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Simulation of gas flows in a cyclone dust collector:
dynamics of small-scale perturbations in the near-wall region
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Abstract. The separation of solid particles from the gas stream in cyclone devices is governed by complex turbulent
flows within the working chamber. Therefore, the fidelity of gas dynamics modeling is a key factor in predicting the
separation efficiency of the inlet flow. In this study, we employ Large Eddy Simulation (LES) within the ANSYS Flu-
ent framework. We compare these results with the Reynolds Stress Model (RSM), which is the most accurate and
widely used anisotropic turbulence model for RANS-based cyclone simulations. To perform a refined analysis of the
temporal structure of perturbations in the near-wall region, we propose using velocity increments or calculating local
fluid acceleration. This approach enables the identification of the fine-scale dynamics of rapid perturbations that are
typically obscured by conventional time-averaging methods. Computational experiments using the LES model reveal
the presence of fine-scale elongated structures known as near-wall streaks. These structures move along the solid sur-
faces in the near-wall region of the cyclone. Such streaky structures are generated within the boundary layer. The pro-
posed method based on local acceleration allows for a detailed investigation of subgrid-scale processes in the LES
framework. The local accelerations associated with these streaky perturbations can reach magnitudes of 100 g. This
may negatively impact separation efficiency and intensify abrasive wear on the walls. We provide estimates for the
phase velocity and lifetime of these near-wall nonlinear perturbations. These estimates are consistent with Direct Nu-
merical Simulation (DNS) results for vortex structure generation in boundary layers. Conversely, the RSM turbulence
model fails to resolve these streaky structures through the analysis of local acceleration fields.
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Annoranus. Cenapanyst TBEpAbIX YaCcTHI[ OT Ta30BOT0 IIOTOKA B IIMKIOHHBIX YCTPOHCTBAX PETYIUPYETCS CIOXKHBIMH
TypOYJIEHTHBIMU ITOTOKAaMH BHYTPH pabodeil kaMepbl, T09TOMY TOYHOCTb MOJIESIHPOBAHUS AMHAMUKH Ta3a SBISETCS
KJIIOYEBBIM (paKTOPOM B IPOTHO3UPOBAHMU S()(PEKTHBHOCTH OYMCTKH BXOAHOIO MOTOKA. B MccnenoBaHuu UCTONb30-
BaH Mertox kpynHbIX Buxped (LES) B pamxax ANSYS Fluent. ITomyuennsie pe3ynbTaThl CpaBHUBAIOTCS C MOJEINBIO
HanpspxeHuit Peiinonsaca (RSM), koTopast sBiseTcst Hanbojee TOYHOH U MIMPOKO UCHONIB3yeMOi aHH30TPOITHOH MO-
JIeNbio TypOyJIeHTHOCTH Ul MOJCJIMPOBAHUS IIUKJIOHOB Ha ocHOBe RANS. JIns npoBeneHus 6osnee AeTaabHOTO aHa-
JM3a BPEMEHHOU CTPYKTYpHl BO3MYIIEHHH B NMPUCTEHOYHOH OOJIACTH MPEIUIOKEHO HCHOJIB30BaTh IMPHUPAIIEHHs CKO-
pPOCTH WM BBIYUCIATH JIOKAJbHOE YCKOPEHHE ITOTOKA. Takol IOAXOM MO3BOISET HACHTU(HIMPOBATH MEIKOMAc-
MmMTabHYyIO0 AMHAMHKY OBICTPBIX BO3MYLIEHHH, KOTOPBIE OOBIYHO CKPBIBAIOTCS MPH UCTIOIb30BAHUM TPAJULIHOHHBIX Me-
TOJIOB YCPEIHEHHMS 110 BpeMEHH. BrrancinTenbHble 9KCIIEpUMEHTEHI ¢ Hcnonb3oBanneM Mozaenn LES BeisaBisior Hamu-
e MEIKOMAaCIITaOHBIX BBEITSHYTBIX CTPYKTYD, H3BECTHBIX KaK IIPUCTEHOYHBIE MOJOCHL. DTH CTPYKTYPHI ABMKYTCS
BOJIb TBEPABIX MOBEPXHOCTEH B MPHUCTEHOUHON 007acTu IMKIOHA. [loqo6HBIE MOJOCAaThIE CTPYKTYpPBI 00pa3yroTCs
BHYTpPU MOTPAHUYHOrO c0s. [IpeanoxeHHbIl METO Ha OCHOBE JIOKAIbHBIX YCKOPEHUM IO3BOJIET JAETabHO HCCIIe-
JOBaTh MHpoIeccH HozaceToyHoro Macmraba B pamkax LES-mopmemupoBanus. JlokanbHBIE yCKOPEHUS, CBSI3aHHBIC
C 3THMH II0JIOCATHIMU BO3MYUICHUSAMH, MOTYT AOCTUraTh BenuuuHbl 100 g. DTO MOXKET HEraTUBHO MOBIMATH HA 3¢-
(heKTUBHOCTH pa3/eNICHUs] U YCWINTD aOpa3uBHBIA N3HOC CTeHOK. [IpuBeneHs! OneHKN (a30BOil CKOPOCTH U BPEMEHH
JKU3HU STHX HEJIMHEHHBIX BO3MYIIEHHH BOJIM3H CTEHKH. DTH OLEHKH COIJIACYIOTCS C Pe3y/IbTaTaMH MPSIMOTO YUCIIEH-
Horo mozenuposaHus (DNS) nms reHepanuu BUXPEBBIX CTPYKTYp B TMOTPaHMYHBIX cOsiX. TypOyleHTHas Mozenb
RSM, HanpoTus, He MO3BOJISIET Pa3PELINTh T MOJIOCATHIE CTPYKTYPHI IIPH aHAJIN3€E JIOKAJIBHBIX TT0JIeH YCKOPEHHSI.

KniodeBble c10Ba: NUKIOHHBIA cemapaTop, TypOYJICHTHBI MOTOK Ia3a, BRIYUCIHUTENIbHAS T'HAPOIMHAMUKA, METOJ
KpYIHBIX BUXpEH

BaarogapHocTu: paboTa BBIIOMHEHA P MoAepKKe MUHHICTEpCTBAa HAYKH U BhIcLIero oopasoBanus Poccuiickoit ®e-
Jepanuu B pamkax npoekra FZUU-2026-0005. Bbuii Bcnoib30BaHbl BEIYUCIUTENBHBIE PECYPCHI CYNIEPKOMIIBIOTEPHOIO
neHTpa Bosrorpaackoro rocyjapcTBeHHOTO YHUBEPCHTETA U Ta00PAaTOPHU NCKYCCTBEHHOTO MHTENIEKTA M aHaIM3a JaH-
HBIX.
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JMHAMHUKA MEJIKOMACIITaOHbIX BO3MYLICHHH B IPHCTEHOYHOM 30HE // BecTHHK AcCTpaxaHCKOTO TOCYZapCTBEHHOTO
TexHH4eckoro yHusepcutera. Cepus: YipaBlieHHE, BEIYUCIUTENbHAS TeXHUKA U nHpopmaruka. 2026. Ne 3. C. 7-18.
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Introduction

The history of using apparatuses with rotating gas for
solid particle separation spans more than 100 years [1-3].
It is possible to distinguish axial-flow cyclones [4], appa-
ratuses with tangential gas inlets [5], counterswirling
flow cyclones [6, 7], multicyclones [8], and other types.
A vast number of diverse designs have been proposed to
address specific technological challenges [9-11]. A pa-
tent review [12] demonstrates a wide range of technical
solutions aimed at reducing the negative impact of at-
mospheric emissions. Special requirements are imposed
on apparatuses used in powder printing [13], the con-
struction industry [14], the agricultural sector [15], me-
chanical engineering [16], and other industries. The use
of separators in the chemical industry is a separate chal-
lenge [17, 18]. In this field, they act as integral parts of
the technological process, enabling the recovery of cata-
lysts or other valuable components.

Numerical simulation of gas-dynamic processes in-

side cyclone separators has become the primary re-
search tool, as traditional empirical models do not ac-
count for the true complexity of vortex flows [2, 11, 19].
Solid particles follow complex trajectories within
a three-dimensional unsteady flow structure, where
a peripheral downward vortex transforms into an inner
upward vortex. Numerical analysis enables the identifi-
cation of reverse flow zones, secondary flows, and
‘short-circuiting’ effects, where gas escapes into the
vortex finder by bypassing the separation zone. These
phenomena are difficult to capture using in-situ sensors
inside an operating apparatus in physical experiments.
Optimization of the geometric parameters and op-
erating modes of a cyclone based on numerical exper-
iments allows testing hundreds of configurations with-
out building costly prototypes, including sensor and
data processing systems [2, 5, 8, 11, 19]. The pressure
drop Ap in a cyclone directly determines the power
consumption for the separator operation, so simulation
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is an effective tool for optimizing economic costs,
considering the high sensitivity of the Ap value to the
design. Mitigating abrasive wear under conditions of
constant impacts of solid particles against the housing
walls at high velocities is considered important. Simu-
lation shows zones of high metal erosion, which al-
lows reinforcing these areas or changing the cyclone
geometry [20]. Conducting physical experiments is
dangerous and expensive under extreme conditions of
high temperatures and pressures, which is typical for
the chemical industry. The computational model al-
lows accounting for changes in gas viscosity and den-
sity at any temperatures and pressure.

A key factor in cyclone physics is turbulence and the
unsteady nature of flows [2, 11, 19]. Their influence on
separation efficiency manifests across various spatial
and temporal scales. Turbulent velocity fluctuations
translate particles chaotically. This produces a negative
effect because if a particle is already near the wall,
a random turbulent fluctuation can return it back into the
central upward flow. In addition to turbulence, a source
of strong unsteadiness is the vortex core precession,
where the center of the vortex rope oscillates relative to
the geometric axis of the apparatus [21]. These low-
frequency velocity and pressure changes can lead to
a number of consequences. Due to the displacement of

the vortex axis, the centrifugal force field loses its axial
symmetry. This dynamic factor makes the particle tra-
jectories increasingly chaotic. The vortex core preces-
sion near the cyclone bottom creates a vacuum cleaner
effect, pulling particles from the dust hopper back into
the main flow. Finally, the oscillations of the vortex
rope at the top, in the vicinity of the vortex finder inlet,
make the boundary between the downward and upward
flows unsteady. This creates conditions for the raw gas
to break through from the outer zone directly into the
vortex finder (the ‘short circuit’ effect), bypassing the
separation zone in the cone. Thus, the physical process-
es listed above reinforce the instability of particle mo-
tion trajectories. This almost always negatively affects
separation efficiency, hindering the deposition of fine
fractions and promoting their entrainment into the cen-
tral upward flow.

The aim of this work is to develop a method for
processing numerical simulation results of gas dynam-
ics in a cyclone separator to analyze the small-scale
flow structure, primarily near the apparatus walls.

Materials and methods

The classic separator is the Stairmand design, con-
sisting of an upper cylindrical section and a lower cone
(Fig. 1, a).

[

b

Fig. 1. Geometry of the simulated cyclone (@), computational mesh (b):

U™ — inlet velocity direction; D, — vortex finder diameter; D — cylinder part diameter; D,.,,

— cone lower part diameter;

hey — cylinder section height; 4., — cone section height; a™ _ inlet tube height; b{}”) — inlet tube width

Gas enters at a velocity of U™ through a side inlet at
the top of the cylinder, creating a highly swirling flow
with an azimuthal velocity of U,(r). The rotating gas
descends in a spiral in the outer part of the apparatus to
the bottom of the cone and rises along the paraxial zone,

exiting through the vortex finder at the top. The result is
the formation of a global vortex in the cyclone, which
consists of a core (vortex rope) in the paraxial region
with a linearly growing velocity U, & r, and an outer

vortex region (U, « ™ , n, > 0) (the so-called quasi-
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free vortex). The centrifugal force resulting from the
rapid rotation of the flow forms the basis of the physical
mechanism of gas and solid particle separation.
Constructing the velocity field in a cyclone in ac-
cordance with physical measurement data requires
considering turbulence. Numerous results indicate the
advantages of anisotropic turbulence models. For in-
stance, the Reynolds Stress Model (RSM) and Large
Eddy Simulation (LES), including their various modi-
fications, are more appropriate compared to isotropic
models (k— o, k—c¢, V2 —f, Menter’s SST model,
etc.) [11, 13]. The former reproduce the vortex core
dimensions and the peripheral rotational velocity de-
cay with n, = 0.6 more accurately. We adopt the LES
model for this work. Although computationally expen-
sive compared to RSM, it yields direct resolution of
unsteady macrostructures. LES computes instantane-

Q%JWV'(U@@ = —Vﬁ+v[(”w +“£Q°‘)(VU+(V6)T)} e

where U — filtered velocity resolving large-scale eddies;
V — nabla operator; p — filtered pressure; n™ — mo-

lecular dynamic viscosity; pggs — subgrid-scale (SGS)

turbulent viscosity; 7 — operator of transposition;
g — gravitational acceleration.

The three spatial components in Cartesian or cylin-
drical coordinate systems are denoted by the indices
@, j, k) = (x, y, z) or (r, 9, z), respectively. Filtering is
performed at the subgrid level and is governed by the
dependence of pggs on the grid cell size Al. The Sma-

gorinsky and Wall-Adapting Local Eddy-viscosity
(WALE) models establish a quadratic relationship

p,ggs o« (Al)*. However, the WALE model incorpo-

rates both the strain rate tensor 31-]- and the rotation
through the vorticity tensor €;. This automatically
ensures the proper near-wall viscosity damping
(uﬁgs — 0) and accurately describes the solid-body

rotation within the vortex core region, where U, < r.
The gas dynamics simulation is performed within
a classic high-efficiency cyclone proposed by Norman
Stairmand (see Fig. 1, a) with the following geometric
parameters: D = 0.29 m, D, = 0.145 m, h,,; = 0.435 m,
heon = 0.725 m, and D,,, = 0.108 m. For the computa-
tions, a 3D model of the apparatus was developed in
Autodesk Inventor CAD software and subsequently
integrated into Fluent. The calculations are based on
triangulated computational meshes (see Fig. 1, b). The
baseline number of cells in the model is N =
=2.279.176. The flow-wall interaction is modeled using
the Kader blending near-wall treatment. Unlike standard
methods, this function provides highaccuracy profile
matching in both the viscous sublayer and the logarith-
mic region of the boundary layer. This is achieved
through a nonlinear hybrid approximation that guaran-
tees the continuity of velocity and its derivatives during
the transition from the viscous (linear) regime to fully

10

ous gas velocities at large and medium scales, and only
the smallest vortex structures are modeled within the
subgrid-scale physics [21]. RSM computes the time-
averaged values of the Reynolds stress tensor compo-
nents and, strictly speaking, does not yield instantane-
ous fluctuation velocities. This difference is decisive
for our study. It should be noted that the majority of
contemporary research on cyclone simulation is based
on RSM. The application of LES remains limited due
to its computational complexity.

At typical operating velocities of U™ <30 mys,
the gas inside the cyclone can be considered incom-
pressible with a constant density . The filtered Na-
vier—Stokes equations used in the LES approach take
the following form:

M

developed turbulent flow.
The subgrid-scale turbulent viscosity is modeled
using the WALE approach [22]:

(5:5)

nio = 0Cl (Al ——5—"——

55 (515

5 -1 ou, oY, ,
o2loax, o

w

>

where C,, — WALE model constant; S‘ij — strain rate
tensor defined via the outer product of the nabla opera-
tor and the velocity vector calculated from the filtered

velocities; 3’; — denotes the traceless symmetric part of
the square of the velocity gradient tensor [22].

This definition of S'Z incorporates information

about both shear strain and vorticity. A specific com-
bination of these terms in the WALE model allows
them to cancel out in solid-body rotation zones, which
vanishes in zones of pure solid-body rotation. Repeat-
ed indices are summed over. The WALE model con-
stant C,, determines the subgrid-scale dissipation in-
tensity. Its default value is C,, = 0.325, providing the
best agreement with the exact energy spectrum of de-
caying isotropic turbulence [22]. Varying this parame-
ter within the 0.2-0.5 range allows for viscosity con-
trol. Specifically, selecting C,, < 0.325 enables the
resolution of smaller eddies but requires a finer mesh
to avoid numerical instability. Conversely, choosing
C,, > 0.325 over-dampens the flow, reducing the inher-
ent advantages of the LES approach. The overbar
symbol denoting filtered velocity and pressure varia-
bles will be omitted hereafter. .

At the cyclone inlet, a velocity of U™ =20 m/s is
specified with a gas density of o = 1.225 kg/m3 , which
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yields a Reynolds number of Re = 3.85 - 10°. The inlet
flow is characterized by a relative turbulence intensity
of 7= 0.037 and a hydraulic diameter of 0.082 m. The
pipe length is sufficient to develop a velocity profile
across the cross-section that is independent of the
boundary conditions. The gas outflow from the vortex
finder is governed by specifying the “Outflow” bound-
ary condition in Fluent. This corresponds to free
boundary conditions utilizing data extrapolation from
e(ljigacent grid cells. The average outlet velocity equals
™ once a quasi-steady-state regime is established.

Parallel computations were performed on work-
stations equipped with Intel Xeon Gold 6248 (20 cores,
40 threads, 192 GB RAM) and Intel Xeon E5-2698
(20 cores, 40 threads, 512 GB RAM) processors.

Results and discussion
To analyze small-scale rapid fluctuations, it is pro-
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posed to consider velocity increments:

SU" (1) =80 (r.1,)=U(,)-U(1,,). @

by calculating velocity differences at a given grid node r
at two close time instances ¢, and ¢ where

n-ng?

ot=t —t

n n-ng*

It should be emphasized that velocity
increments characterize temporal velocity changes
rather than the fluctuation values themselves.

A quasi-steady-state velocity distribution is estab-
lished approximately 1 second after the start of the
computation, which is due to the small dimensions of
the cyclone. Fig. 2 shows the dynamics of tangential
velocity increments in the near-wall layer within three
cross-sections at different heights z = 0.225, 0.775,
1.075 m.

e At A e e

N
f

1.6 1.7 1.8

Fig. 2. Computational results for the velocity fluctuation dependence on time
in the LES model at three different points of the cyclone

The upper zone above the vortex finder inlet is the
calmest. The time dependence dU,(¢) at a height of
z =1.075 m exhibits a small amplitude within 1.3 m/s
with a typical average period of 0.012 s, which yields
a frequency of ©'" = 520 rad/s. These oscillations re-
flect large-scale turbulent fluctuations, which is con-
sistent with the estimated time for a single gas revolu-
tion, ® ~ 2™/ D = 433 rad/s.

The amplitude of the rotational velocity increment
increases to 5-8 m/s below the vortex finder, in the
transition zone from the cylindrical part to the conical
section at a height of z = 0.775 m (see Fig. 1). Moreo-
ver, the nature of the fluctuations changes, with an
increase in high-frequency components observed
against the background of a typical fluctuation fre-
quency of ®® = 630 rad/s. We attribute this to the en-
hanced generation of turbulent vortices in the near-
wall region and the partial influence of the vortex core
precession. In the lower part of the cone at the point
z = 0.225 m, the aforementioned processes intensify.

11

The amplitude of the velocity increment can reach
12 m/s, with high-frequency harmonics dominating the
behavior of $U,(f). This is due to the unsteady chaotic
behavior of the vortex rope end, considering the prox-
imity of the walls at the bottom of the cone.

Dividing the velocity increment by the time inter-

val 8¢, yields the local acceleration rate:
81]:/ k
8,U =k 3)
o,
where the choice of the increment ,,=t,~ ¢, . can in-

fluence the result and requires additional analysis. Calcu-
lation with d¢;=At=1t,—t, | (At is the time integration
step) represents the formally exact definition of the partial
time derivative oU / 0¢. As 6t — 0, the ratio dU / ot ap-
proximates the instantaneous local acceleration of the
flow. However, under developed turbulence and two-
phase flow conditions, instantaneous grid estimates at
a single integration step are prone to strong random fluc-
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tuations (numerical noise). To eliminate these oscilla-
tions and extract large-scale dynamic trends, a numeri-
cal smoothing procedure over the time interval ns =5 is
applied when calculating 3,U. It is necessary to empha-
size the physical meaning of equation (3). It characteriz-
es the non-stationarity of the velocity field at a fixed
grid point, which strictly corresponds to the Eulerian
description of a continuous medium. Consequently, this
local acceleration omits the convective transport term
Ve(U Q U) from equation (1). Transition to the Lagran-
gian description requires the total (substantial) deriva-
tive: dU / dt = oU / 0t + (U » V)U. This total derivative
determines the true acceleration of an individual fluid
volume or a solid dust particle by combining local non-
stationarity with convective transport.

Utilizing the velocity increment (2) or the local ac-
celeration operator 6t (3) offers several advantages
over analyzing absolute velocity values. First, the
mean tangential velocity (U,) in a cyclone is high and
can double the inlet velocity U™, Against the back-
ground of such an intense primary flow, small-scale
and high-frequency pulsations are difficult to quantify
or visualize. The velocity increment automatically
filters out the stationary or slowly varying flow com-
ponents. This filtration isolates the non-stationary dy-

LAY Rgo

t=1.708 ¢ t=1714¢

t=1722¢

namics and transient perturbations. Consequently,
dU(¢) and 8,U(¥) highlight the fastest physical process-
es. These rapid processes play a critical role in degrad-
ing the particle separation efficiency. Second, the pro-
posed approach enables the identification of coherent
structures and the visualization of perturbation fronts,
including the vortex core region. Third, the dU values
allow for analyzing energy transfer across the turbu-
lence spectrum during the energy cascade process.
Constructing the spatial distributions of dU(r, )
and §,U(r, f) requires interpolating data from an un-
structured mesh (see Fig. 1) onto a regular grid in var-
ious cross-sectional planes. Let us first consider the
numerical results obtained using the RSM, which pro-
vides the components of the Reynolds stress tensor

R

termines the root-mean-square value of the turbulent
fluctuations of the gas tangential velocity component.
Fig. 3 illustrates the spatial distributions of the local

= ;uj for velocity fluctuations. The term ’RW de-

acceleration of the fluctuating component J, ’chcp in

a vertical plane.

o Up
1000
500
0
=500

-1000

Fig. 3. Representative spatial distributions of the local acceleration based on based

on the tangential velocity component 6,U, and the fluctuating component 3, / kw in the (x, y =0, z) plane,

calculated using the RSM turbulence model

Additionally, the 5,U, values were calculated for
the mean velocity fields obtained from the RANS
equations closed via the RSM approach. These distri-
butions are representative and reveal intense non-
stationary perturbations in the lower region of the vor-
tex finder (exhaust pipe). Perturbations are also pro-
nounced within the vortex core region along the cy-
clone axis and in the exiting gas stream due to the de-
cay of swirl inside the exhaust pipe. The primary con-
clusion regarding vortex generation in the boundary
layer is the inherent inability of the RSM approach to

12

resolve these structures. This limitation arises because

the local accelerations d, /qu) are nearly two orders of

magnitude smaller than 6,U,. In this modeling frame-
work, turbulence generation occurs strictly at the sub-
grid level via source terms. Consequently, macro-flow
analysis fails to detect discrete near-wall vortex struc-

tures where the J, ’Rpao values remain negligibly small.

Fig. 4 displays the spatial distributions of the local
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accelerations 6,U,, obtained via LES.

Fig. 4. Representative spatial distributions of the local
tangential gas acceleration calculated using the LES model
in the longitudinal (x, y = 0, z) planes
and across three transverse planes S1, S2, and S3
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-1000
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t=1.793

t=1. 7935

9999

This approach clearly identifies the high-frequency
non-stationary structures within the flow. Of particular
interest are the near-wall formations. In the meridian
plane, they appear as alternating chains of extrema
along the apparatus walls. In the transverse cross-
sections, these perturbations exhibit a characteristically
thin, elongated shape. This topology aligns with mod-
ern concepts of near-wall turbulence generation mech-
anisms. Specifically, direct numerical simulations
(DNS) demonstrate the elongation of vortex tubes and
the formation of coherent streak structures oriented
along the primary flow direction [23]. Crucially, the
proposed analysis method does not merely capture
static spatial inhomogeneities in the velocity field.
Instead, it serves as a dynamic map reflecting the tem-
poral evolution of these vortex structures.

For each time instant, the spatial distributions of
the variables (2) and (3) are determined, from which
the coordinates of the local spatial extrema are isolat-
ed. Specifically, these include the minima for negative
perturbations and the maxima for positive perturba-
tions of the local flow acceleration (Fig. 5).

1=1.7635
o

1000

t=1.794 t =1.7945

1=1.795

Fig. 5. Temporal evolution of the local tangential gas acceleration fields calculated via LES at consecutive time steps

Calculating the vertical displacement 6z, of the

extremum point over a small time interval 8z, yields
the phase velocity of the perturbation:
oz
v =—n 4
ph.z St ( )

g

The phase velocity estimation (4) is performed with-
in a fixed vertical (meridional) cross-section of the cy-
clone.

The lifetime of streak structures Ty, ;= tv ™ / u2
depends primarily on the kinematic molecular V150051ty
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vM=p /5 and the wall shear velocity u,,. This
shear velocity is expressed directly via the wall shear
stress. Direct numerical simulations (DNS) of near
wall vortex generation estimate the dimensionless time
as '~ 100-400 before the vortex detaches from the
wall. This value can exceed "=~ 700 during the vortex
dissipation stage [23]. Assuming u., = 0.5-1.0 m/s,
the estimated lifetime falls within the range of
0.002-0.02 s. Fig. 6 presents the calculated phase ve-
locities along the z coordinate for a sample of streak
structures obtained via LES.
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Fig. 6. Spatial distribution of the vertical phase velocity component belonging to small scale near wall gas perturbations

Each line tracks a single structure from its incep-
tion to disappearance. The lifetime observed in Fig. 6
is generally shorter than the DNS estimate.

This discrepancy stems from the specific perturba-
tion tracking method applied in this work. Due to the
high swirl velocity, the streak structure satisfies the

it ®) ()
condition V" >V,

.- Consequently, the structure

often exits the analyzed meridional plane before its ac-
tual destruction. The representative vertical phase veloc-

40 6(75.).

phz

-18

-16 -14 -12

-10

ities in Fig. 6 vary between 0 and 19 m/s. The proposed
extremum isolation technique combined with a small
gas dynamics integration step of Az = 0.0001 s yields
a phase velocity error of approximately 1 m/s. This rela-
tive error of 5% reliably distinguishes slow structures
from fast ones. It ensures the capture of true physical
evolution rather than numerical noise. For a sample of
streak structures over a time interval of 0.05 seconds,

Fig. 7 presents the phase velocity distribution ¢( VSZZ).

(3)
Vph,:

8 6 # 2 0

Fig. 7. Distribution of the vertical phase velocities of coherent streak structures within the numerical mode

The distribution exhibits a pronounced peak in the
phase velocity range from 4 to 6 m/s. This interval
closely matches the near wall axial gas velocity which
varies from 4 to 9 m/s. Consequently, a significant
portion of the structures undergoes transport by the
primary flow due to advection. The established range
of streak structure phase velocities from 0 to 19 m/s
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demonstrates high dynamic heterogeneity within the
near wall layer. The achieved accuracy of 1 m/s in
determining the perturbation phase velocity is suffi-
cient for an accurate description of the interaction be-
tween fine particles and coherent flow structures. This
sufficiency arises because the characteristic scale of
velocity variation within the structures substantially
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exceeds the numerical error level. The vertical phase
velocity component of certain streak structures can
significantly exceed the mean local values of the verti-
cal gas velocity. This phenomenon indicates that the
vertical dynamics of perturbations in the near wall
zone of the cyclone depend not only on drift by the
primary flow but also on intense interaction with the
high velocity rotating core. The elevated phase veloci-
ty of individual structures indicates the existence of
mechanisms for rapid momentum transport along the
conical walls of the apparatus. This conclusion is criti-
cally important for understanding and predicting the
trajectories of fine particles.

The LES method explicitly resolves vortex structures
with a minimum spatial scale of three to five cell sizes.
Scales below two cell sizes are parameterized within the
subgrid scale physics. Consequently, the question re-
garding the actual geometric dimensions of the detected
near wall perturbations requires further investigation.
This investigation necessitates calculations on substan-
tially finer grids capable of resolving the boundary layer.
The thickness of the viscous laminar sublayer in the ana-
lyzed cyclone ranges from 0.08 to 0.09 mm. Further-
more, a transition zone is located between approximately
0.09 and 0.5 mm from the wall where turbulent vortices
begin to generate. Above 0.5 mm and up to 30 mm lies
a fully turbulent logarithmic layer whose dynamics are
governed by the solid boundary effect. Considering the
relationship between the cell size and the total cell count,
high quality resolution of vortex structures within the
boundary layer requires a near wall grid spacing of
0.1 mm. Even with local mesh refinement techniques,
this requirement demands approximately two hundred
million cells. Such a computational scale shifts these
models toward DNS. The application of DNS methods
for modeling cyclone separators at high Reynolds num-
bers is limited by extreme computational complexity.
This limitation stems from the power law dependence of
the total cell number and the integration time step on the
Reynolds number. Therefore, the proposed analysis of
velocity increments and local accelerations is of signifi-
cant interest. It provides an opportunity to evaluate the
properties of coherent streak structures and vortex gener-
ation mechanisms within the cyclone boundary layer
using LES models with a relatively moderate cell count.

Conclusion

To perform a comprehensive analysis of spatial per-
turbations within the cyclone separator chamber,
a method based on evaluating gas velocity increments
6U and local accelerations 6,U via LES modeling was
developed and proposed according to equations (2)
and (3). This approach identifies coherent near wall
streak structures despite the subgrid mechanism of their
generation in numerical cyclone models using moderate
computational meshes of only a few million cells. The
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calculated phase velocities and lifetimes of these coher-
ent structures demonstrate satisfactory agreement with
fundamental data from direct numerical simulations
DNS. The proposed method is also highly effective for
investigating the non stationary dynamics of the pre-
cessing vortex core. It is established that the local gas
accelerations can reach extreme values of up to 100 g
and above within both the axial zone of the vortex core
and the near wall region of the cyclone. The achieved
accuracy of 1 m/s in determining the phase velocity is
sufficient for an accurate description of the interaction
between fine particles and coherent flow structures.

High frequency near wall gas pulsations induce the
detachment of the solid phase from its calculated tra-
jectories. Due to their specific inertia, dust particles
adapt to smooth and slow variations of the carrier
flow, thereby maintaining their motion along the appa-
ratus wall. Conversely, rapid pulsations exert an im-
pulsive dynamic impact on the dispersed phase. When
the characteristic duration of a pulsation is comparable
to the dynamic relaxation time of a solid particle, the
particle is instantaneously ejected from the boundary
layer back into the central upward flow. This phenom-
enon represents the primary mechanism of secondary
dust re-entrainment. This mixing induces continuous
suspension of the dispersed layer near the conical
walls of the apparatus. Consequently, it prevents the
deposition of fine particle fractions into the dust hop-
per, thereby reducing the overall separation efficiency.

Precession of the vortex core contributes signifi-
cantly to the non stationary behavior of 6U and 9,U.
High frequency pulsations induce chaotic bending and
spatial oscillation of the vortex rope. Under a stable
vortex rope configuration, the separation process fol-
lows the classical mechanism where the dispersed
phase undergoes centrifugal transport toward the walls
followed by slow deposition. Conversely, rapid spatial
displacements of the vortex axis alter the local pres-
sure field. Consequently, the low pressure zone devel-
oping at the center intensely entrains fine particles
from the flow periphery. This phenomenon causes
a sharp degradation in fractional separation efficiency,
particularly for fine dust fractions. Finally, the short
circuiting of contaminated gas beneath the vortex find-
er is also functionally related to rapid velocity and
pressure pulsations generated directly below the ex-
haust pipe cut. These perturbations induce the for-
mation of short lived gas transport channels. Through
these non stationary channels, solid particles bypass
the primary separation zone of the apparatus and pene-
trate directly into the vortex finder.

Turbulence models belonging to the RSM family
fundamentally fail to describe the true non stationary
dynamics of near wall vortex structures. The observed
fifty fold excess of the mean velocity increments 6,U
over the increments of turbulence characteristics calcu-
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lated via the Reynolds stress tensor is explained by the
dominance of macroscopic non stationarity induced by
the vortex core precession. Within the RSM frame-
work, the mean velocity field dynamically adjusts to
the spatial displacement of the vortex axis in zones of
high spatial gradients. Conversely, the turbulent stress
field exhibits high inertia and a more smoothed spatial
distribution. It is established that the RSM approach
systematically underestimates the dynamics of turbu-

lent characteristics, demonstrating stress increments
nearly two orders of magnitude smaller than those of
the mean velocity. This phenomenon proves the inap-
plicability of the RANS family approaches for analyz-
ing rapid local processes inside cyclone separators.
Consequently, it mathematically justifies the necessity
of utilizing LES models for accurate prediction of the
instantaneous dynamic impacts exerted by the carrier
flow on the dispersed phase.
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