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Abstract—Separation efficiency of flat- and domed-roof cyclones was investigated in a polypropylene (PP) produc-
tion process at 20 bar and 80 °C, using computational fluid dynamics (CFD) coupled with the Reynolds stress model
for gas turbulence and a discrete random walk model for particles. The geometry of the domed-roof cyclone was based
on a high-efficiency Stairmand cyclone and the ASME standard for high-pressure vessels. The meshing strategy and
CFD model validation of the cyclones were performed systematically. At an inlet velocity of 20 m/s and atmospheric
pressure, the fractional separation efficiency of the domed-roof cyclone was 1.5% higher than that of the flat-roof
cyclone in an air-CaCO; system for particle sizes ranging from 0.1 to 100 um. Under the high-pressure operating con-
ditions of the domed-roof cyclone, the diameter (D,) of the vortex finder was selected as 40% of the cyclone barrel
diameter (D), maintaining its high separation efficiency and moderate pressure drop. The optimized domed-roof
cyclone achieved an 8.4% higher mean fractional separation efficiency and a 6.4% lower pressure drop compared to a
standard flat-roof cyclone for PP particles from 1 to 40 pm. The CFD result provides a useful guide for designing a

high-efficiency domed-roof cyclone at high pressures.

Keywords: Domed-roof Cyclone, Polypropylene Particles, Separation Efficiency, Computational Fluid Dynamics (CFD),

Eulerian-Lagrangian Method

INTRODUCTION

Cyclones have been successtully employed in a variety of chem-
ical processes to separate solid particles from transporting gas flows
because of their low cost, simple structure without moving parts,
high separation efficiency, and flexibility in processing materials
and operating conditions [1]. Highly efficient Stairmand industrial
cyclones are available for most chemical processes, such as dust
collection [2], fluid catalytic cracking (FCC) [3], and mineral recov-
ery [1]. However, advanced design of cyclones is required for pro-
cesses with particle deposition on the surface [3], fluctuating inlet
velocity [4], phase change [5], high pressure in natural gas stations
[6] and polymerization [7,8].

Considering solid particle properties, Song et al. [3] investigated
FCC particle deposition on the outer surface of a vortex finder in
a cyclone at high gas velocity and temperature. The vortex power
for different vortex finder heights was examined for a cyclone with
an oscillating inlet flow from a combustion engine [4]. Jiang et al. [5]
reported a long electrostatic cyclone demister for removing small
droplets.

In the commercialized gas-phase propylene (PP) polymerization
process [8-10], such as the Unipol process of DOW chemicals, the
Spheriline process of LyondellBasell, Evolue of Mitsui, and the Novo-
len process of Lummus Technology; a cyclone is usually placed after
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the fluidized-bed reactor to eliminate fine particles from the recycle
stream [7,8]. As the PP polymerization process is commonly oper-
ated at high pressures ranging from 10 to 35 bar, a domed-roof bar-
rel cyclone is mechanically more suitable than a flat-roof cyclone
[1,6]. However, replacing a flat roof with a domed roof may dete-
riorate separation efficiency [1].

Along with the growth of computational capability and the pre-
diction accuracy of models, computational fluid dynamics (CFD)
has been widely applied to chemical processes to improve geometry
design and process performance [11]. Elsayed and Lacor [12] sum-
marized a numerical procedure for modeling a cyclone, including
model selection, solver setting, numerical method, boundary con-
ditions, and the grid convergence index (GCI) method.

The Eulerian-Eulerian (EE) and Eulerian-Lagrangian (EL) meth-
ods are the two main CFD approaches for gas and solid flows. Be-
cause the EE method treats both flows as a continuous phase, each
domain representing a single particle size is considered an individual
pseudo-fluid state of the solid-gas mixture phase. The EE method,
coupled with the kinetic theory of granular flow; is commonly used
for modeling multiphase flows with a single particle size and a high
volume fraction of solid particles, such as in fluidized-beds [13,14].
The EL method adopts a continuum description and a discrete parti-
cle trajectory for gas and solid phases, respectively [3,6,15]. The EL
method is preferable to the EE method for modeling cyclones with
gas and solid phases, where the volume fraction of the solid parti-
cles is relatively small [3,16]. The EL method has been used for most
modeling studies on cyclones with a particle volume fraction of less
than 10% [2,4-6,12,17-20].



2420 H. T. H. Bui et al.

A crucial issue in the CFD simulation of a cyclone is selecting
the turbulence model [12,21]. The Reynolds stress model (RSM),
which is a Reynolds-averaged Navier-Stokes approach [2,5,6,12,17,
18,22-24] and large eddy simulation (LES) [4,19,20,25] are com-
monly used to predict swirling and rotational flows accurately. Jang et
al. [20] and ShukKla et al. [26] concluded that both the RSM and LES
showed good agreement with the experimental data. Although LES
showed higher accuracy in fluctuating velocity profiles than RSM,
the mean flow field of LES was similar to that of RSM [26]. Pan-
dey [27] investigated the performance of cyclones using RSM with
an omega-pressure strain sub-model. Shukla [26] and Kaya [28]
showed that the linear-pressure strain model for turbulence achieved
a high level of agreement compared to experiment data.

The influence of the cyclone geometry on the separation perfor-
mance was intensively investigated with the aid of CFD. Based on
the Stairmand cyclone design, the geometrical improvement of the
cyclones was examined under various operating conditions and par-
ticle properties. Using three-dimensional (3D) CFD coupled with
LES, Elsayed and Lacor [12] reported an insignificant effect of cone-
tip diameters on cyclone performance, such as separation efficiency;
cut-off diameter, and pressure drop. Wu and Chen [18] evaluated
multiple vortex finder designs with different diameters and shapes
(contracted and expanded) using 3D CFD with RSM. Zhang et al.
[2] clarified the correlation between the structural parameters of
vortex finders and the separation performance by adopting a 3D
CFD coupled with a discrete phase model (DPM) for the solid
phase and RSM. Using 3D CFD with DPM and RSM, Yohana et
al. [17] proposed a special vortex finder geometry (called a tapered
in-cylinder out) to reduce the cyclone pressure drop by up to 13%
while maintaining good separation efficiency.

Research comparing roof or head design of cyclones is scarce
[1]. Hoffmann and Stein [1] reported that a domed-roof cyclone
impaired separation performance for ambient operating conditions,
as mentioned earlier. Based on guidelines from the American Soci-
ety of Mechanical Engineers (ASME) for high-pressure vessels, Fathi-
zadeh et al. [6] designed a high-pressure cyclone with a domed-roof
to improve the separation efficiency over a standard cyclone with
a flat-roof. However, the diameter and length of the vortex finder
have not been optimized. Furthermore, the reason for the better
performance of the domed-roof cyclone is unclear. To date, a high-
pressure cyclone with a domed-roof for PP production has not been
discussed.

This study aimed to design a domed-roof cyclone suitable for
separating fine particles in a PP polymerization process under high
pressure using CFD. To accomplish this, an EL method coupled with
RSM was used, and the trajectory of the particles was tracked by
the DPM. The grid convergence index (GCI) method was adopted
to determine the appropriate mesh density of the CFD domain,
considering the numerical accuracy and computational cost. The
CEFD results were then validated against the experimental data ob-
tained from the literature. A Stairmand cyclone with a flat-roof was
compared with a domed-roof cyclone in terms of pressure drop
and separation efficiency. Hydrodynamics such as pressure drop
and gas velocity of domed-roof cyclones for high-pressure PP pro-
duction process were investigated by changing the vortex finder
diameters. Finally, an optimized geometry of the vortex finder was
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Fig. 1. Schematic diagram of the polypropylene (PP) production
process with a fluidized-bed reactor (FBR) and cyclone [7].

proposed for a dome-roof cyclone. This study elucidates how a
domed-roof cyclone under high pressure achieves a high separa-
tion performance for fine particles.

HIGH-PRESSURE CYCLONE IN POLYPROPYLENE
POLYMERIZATION PROCESS

In most fluidized-bed reactors (FBRs), the fluidized state is main-
tained by an ascending stream of gas, and a cyclone separator is
necessary to capture fine particles that pass through the FBRs [7,8].
For the gas-phase polymerization of PP in a fluidized-bed, fine PP
particles should be separated and then recycled to the suspension
to prevent the escape of fine particles, which may cause the loss of
PP and pipeline blocking [7]. The typical operating temperature and
pressure were 80 °C and 20 bar [7-9] in the PP production process.
Owing to the mechanical strength issue at high temperature and
pressure, a domed-roof cyclone was preferred [1,6] based on the
Stairmand high-efficiency cyclone design [29].

Fig. 1 shows the PP production process using FBR. The prepoly-
mer particles were prepared in a catalyst reactor and injected into
the middle of the FBR [30]. Approximately 80% of the mass of PP
particles was entrained in the upper part of the reactor [7]. The
cyclone connected to the reactor outlet removed at least 90% of
particles with a diameter of 10 pm from the gas flow. The removed
particles were recycled into the FBR to continue the polymeriza-
tion process. PP product particles with a large diameter settled to
the bottom of the FBR and were removed [7,30].

MATHEMATICAL MODELING OF CYCLONES
A Stairmand high-efficiency cyclone (D=0.29 m) [29] was used

in the numerical study. An EL CFD model was developed to inves-
tigate the separation efficiency of cyclones with flat and domed
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roofs. The geometry of the domed-roof cyclone with three differ-
ent vortex finder diameters was examined to determine the opti-
mum diameter of the vortex finder. Mesh density analyses were
performed for the highest inlet velocity under the experimental con-
ditions of a flat-roof cyclone [29]. Although many researchers have
applied unsteady-state simulation to cyclone separators [19,31,32],
steady-state simulation is still useful for evaluating time-averaged
quantities, saving computational time [33-35]. In this study, both
steady-state and unsteady-state simulations were performed.

1. Computational Fluid Dynamics (CFD) Model

The gas flow in the cyclone was assumed to be isothermal and
incompressible. The physical properties and boundary conditions
were fixed at a given operating temperature (see Section 3.2). The
particles were expected to be spherical. The buoyancy effect on tur-
bulence was neglected because of isothermal conditions. The CFD
model is presented in Table 1. Since the energy conservation equa-
tion was not included in the governing equations, the effect of heat
transfer on the cyclone performance was not considered. In the EL

Table 1. Eulerian-Lagrangian CFD model coupled with the Reynolds stress model (RSM) for turbulence

Name Mathematical expression Eq.
Continuity Eq. ou (T1)
7 =i =0,i=1, 2,and 3
ﬁxl
Momentum ou, _am, 1 op (T2)
. i _ h
conservation Eq. ot Y ax p@ TH ox,0x, 8 pu uj, where u;j=u,— 1,
Reynolds stress model 0 (T3)
m (/Dutu] +a (pukuu,)__DT 1]+DL ij P1]+¢1] i'
- Turbulent diffusion (T4)
0, ——— = ou
Dy = a_Xk[Puiujuk"‘P (5kjui ku)] axk(o_k %, )
K 1
where y,:pCﬂz, k= Eui’ui', C,=0.09, and 0;,=0.82
- Molecular diffusion _ o[ 08— (T5)
- Stress production ——dy, 0y, (T6)
P;= uuka +uuk6x
- Pressure strain ou; au (T8)
%:P(ax a ) (/)z] 1+¢1] 2+¢1] w[38]
where @, IE—Clpl—i[m— —(Y,ij with C,=1.8,
o ZE—CZKP +2G,-C, ) s (P+ G- cﬂ with
C2 = 0.60, P= O.SPkk, G= 0'5Gkk’ and C= 0.5Ckk,
3 >
?;, W_Clk(uku n;n,, &;— u fugn;n;— 3 uiun, nk);—d+
) 3 3 C k3/2
CZ((pkm, 2N, 65— 5 Pik 200%™ 5 P, 21 nk) ol with C;=0.5,
C;=0.3,C,=C}*/x, C,=0.09, and x=0.4187
- Dissipation tensor a0 (T9)
’_l~ 2 . _ E
2,uaX ox, 1j(pg+2ng,) with M[—//;,
- Dissipation rate P P P \oe & (T10)
g < )=— P P ,
at(pg)+ axi(pgux) aX]|:(4u+ a :|C.51 ( 11+C£3 11) .sZpE
where 0,=1.0, C,,=1.44, C,,=1.92, and C_,=tanh|"l
Uy
- Turbulent kinetic P 0 0 ok (T11)
energy at wall BC S0P+ (k) = a—xj[(w a2k } (P,+G,)— pe(1+2M)
with o;,=1.0
- Standard wall u'2 " 2 (T12)
functions T{- =1.098, T(Q 0. 247 —£-0.655, — —k'l 0.255
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Table 1. Continued

Name Mathematical expression Eq.
i > > >
%sg;;te phase model o dg, g §(,0p—p) (T13)
( ) T e
& > o
where T,:ELBA [37] and ReE'O—dﬁLu
18uC, Re Y7
- Particle turbulent == . k B (T14)
dispersion Dp=uuT, with TL~CLgand C,=0.3

Velocity fluctuation: u'=¢yu 2v=GIvE wi=alw”

Eddy lifetime: 7,=—T;In(r), r is the uniform random number € [0, 1]

L
Particle eddy crossing time: t,, = T,ln[l— (—em
tju-u,

approach [31,36], the gas flow is modeled as a continuous phase,
described by the continuity in Eq. (T1) and momentum in Eq.
(T2). Contrastingly; dispersed solid particles are treated as discrete
phases, as expressed by the discrete phase model (DPM) in Eq.
(T12). A two-way coupling method was used, which accounts for
the interaction between the particles and fluid. The CFD model is
coupled with the steady-state e-based RSM for turbulence in Eq.
(T3), including the turbulent diffusion in Eq. (T4), molecular dif-
fusion in Eq. (T5), stress production by rotation in Eq. (T6), linear
pressure strain in Eq. (T7), dissipation tensor in Eq. (T8), scalar dissi-
pation rate in Eq. (T9), and turbulent kinetic energy as the bound-
ary condition (BC) in Eq. (T10).

In Table 1, T, is the mean velocity, P is the mean pressure, p is
the gas density, 4 is the gas kinematic viscosity; u; is the fluctua-
tion velocity of the i" component, and uu; is the Reynolds stress
tensor in Eq. (T3). In Eq. (T4), 4 is the turbulent kinetic viscosity.
In Eq. (7), the pressure strain term (¢;) is decomposed into slow
(@;,1); rapid (¢;,), and wall reflection (¢; ,,) terms. The ¢, ,, is respon-
sible for the redistribution of normal stresses near the wall, which
tends to dampen the normal stress perpendicular to the wall while
enhancing the stresses parallel to the wall. The dissipation rate ten-
sor (&) in Eq. (T8) was modeled using the scalar dissipation rate
(&) in Eq. (T9) obtained from the standard k— ¢ turbulence model.
In Eq. (T8), a(= W ) is the speed of sound. In Eq. (T9), the C,
factor was calculated from the correlation of the component of the
flow velocity parallel to the gravitational vector (u;) and the com-
ponent of the flow velocity perpendicular to the gravitational vec-
tor (u,).

Except for the wall boundary conditions in Eq. (T10), the far-field
turbulence kinetic energy (k) required for several terms, such as 2
in Eq. (T4), ¢;, and ¢;,, in Eq. (T7), M, in Eq. (T8), and ¢in Eq. (T9),

was obtained directly from the Reynolds stress tensor (k= %ﬁ)

For the wall boundary conditions, k was estimated using the addi-

tional k—¢ transport equation in Eq. (T10). The other near-wall

values of the Reynolds stresses were computed using Eq. (T11). In

Eq. (T12), m, is the particle mass, u_; is the fluid velocity, ﬁp is the
> >

particle velocity; p, is the particle density; mP% is the drag force,
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7, is the particle relaxation time [37], and Re is the relative Reyn-
olds number.

The turbulent dispersion of the particles was modeled using the
discrete random walk model [37,39] as a stochastic tracking method
in Eq. (T'13), where the particle diftusivity ( Dp) was calculated using
uu/ and Lagrangian integral time (T,). The Gaussian-distributed
random velocity fluctuation (u; v, and w’) was defined with a nor-
mally distributed random number (). The characteristic lifetime
of the eddy (7,) was defined as a function of T; and a uniform ran-
dom number (r) between 0 and 1. The particle eddy crossing time
(t.ss) Was given by the particle relaxation time (7), eddy length scale
(L,), and relative velocity magnitude (ju—u,|). The particle is assumed
to interact with the gas-phase eddy over the smaller of 7, and t,,,.
When this time was reached, new values of u’, v, and w’ were ob-
tained by applying a new value of £

In the two-way coupling method, five calculation steps were im-
plemented: (i) solving the gas flow field, (i) introducing the discrete
phase, (iii) recalculating the fluid phase using an interphase exchange
of momentum and mass during the previous particle calculation,
(iv) recalculating the discrete phase trajectories in the modified gas
flow field, and (v) repeating steps (iii) and (iv) until a converged
solution is achieved. A maximum number of 500,000 steps and a
step length factor of five were used to minimize the incomplete parti-
cles to less than 1% of the total particles tracked and track the par-
ticle trajectories.

2. Cyclone Geometry

Before examining the effect of the domed-roof cyclone on sepa-
ration efficiency; a standard cyclone with a flat-roof, Stairmand high-
efficiency cyclone [29] with a barrel diameter (D) of 0.29 m and a
vortex finder diameter (D,) of 0.5D was considered for compari-
son. The domed-roof cyclone geometry (D=0.29 m, D,=0.5D) was
created based on the Stairmand cyclone and the ASME mechani-
cal strength requirement for internal pressure vessels [40]. The inlet
duct elevation was reduced by D/12 from the domed-roof cyclone,
respecting the ASME rule for an acceptable local thin area [40].
Because the vortex finder strongly affects the separation efficiency
and pressure drop of cyclones [2,17,18,29,32,36], three diameters
of the vortex finder were investigated with D,=0.5D, 04D, and 0.3D.
Fig. 2 shows the geometry of the four cyclone separators: (i) flat-
roof cyclone with a vortex finder of 0.5D (F-0.5D), (ii) domed-roof
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Fig. 2. Geometries for flat- (F-0.5D) and domed-roof (D-0.5D, D-0.4D, and D-0.3D) cyclones.

Table 2. Physical properties of gas and particles and boundary conditions for 13 cases

Parameters

Air-CaCO; system

C;He/H, - Polypropylene system

Physical
properties

o (kg/m®)
4 (kg/m-s)
p, (kg/m’)

1.185 (air) [29]
1.85%10 ° (air) [29]
2740 [29], 2730 [1]

d, (um)

0.1-100 [29], 0.2-6.5 [1]

2345 [41]
1.14x10 ° [41]
910 [41]

1-40 7]

Case
Geometry name

C1
F-0.5D

C2

C3
D-0.5D

C4

C5 C6
D-0.5D

C7

C8 9
D-04D

C10

Cl1
D-0.3D

C12

C13

P, (bar) 1 1 1 1 20
u,, (m/s) 16.1 20 16.1 20 3
m, (kg/h) 1.62 2.01 1.62 2.01 0.07

Boundary
conditions

4 5 3 4 5 3 4 5
009 012 007 009 012 007 009 0.12

cyclone with a vortex finder of 0.5D (D-0.5D), (iii) domed-roof
cyclone with a vortex finder of 04D (D-0.4D), and (iv) domed-roof
cyclone with a vortex finder of 0.3D (D-0.3D). The cone tip diam-
eter (0.375D) was the same for all four cyclones. z and r are the axial
and radial directions of the cyclone, respectively.

Table 2 reports the physical properties of gas and solid particles
for two systems (air-CaCO; [1,29] and C;H/H,-Polypropylene [7,
41]) and boundary conditions for 13 cases (C1-C13) simulated in
this study. The physical properties of the C;Hs/H,-PP system (Case
number from C5 to C13) were obtained at 20 bar and 80 °C. C1
and C3 are used for the CFD model validation against experimen-
tal data [1,29]. C2 and C4 are performed using the same material
properties and boundary conditions to identify the influence of the
roof types (flat and domed) on separation performance. Keeping a
constant solid to gas mass ratio of 2.8x10~° kgakge. [29] (or inlet
solid load of 3.32 g/m’), the particle feed rate (m,, kg/h) was deter-
mined according to the inlet velocity (u;,) in C1-C4. The inlet par-
ticle size (d,) of CaCO; was distributed from 0.1 to 100 um [29],
as shown in Fig. 3.

The effects of the vortex finder diameter (0.5D, 0.4D, and 0.3D)

0.75

0.25 -

107! 10° 10* 10?
d, (pm)

Fig. 3. Particle size distribution from 0.1 to 100 pm in the air-CaCO,
system [29].

and inlet velocity (u;,=3, 4, and 5m/s) on separation performance
were investigated for C5-C13. m, was calculated from a solid load

Korean J. Chem. Eng.(Vol. 40, No. 10)
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Fig. 4. Three-dimensional (3D) mesh structures of the computational domain for flat- and domed-roof cyclones.

of 0.7619 g/m’ [7] for C5-C13. In the C;Hy/H,-PP system, the gas
phase had a relatively high density; and the density of the solid parti-
cles was lower than that of CaCO; in C1-CA4.

In CFD with the DPM model, a total of 1024 parcels, which is
the same as the number of cells on the inlet surface of the cyclones,
were injected uniformly through the inlet surface. The number of
real particles in each parcel depended on the mass flow rate of each
particle size, even though the number of parcels was identical for
all 13 cases. For the simulation of grade separation tests in C1 and
C3, 15 particle sizes from 0.2 to 6.5 um in the same interval were
applied to the boundary condition of CFD. For the grade separa-
tion tests in C5-C13, 20 particle sizes ranging from 1 to 40 pm were
used for the boundary conditions.

3. Meshing Structure

The computational domain was discretized into polyhedral cells
with thin near-wall inflation layers constructed using prism cells to
capture the velocity gradients. The height of the first cell adjacent
to the wall was estimated based on the y" criterion [42]:

YT

where u,=(z,/p)" is the friction velocity, Y, is the distance from
the wall to the wall-adjacent cell center, p is the fluid density, and
s the fluid viscosity. The wall shear stress (7,) is given by:

7,=c{pu’/2) with ¢;=(2log(Re)—6.5) ** and Re=pul/p )

where ¢;is the skin friction coefficient, and u is the average veloc-
ity. The fluid Reynolds number (Re) was defined at the inlet face of
the cyclone. The hydraulic diameter (L) of the inlet face is defined
as

L=./(4/7)x0.5Dx0.2D. 3)

A value of y'=50 near the initial location of the log-law layer was
selected to estimate the wall-adjacent cell height for all the geome-
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tries.
The minimum fluid boundary thickness (&) was defined as fol-
lows to evaluate the suitable number of inflation layers [43]

8= 2BL ¢ Re<10% 6, =2 if Re>10° 4)
Re™ Re™

Because the first inflation layer height was estimated from y* and
the total layer height was also controlled by d, the number of infla-
tion layers and layer size growth rate were chosen as 7 and 1.3,
respectively, to match the cell size of the final inflation layer with
that of the cyclone center.

Three mesh densities (coarse, medium, and fine) of the flat-roof
cyclone in Fig. 4(a) were generated for the mesh independence test,
targeting a minimum orthogonal quality higher than 0.3 and a cell
maximum aspect ratio lower than 50. The mesh structures of the
flat and domed cyclones on the medium mesh are shown in Fig.
4. For the flat-roof cyclone (F-0.5D), the number of cells (N,,;) on the
coarse, medium, and fine meshes was 359355, 668288, and 1029827,
respectively. The average grid sizes (Jx) on the coarse, medium, and
fine meshes were 5.4 mm, 44 mm, and 3.8 mm, respectively. For
the three domed-roof cyclones in Fig. 4(b), N, is 674054, 658365,
and 648690, respectively, having a mesh density (dk=4.4 mm) simi-
lar to that of the medium mesh of F-0.5D.

4. Simulation Setup

The CFD simulation was executed on a workstation with 48
cores of an Intel Xeon CPU with 3.0 GHz and 256 GB RAM using
a finite volume-based solver (ANSYS Fluent 2022 R2, ANSYS Inc.,
USA, 2022). Fixed velocities were set for the inlet boundary condi-
tions, and particles were injected through the inlet area of the
cyclones. The solid outlet boundary condition (cone tip) was set as
the wall with a particle trap. The gas outlet boundary condition (top
of the vortex finder) was set as the pressure outlet with particle
escape.

The semi-implicit method for the pressure-linked equations
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(SIMPLE) scheme was used to solve the Navier-Stokes equations.
The pressure staggering option (PRESTO!) discretization scheme
was used for pressure. The quadratic upstream interpolation for the
convective kinematics (QUICK) scheme was selected for momen-
tum discretization. The second-order upwind scheme was used to
discretize the turbulent kinetic energy (k), turbulent dissipation rate
(&), and Reynolds stresses (W). The under-relaxation factors for
the pressure, density, body forces, momentum, turbulent kinetic
energy, turbulent dissipation rate, turbulent viscosity;, Reynolds stresses,
and discrete phase sources were set to 0.7, 1, 1, 0.7, 0.8, 0.8, 1, 0.5,
and 0.5, respectively. A residual error of 1x10™ was applied for con-
vergence. A time step size of 0.0001 s was used for unsteady-state
simulation, which was stopped when a stable state was reached for
the pressure drop and volume-averaged axial velocity [44]. The
steady-state simulation reached a stable state after around 12,000
iterations.

RESULTS AND DISCUSSION

A suitable mesh density for the CFD domain was first verified
using the grid convergence index (GCI) method, focusing on key

variables such as the Euler number (Eu= 1AP
2

EPV in

eter (X5, or 50% separation efficiency) [12]. Subsequently, the CFD
model for the flat-roof cyclone (F-0.5D) was validated against experi-
mental data obtained from the literature [1,29]. It was confirmed
that numerical results of steady-state simulation were in line with
those of unsteady-state simulation for C1 (u;,=16.1 m/s). The flat-
roof cyclone was compared with the domed-roof cyclone in terms
of pressure drop (AP) and separation efficiency (7). Finally, an opti-
mum diameter of the vortex finder was proposed for a domed-
roof cyclone.

Fig. 5 presents the area-weighted average static pressure on the

) and cutoff diam-
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inlet surface and near-wall cells adjacent to the outlet surface in
unsteady-state simulation. The pressure sampling interval was 0.01 s.
The static pressure on the inlet surface was relatively stable, while
that on the outlet surface was not stable because of swirling flows.
Hoffman et al. [45] observed that the static pressure at an outlet
near the wall was close to the outlet static pressure. Therefore, the
static pressure near the outlet wall was selected for the comparison
of outlet pressure between steady- and unsteady-state simulation.
The two static pressures reached a converged value after around 0.7 s
of the flow time (t). The steady-state pressure (dashed line in red)
on the inlet surface was almost the same as that of unsteady state
at t=0.7-1.0's. There is a discrepancy between the pressure at the
outlet wall (dashed line) in steady-state simulation and that (solid
line) in unsteady-state simulation by 66 Pa, as shown in Fig. 5(b).
1. Mesh Independence Test Using Grid Convergence Index
(GCI)

The grid resolution should be optimized to satisfy both numeri-
cal accuracy and computational cost [11,14,46]. Elsayed and Lacor
[12] applied the GCI method suggested by Roache [46] to deter-
mine an asymptotic solution of grid convergence for cyclone CFD
models. An extrapolation of the physical quantity obtained from the
CFD simulation was estimated at a zero grid (—0, or an infinite
number of cells). The GCI method quantitatively measures the extent
to which the CFD results of a current grid size vary from those of
the zero-grid one. The asymptotic solution was represented by an
o factor [12] that was as close to one as possible. The detailed cal-
culation steps for « are reported elsewhere [6,14,19,46]. Although
the o value is sensitive to several factors, such as the investigated
hydrodynamic parameters, grid size, geometry, and discretization
method, a typical range of 0.95<<1.05 is acceptable for determin-
ing an optimum mesh structure [6,14].

Fig. 6 illustrates the Eu and X5, values with respect to the val-
ues obtained from the coarse, medium, and fine meshes and zero-
grid extrapolation (&k—0). For the F-0.5D cyclone, the deviation
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Fig. 5. Area-weighted average static pressure on the inlet surface and near-wall cells adjacent to the outlet surface.
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Fig. 6. Mesh independence test with respect to Euler number (Eu) and cut-off diameter (Xs,) using the grid convergence index (GCI) method.

between 6x=4.39 mm (medium) and 6x—0 mm for Eu and X;, is
2.6% and 2.5%, respectively. The « values for Eu and X, are 1.0121
and 0.9543. Because the « values for both Eu and X;, are in the
range of 0.95 to 1.05, the medium mesh was chosen as an accept-
able mesh density capable of obtaining asymptotic solutions. It is
expected that the mesh density (dx=4.39) is applicable to domed-
roof cyclones with a geometry similar to that of flat-roof cyclones.
2. CFD Model Validation

Fig. 7 shows the CFD results of the pressure drop (AP) of F-0.5D

1500 T T T

O Exp. data (Hoekstra, 2000)

Steady-state CFD result (this study)

1200 |- %  Unsteady-state CFD result for C1 (this study)

900 -

600

Pressure drop, AP (Pa)

300

5 7.5 10 12.5 16.1 20
Inlet velocity, u;, (m/s)

Fig. 7. Validation of pressure drop (AP) with respect to the inlet veloc-
ity (u;,) against experimental data obtained from Hoekstra
[29].
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with respect to the inlet velocity (u;,) compared to the experimen-
tal data obtained from Hoekstra [29]. The AP agrees well with the
experimental points for the range u;,=5-20 m/s. The pressure drop
(AP) obtained from steady-state and unsteady-state simulations of
Cl (flat-roof cyclone at u,,=16.1 m/s) was 856 and 794 Pa, respec-
tively, and showed a difference of 7.2%.

The largest difference (170 Pa) between the CFD results and ex-
perimental data appeared at 20 m/s, showing a 14.3% deviation from
the experimental point. The root mean square error (RMSE) be-
tween the CFD and experimental data was calculated as follows:

np _ 2
RSME= 2t':1(¢CFD ¢exE) , (5)
np

where ¢ is the quantity, and n, is the number of data points. The
RMSE of AP was 74 Pa, approximately 13% of the deviation from
the experimental data.

Fig. 8 compares steady- and unsteady-state CFD results for the
normalized tangential (u/u,,) and axial (u,/u;,) velocities at z/D=
0.75 against experimental measurements [29] in the F-0.5D cyclone
for u,=16.1 m/s (C1 in Table 2). Here, r/R=0 indicates the trans-
versal center of the cyclone body, while r/R=x+1 represents the two
wall sides of the cyclone body. The CFD results reasonably cap-
tured the experimental profiles of u, and u, in the radial direction
(r). For steady state simulation, the RMSEs of u,/u;, and u,/u;, against
the 42 experimental data are 0.2371 and 0.1216, respectively. For
unsteady state simulation, those RMSEs are 0.2783 and 0.0958,
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Fig. 8. Comparisons of dimensionless tangential (u,/u;,) and axial (u,/u;,) velocities of steady- and unsteady-state CFD results with experi-

mental data [29] at z/D=0.75.

respectively. The large deviations of u, and u, between CFD and
experimental data are found around —0.3<r/R<0.3 because of the
strong swirling flows at the center of the cyclone [6]. The right y-axis

steady ___unstead)

in Fig. 8 indicates the relative error RE (%)=100 x 4

unsteady
max

between the steady and unsteady-state CFD results of u, and u,. The
RE of u, is higher than that of u,, where the variation amplitude of
v, is wider than the that of u,. The REs are bigger at the center than
at the walls due to the strong swirling flows. The mean relative errors
(MREs) of u, and u, are 4.6% and 25.4%, respectively. Although the

MRE of u,/u, is high, the absolute values of u,/u,, are relatively
small compared to those of u/u,, Since the deviations between
steady- and unsteady-state simulations in terms of AP, u, and u,
were not significant, steady-state simulation was used for further
investigation to save computational time.
3. Hydrodynamics of Flat and Domed-roof Cyclones at Ambi-
ent Pressure

This study focused on the influence of the cyclone geometry (flat-
roof and domed-roof) on the separation efficiency rather than the
influence of operation conditions at high and low pressures. Hydro-
dynamics, such as pressure (P), tangential (u,), and axial (u,) veloc-
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Fig. 9. Contours of pressure (P), tangential (u,), and axial (u,) velocities, and radial profiles of pressure (P), normalized tangential velocity (u,/
u;,), and normalized axial velocity (u,/u;,) at z/D=1 for C1 (F-0.5D, u;,=16.1 m/s) and C3 (D-0.5D, u,,=16.1 m/s).

ity, was compared for the flat- and domed-roof cyclones, C1 and
C3 (see Table 2), respectively, to identify the flow characteristics of
the two cyclones at ambient pressure. Fig. 9 shows the contours of
B u, u,, and the radial profiles of B u/u,, and u,/u,, at z/D=1. The
pressure discrepancy between the center (r/R=0) and wall (r/R=
+1) sides of F-0.5D was 147 Pa higher than that of D-0.5D. Although
the wall-adjacent pressures of the two cases were similar, the cen-
tral pressure of F-0.5D decreased more than that of D-0.5D. This
may be attributed to the fact that geometrical differences, such as a
slightly longer cyclone barrel with a domed-roof, loosen the swirl-
ing flows and lead to a lower pressure drop at the center (see Fig.
9(a)).

The difference between the maximum and minimum values of
u,/u;, for D-0.5D (C3) is lower than the difference for F-0.5D (C1)
in the center region (—0.5<r/R<0.5), as shown in Fig. 9(b). This
resulted in a weak swirling flow in the central region for D-0.5D
(C3). However, as shown in Fig. 9(c), the axial velocity of D-0.5D
in the gravity direction at the center (r/R=0) is stronger than that
of F-0.5D, whereas the upward velocity of D-0.5D is weaker than
that of F-0.5D. Because the fine particles congregate around the cen-
ter [47], the strong downward flow at the center helps capture the
fine particles.

A comparison between the experimental measurements of Zhao
[48], Hoffmann and Stein [1], and CFD results for the fractional
separation efficiency (77;,.) for particle sizes ranging from 0.01 um

October, 2023

to 10 um is shown in Fig. 10. The total separation efficiency (7,;)
of the CFD was obtained from 77, as follows:

N,

ntat:z:i pﬂfmc, Xi> (6)
Nfollect

Mrac= W )

i

where N, is the number of mass fractions for all particle sizes, and
x; is the mass fraction of an i particle size (Z;"x,=1). N/’ and
N are the number of i" particle sizes at the inlet and collecting
outlet, respectively. One particle size was injected, and the collected
particles were measured in the grade separation test to obtain 7.
A total of 86 particle sizes were used by Hoffmann and Stein [1].
Twenty particle sizes were tested in the CFD simulations for F-0.5D
(C2) and D-0.5D (C4). The diameters (D) of the cyclone barrels were
different for the two experiments and the CFD simulations. How-
ever, the gas and particle properties, solids loadings, and geometric
ratios of the cyclones were the same.

Zhao [48] performed an inlet velocity (u;,=20.18 m/s) in a F-0.5D
cyclone with D=0.3 m [48]. Hoffmann and Stein [1] evaluated the
separation efficiency using an F-0.5D cyclone with D=0.2m and
an inlet velocity u;,=15m/s [1]. As shown in Fig. 10, 7, of C2 (F-
0.5D) and C4 (D-0.5D) agreed well with the experimental data of
Zhao (48], except for d, less than 1 um. For d,>1 pm, 77;,, of C2 was
slightly higher than that of C4. The maximum value of 77, (100%)
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Fig. 10. Grade separation efficiency for C2 (F-0.5D, u;,=20 m/s) and C4 (D-0.5D, u,,=20 m/s) compared with experimental data [1,48].
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Fig. 11. Tracking trajectory of a particle with d,=0.3, 1, and 8 um for C2 (F-0.5D, u;,=20 m/s) and C4 (D-0.5D, u;,=20 m/s).

for both C2 and C4 was achieved for d,>6 um. For fine particles
(d,<1 um), a tail where 77, increases with decreasing d, was ob-
served by Hoffmann and Stein [1] and the domed-roof cyclone (D-
0.5D). The domed-roof cyclone (D-0.5D) captured more solid parti-
cles of less than 1 pm than the flat-roof cyclone (F-0.5D) due to the
stronger downward velocity (see Fig. 9(c)); the total separation effi-
ciency of D-0.5D (775,}?’3?[,) was higher than that of F-0.5D (775,'2 ).
The tails of high 77;,, obtained from Hoffmann and Stein [1] and
domed-roof cyclone CFD (C4) for 0<d,<1 um were known as a
fish-hook effect caused by recirculation eddies [49,50]. Since the
recirculation eddies are promoted at the top side of the domed-roof
cyclone (see two insets in Fig. 10), the entrained fine particles stay
at the top side, which reduces fine particles escaping the cyclone.
The peak for 77, of C4 in the tail was 78% at d,=0.3 um, whereas
the peak of C2 in the tail was only 4% at d,=0.1 pum. Fig. 11 shows
the tracking history of the three particle sizes (0.3, 1, and 8 pm) for

C2 (F-0.5D) and C4 (D-0.5D). The color of the trajectory represents
the residence time of the particles (7 s). For d,=0.3 um, the resi-
dence time of C2 is longer, and the trajectory length is shorter than
that of C4. It implies that 77, of C4 (domed-roof cyclone) at d,=
0.3 pum is higher than that of C2, as shown in Fig. 10. For d,=1 um,
some particles escaped the cyclones for C2 and C4. The trajectory
length of C4 was longer than that of C2, and 77, of C4 was slightly
higher than that of C2 (see Fig. 10). For d,=8 um, the residence
time of C2 was shorter, and the trajectory line was simpler than
that of C4. The 77;,, of C2 is higher than that of C4. Most of the parti-
cles for d,=8 um are trapped, and 7, of both C2 and C4 is close
to 100% (see Fig. 10).
4. Hydrodynamics of Domed-roof Cyclones in High-pressure
Polypropylene Production Process

As mentioned, cyclone performance depends on the geometry,
inlet gas velocity, and particle properties. The effects of the vortex
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finder’s diameter (D,/D) and inlet velocity (u;,) on the pressure drop
(AP) and separation efficiency (77,0) of d,=10 um of PP were investi-
gated for the domed-roof cyclone at 20 bar and 80 °C (C5-C13, see
Table 2), as shown in Fig. 12. Although the domed-roof cyclones
have the advantage of collecting fine particles, the vortex finder diam-
eter (D,) of a domed-roof cyclone must be adjusted to improve the
separation efficiency satisfying allowable pressure drop. The D, influ-
ences the diameter of the inner vortex core, vortex length, and
pressure drop [1]. The AP is proportional to the outlet velocity of
the vortex finder. A small D,/D and a high u;, led to an increase in
AP. The minimum value (664 Pa) of AP is found at D,/D=0.5 and
u;,,=3 m/s, and the maximum value (4,669 Pa) is found at D,/D=
0.3 and u,;,=5 m/s (see Fig. 12(a)).

The maximum separation efficiency (77,,) appears at D,/D=0.4
for every u,,, as shown in Fig. 12(b). As mentioned in Section 2, the
minimum separation efficiency must exceed 90% for a wide range
of u;,, and D-0.5D (D,/D=0.5) is inappropriate for the separation
of PP particles. A small vortex finder enhances the separation effi-
ciency with a trade-off of AP. In this study, the D,/D=0.4 was cho-
sen as the best design to maximize 7,, with a moderate AP.

In Fig. 13, B, u, and u, are compared for the domed-roof cyclones
with D,=04D (C8-C10) to identify the flow characteristics of the
three cyclones at three u,,. The contours of B u, and u,, as well as
the radial profiles of B, u/u,, and u,/u, at z/D=1, are shown in

—up, =3mfs - ---uy =4mfs - uiy, =5 mfs

r/R ()

Fig. 13. Contours of pressure (P), tangential (u,), and axial (u,) velocities, and radial profiles of pressure (P), normalized tangential velocity
(u/u;,), and normalized axial velocity (u,/u;,) at z/D=1 for C8 (D-0.4D, u,,=3 m/s), C9 (D-0.4D, w;,=4 m/s), and C10 (D-04D, u,,=

5m/s).

October, 2023
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Table 3. Pressure drop (AP) and separation efficiency (77) of 13 cases
Air-CaCO;’ CHy/H, - Polypropylene**

Geometry name F-0.5D D-0.5D D-0.5D D-04D D-0.3D

Case C1 C2 C3 C4 C5 C6 Cc7 C8 C9 C10 Cl11 C12 C13
w,, (m/s) 161 20 161 20 3 4 5 3 4 5 3 4 5

AP (Pa) 856 1357 793 1252 664 1233 1935 1043 1911 3029 1580 2920 4669

7 (%) 621 643 629 658 86.0 902 90.5 95.7 96.8 99.2 94.3 96.3 97.9

! 77 is the total separation efficiency of the inlet particle data from [29].

" n7is the grade separation efficiency for d,=10 pm PP particles.

Fig. 13. The pressure discrepancy between the center (r/R=0) and
wall (r/R=1) sides of D-04D at u;,=5m/s (C10) was the highest
among the three D-0.4D cyclones (see Fig. 13(a)). The swirling flow
of C10 is strongly developed owing to the high pressure difference,
which leads to high separation efficiency.

The difference between the three u,/u;, values of C8-C10 was
not perceptible, as shown in Fig. 13(b). The axial velocity of C10 in
the gravity direction at the center (r/R=0) was the lowest among
the three cases (Fig. 13(c)). The strong downward flow of C10 at the
center helped capture the fine particles, as mentioned previously.

Table 3 summarizes the performance of the 13 cases in terms of
pressure drop (AP) and separation efficiency (7). The D-0.5D cy-
clones (C3 and C4) have a slight advantage in AP and 7 over the
F-0.5D cyclones (C1 and C2) for the air-CaCO; system within the
investigated range of u;,. At a velocity of 16.1 m/s, AP of the domed-
roof cyclone (C3) is reduced by 65 Pa, and 7 increases by 0.8%
compared to the flat-roof cyclone (C1). In the PP system (C5-C13),
AP of the domed-roof cyclones is proportional to u,, and inversely
proportional to D,/D. The highest separation efficiency for d,=
10 pm (77=99.2%) was achieved at u,,=5m/s and D,/D=04. For
D/D=0.5 (C5-C7), the u,, should be higher than 4 m/s to sustain
1n=90%. D,/D=0.3 (C11-C13) is not recommended because of its
high AP and low 7.

100

80 +

60 +

Nprac (%)

20+

Domed-roof (D, = 0.4D) | 1
——Flat-roof (D, = 0.5D)
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10 40
Fig. 14. Grade separation efficiency (7,.) of F-0.5D, D-0.5D, and

D-0.4D (C9) cyclones for the PP system at u,=4 m/s, T=80"C,
P,,=20bar, and m,=0.09 kg/h.

Fig. 14 highlights 77, of the F-0.5D, D-0.5D (C6), and D-04D
(C9) cyclones for the PP system at u,=4m/s, T=80°C, P,,=20
bar, and m=0.09 kg/h. The D-04D cyclone shows the best 77;,
for d,=1-40 ym among the three cyclones. The average 77;,. of the
D-0.4D cyclone is 8.4% higher than that of the F-0.5D cyclone. The
AP of the D-04D cyclone (1,911 Pa, see Table 3) is 6.4% lower than
that of the F-0.5D cyclone (2,034 Pa). As previously discussed, the
fish-hook effect due to recirculation eddies produces a high 73, for
fine particles less than 5 pm. For the PP system, the fish hook effect
can be reinforced by high gas density such as hydro-cyclones [51-53].

CONCLUSION

The separation performance of a high-pressure cyclone with a
domed-roof was investigated for the polypropylene (PP) produc-
tion process at 20 bar and 80 °C using computational fluid dynamics
(CED). The Reynolds stress model (RSM) for gas turbulence and
the two-way coupled discrete phase model (DPM) for solid particles
were incorporated into the CFD model. The domed-roof cyclone
was designed based on an industrial Stairmand high-efficiency
cyclone and the mechanical strength requirements according to
the ASME standard for high-pressure vessels. An appropriate mesh
structure was selected using the grid convergence index (GCI)
method. The CFD model was validated against experimental data
of the pressure drop and tangential and axial velocities for a flat-
roof cyclone in an air-CaCO; system at ambient pressure.

Because of the stable vortex length appearing at the longitudinal
center of the cyclone, the separation efficiency (7)) of the domed-
roof cyclone was slightly higher than that of the flat-roof cyclone,
particularly for fine particle sizes (d,<1 pum). The domed-roof cyclone
at 20 bar and 80 °C in the PP production process exhibited the best
7 and moderate AP when the vortex finder diameter was 40% of
the diameter of the cyclone barrel. An increase in 77 was observed
following an increase in the inlet velocity in the range of 3-5m/s.
The optimized domed-roof cyclone achieved an 8.4% higher mean
fractional separation efficiency and a 6.4% lower pressure drop than
a standard flat-roof cyclone for the PP production process at 20
bar and 80 °C, with particle sizes ranging from 1 to 40 um. This
study demonstrated that a domed-roof cyclone outperformed a flat-
roof cyclone for fine particles.
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NOMENCLATURE

a : speed of sound [m/s]

¢ :skin friction coefficient

d : the normal distance to the wall [m]
d,  :particle diameter [m, pm]

D :cyclone barrel diameter [m]

D, :vortex finder diameter [m]

D;; :turbulence diffusion [m’/s]

D,; :molecular diffusion [m’/s]

D, :partide diffusivity [m/s]

Eu  :Euler number

g :gravity vector [9.81 m/s’]

k  :turbulence kinetic energy [m’/s’]
L :hydraulic diameter [m]

L,  :eddy length scale [m]

m, :particle mass [kg]

m, :particle feed rate [kg/h]

n, :number of points

ng, :fractional separation efficiency [%]
n, :total separation efficiency [%]
N, :number of particle sizes

N,; :number of cells

N, : total number of meshes

P : pressure [Pa]

P, :pressure outlet [Pa]

P :mean pressure [Pa]

P;  :stress production term

AP :pressure drop [Pa]

r : radial direction coordinate [m]
R :cyclone radius [m]

Re  :Reynolds number

t : time [s]

At :pseudo time step for each cell in the domain [s]
T, :Lagrangian integral time [s]

tn :particle eddy crossing time [s]

i :flud velocity vector [m/s]

ﬁp : particle velocity vector [m/s]

T, :mean velocity [m/s]

u;  :fluctuation velocity of number i component [m/s]
uju; :Reynolds stress tensor

u, :axial velocity [m/s]

u, :inlet velocity [m/s]

v, :tangential velocity [m/s]

u, :friction velocity [m/s]

u, u, : gravitational vector

V  :volume of computational domain [m’]
X5, :cut-off diameter [m, um]

x;  :mass fraction of particle size

y"  :dimensionless wall distance

y,  :distance from the wall to the first cell [m]

October, 2023

Z : axial direction coordinate [m]

Greek Letters

: asymptotic range of convergence solution

: minimum fluid boundary thickness [m]

: average grid size [m]

: separation efficiency [%]

1o fractional separation efficiency for d,=10 um [%]
: turbulence dissipation rate [m’/s’]

: dissipation rate tensor

: Gaussian normally distributed random number
: gas kinematic viscosity [Pa-s]

: turbulent kinetic viscosity [Pa-s]

: pressure strain term

: physical quantities of data

: density of gas [kg/m’]

: density of particle [kg/m’]

:residence time [s]

: particle relaxation time [s]

: characteristic lifetime of the eddies [s]

: wall shear stress [Pa]
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