound-
ary layer with the effects of the centrifugal force. Through
such repetitions of the process and acted on by the centrifu-
gal force the drag force of the gas phase and the Saffman
force, overall the particles move gradually toward the sur-
face of the wall. During the fluctuation of the particles ve-
locity, imposed mainly by the Saffman force, the turbulent
fluctuation also has positive effects on the above process to
some degree.

3.2. The effects of the turbulence intensity in the cyclone
separator

Fig. 5 shows the effects of variations in turbulence inten-
sity on the separation efficiency.Fig. 6 shows the effect of
various turbulence intensities on the mean residence times
of the particles. The symbols in the two figures represent
different condition numbers (the actual value of turbulence
intensity can be determined according toTable 2). Obvi-
ously, with increase in turbulence intensity the separation

Fig. 6. The effect of turbulence intensity on the mean residence time.

efficiency decreases when the particles are<17.5�m. When
the particles are more than 30�m, the intensity has almost
no effects on the residence time because the particles have
relatively bigger inertias. But, for the particles<5�m, the
residence time decreases with increases in the turbulence
intensity. For the particles from 5 to 30�m, the residence
time of relatively large particles will increase with the tur-
bulence intensity, whereas that of relatively smaller parti-
cles will decrease. The reason is that with an increment in
the turbulence intensity, the residence time of the separated
particles will increase, but at the same time the turbulence
intensity may take the separated particles into the main gas
flow and the residence time would be sharply shortened. The
residence time of the relatively large particles may be longer
because an increment in the turbulence intensity has almost
no effects on their separation efficiency, whereas for the rel-
atively smaller particles, their mean residence time will be
shortened because of the increment of the turbulence inten-
sity. So, the effects of the turbulence intensity on the sepa-
rator efficiency depend not only on the concentration of the
particles, but also on their distribution of diameters.

Fig. 7shows the effects of the various turbulence intensi-
ties on the particle trajectories. Obviously, the scope of the
deviation from the mean trajectory (no. 4) will increase with
increasing the turbulence intensity in the gas phase. Where
r/R(z) is relatively small, 1− Z/L is between 0.1 and 0.4
as shown in theFig. 7. Once the scope of deviation reaches
a certain degree, the increment of the turbulent will make
the particles enter the zone where the axial velocity of the
gas phase is upward which gives a good explanation of why
the separation efficiency of the relatively smaller particles
decreases with increase in the turbulence intensity.

3.3. The effect of the thickness of the boundary layer

Fig. 8 indicates the effects of thickness of the boundary
layer on the separation efficiency of the cyclone (the actual

Fig. 7. The effect of turbulence intensity on the particle trajectory,dP

= 7.5�m: (—) no. 2; ( ) no. 4; ( ) no. 6.
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Fig. 8. The effects of the thickness of the boundary layer on the separation
efficiency.

thickness of the boundary layer corresponding to various
conditions can be found inTable 2). The results show that
the efficiency increases with a decrease in the thickness of
the boundary layer for the particles of diameter<30�m. As
such a decrease means that the main flow zone with a large
tangential velocity may be enlarged so that the area where
there is a relatively strong centrifugal force on the particles,
is enlarged so that the particles are more easily separated.

4. Conclusion

With the gas–solid flow model of the particles in a cy-
clone, we have studied the effects of turbulence intensity,
thickness of the boundary layer and the Saffman force result-
ing from velocity gradient on the separation performance.
The following conclusions are drawn from the results.

(1) The mean residence time of most of the particles is more
than 1 s.

(2) The Saffman force can accelerate the separation of small
particles; it can also shorten their residence time.

(3) With increased intensity of the turbulence, the separation
efficiency of small particles will decrease. The effects of
the increase on the mean residence time are much more
complex. The effects of the intensity on the separation
efficiency depend on not only the concentration but also
on the particle size distribution characteristics.

(4) With a decrease in the thickness of the boundary layer,
the separation efficiency will increase.
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