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Abstract

Curvature ratio () governs secondary flows in gas—solid two-phase flow through bends,
thereby affecting particle dynamics and leading to non-uniform wall deposition and in-
creased erosion risk. In this study, a coupled Reynolds stress model (RSM) and Discrete
phase model (DPM) framework was employed. A wall contact model incorporating adhe-
sion, rebound, and removal mechanisms was implemented via a User-Defined Function
(UDF). The spatial distribution and deposition characteristics of particles with different
inertia (Stokes number range: 0.020 < St < 30.176) were systematically investigated in the
range of 6 = 2.0~3.5. The results reveal a distinct inertial dependence in particle spatial
distribution: particles with St < 1 exhibit a “high-dispersion, weak-aggregation” pattern,
whereas those with 5t > 1 form an “outer-wall agglomeration, inner-wall cavity” character-
istic. As J increases, the secondary flow intensity decreases while the effective centrifugal
path lengthens. Governed by the combined effects of the effective collision coefficient (Rc)
and effective adhesion rate (7,), particle deposition is inhibited for St < 1 but enhanced for
St > 1. This study advances the understanding of deposition under geometric constraints
and provides a basis for optimizing pipeline design.

Keywords: gas-solid two-phase flow; curvature ratio; particle deposition; numerical
simulation

1. Introduction

Pneumatic conveying, an efficient method for transporting particulate materials, has
been widely adopted in industrial sectors such as mining, food processing, and energy [1,2].
During the conveying process, the particulate phase is subject to the combined effects of
gas-phase turbulence, interparticle interactions, and wall constraints, exhibiting significant
randomness and complexity [3]. As a crucial component in altering the conveying direction,
the flow characteristics of gas—solid two-phase flow within a bend significantly influence
the system’s overall operational efficiency and stability. Specifically, the centrifugal forces,
secondary flows, and reverse pressure gradients induced by sudden changes in flow
direction not only alter particle trajectories [4] but also tend to cause non-uniform particle
deposition in specific wall regions [5]. Consequently, this results in increased energy
consumption, reduced conveying efficiency, and issues such as pipeline blockages and
wall erosion [6,7]. Therefore, a thorough elucidation of the mechanisms governing particle
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transport and deposition within bends is of great significance for the optimized design of
pneumatic conveying systems.

Among the geometric parameters affecting gas—solid flow in bend pipes, the curva-
ture ratio is a key factor regulating the flow field structure and particle motion behavior.
Increasing the curvature ratio slows the rate of pressure gradient decay and reduces sys-
tem pressure drop [8,9]. It also increases particle exit velocity and delays velocity decay;,
thus reducing operational energy consumption [10,11]. Conversely, an excessively small
curvature ratio exacerbates wall erosion due to changes in particle-wall collision frequency
and impact angles [6]. Studies by Benyamine et al. [12] and Shao et al. [13] confirm that
reducing the curvature ratio intensifies the propensity of particles to impact the wall. This
significantly affects the total deposition mass and spatial distribution. These macroscopic
phenomena relate closely to the evolution of secondary flow induced by the pipe’s curva-
ture. Since the experimental observations by Eustice [14] and the theoretical analysis by
Dean [15], the influence of secondary flow on the velocity distribution of the main flow
and flow stability has been widely recognized [16]. Kim et al. [17] further indicated that
the vorticity intensity of the secondary flow is mainly controlled by the curvature ratio,
showing weak correlation with the Reynolds number. Changes in the curvature ratio affect
the intensity, location, and scale of the secondary flow. They also determine the spatial
distribution patterns of the gas—solid two-phase flow within the bend pipe.

In recent years, researchers have increasingly recognized that the curvature ratio not
only influences the distribution of the gas-phase flow field. It also profoundly affects
particle transport and deposition behavior by regulating the secondary flow structure.
Inthavong [18] conducted a visualization analysis of the flow within the vortex core. They
revealed the relative intensity of secondary flows, finding that sufficiently strong secondary
flows can carry particles from the outer wall to the inner wall. Lira et al. [19] pointed out
that secondary flows are the primary mechanism for particle centrifugation, while the
influence of counter-rotating vortices is relatively minor and leads to a decrease in local
particle concentration. Li et al. [20] found that secondary flows expand the contact area
between particles and the wall, as well as the deposition zone. Increasing the curvature ratio
can effectively reduce the deposition zone. Sun et al. [21] observed that secondary flows
and streamwise vortices enhance the transport of small particles toward the wall. Crucially,
Yan et al. [22] revealed the coupling effect between centrifugal force and secondary flow.
Centrifugal force drives high-inertia particles toward the outer wall, forming a “reflection
layer”, while secondary flow transports some low-inertia particles to the inner wall region.
Collectively, these studies indicate that the curvature ratio, as a key parameter regulating
the evolution of secondary flow, interacts with centrifugal force through a complex coupling
mechanism to jointly regulate particle transport and deposition behavior.

In addition to the flow field structure, particle inertia, characterized by the Stokes
number, determines their response to the flow field structure, resulting in distinctly different
deposition patterns for particles of different sizes. Yang et al. [23] found that particles
converge at bends and form “particle ropes” under the influence of inertia. Berrouk
et al. [24] reported that high-inertia particles primarily deposit on the outer wall of the
curved pipe, while low-inertia particles are distributed between the side walls and inner
wall. The non-depositional region on the inner wall is caused by small-scale vortices
dominated by secondary flow. Subsequent studies further validated this inertia-dominated
deposition pattern. Jiang et al. [25] and Vasquez et al. [26] observed that high-inertia
particles, due to inertial impact, concentrate and deposit on the middle and downstream
sections of the outer wall. Guo et al. [27] found that the primary deposition location of
particles is closely related to the Stokes number. Deposition efficiency on the inner wall
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increases, then decreases, as St increases. These studies established that the inertial effect is
one of the primary controlling mechanisms of particle deposition.

In summary, existing studies have separately examined the effects of curvature ratio,
secondary flow evolution, and particle inertia on deposition behavior. However, a system-
atic understanding remains lacking of how the coupled interaction between secondary flow
intensity and centrifugal force governs particle transport and deposition across different
curvature ratios. Specifically, it remains unclear how variations in curvature ratio modulate
the secondary flow vortex structures and centrifugal force, thereby influencing particle
transport mechanisms and ultimately determining the deposition distribution on the inner
and outer walls. Addressing this theoretical gap is essential for advancing the optimization
design of pneumatic conveying systems in bend pipes based on curvature ratio control.

In numerical simulations, researchers have continuously optimized the accuracy of
models to capture the aforementioned complex coupling mechanisms. As demonstrated
by related studies, the Reynolds Stress Model (RSM) has been shown to outperform tra-
ditional models in capturing anisotropic turbulence and secondary flow structures [28].
Furthermore, combining the RSM with the Enhanced Wall Treatment (EWT) method has
been demonstrated to effectively improve the accuracy of near-wall simulations [29,30]. In
addition, contact models based on particle-wall collisions provide more accurate descrip-
tions of the rebound and resuspension behavior of large particles than the traditional “trap”
model [31]. The development of these numerical methods has provided reliable tools for
elucidating the mechanisms by which curvature ratio influences particle transport and
deposition.

To this end, this study established a numerical framework that couples the Reynolds
Stress Model (RSM) with the Discrete Phase Model (DPM) and employs a User-Defined
Function (UDF) to accurately characterize particle-wall interactions. On this basis, the
evolution characteristics of secondary flow in bend pipes with varying curvature ratios
are systematically analyzed. The quantitative effects of secondary flow and centrifugal
force on the transport behavior and deposition distribution of particles with different
inertia are assessed. The objective of this study is to elucidate the underlying mechanisms
linking “curvature ratio—secondary flow evolution—particle inertial response—deposition
distribution.” This theoretical framework provides a foundation for predicting particle
transport and deposition in bend pipes under complex geometric constraints.

2. Materials and Methods
2.1. Model Configuration

This study investigates the pneumatic conveying bend integrated into the sepiolite
particle classification system. As illustrated in Figure 1, the pipe has an inner diameter
D =20 mm, with an inlet section of H = 10D and an outlet section of L = 5D. The curvature
radius R, = 40, 50, 60, and 70 mm, with corresponding curvature ratios § = R;/D of 2.0,
2.5,3.0, and 3.5, respectively.

2.2. Gas Phase Turbulence Model

In this study, the gas phase is assumed to be a continuous and incompressible fluid.
The RSM is employed to resolve the gas-phase turbulence. The continuity, momentum
conservation, and Reynolds stress transport equations have been thoroughly described in
Refs. [20,30] and are not reiterated here.
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Figure 1. Structural parameters of pneumatic conveying bends.

The near-wall treatment employs the Enhanced Wall Treatment (EWT), which com-
bines a two-layer zonal model with enhanced wall functions. The viscous-affected near-wall
region (Rey < 200) is resolved with Wolfshtein’s one-equation model [32], while the fully
turbulent region (Rey, >200) is governed by the RSM transport equations. The wall Reynolds
number Rey is defined as follows:

Rey = 1K M

The turbulent dissipation rate ¢ and dynamic viscosity y; are computed as follows:

k3/2
e = 7 ()
€
ue = pCul,Vk. 3)

where [, represents the momentum transport length scale, characterizing the effective
range of turbulent momentum diffusion in the wall-normal direction, and I, denotes the
energy dissipation length scale, representing the characteristic length associated with the
transfer of turbulent kinetic energy from large-scale, energy-containing eddies to small-scale
dissipative eddies. The specific mathematical definitions are as follows:

b = yCi(1— e~/ M), @

le = yC (1 _ o (Rey/ Ae>). )

where C; = KC’:3/4 (x = 0.4187 is the von Karman constant), C, = 0.09, A, = 70 and
A = 2C,.

2.3. Particle Phase Motion Model

The DPM is employed to track particle motion. Since the particle-to-gas volume
fraction in the computational domain is 0.08%, well below 5%, interphase interactions and
inter-particle collisions are neglected [33]. The discrete phase consists of sepiolite particles
with a density ratio to the fluid of 1420.41. Therefore, minor forces such as the pressure
gradient, Basset, and virtual mass forces are disregarded. All particles are treated as non-
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rotating solid spheres, so the Magnus force is also neglected [34]. The motion equation for
the particle phase is as follows:

du
=L = m,,g(1 - ;;) + Fp + Fs + . ©)

where m,, is the particle mass; g is the gravitational acceleration; u, is the particle velocity
vector; p and p, are the fluid and particle densities, respectively. The drag force (Fp),
Saffman lift force (Fs), and Brownian force (Fg) are defined as follows:

3uCpRey

)

where p is the dynamic viscosity d) is the particle diameter, Cp is the drag coefficient of
momentum transfer for fluid and particle, Re) is the Particle Reynolds number.

24

Riep’ Rep <1
o = 24 0.687 ®
RT,,(l +0.15Re,"%7), 1 < Re < 400
dlu—
Re, = M )
H
where u is the fluid velocity. Fs and Fp are defined as follows:
1/2
FS = mp%msij(u — Ltp), (10)
pdp(SikSir)
7'[50
Fp = mpC AL (1)
216vTk
5o = —21ovTh (12)
nzppdpSCC

where K. = 2.594 is the constant coefficient of Saffman lift force; Si]- is the mean strain-rate
tensor;  ~ N(0,1) is the independent Gaussian white noise; T is the absolute temperature
of the fluid; k, = 1.38 x1072% J/K is the Boltzmann constant; S is the particle-to-fluid
density ratio; and C, is the Cunningham correction factor, defined as follows:

Cc =1+ 2—)‘ (1.257 + 0.4e<]'zlf”>>. (13)
p
where A = 0.065 um is the free path of gas molecules.

The effect of turbulence on particle motion is analyzed by the Discrete Random Walk
(DRW) model. This method enables accurate quantification of the effects of turbulent
fluctuations on particle diffusion and deposition [29]. Combining the RSM with DRW
provides an effective approach for investigating particle deposition [30,34]. The turbulent
fluctuation velocity is defined as follows:

up = g\ ul?, (14)
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where 1/ u_;2 is the root mean square (RMS) of the i-th velocity fluctuation. The turbulent
eddy and integration time scales are defined as follows:

1, = 2Ty, (15)
k
T, ~ 0.305. (16)

2.4. Particle-Wall Interaction Model

Based on the critical deposition velocity theory of Brach et al. [35], a model for de-
termining the contact state between particles and the pipe wall was constructed in this
study. It is characterized by two states: wall rebound and adhesion deposition, as shown in
Figure 2. The determination of contact states is defined as follows:

_ [0 [op] > o
Pstute - { 1, ‘Upn‘gvcr (17)

where Pstqre denotes the contact state. vy, is the normal impact velocity component of the
particle. v, is the critical deposition velocity. Deposition occurs when ‘vpn | < v,y; otherwise,
the particle rebounds. The v, is defined as follows:

10
2E |7
Oer = {m] . (18)

where the particle restitution coefficient R = 0.9 [36]. The effective stiffness E is calculated

as follows: )
5

572 (ks + kp)
E=051|—">"_“"1, (19)
4pp>2
1 —v2
ks = <E. (20)
K = i 21
r - 7TEp . ( )

where E; and E,, are the equivalent Young’s modulus for the wall and particle, respectively.
vs and v, denote the corresponding Poisson ratios.

Impact particle Rebound particle Removed particles

/ / /

|
|
|
|
|
|
|
|
|
|
|
|
I
|
! Pipe wall

Figure 2. The schematic of particle-wall interaction.

The evolution of particle deposition is regulated by the interplay between adhesion
and removal mechanisms, and this phenomenon is particularly significant in high-velocity
flow regions [37]. Based on the JKR adhesion theory, Soltani et al. [38] proposed the critical
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shear velocity (v «rit) required for particle detachment from the wall, a result that has been
confirmed in subsequent research [39].

1
CCS/ZWEx /2 3

Vrepit = 046(———5—) 22
T,crit ( P3/2dp2K1/2 ) ( )
-1
4l1-12 1-03
K=_ S 2 2
3[ Es + E, ] ! (23)
Tw,crit = UT,critzp- (24)

where W, is the adhesion work, K is the composite Young’s modulus, T, . is the critical
wall shear stress. When the wall shear stress T,, > Ty, ¢+it, adhered particles will be detached
by the fluid.

In bend pipe flow, centrifugal forces significantly enhance the tendency of particles to
impact the wall. This study employs the Grant-Tabakoff rebound model to describe the
energy loss and velocity variation in particles after impacting the wall:

en = ' — 0993 —1.760 + 1.560% — 0.4963
ol (25)
22— 0.988 — 1.660 +2.116% — 0.676°3

et = Ot

where 6 denotes impact angle, ¢, and ¢; represent normal and tangential restitution coeffi-
cients, respectively; v, represents tangential components of particle impact velocity. The
superscript “/” denotes a rebound variable.

2.5. Particle Deposition Characteristic Parameters

The deposition characteristics of particles are characterized by St, the deposition
velocity (V;), and the dimensionless deposition velocity (Vj) [33,34]. St is defined as the
ratio of the particle relaxation time (7;,) to system response time (7).

T, SCedp?ium

St = = —, 26
Ts 9vD (26)
Ne,
Dumln<1— I\?inp)
Vi = ————"2, @7)
1% \%
vi= 4= (28)

u LV Tw/P‘

where u,, is the mean flow velocity, Lc is the computational domain length, Ny, and Nj;,
are the numbers of deposited and released particles, respectively, u* is the wall frictional
velocity, T, is the wall shear stress. The Reynolds number is defined as follows:

Duyy,

Re = 29
e o (29)

The effective adhesion rate #, and the effective collision coefficient Rc of the particle
are defined as follows:

N
fa = % % 100%, (30)
c
Re = % (31)
1

where N, is the contact frequency between the particle and the wall.
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3. Boundary Conditions and Model Validation
3.1. Numerical Method and Boundary Conditions

The numerical framework was established in ANSYS Fluent 2021R1, which solves
the fluid governing equations via the finite volume method. The particle-wall interaction
model was implemented by UDF (DEFINE_DPM_BC macro). Pressure-velocity coupling
was handled through the SIMPLEC algorithm. Spatial discretization employed a second-
order scheme for pressure, a second-order upwind scheme for convection, and a central
difference scheme for diffusion. Solution convergence was considered achieved when
residuals fell below 1 x 107> and the monitored variables stabilized within a 1% variation.

To establish fully developed turbulent inlet conditions, an auxiliary simulation was
conducted in a straight pipe section spanning 10 diameters [40], with a gas velocity of 8m/s,
as shown in Figure 1. Periodic boundary conditions were applied at the inlet and outlet
of this auxiliary domain, with the mass flow rate maintained constant by dynamically
adjusting the streamwise pressure gradient. After the flow reached a fully developed state,
the flow field data at the outlet plane were extracted and imposed as the inlet boundary
condition for the main simulation [41].

In the main simulation, the pipe wall was assigned a no-slip condition, and a pressure-
outlet condition was specified at the outlet. The wall material was polymethyl methacrylate
(PMMA), with sepiolite particles constituting the dispersed phase. Due to their high
specific surface area and surface energy, sepiolite particles exhibit a strong propensity
for adhesion and deposition on pipe walls during pneumatic conveying. Particle size
distribution was measured using a LAP-W800H laser particle size analyzer, and the contact
angle parameters were obtained using a DSAS100 contact angle testing system to calculate
particle surface energy. The corresponding results are presented in Figure 3, with the key
physical parameters summarized in Table 1.

Table 1. Material physical parameters.

Physical Parameters Value
Gas temperature T/ (k) 298.15
Gas density p/(kg/m?) 1.225
Dynamic viscosity u/(kg/m-s) 1.789 x 1075
Particle density p P /(kg/ m3) 1740
Wall density ps/(kg/m?) 1160
Poisson ratio of particles v, 0.2
Poisson ratio of wall v 0.375
Young’s modulus of particles E,/(GPa) 1.106
Wall Young’s modulus E; /(GPa) 2.75
Volumetric specific surface
ren/ (CE‘IZ Jem) 31,124.56
Adhesion work W, /(J/m?) 0.0523

To cover the primary range of the actual particle size distribution, seven characteristic
particle sizes (n = 7) were selected at equal intervals from J,,i;, = 5% to dyax = 95% based on
the cumulative volume distribution: 3.0 um, 7.0 um, 12.0 um, 18.0 um, 26.0 pum, 40.0 um,
and 65.0 um. The specific selection method is as follows:

i—1

(Si = 5min+ n

j(‘smux - (Smin) (i € N*) (32)

After the flow field converged, 10,000 spherical particles were uniformly released at

a circular cross-section located 10 mm downstream from the inlet. Statistical verification
confirmed that releasing more than 1000 particles can ensure stable statistical results [42].
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The initial velocity of particles was set to the local mean fluid velocity at the injection
position. Particles exiting the outlet were regarded as “escaped” and excluded from
subsequent calculations.

6 Imm Diiodomethane
—— Volume fraction (%) P

—e— Cumulative volume ratio (%) 100
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1
B
(=]

Glycerinum

Volume fraction (%)
= w
)
S
Cumulative volume ratio (%)
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Particle diameter (pm)

(a)

Figure 3. (a) Particle size distribution of sepiolite particles; (b) Contact angle of sepiolite particles.

3.2. Grid Independence Analysis and Numerical Model Verification

The computational domain was discretized using a structured grid, with local re-
finement applied in the bend and near-wall regions, as shown in Figure 4a. Four mesh
schemes were selected for grid independence verification, with the mean gas velocity and
mean pressure on five cross-sections in the bend region as the evaluation indicators. The
corresponding grid information and pressure drop are presented in Table 2.

(b)
Inlet 812+ §
5:5, 8.10
2
'S 8.08 o
=}
©
>
Boundary layer o 8.06 1
grids refinement g —=— Grid—A
z 304 —— Grid—B
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: A 0° 30° 45° 60° 90°
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E \ \ \
7777777 % sS4t \\
A Local grids refinement & \
Py al g ) \:
- s Sl
7 o
\ >
N / < .
Z 48 1
X 0° 30° 45° 60° 90°
Y Cross section position

Figure 4. (a) Grid model; (b) Mean gas velocity at cross-section; (c) Mean pressure at cross-section.

As shown in Figure 4b,c, the pressure drop deviation between Schemes C and D was
less than 1.5%, and the mean velocity and pressure distributions at all monitored locations
were nearly identical. Considering both computational cost and accuracy, Scheme C was
selected as the standard for subsequent mesh generation: 16 boundary-layer layers, a
first-layer height of 0.03 mm, and a normal growth rate of 1.15.

https:/ /doi.org/10.3390/pr14081261


https://doi.org/10.3390/pr14081261

Processes 2026, 14, 1261

10 of 25

Table 2. Grid division scheme in grid independence verification.

Scheme Cells Nodes Number of Cross-Sectional Grids Pressure Drop (Pa)

A 219648 212457 1024 34.886
B 406240 394933 1520 33.187
C 694692 677888 2001 31.508
D 969904 949455 2652 31.233

To assess the accuracy of the numerical model, the dimensionless fluctuation velocity

u;jm s =V uTZ/ u” was compared in the fully developed region, as shown in Figure 5a. The

simulated results agree well with the data reported by Yan et al. [41] and Wu et al. [43],
with a maximum deviation of 7.06%, primarily attributable to differences in Reynolds
number. Further validation was conducted by comparing the dimensionless mean stream-
wise velocity us/uy, (where us is the streamwise velocity) at various cross-sections, as
presented in Figure 5b. The position is normalized by the dimensionless center wall dis-
tance r' = (r—r;)/(ro — ;). The predicted us/u, values are in excellent agreement
with the numerical results of Yan et al. [41] and follow the trend of the experimental data
of Sudo et al. [44]. Although observable deviations exist in the near-wall region. These
discrepancies are mainly due to the resolution limitations inherent in early experimental
measurements and are considered systematic errors within an engineering acceptable range.
This indicates the reliability of the present model in capturing turbulent flow structures.

(@) (b)l o Present RSM == Yan(2021) LES + Sudo(1998) EXP
3.0 ut - — Present RSM ook " ! 1 logo !
§ ,r.ms »~
Vet - - Yan(2021) LES . a
25 e Wu(2008) DNS
0.75}
=~ 0.5
025}
10° 10 107 Tl — /
v 0.00.7 1.4 Uyl

0—=
'% "
08 & -
1
0.6 F
*
-
04} 1& - 2
L A
]
02F 4 S
ﬁ |
0.0 1 - 1

| IS E—— !
08 1.0 12 uyu

Figure 5. Gas-phase velocity and particle-phase velocity verification: (a) Gas-phase velocity: ug’m s

and y+ (Yan (2021) [41], Wu (2008) [43]); (b) Gas-phase velocity: (us/ uy) and " (Yan (2021) [41],
Sudo (1998) [44]); (c) Particle-phase velocity: (up/um) and r* (Kliafas (1987) [45], Guo (2020) [27]).

Validation was further extended to the dimensionless particle velocity Up /U, at cross-
sections of o = 0°, 15° and 30°, using the experimental parameters of Kliafas et al. [45]. As
illustrated in Figure 5c, the predicted results agree well with previous studies. Although a
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noticeable deviation from the experimental values is observed at « = 30°, the results are
consistent with the data in Ref. [27]. This agreement further confirms the reliability and
accuracy of the present numerical approach and computational model.

4. Results and Discussion
4.1. Flow Field Characteristic Analysis

Figure 6 presents the distributions of flow velocity and velocity vectors at various
deflection angles for 6 = 2.0. Upstream of the bend, at AZ/D =1, the mainstream velocity
is oriented perpendicular to the pipe cross-section, with the maximum velocity located at
the geometric center. This yields a centrosymmetric contour pattern characteristic of fully
developed turbulent flow.

velocity NN | )

0.00E+0 1.14E+0 2.27E+0 3.41E+0 4.55E+0 5.68E+0 6.82E+0 7.96E+0 9.09E+0 1.02E+1

0\
{

Figure 6. Comparison of velocity distribution at different cross-sections with é = 2.0: (a) cross-section
with AZ/D = 1; (b) 0° cross-section; (c) 30° cross-section; (d) 45° cross-section; (e) 60° cross-section;
(f) 90° cross-section.

Upon entering the bend section, the flow structure is markedly altered by centrifu-
gal forces and the resulting radial pressure gradient. In the initial segment of the bend
(a = 0-30°), the high-velocity core region shifts progressively toward the inner wall, induc-
ing a localized acceleration zone adjacent to it. As the flow develops, centrifugal effects
increasingly drive fluid toward the outer wall. At a = 45°, a pronounced low-velocity
region emerges near the inner wall, giving rise to a recirculation zone that extends from
the inner to the outer wall. This recirculating vortex continues to strengthen as the flow
develops downstream.

The vorticity distribution in the bend region is shown in Figure 7, where |w"| repre-
sents the vorticity intensity along the mainstream direction within the cross-section. A
pair of Dean vortices exists, symmetrically distributed along the central axis A-A’ and
rotating in opposite directions. This structure arises from centrifugal forces that drive the
near-wall fluid towards the outer wall, thereby generating a radial pressure gradient within
the cross-section and inducing a recirculation of the outer wall fluid towards the inner wall.
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This is a typical feature of flow in bends, and its intensity is typically quantified using the

De = Re+/D/2R,. (33)

Dean number (De).

oo | | I | || | s

5.00E+2 4.33E+3 8.17E+3 1.20E+4 1.58E+4 1.97E+4 2.35E+4 2.73E+4 3.12E+4 3.50E+4
(a) (b) (d)

De=5548.83 De=5548.54 De=5526.21

(2

De=5530.84

(e) ®

Inner
bend

De=5487.36 De=4947.28 De=4506.30 De=4165.77

Figure 7. The vorticity field distribution in the bend region. (a—e): cross-sections at 30°, 45°, 60°, 90°
and AX/D =1 (6 =2.0); (f-h): § =2.5, 3.0 and 3.5 (45° cross-section).

The vorticity is concentrated within the shear layer between the inner wall of the bend
and the Dean vortex core. As the flow develops, the vorticity intensity first increases and
then decreases. When & = 45°, the centrifugal force and viscous dissipation are in optimal
balance, and the secondary flow intensity reaches the peak. Subsequently, viscous effects
become dominant, causing a gradual decrease in the proportion of high-vorticity regions.
This trend is consistent with the Dean vortex’s variation along the flow direction. Notably,
the Dean vortex structure is clearly observed in the downstream straight pipe at AX/D =1,
indicating that the secondary flow exhibits significant persistence downstream, and its
vorticity attenuation mainly depends on viscous diffusion.

To further clarify the evolution of secondary flow, the absolute vorticity flux (] z¢)
and the secondary flow Reynolds number (Se) are introduced for analysis [46]. As shown
in Figure 8a, |} 5o and Se exhibit a trend of first increasing and then decreasing with flow
development, reaching a peak at o = 45°, which is consistent with the variation pattern of
the Dean vortex intensity. With the increase in 6, ] 5 and Se continue to decline. When
combined with Figure 7b,f-h, it can be observed that the Dean vortex intensity weakens
simultaneously, indicating that increasing J reduces the centrifugal driving force, inhibits
the momentum exchange between the mainstream region and the near-wall region, and
thus weakens the development of secondary flow.
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Figure 8. (a) The variation of ] ;¢ and Se with cross-sectional position under different § conditions;

(b) Pressure coefficient (Cp) along the inner and outer walls of the pipe under different § conditions.

Further analysis indicates that changes in secondary flow intensity are closely related

to the radial pressure gradient. As shown in Figure 8b, an increase in J reduces the

disparity between the pressure coefficients (Cy) of the inner and outer walls, accompanied
by a decline in the radial pressure gradient. This gradient reaches its maximum at « = 45°,
corresponding to the peak position of secondary flow intensity.

A
n _ 1 n
Japs = Afojlw |dA, (34)
D-J"%»c)D D?
Se = p( ];;BS) — py ]ﬁBS' (35)

In summary, the curvature ratio dominates the evolution of the Dean vortex structure

by regulating the interaction between centrifugal force and the radial pressure gradient.

Centrifugal force directs fluid from the inner wall toward the outer wall, while the radial

pressure gradient drives high-pressure fluid back from the outer wall to the inner wall.

Increasing ¢ inhibits this mechanism: on the one hand, the centrifugal force weakens, and

the initial kinetic energy required for flow instability decreases accordingly; on the other

hand, the Dean vortex’s recovery ability decreases as the radial pressure gradient decreases.

Ultimately, this reduces secondary flow intensity and the mixing efficiency of fluids in

the core and near-wall regions, significantly impacting particle transport behavior in the

bend pipe.

4.2. Particle Flow Distribution Characteristics

The particle flow distribution within the bend region exhibits significant differences,
as shown in Figure 9. The low-inertia small particles (d, = 3 um, St = 0.041) primarily follow
the fluid flow, exhibiting a “high-dispersion, weak-aggregation” pattern. When « > 45°, the
synergistic effects of Saffman lift force, Brownian motion, and turbulent diffusion lead to the

gradual accumulation of particles in the low-velocity region near the inner wall, forming a

T-shaped accumulation zone. As o further increases, this zone gradually migrates toward

the center of the pipe, consistent with the observations reported by Noorani et al. [47].
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Figure 9. Particle flow distribution and velocity mapping in different cross-sections of the bend
region (6 = 2.0): (a) 3 um particles; (b) 18 um particles; (c) 65 um particles.

For low-inertia particles, the formation of the T-shaped low-velocity accumulation
zone is the result of the synergistic interaction of multiple transport mechanisms. Specif-
ically, in regions characterized by high velocity gradients, the Saffman lift force exerts a
dominant influence on the particle lateral migration, thereby driving the particle accumu-
lation toward the low-velocity regions. The random diffusion effect of Brownian motion
leads to a diffused boundary of the particle accumulation zone, resulting in “blurred” edge
characteristics. Turbulent diffusion dominates particle mixing in the mainstream region,
thereby inhibiting excessive aggregation. In comparison, the Dean vortices exhibit limited
efficiency in directionally transporting low-inertia particles, primarily guiding particles
from the outer wall region toward the central region, thereby providing a macroscopic flow
field framework for the final morphology of the T-shaped zone.

The motion behavior of particles with medium-inertia (d, = 18 um, St = 1.412) and
high-inertia (d, = 65 um, St = 18.288) is dominated by inertial effects. The particles exhibit
an “outer-wall agglomeration, inner-wall cavity” distribution pattern within the bend
region. At w = 30°, a distinct low-velocity accumulation zone emerges near the outer wall,
while a particle-sparse cavity forms near the inner wall. As « increases, the outer-wall
accumulation intensifies, and the inner-wall cavity expands further. At a = 90°, particles
adhere tightly on the outer wall, forming an extremely narrow rope-like accumulation zone,
with velocities only 6.77-27.50% of the local gas velocity. This distribution pattern is closely
related to the response ability of particles to fluid vortex structures. For particles with
St > 1, the relaxation time is longer, and inertial effects are significant. Under the influence
of strong centrifugal forces, particles cross the vortex core and migrate towards the outer
wall, gradually accumulating there. Due to the lack of an effective particle replenishment
mechanism, a persistent sparse region forms on the inner wall.

The flow distribution patterns of different inertia particles in pipes with varying &
are shown in Figure 10. The results indicate that the particle flow distribution in the bend
region is jointly regulated by é and particle inertia. For low-inertia particles, with the
increase in J, the centrifugal force, radial pressure gradient, and secondary flow intensity
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decrease synchronously, resulting in a reduction in the T-shaped accumulation zone on
the inner wall side. However, within the non-aggregation zone, the particles continue to
maintain a relatively uniform distribution.
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Figure 10. Particle distribution in the 45° cross-section at different 4 conditions: (a,b) 3 pm particles;
(c,d) 18 pum particles; (e,f) 65 um particles; (a,c,e) Probability density function (PDF) distribution of
particles along the centerline direction; (b,d,f) Particle position distribution in the cross-section.

The motion distribution of medium-inertia particles is jointly regulated by centrifugal
force and secondary flow. Increasing ¢ enhances the relative contribution of centrifugal
force to particle transport, which promotes further migration of particles to the outer wall,
resulting in an increase in the probability density function (PDF) peak at the outer wall
side. However, the increase in the cavity region on the inner wall side is limited, indicating
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that increasing J does not have a significant effect on the dominant transport mechanism of
medium-inertia particles.

The motion of high-inertia particles is primarily influenced by inertial and centrifugal
forces [48]. Due to the long relaxation time of particles and the poor following ability of the
Dean Vortex. It is difficult for them to be transported to the inner wall region by secondary
flows [49]. Under the influence of centrifugal forces, the particles continuously migrate
toward the outer wall, and their trajectories are hardly affected when crossing the vortex
core. At the same time, the particles respond weakly to turbulent fluctuations near the
outer wall and exhibit very limited transverse diffusion. These factors lead to the formation
of a rope-like accumulation zone on the outer wall and an extensive cavity with PDF =0
on the inner wall. As 6 increases, the width of the accumulation zone on the outer wall
increases, and its morphology expands from “rope-like” to “elliptical”, while the range of
the inner wall cavity expands further. The quantitative data on the velocity distribution of
high-inertia particles within the full cross-section and its variation with curvature ratios are
provided in Appendix A.

4.3. Particle Deposition Distribution Characteristics

Based on the differences in particle motion characteristics with distinct inertia, particles
are divided into two states: the diffusion-inertia transition regime (St < 1) and the inertial
collision-dominated regime (St > 1). In the diffusion-inertia transition regime, VdJr increases
with St and reaches a peak near St ~ 1. In the inertial collision-dominated regime, V"
decreases approximately linearly with increasing St, as shown in Figure 11a.

(b)
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Figure 11. (a) Stokes number (St) and dimensionless deposition velocity (VdJr ); (b) Stokes number (5¢)
and the effective collision coefficient Rc (dashed line) and the effective adhesion rate 7, (solid line).

Particle deposition can be divided into two stages: contact and adhesion, characterized
by the effective collision coefficient (Rc) and the effective adhesion rate (7,), respectively.
Deposition occurs exclusively when a particle makes effective contact with the wall, and
the probability of successful deposition subsequent to contact is contingent on adhesion
probability. Consequently, VdJr can be regarded as the coupled result of Rc and #,.

As shown in Figure 11b, for low-inertia particles (St < 1), 17, =~ 100%. This indicates
that particles can adhere when they contact with the wall. However, Rc is extremely low,
which limits the occurrence of effective contact events. Consequently, particle deposition is
governed by the contact stage, resulting in a low V. As St increases, Rc rises significantly,
indicating a higher frequency of particle-wall collisions. Meanwhile, #, decreases sharply,
reflecting a reduction in adhesion efficiency. At St =~ 1, both Rc and 7, reach moderate levels,
thereby establishing an optimal synergistic relationship. The relatively high contact fre-
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quency affords ample opportunities for adhesion, while the adhesion probability maintains
a sufficiently high level, causing V" to reach its peak. When St > 1, the sustained decrease
in 77, will restrict deposition, and the rebound effects will gradually dominate particle-wall
interactions. Although Rc remains a high level, particles are more likely to rebound upon
contact, making effective deposition difficult and causing V" to decrease steadily. These
results indicate that particle deposition behavior is governed by the competitive interplay
between the contact and adhesion stages. Specifically, low-inertia particles are limited by
Rc, while high-inertia particles are constrained by #,, with an optimal coupling achieved at
St~1.

To verify the universality of the J in regulating the deposition behavior of particles
with various inertia, two additional operating conditions were added: weak turbulence
(Re = 5489.20) and strong turbulence (Re = 16,454.69). The three operating conditions (the
original flow conditions: Re = 10,969.26) collectively form a comparative analysis of three
distinct flow states. The particle deposition characteristics in pipes with different J values
were quantified by the dimensionless deposition velocity ratio (y).

Vi
dod =25~35
y = A2 (36)
VvV
doé =20

As shown in Figure 12, the regulatory effect of § on particle deposition behavior
exhibits a consistent trend across three turbulent conditions. Within the diffusion-inertia
transition regime, increasing ¢ inhibits particle deposition (¢ < 1), and the degree of inhibi-
tion increases with . There is a notable correlation between this deposition inhibition effect
and the attenuation of secondary flow intensity induced by increasing é. The weakening of
the secondary flow reduces the lateral migration capability of particles, making low-inertia
particles more susceptible to being carried out of the pipe by the mainstream, thereby
inhibiting particle deposition. Conversely, in the inertial collision-dominated regime, in-
creasing 0 promotes deposition (y > 1), and the degree of promotion also increases with
d. This is attributed to the motion of high-inertia particles, which is primarily governed
by centrifugal forces. An increase in ¢ increases the curvature radius and prolongs the mi-
gration path of particles within the bend region. This enhances the probability of effective
collisions with the pipe wall, thereby promoting deposition.
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Figure 12. The relationship between the dimensionless deposition velocity ratio () and Stokes
number (St) under different flow conditions: (a) Re = 5489.20; (b) Re = 10,969.26; (c) Re = 16,454.69.

To investigate the spatial distribution characteristics of deposited particles, the pipe
was divided into four distinct regions along the flow direction: R1 (Z: —200 to —100 mm),
R2 (Z: —100 to 0 mm), R3 (0° to 90°), and R4 (X: 0 to 100 mm), as shown in Figure 13. The
analysis compared the overall deposition distribution of seven characteristic particle sizes
at different 6 conditions, along with the turbulence intensity (If) on the ZX symmetry plane.
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Total particle deposition increased by 7.91%, 14.26%, and 19.14% as J increased from 2.5
to 3.5. This growth trend is closely associated with changes in flow field structure and
particle dynamics: increasing J significantly weakens the radial pressure gradient and
secondary flow intensity, thereby inhibiting the evolution of turbulent energy, as reflected
by the reduced turbulent intensity in the figure. This attenuation effectively reduces
the entrainment and resuspension of particles by turbulent vortices, creating favorable

conditions for particle deposition.
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Figure 13. The overall deposition distribution of seven characteristic particle sizes and turbulence
intensity on the ZX symmetry plane at different J: (a) = 2.0; (b) 6 =2.5; (c) 6 = 3.0; (d) 6 = 3.5.
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From the perspective of particle dynamics, the deposition behavior exhibits distinct
responses in different St states. In the inertial collision-dominated regime (St > 1), particles
possess high inertia, and their trajectories are less affected by flow fluctuations. An increase
in 6 results in more gradual streamline curvature, reducing the impact angle (¢) when
particles impact the wall. This reduction lowers the normal restitution coefficient and
enhances kinetic energy dissipation during collision, thereby effectively inhibiting particle
rebound. This mechanism predominates in the inertial collision-dominated regime (St > 1),
where the resulting gain in deposition substantially outweighs the deposition inhibition
observed in the diffusion-inertial transition regime (St < 1), emerging as the primary factor
driving the overall increase in deposition.

Notably, as ¢ increases, the number of deposited particles also rises in the upstream R2
region. This phenomenon results from the “pre-bend flow field” effect, which intensifies
and extends upstream near the entrance of the R3 region. Before the fluid enters the
core curved section (R3), streamlines begin to deflect in advance due to the influence
of the downstream bend curvature [50]. With increasing o, the initiation point of this
streamline deflection extends further upstream to accommodate the larger curvature radius,
causing the flow field in the R2 region to exhibit bending characteristics earlier. This
extended streamline curvature significantly increases the probability of particle collisions
with the pipe wall before entering the core bend region, thereby enhancing deposition in the
R2 region.

Furthermore, the deposition contribution of each region is quantified by defining the
regional relative deposition rate (17,), where N ; denotes the number of particles deposited
in region i.

Ny = Nai x 100%. (37)
Ndep

In regions R1 and R2, 1, gradually decreases along the flow direction, with particles
exhibiting a uniform radial distribution. Upon entering the R3, the synergistic effects of
strong inertial effects and centrifugal forces significantly increase particle collisions with
the outer wall of the bend, causing #, to reach its maximum. This confirms that R3 is the
primary deposition zone. Within this region, the high-inertia particles accumulate toward
the outer wall at the dominance of centrifugal forces, resulting in a structure where high-
inertia particles accumulate on the outer wall while low-inertia particles disperse along
the inner wall. This further exacerbates the radial deposition gradient in R3 region. As &
increases, the reduction in turbulent intensity weakens the entrainment capacity of the fluid,
raising 7, in R3 from 46.23% to 53.30%. In the R4 region, curvature effects disappear, and
both secondary flow and turbulence intensity decrease substantially. Driven persistently
by inertial effects, particles primarily contact the pipe bottom, significantly reducing the
effective deposition area and leading to a rapid decline in 7,.

5. Conclusions

In this study, a coupled numerical method of RSM and DPM was employed, combined
with a UDF to construct a particle-wall interaction model. The motion characteristics
and deposition distribution of sepiolite particles with diameters from 1 to 100 um, were
systematically analyzed in a 90° bend pipe within a pneumatic conveying system. The
simulation covered the following conditions: pipe curvature ratio § = 2.0-3.5, Reynolds
number Re = 5489.20-16,454.69, and particle Stokes number St = 0.020-30.176. The main
conclusions are as follows:
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1. The dynamic behavior of particles in the bend is synergistically regulated by the
inertial effect and the secondary flow:

The low-inertia particles exhibit a “high-dispersion, weak-aggregation” distribution
pattern. The high-inertia particles exhibit an “outer-wall agglomeration, inner-wall cavity”
distribution pattern. The transition between these patterns occurs near St ~ 1, indicating
that the dominant mechanism of particle transport changes from turbulent diffusion to
inertial transport.

2. The curvature ratio exhibits a non-monotonic regulatory effect on the deposition of
particles with different inertia:

In the diffusion-inertial transition regime (St < 1), increasing the curvature ratio inhibits
particle deposition, and the degree of inhibition increases with the curvature ratio. The
observed deposition inhibition effect correlates well with the attenuation of secondary
flow intensity caused by the increase in curvature ratio. In the inertial collision-dominated
regime (St > 1), increasing the curvature ratio enhances the probability of effective collisions
between particles and the pipe wall. Consequently, particle deposition is promoted, and
the extent of this promotion increases with curvature ratio.

3. The sensitivity of particle deposition distribution to curvature changes stems mainly
from the inertial-screening effect in the near-wall region:

Increasing ¢ not only attenuates secondary flow and turbulence intensity, reducing the
resuspension effect of fluid on particles, but also enhances the inertial screening effect in
R3 region. This combination raises the deposition density gradient on the outer wall and
expands the cavity zone on the inner wall, thereby enabling effective regulation of particle
deposition patterns.

The present study focuses on the typical structure of a 90° bend pipe. Although
the model is representative, the actual pneumatic conveying system includes complex
geometric structures, such as different angles (45°, 60°, and 135°) and rectangular bends.
Moreover, the curvature ratio studied covers the typical range from sharp to gentle bends,
but does not involve the flow and deposition characteristics in pipes with a large curvature
ratio (6 > 4), which may limit the generalizability of the research conclusions.

In future research, consideration could be given to broadening the range of geometric
configurations and operating conditions, and further expanding the research scope of bend
angles and curvature ratios. It is essential to investigate the critical conditions for the
secondary flow structure instability and particle deposition mode transition under extreme
operating conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

Cross sectional area (m?)
Cunningham correction factor
Particle drag coefficient
Pressure coefficient

Pipe inner diameter (m)

Dean number

Particle diameter (m)
Effective stiffness (N/m)

Mean kinetic energy

Kinetic energy of inlet particles
Dimensionless mean kinetic energy
Equivalent Young’s modulus of wall and particle (Pa)
Normal and tangential restitution coefficients
Brownian force (m/s?)

Drag force (N)

Saffman lift force (m/s?)

Proportion of low-kinetic particles

Gravity acceleration (m/ s?)

Inlet section length (m)

Turbulence intensity

Absolute vorticity flux (s™hH

Composite Young’s modulus (Pa)

Turbulent energy (m?/s?)

Outlet section length (m)

Computational domain length (m)

Particle mass (kg)

Contact frequency

Number of deposited particles

Number of deposited particles in region i
Total deposition of specific sized particles
Total deposition of specific sized particles in region i
Number of releaseed particles

Contact state

Particle restitution coefficient

Curvature radius (m)

Effective collision coefficient

Flow Reynolds number

Particle Reynolds number

Wall Reynolds number

Radius of inner and outer walls of bends (m)
Dimensionless wall distance

Particle fluid density ratio

Secondary flow Reynolds number

Mean strain-rate tensor (s 1)

Stokes number
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DRW

EWT
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Greek symbols

Integral time scale

Air velocity (m/s)

Fluctuation velocity (m/s)

Air mean velocity (m/s)

Particle velocity (m/s)
Streamwise velocity (m/s)

Wall frictional velocity (m/s)
Critical deposition velocity (m/s)
Normal and tangential impact velocity of
particle (m/s)

Critical shear velocity (m/s)
Particle deposition velocity (m/s)
Dimensionless deposition velocity
Adhesion work (J/m?)

Normal distance of the wall (m)

Discrete phase model
Discrete random walk model
Enhanced wall treatment
Probability density function
Reynolds stress model
User-Defined Function

Bend deflection angle (°)
Dimensionless deposition velocity ratio
Curvature ratio

Turbulent dissipation rate (m2/s%)
Normally distributed random number
Effective adhesion rate (%)

Regional relative deposition rate (%)
Impact angle (°)

Turbulence length scales (m)
Boltzmann constant

Gas molecule free path (m)

Dynamic viscosity (kg/m:s)

Poisson’s ratio of wall and particle
Air density (kg/m?3)

Particle density (kg/m?)

Turbulent eddy time scale (s)

Particle relaxation time (s)

System response time (s)

Wall shear stress (Pa)

Critical wall shear stress (Pa)
kinematic viscosity (m2/s)

Eddy viscosity (m?/s)

Vorticity intensity in mainstream direction (s 1)

The velocity distribution of high-inertia particles across the cross-section of the bend

region under varying ¢ conditions is shown in Figure Al. The overall particle velocity
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distribution gradually decreases as « increases. This trend is further quantified by the
velocity frequency distribution of high-inertia particles, as depicted in Figure A2. As «
increases, the peak value in the high-velocity region gradually decreases, while that in the
low-velocity region gradually increases, with the velocity peak gradually shifting towards
the low-velocity region. After oc = 45°, the principal velocity peak is situated within the low-
velocity region, and the distribution becomes more extensive. This suggests that particle
collisions become increasingly random, with multiple collisions significantly attenuating
particle velocity.
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Figure A1. Particle flow distribution and velocity mapping within different cross-sections in the bend
region (65 um particles): (a) § = 2.0; (b) 6 =2.5; (¢) 6 =3.0; (d) 6 = 3.5.

The distribution of particle kinetic energy across various J pipe cross-sections was
analyzed using the dimensionless mean kinetic energy (E;), as shown in Figure A3a. On
the cross-section of a = 90°, E; increases from 0.2797 when & = 2.0 to 0.3515 when 6 = 3.5.
Correspondingly, the kinetic energy loss rate (1 — Ej) exhibits a decline from 72.03% to
64.84%, indicating that collisions on the inner wall of small § pipes result in more significant
kinetic energy dissipation.

_ Ek
E; = , Al
k Em (A1)
— 1 &1 S
Er(w,6) = Nigl 5 | upi | (A2)

where Ej, is the mean kinetic energy of the particles within the cross section, and Ey ;, is the
kinetic energy of the inlet particles.
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Figure A2. The velocity frequency distribution of high-inertia particles: (a) 6 = 2.0; (b) J = 2.5; (c)
6=3.0;(d) s =3.5.

A noteworthy phenomenon is observed at the cross-sections of & = 30° and 45°, where
Ej decreases with the increase in é. As illustrated in Figure A2, as § increases, the high-
velocity peak gradually decreases, and the low-velocity peak gradually increases at & = 30°
and 45°. This indicates that particles in pipes with large J will experience collisions earlier
or more frequently, leading to a faster loss of kinetic energy during the initial stage of
particle flow in the bend region. This finding suggests that the duration and intensity of
particle-wall interactions are not monotonically regulated by J, but rather depend on the
flow’s developmental stage.

@, , (b)
—=— (0 —o—30° —a—45° —v— 60° ——90° 100F  —a—(o—e—30°—4—45°——60°—+—90°
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Figure A3. (a) The variation in dimensionless mean kinetic energy of particles f,i with J; (b) The
variation in the proportion of low-kinetic particles f;,,, with é.

N(Ej < 0.4F;
frow(®) = (Ex kin) . 100% (A3)
Ntotul

To further quantify the effect of wall collisions, the proportion of particles with kinetic
energy below 0.4Ey ;,, is defined as the proportion of low-kinetic particles (f}o;). As shown
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in Figure A3D, f,,, decreases with the increase in J, while increases with the increase in «.
At o =90°, the f;,,, decreases from 92.48% when ¢ = 2.0 to 64.93% when ¢ = 3.5. This further
demonstrates that small  pipes experience more significant kinetic energy dissipation due
to enhanced particle-wall interactions.
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