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Stereoscopic particle image velocimetry (Stereo-PIV) was used as the tool to
observe the turbulence characteristics in a gas cyclone. In the cylindrical and conical
parts of the cyclone, intensive fluctuation occurs in the inner quasi-forced vortex, espe-
cially in its core where the precessing vortex core dominates. In the dust hopper,
strong turbulence is observed at the interface between the downward flow and the
upward flow, as well as in the centerline of the cyclone. Turbulence intensity in the
tangential, axial, and radial directions and the Reynolds stresses are seen to be aniso-
tropic: this anisotropy provides the evidence of more appropriateness of the Reynolds
stress model (RSM) than the standard k-e model, and the renormalization-group k-e
model for numerical simulations in gas cyclones. Due to flow instability and back-mix-
ing caused by the turbulence, separated particles could disperse into and be re-
entrained by the upward flow from the bin to degrade the separation efficiency of the
cyclone. � 2006 American Institute of Chemical Engineers AIChE J, 52: 4150–4160, 2006
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Introduction

As a low-cost unit operation for the removal of solids
from gases, gas cyclone separators are widely used in the pe-
trochemical and process industries to separate dust from gas
streams or for product recovery. The simplicity of construc-
tion and compactness, ease of maintenance, and flexibility
with respect to high-temperature and pressure are some of
the many advantages of cyclone separators compared to fil-
ters, scrubbers, and settlers in industrial dedusting. However,

the swirling turbulent flow field inside cyclones is extremely
complicated despite their simple geometry. Extensive
research has been carried out, by both experimental investi-
gation and numerical simulations,1–6 to study the flow struc-
ture. The main purpose of the study has always been focused
on improving the performance of cyclones, such as how to
reduce the operating pressure drop to save energy and how
to improve their separation efficiency for smaller particles.

Besides velocity information, flow properties, such as vor-
ticity, strain-rate, Reynolds stress, and turbulence intensity
are also very important to understand the fluid dynamics in
the cyclone. Vorticity reflects the local rotation of the fluid,
and its magnitude is proportional to the strength of the rota-
tion. Reynolds stress acts as a measure of the influence of
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turbulence on the mean steady flow. It is more important
than the viscosity in turbulent flows. In numerical simula-
tions, the anisotropy of Reynolds stresses is a criterion to
select different turbulence models. All these properties are
closely connected with energy and very useful when studying
power consumption in cyclones. In addition, turbulence in-
tensity also reflects the flow stability in cyclones, which has
a significant effect on their separation performance. Fortu-
nately, if accurate whole-field velocity fields are available,
all the aforementioned flow properties can be obtained.

In this work, the three-dimensional (3-D) gas velocity
fields in a gas cyclone have been measured with a novel non-
intrusive visualization experimental technique: stereoscopic-
particle image velocimetry (Stereo-PIV). The aforementioned
flow properties, such as vorticity, strain-rate, Reynolds
stresses, and turbulence intensity distribution are investigated
from the instantaneous and time-averaged whole-field veloc-
ity fields obtained by Stereo-PIV. The appropriateness of dif-
ferent turbulence models for simulating the flow fields in gas
cyclones is validated through the available distribution of
Reynolds stresses. An understanding of the highly turbulent
and nonstationary features of swirling motions inside gas
cyclones will shed a light on how to advance their operating
performance.

Experimental Setup

The experimental apparatus is depicted in Figure 1. The
air stream was fed into the cyclone through a regenerative
blower (Gast R6150J-2) with airflow capacity of 365 m3/h.
The pressure drop through the cyclone was determined by
measuring the pressure difference between its inlet and outlet
with a U-tube manometer. The inlet airflow rate being mea-
sured by a digital Pitot tube (Kimo AMI KS300) was con-
trolled by a throttle valve and a bypass valve. Tiny sugar
particles were added as tracer particles. A laser beam trav-
eled through a set of lenses and changed into a thin light-
sheet to illuminate the measured flow field. The images of
the tracer particles, carrying the flow information of the field,
were recorded by two CCD cameras and transferred to the
computer for analysis.

Cyclone geometry

The cyclone investigated in this study is made of Plexi-
glass with a volute inlet, as shown in Figure 2. All dimen-
sions (units in mm) of the cyclone are listed in Table 1 in
detail. Measurements were performed along two orthogonal
(across 08–180 and 908–2708) axial sections in the cylindri-
cal body, conical body, and dust hopper. The angular posi-
tions of the orthogonal axial sections are indicated in the top
view in Figure 2b. The section of 08 – 1808 is perpendicular
to the volute inlet of the cyclone. S-I, S-II, and S-III refer to
the observing fields in the cylindrical section, conical section,
and dust hopper, respectively, and their sizes are given in Ta-
ble 1. Their positions are shown in Figure 2 (a) where the
numbers (95, 80, and 100 mm) indicate the distance between
the horizontal center of the fields and their corresponding ref-
erence surfaces. The adopted coordinate system is shown in
Figure 2c, in which the origin point sits at the geometrical
center of the observing fields of S-I, S-II, and S-III.

A Reynolds number, Re, as well as a geometric swirl pa-
rameter, S, usually characterizes the swirling flow in a
cyclone. Both parameters can be expressed in terms of geo-
metrical factors and inlet conditions7

Re ¼ rf Uinb

mf
; (1)

Figure 1. Experimental apparatus and PIV system.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2. (a) Cyclone geometry, (b) the angular posi-
tions, and (c) the coordinate system used in
the observing fields.

Table 1. Dimensions (mm) of the cyclone

a b dc di do D Db In L
68 46 60 65 30 150 150 150 260
H s Zb Zc Zd S-I S-II S-III
330 68 200 150 100 140 � 105 120 � 90 140� 105
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S ¼ pdiD
4ab

: (2)

The swirl number for this cyclone is 2.45. The cyclone
was operated at Reynolds number of 2.0 � 104 ; 4.2 � 104

with inlet air velocity varying from 7.2–15.0 m/s. Detailed
operating conditions are listed in Table 2.

Seeding

Tiny sugar particles (density: 1.58 � 103 kg/m3, refractive
index: 1.54) were generated in a six-jet atomizer (TSI
9306A) by atomizing a 5 wt % sugar solution. The mean
size of the sugar particles was around 0.8 micron in dia. Par-
ticle-number concentration was controlled by the number of
jets in operation and the input pressure. Seeding in a strong
swirling flow, such as that found in cyclones, is critical to
experiments. First, the tracer particles are required to follow
the centrifugal airflow strictly. To determine the ability of
tracer particles to follow the fluid and the speed at which the
seed particles respond to the flow changes, the particle
Stokes number (St) is usually introduced. It is defined as

St ¼ tp=tf ; (3)

where tp is the characteristic time of tracer particles or ve-
locity response time, and tf is the characteristic time of the
vortex field

tp ¼ ð2rp þ rf Þ � d2p=36mf � rp � d2p=18mf ðfor rf � rpÞ;
(4)

tf ¼ R=Vt ¼ D=2Vt: (5)

When St < 0.1, the particle gravity is negligible, and the
particle motion is considered as representing the fluid behav-
ior.8 In our experiments, the maximum Stokes number was
less than 0.001, which indicates that the seeding particles can
follow the gas motion without slip.

Another consideration is whether the presence of seeding
particles will modulate the gas-phase behavior. In case of
higher-mass loading, the turbulence of the gas phase will be
modulated by the presence of seeding particles. According to
Elgobashi,9 the particle volume fraction and the density ratio
(rf/rp) determine the relative significance of the influence of
particles. When rf/rp & 10�3, and the particle volume frac-
tion is less than 10�6, the influence of small particles on tur-
bulence is negligible. This is the case in this study, so the
turbulence intensity of the gas phase will not be modulated
by the seeding particles.

PIV system

The PIV system includes an image capture component (two
CCD cameras and two frame grabbers), an illumination com-

ponent (the laser generator and lightsheet optics), a synchro-
nizer, and an analysis component (the computer hardware and
software).A thin vertical lightsheet with a wavelength of
532 nm is generated by a double-pulsed Nd:YAG laser (New
Wave Research Solo III-15) through a set of cylindrical and
spherical lenses. The lightsheet illuminates the gas flow in dif-
ferent parts of the cyclone where the investigation is focused.
The laser pulse duration is 6 ns with energy of 50 mJ per
pulse and repetition rate of 10 Hz. The frame straddling tech-
nique is applied to measure the flow filed. Two successive
exposures of tracer particles to the laser lightsheet were
recorded in two separate frames by both high-resolution (1600
� 1200 pixel) CCD cameras (TSI, model 630151) that were
arranged with Scheimpflüg stereoscopic configuration. The
time interval between the successive exposures was set to 20
– 50 microseconds depending on the values of the inlet gas
velocity of the cyclone. The rule of thumb is that the particle
image displacements are typically less than 1/4 of the inter-
rogation window during the time interval. Two frame grabbers
in the computer (Dell workstation, CPU 2.20 GHz) read the
camera images and passed the information to the computer
system for processing. The cameras recorded five pairs of
frames per second. Dividing the particle images into smaller
interrogation windows, a pair of 2-D velocity vector fields
was first calculated by cross-correlation method, and then
combined to a 3-D vector field where the tangential, axial,
and radial velocities were obtained simultaneously. The size
of the interrogation areas was 32 � 32 pixels, giving a spatial
resolution of 2.1 mm in the conical section and 2.5 mm in the
cylindrical section and dust hopper. The instantaneous three-
dimensional velocity fields were obtained at a rate of five
fields per second. All the data analysis was completed by a
commercial software Insight 5.0 provided by TSI. For details
of the principle of Stereo-PIV, the Scheimpflüg configuration
of cameras, and perspective calibration, refer to Liu et al.10

Turbulence Models

Turbulent flow of gas cyclones is characterized by fluctuat-
ing velocity fields. It is unlikely to have a complete time-
dependent solution of the exact Navier-Stokes equations.
Reynolds averaging is an alternative approach in practical
engineering calculations. The Reynolds-averaged Navier-
Stokes (RANS) equations are written as

qr
qt

þ qðruiÞ
qxi

¼ 0; (6)

qðruiÞ
qt

þ qðruiujÞ
qxj

¼ � qp
qxi

þ q
qxj

½mðqui
qxj

þ quj
qxi

� 2

3
dij

qut
qxt

Þ�

þ qð�ru0iu
0
jÞ

qxj
; ð7Þ

where �ru0iu
0
j is known as the Reynolds stress tensor, which

represents the effects of turbulence. In order to close the
RANS equations, the Reynolds stresses must be modeled.
Three popular turbulence models are generally used to close
these equations: the standard k-e model, renormalization-
group (RNG) k-e model, and the Reynolds stress transport
model (RSM).

Table 2. Operating Conditions of the Experiments

Inlet Air
Temperature(8C)

Inlet Air
Velocity (m/s)

Inlet Re
(�104)

Pressure Drop Through
the Cyclone (pa)

40 7.2 2.0 274.5
9.5 2.6 568.6
12.2 3.4 980.3
15.0 4.2 1519.5
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In the standard and RNG k-e models, the Boussinesq hy-
pothesis is commonly employed to relate the Reynolds
stresses to the mean-velocity gradients

� ru0iu
0
j ¼ mt

qui
qxj

þ quj
qxi

� �
� 2

3
rk þ mt

qui
qxi

� �
dij (8)

The advantage of this approach is its relatively low-compu-
tational cost; however, its disadvantage is the bold assumption
of turbulent viscosity (m) being an isotropic scalar quantity,
which is not strictly true for swirling flows, as in gas cyclones.

By abandoning the isotropic turbulent viscosity hypothesis
adopted by the standard and RNG k-e models, the RSM
closes Navier-Stokes equations by solving transport equations
for each component of the Reynolds stresses. The transport
equations of the Reynolds stresses can be written as5

q
qt
ðru0iu0jÞ þ

q
qxk

ðruku0iu0jÞ ¼ Dij þ Pij þ�ij � eij (9)

where Dij the term is stress diffusion, where Pij is stress pro-
duction, where Pij is pressure-strain, and where eij is turbu-
lent dissipation. where Pij does not require modeling, while
Dij, Pij and eij need to be modeled to close the equations.
For further modeling of them, refer to Hu et al.5

Results and Discussion

Velocity fields in the cyclone

The instantaneous and time-averaged whole-field gas veloc-
ities in the tangential, axial, and radial directions in the whole
cyclone were recorded simultaneously with the stereoscopic
PIV. For a clearer view, velocity profiles were extracted from
the time-averaged whole-field velocity fields, as shown in
Figure 3. It shows the profiles of the tangential and axial
velocities at three axial positions (z ¼ �30 mm, 0, 30 mm) in
both of the cylindrical (S-I), and conical (S-II) sections of the
cyclone. The profiles of tangential velocities are antisymmet-
rical and slightly off-centered. They are nearly independent of
the axial locations. They show a typical feature of a strong
swirling flow with the existence of the Rankine-vortex struc-
ture, which includes the inner quasi-forced vortex and outer
quasi-free vortex. The interface between the inner and outer
vortexes, where tangential velocities reach the maximum,
occurs at the position of r ¼ 26 mm (|r/R| ¼ 0.35), and is ba-
sically independent of the axial locations. The profiles of the
axial velocities, which show a nonideal symmetry, have a
two-peak shape consisting of an inner upward-flow zone and
an outer downward-flow zone near the cyclone wall where
the separated particles are transported downward.

Figure 4 shows two instantaneous axial velocity fields,
which vary with time, in the cylindrical section. The time-aver-
aged profiles in Figure 3 indicate an upward flow (positive val-
ues) in the inner core region of the cyclone. However, it is
seen that a reverse flow occurs and moves in the inner core of
the quasi-forced vortex around the cyclone axis, as shown in
Figures 4a and b. This reversal is generated by the motion of
precessing vortex core (PVC), which is usually associated with
vortex breakdown, and the insurgence of reverse flow.

Figure 5 illustrates a typical time-averaged velocity vector
field in the dust hopper (S-III), where the white-striped areas

enclosed by dash-dot lines mark off the wall of the conical
body extruding into the bin and its surrounding area. It is
clearly seen that a secondary longitudinal circular flow is
formed in the annulus area of the dust hopper. Some of the sep-
arated particles will be circulated in the secondary flow, and
make collecting them difficult in the bin. At the bottom of the
conical body, a small amount of the secondary flow is
entrapped in the upward flow, causing so-called ‘‘back-mix-
ing’’. Due to back-mixing, separated particles could be cap-
tured by the upward flow, and be entrained out of the cyclone.

Figure 3. Typical time-averaged velocity profiles of (a1)
tangential velocity and (b1) axial velocity in
the cylindrical body (S-I), and profiles of (a2)
tangential velocity, and (b2) axial velocity in
the conical body (S-II).
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Vorticity and strain-rate in the cyclone

Vorticity is a vector that moves in a way that mirrors the
motion of the fluid itself. If the fluid is stretched, vorticity
will increase along the axis of stretching. From the 3-D ve-
locity fields detected by Stereo-PIV, the tangential compo-
nents of the vorticity and strain-rate are obtained. Unfortu-
nately, the axial and radial components are not available.
The vorticity in the tangential direction is defined by

ot ¼ qVz

qr
� qVr

qz
: (10)

The strain-rate here refers to the shear rate of strain or the
shear angular velocity. It is also a vector, and its value in the
observed plane is given by

xt ¼
1

2

qVz

qr
þ qVr

qz

� �
: (11)

Similar to the behavior of the instantaneous velocity
fields, the instantaneous vorticity and strain-rate fields fluc-

tuate from time to time. The typical ones in the cylindrical
body are shown in Figure 6 where they are normalized by
dividing the inlet gas velocity (Uin). The striking feature is
that the vorticity and the strain-rate vary randomly in the
whole field and contain irregular patterns. However, if they
are calculated based on the time-averaged velocity fields,
regular patterns are obtained, as shown in Figure 7. It is
interesting to note that the vorticity and strain-rate have
very similar distribution patterns despite different magni-
tudes. In addition, similar distributions are obtained across
both axial sections despite different inlet gas velocities. Fig-
ure 7 shows relatively weak vorticity and strain-rate near
the wall. Around the positions corresponding to the peak
and trough in the two-peak distribution of axial velocity
(Figure 3), their values are near zero. In contrast, strong
vorticity and strain-rate exist along both sides of the peak
of the axial velocity. Similar vorticity and strain-rate distri-
butions, which are not shown here, are also observed in the
conical body.

In the dust hopper, as shown in Figure 5, the outer vortex
expands outwards and downward due to disappearance of the
constraint of the conical body. As a result, a secondary eddy,
showing strong vorticity in Figure 8, is formed at the outer
edge of the expanding downward flow. At the same time,
another secondary eddy is generated where the inner upward
flow encounters the outer downward flow. As a result, a pair
of counter-rotating vortices exists at both sides of the down-
ward flow. By comparing Figure 8 to Figure 7, it is clearly
seen that the magnitude of the vorticity in the counter-rotat-
ing vortices in the dust hopper is much higher than that in
the cylindrical and conical sections. For example, the magni-
tude of the strongest vorticity in the cylindrical section is 50
times that of the gas inlet velocity, whereas it can reach over
100 times that of the gas inlet velocity in the counter-rotating
vortices.

Figure 5. A typical time-averaged velocity vector field
in the dust hopper.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. Instantaneous axial velocity fields at (a) time
t1, and (b) time t2 in the cylindrical body (S-I).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Reynolds stresses in the cyclone

Reynolds stress is a tensor with three normal components,
and three pairs of shear components. Each pair is assumed to
be equal, so there are actually six values. Divided by gas
density, its normal and shear components are

� ðV0
iÞ2 ¼

1

N

XN
n¼1

ðVtn
i � ViÞ2; (12)

� V0
rV

0
z ¼

1

N

XN
n¼1

½ðVtn
r � VrÞ � ðVtn

z � VzÞ�; (13)

� V0
zV

0
t ¼

1

N

XN
n¼1

½ðVtn
z � VzÞ � ðVtn

t � VtÞ�; (14)

� V0
rV

0
t ¼

1

N

XN
n¼1

½ðVtn
r � VrÞ � ðVtn

t � VtÞ�; (15)

where i ¼ t, z, and r, representing the tangential, axial, and
radial directions, respectively; N is the total number of in-

stantaneous velocity at a specified location; and tn is the time
series.

Figure 9a, b, and c illustrate typical contours of the three
shear components of the Reynolds stress in the cylindrical
body of the cyclone. They are normalized by divided by the
inlet gas velocity square (Uin

2). Figure 9 shows that the
Reynolds stresses are generated inhomogeneously across the
section. Higher Reynolds stresses are usually produced in the
center while much lower values are produced in the outer
region. To investigate the anisotropy of the Reynolds
stresses, each component of the Reynolds stresses at specified
locations should be compared. By extracting from Figure 9a,
b, and c, the profiles of each shear component are compared
in Figure 9 d1 and d2 at two axial positions. The divergent
profiles at both axial positions show that the Reynolds
stresses are anisotropic across the section. On the other hand,
the anisotropy is much weaker in the outer region of the
cyclone.

Figure 6. Instantaneous (a) vorticity field, and (b)
strain-rate field in the cylindrical body (S-I).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Distribution of (a) vorticity, and (b) strain-rate
in the time-averaged velocity field in the cy-
lindrical body (S-I).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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In numerical simulations, the standard and RNG k-e mod-
els adopt the isotropic turbulent viscosity hypothesis whereas
the RSM model employs anisotropic turbulence. The pres-
ence of anisotropic Reynolds stresses in Figure 9 predicts
that the RSM is more appropriate for such a swirling flow in
gas cyclones in comparison with the other two models. This
prediction is confirmed by the comparisons of the experimen-
tal data with the simulation results by different turbulence
models, as depicted in Figure 10. It shows that the simula-
tions of the tangential and axial velocity profiles by the RSM
are more in agreement with the experimental data than the
simulations by the standard and RNG k-e models, despite the
two-peak shape of the axial velocity not being well pre-
dicted. The simulation results also confirm what was reported
by Hoekstra et al.1, that the RSM performed better than the
other two models. The obtained contours of Reynolds
stresses in this study are possibly helpful to optimize the
coefficients in the RSM to improve the simulation results.
Recently, research on swirl combustors indicated that the

Figure 8. Typical distribution of vorticity in the time-
averaged velocity field across both (a) 0-1808
and (b) 90–2708 sections in the dust hopper
(S-III).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Contours of (a) �V0
rV

0
z, (b) �V0

rV
0
t, and (c) �V0

zV
0
t

Reynolds stresses across 0–1808 section; and
their profiles at (d1) z ¼ 30 mm, and (d2) z ¼
�30 mm in the cylindrical body (S-I).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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large eddy simulation (LES) is a promising method for pre-
dicting the unsteady swirling flow.11,12

Turbulence in the cyclone

The turbulence intensity (E) is calculated from the root
mean square of the turbulence fluctuation of the instantane-
ous liquid velocities, as defined by

Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
n¼1

ðV0
iÞ2

vuut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
n¼1

ðVtn
i � ViÞ2

vuut ; (16)

where i ¼ t, z, and r, representing the tangential, axial, and
radial directions, respectively.

The total turbulence intensity is given by

Etotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3
ðE2

t þ E2
z þ E2

r Þ
r

: (17)

To remove the effect of the inlet gas velocity, the turbu-
lence intensity is also normalized. Figure 11a and b show the
profiles of individual turbulence intensity in the radial, axial,
and tangential directions in the cylindrical and conical
bodies, respectively. Apparently, the profiles are divergent in
different directions. As the discussion in the ‘‘Reynolds
stresses in the cyclone’’ section about the Reynolds stresses,
the divergence also indicates that the turbulence intensity is
anisotropic. The anisotropy is strongest around the centerline
of the cyclone. The anisotropy of the turbulence intensity
also proves the appropriateness of the RSM for numerical
simulations.

For the total turbulence intensity, its typical contours
across both 0–1808 and 90–2708 axial sections in the cylin-

drical body are shown in Figure 12a and b, respectively. It is
seen that the distributions across both sections are quite simi-
lar. Strong turbulence occurs inside the inner quasi-forced
vortex, especially around the centerline of the cyclone where
the precessing vortex core (PVC) prevails. The PVC, which
exists in the center of cyclones and causes periodical gas ve-
locity fluctuation, was observed by previous research-
ers.1,13,14 It is interesting to note that a slightly wider area of
strong turbulence occurs at the upper part of the cylindrical
body that is close to the bottom of the vortex finder. This
occurrence is not surprising because strong fluctuation is pro-
duced around the bottom of the gas outlet. When moving
down along the axial direction, the influence of the vortex
finder decreases. In the low-part of the cylindrical body, Fig-
ure 12 shows the total turbulence intensity having a typical
three-zone distribution that is also presented in the conical
body, as elucidated in the following discussion.

Typical profiles of the total turbulence intensity distribu-
tion in the lower part of the cylindrical body, and in the con-
ical body are depicted in Figure 13. The profile (at z ¼ �30
mm in S-I), representing the distribution in the lower part of
cylindrical body is extracted from Figure 12 a. It is clearly
seen that there are typical three zones (marked with numbers
in Figure 13) in the distribution of the total turbulence. For
the outer region (0.35 < |r/R| < 1) where the quasi-free vor-
tex exists, the flow is less turbulent with almost a constant
intensity. In the inner region (0.1 < |r/R| < 0.35) where the
quasi-forced vortex exists without the influence of the PVC,
the fluctuation keeps increasing along the inward radial
direction to a moderate level. In the core of the inner vortex
(0 < |r/R| < 0.1), where the PVC dominates, the produced
turbulence jumps to a high level. From Figure 11a and b, it
is clearly seen that this three-zone distribution is also the
case for the individual turbulence intensity in the tangential,
axial, and radial directions.

Figure 10. Comparisons between the experimental
data and simulation results by different tur-
bulence models.

Figure 11. Profiles of the radial, axial, and tangential
turbulence intensity in the cylindrical (S-I)
and conical (S-II) bodies.
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The maximum turbulence intensity occurring in the center
of the cyclone was also observed by other researchers during
experimental investigation and simulation.1,5,5 They stated
that most of the fluctuation was due to the precession of the
vortex core, and the vortex core seemed to avoid the cy-
clone’s center without a preferred angular position.15 As indi-
cated by the slightly off-centered velocity profiles in Figure
3, the rotation center of vortex precession does not always
coincide with the geometrical center of the cyclone.

Figure 14 shows the instantaneously fluctuating tangential
velocity in time series at different radial positions in each of
the three zones (z ¼ 0 is the same axial position as in Figure
13). The time interval is 200 ms, and the dash lines represent
the averaged values. It is clearly seen that the tangential ve-
locity fluctuates violently in zone three. Despite its average
value of near zero, the instantaneous tangential velocity
reaches as much as 6 8.0 m/s. The same fluctuating phe-
nomena are also observed for the axial and radial velocities.

In zone three, the fluctuation energy consists of two com-
ponents: a random part and a periodic part

E ¼ Erandom þ Epseudo; (18)

where Erandom is the true turbulence and Epseudo is the
pseudo-turbulence caused by the periodic motion of the
PVC. In zone one and two, Epseudo equals zero. Conse-
quently, the measured turbulent intensity by means of ensem-
ble averaged root mean square (calculated by Eq. 16) in the
core region of zone three is overestimated due to the exis-
tence of Epseudo. The periodic oscillation contributor (Epseudo)
can be separated from chaotic turbulent fluctuations (Erandom)
on the required time and spatial resolutions.16 Unfortunately,
the sampling frequency of the PIV measurements in this

Figure 12. Typical distribution of total turbulence inten-
sity across both (a) 0–1808 and (b) 90–2708
sections in the cylindrical body (S-I).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 13. Profiles of the total turbulence-intensity dis-
tribution at lower-cylindrical body (S-I), and
in the conical body (S-II).

Figure 14. Instantaneous tangential velocity in different
radial positions of (a) r/R ¼ 0, (b) r/R ¼ 0.2,
and (c) r/R ¼ 0.5 in the conical body (S-II)
when Uin ¼ 12.2 m/s.
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study is far below the frequency of periodic motion of the
PVC in gas cyclones. As a result, the frequency of the PVC
cannot be obtained and the pseudo-turbulence is usually hard
to separate, although Graftieaux et al.17 proposed a method
of the proper orthogonal decomposition to separate it based
on complex calculations. Recently, the need of phase locked
PIV and laser Doppler anemometry (LDA) were suggested to
use to separate the true turbulence from the fluctuation
caused by the periodic motion of the PVC.18

Peng et al.14 reported that the frequency of rotation of the
PVC is proportional to the inlet gas flow rate, and our results
show that the total fluctuation energy is also proportional to
it. Turbulence cannot exist without a continuous supply of
energy. The high turbulence caused by the PVC can produce
possible work instability and negative effects on pressure
drop across the cyclone, as shown in Table 2. When the gas
inlet velocity doubled from 7.2 to 15.0 m/s, the pressure drop
increased 5.5 times, despite some increase due to wall fric-
tion. Therefore, the hydrodynamics of the PVC is very impor-
tant to understand and improve the performance of cyclones.

The turbulence intensity distribution stated above also
sheds a light on the particle separation in the separation
space of the cyclone. The flow of the inner quasi-forced vor-
tex is much more unstable than that of the outer quasi-free
vortex, especially in the core of the inner vortex. According
to the ‘‘equilibrium orbit’’ theory, particles with different
sizes have different equilibrium orbits where the centrifugal
force is in balance with the drag force on them. Particles
with equilibrium orbits beyond the separation surface will be
separated. However, the strong flow instability of the inner
vortex will break the equilibrium orbits and impose a nega-
tive effect on particle separation. Numerical simulation19

showed that the separation efficiency decreases with increase
in the turbulence intensity when the particles are less than
17.5 mm in diameter, but due to larger particles having
higher inertias, its influence on the separation efficiency
diminishes gradually as particle size increases. Similar results
were also reported by Jiao et al.20

Figure 15 illustrates the turbulence distribution in the coni-
cal dust outlet and in the dust hopper. Very strong fluctuation
is produced around the conical dust outlet. The fluctuation is
even much higher than that in the separation space. Thus,
back-mixing will be generated. Separated particles, which are
already deposited on the wall, will be re-entrapped into the
upward flow due to back-mixing. Unlike in the whole separa-
tion space where high-turbulence is produced only in the
inner vortex core, in the dust hopper high-turbulence is also
produced at the encountering interface between the down-
ward flow and the upward flow. A very similar turbulence
distribution pattern in the bin was reported by Obermair
et al.4 for their conventional cyclone of geometry A. The
strong fluctuation and secondary eddy around the encounter-
ing interface will facilitate the back-mixing, as well as the
dispersion of separated particles into the upward flow. Conse-
quently, the separated particles could be recaptured by the
upward flow, and entrained out of the gas outlet to degrade
the separation efficiency of the cyclone.

Conclusions

The turbulence and other flow properties, such as vorticity,
strain-rate, and Reynolds stresses of the 3-D strong swirling
flow in a gas cyclone have been examined in this study. The
anisotropy of turbulence intensity in the tangential, axial, and
radial directions and the anisotropy of the Reynolds stresses
in the gas cyclone provide the evidence that the Reynolds
stress transport model (RSM) is more appropriate than the
standard k-e model and the renormalization-group k-e model
for numerical simulations in swirling flows. A typical three-
zone distribution of the turbulence intensity is observed in
the cylindrical separation space away from the influence of
the vortex finder, and in the conical body. The fluctuation
being produced in the inner quasi-forced vortex flow is much
stronger than that in the outer quasi-free vortex flow, espe-
cially in the core of the inner vortex where the precessing
vortex core dominates. The high-turbulence caused by the
PVC may have a negative effect on the pressure drop and
particle separation across the cyclone. Around the conical
dust outlet, strong fluctuation will generate back-mixing to
stir up the sedimentary particles from the wall. In the dust
hopper, high-turbulence and secondary eddy being produced

Figure 15. Typical distribution of total turbulence inten-
sity across both (a) 0–1808, and (b) 90–2708
sections in the dust hopper (S-III).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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around the encountering interface between the expanding
downward flow and upward flow will facilitate the back-mix-
ing and dispersion of particles. The separated particles could
be re-entrained into the upward flow from the bin to degrade
the separation efficiency of the cyclone.
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Notation

a ¼ cyclone inlet height, mm
b ¼ cyclone inlet width, mm
dc ¼ cyclone conical body outlet diameter, mm
di ¼ cyclone vortex finder diameter, mm
do ¼ cyclone dust outlet diameter, mm
D ¼ cyclone cylindrical body diameter, mm
Db ¼ cyclone dust hopper body diameter, mm
E ¼ fluctuating energy, m/s

Erandom ¼ fluctuating energy caused by random turbulence, m/s
Epseudo ¼ fluctuating energy caused by pseudo-turbulence, m/s

In ¼ cyclone inlet length, mm
k ¼ turbulent kinetic energy, m2/s2

L ¼ cyclone cylindrical body height, mm
N ¼ number of instantaneous velocities
H ¼ cyclone conical body height, mm
r ¼ horizontal/radial coordinates
ri ¼ radius of cyclone vortex finder (¼di/2), mm
Rt ¼ radius of cyclone cylindrical body (¼D/2), mm
Re ¼ Reynolds number
s ¼ extrusive vortex finder height, mm
S ¼ geometric swirl number
St ¼ Stokes number
tn ¼ time series

Uin ¼ inlet air velocity, m/s
V ¼ gas velocity in cyclone, m/s
z ¼ vertical/axial coordinates

Zb ¼ cyclone cylindrical dust hopper height, mm
Zc ¼ cyclone conical dust hopper height, mm
Zd ¼ cyclone dust outlet height, mm

Greek letters

d ¼ Kronecker delta
m ¼ gas viscosity, Pa�s
mt ¼ turbulent viscosity, Pa�s
r ¼ gas density, kg/m3

t ¼ characteristic time, s
o ¼ vorticity, 1/s
x ¼ strain-rate, 1/s

Superscripts

’ ¼ fluctuating component
— ¼ averaged

Subscripts

f ¼ air phase
p ¼ particle
r ¼ radial coordinate

t ¼ tangential coordinate
z ¼ vertical/axial coordinate
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