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ABSTRACT

The flow field in a semi-circular duct is simulated by Large Eddy Simulation (LES) and its particle field is
simulated by Lagrange particle tracking method. Reynolds number Rep, (based on bulk velocity and hy-
draulic diameter) is 80,000 and Re; (based on friction velocity and hydraulic diameter) is 3528. Particle
diameter dp, is chosen as 10, 50, 100, 500 um corresponding to St as 0.10, 2.43, 9.72, 243.05. The results
show that the intensity of the secondary flow near the ceiling is less than that near the floor because the
ceiling is curved and able to inhibit the secondary flow. It is found that the difference between the semi-
circular duct and the square duct is that the secondary flow in a corner of the semi-circular duct is not
symmetrical along the diagonal although they have the same generation mechanism. Regarding the
particles, small particles (dp < 10 pm) are found to uniformly distribute in the duct, while large particles
(dp > 50 pm) preferentially distribute in the corner and floor center. The maximum particles (d, = 500
um) fall on the floor quickly and their dispersion mainly depends on the secondary flow near the floor.
Particle deposition in the corner depends on particle size due to the effect of secondary flow and gravity.
The effect of lift force on particles becomes more significant for 50 and 100 um particles in comparison
with other smaller particles. In the end, the effect of secondary flow is found to be more significant to
dominate particle behavior than that of flow fluctuation.

© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Ducts are widely used in computer components, equipment
connections, reaction rooms, separators and so on. Regarding the
geometry of the duct cross sections, circle and square are most
found while hexagon, trapezoid and semi-circle could be also
found. Based on the application of semi-circular duct in the
entrance of rotary kiln, Larsson et al. (2011) conducted experiment
and numerical simulation on the flow field in the semi-circular duct
and obtained the characteristics of the flow field. Semi-circular
ducts could be found in industries and daily life. For example, in
granular pneumatic conveying systems, granules like to deposit at
the duct bottom gradually and cause the circular duct to become a
semi-circular duct. In addition, in recent years, the building
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drainage pipe began to replace the circular duct by the semi-
circular duct in order to meet with the requirement by local situ-
ation. In industry, the impurities in the desulfurization pipelines,
the particles in the flue gas purification pipelines of power plants,
the hydrates in the oil pipelines and the erosion-corrosion products
in the chemical pipelines all tend to cause the circular pipe to
become a semi-circular duct. However, the investigation of the flow
in a semi-circular duct is little and the multiphase flow in it has
never been found. This is the original motive to do this work
including the characterizes of single phase flow in a semi-circular
duct as well as particle behavior (dispersion and deposition) in it.

Secondary flow is the principle characterize of the semi-circular
duct flow. It is known that the secondary flow can be divided into
Prandtl's first and second kind secondary flow upon two different
working mechanisms (Bradshaw, 1987). The first is due to pressure-
driven, for example the secondary flow can be found in a bend and
its velocity is about 30% of the bulk velocity (Liou et al., 2003;
Shimizu et al., 1992; Westra et al., 2010). The second is due to
turbulence driven and found in noncircular ducts, such as the
square duct (with 1-2% of the bulk velocity) and the semi-circular
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duct (Pirozzoli et al., 2018).

The secondary flow occurred in a square duct is first found and
confirmed by Nikuradse (1930). Since then, more and more
experimental works have been developed to improve the theory.
With the progress of computer technology, numerical simulations
were used to investigate the secondary flow (Brundrett and Baines,
1964; Gessner and Jones, 1965). The simulation of turbulence in a
square duct by Reynolds stresses model (Launder and Ying, 1972)
indicated that the secondary flow is related to the anisotropy of
Reynolds stresses while isotropic turbulence model was unable to
present the secondary flow. Moreover, it is confirmed that the
secondary flow does not occur in a laminar flow (Madabhushi and
Vanka, 1991). In recent years, some advanced computation tech-
nologies have been developed to study the secondary flow in
square duct flows including LES (Breuer and Rodi, 1994) and DNS
(Gavrilakis, 1992).

The secondary flow in a square duct is composed of two sym-
metrical eddies at each corner. For each eddy, the fluid flows
diagonally from the duct center to the duct corner, and then move
along the floor from the corner to the floor centre. The magnitude
of the secondary flow velocity is about 1-2% of that of the
streamwise flow. Due to being perpendicular to each other, the
secondary flow plays a significant role at the cross section and
causes the contour of streamwise mean velocity to bulge towards
the corner (Gavrilakis, 1992). The working mechanism of the sec-
ondary flow was discovered by DNS (Huser and Biringen, 1993) for
a square duct. It is found that the generation of secondary flow is
related to the coherent structure near wall especially that at corner.
The turbulence interaction near adjacent wall tends to change the
original coherent structure and results in the generation of sec-
ondary flow. Moreover, such turbulence interaction also changes
the distribution of Reynolds stress at the cross section.

Besides the square duct, secondary flow can also been found in
rectangular duct (Vinuesa et al. 2014, 2016), hexagonal duct (Marin
et al.,, 2016), triangular duct (Hurst and Rapley, 1991), rounded
square duct (Vidal et al., 2017), and so on while the characteristics
of these secondary flows are different from each other due to
different shape of the cross section. In this work, the geometry of
the duct cross section is semi-circular and four vortexes are found
near two corners (Larsson et al., 2011). Large Eddy Simulation (LES)
was used to simulate the single-phase.

Regarding particle dispersion in turbulent flows, Friedlander
and Johnstone (1957) studied small particle deposition in a flow
with wall boundary by experiments, where the walls were coated
with an adhesive glue to stop particles movement once they de-
posit on the wall. In this work, free-flight model was first proposed
as that particles transported and carried by turbulent flows and
gained enough inertia to slide through the viscous sublayer and
then deposited. Based on this, more theories involving particle
deposition were developed. McLaughlin (1989) further developed
the free-flight model and concluded that deposition was mainly
caused by free flight due to particle high deposition velocity. Later,
Young and Leeming (1997) modelled the progress of particle
deposition with 100% particle-wall collision probability and
concluded that particle fluctuation near the wall is due to Brownian
motion. In addition, particle mixing, dispersion and deposition has
been widely investigated (McCoy and Hanratty, 1977; Wood, 1981).
A Lagrangian Stochastic-Deterministic model of particle motion in
turbulence was established (Milojevié, 1990) in 1990. Recently, Park
et al. (2017) proposed a simple subgrid model in Large Eddy
Simulation (LES) to simulate isotropic particle-laden turbulence. In
theory, although the energy involved in sub-grid eddies is much
less than that involved in large eddies, sub-grid eddies still affect
the particle behaviors. However, the subjects of this research are a
large number of particles instead of single-particle. It is possible for
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sub-grid eddies to affect behaviors of single particle, but statistical
laws are not changed. In statistical terms, large eddies with abso-
lute advantage in energy are decisive factor of particle motion. So,
lots of papers aimed to study particle behaviors in turbulent flows
by point-particle model coupled with LES have been published,
including studies of particle-laden flows with both large density
ratio (Mallouppas and Wachem, 2013) and small density ratio
(Ogholaja et al., 2018). It indicates the validity of this method.

Particle in isotropic turbulence has been widely investigated.
Squires and Eaton (1990) studied the influence of turbulence on
particle concentration by Direct Numerical Simulation (DNS) of
isotropic turbulence and found that light particles preferentially
distribute in regions with low vorticity and high strain rate. Kussin
and Sommerfeld (2002) conducted an experimental study to re-
view the effect of wall roughness on particle channel flow. Biferale
et al. (2005); He et al. (2005); Kajishima (2004); Salazar et al.
(2008); Vreman (2007) paid a lot effort to investigate particle
rotation, separation and aggregation. Hadinoto and Curtis (2009)
studied particle-laden turbulence at different Reynolds Numbers.
The work (Burton and Eaton, 2005; Ferrante and Elghobashi, 2003;
Portela and Oliemans, 2003; Schneiders et al., 2017) discovered the
working mechanisms of the interaction between particle and tur-
bulence. In recent years, some direct numerical simulations of
particle motion in boundary layer have been carried out. For
example, Sardina et al. (2012) studied turbophoresis effects in
presence of various local Stokes numbers and found that the wall
particle dynamics is dominated by the phenomenology of turbo-
phoresis that is controlled by a viscous Stokes number varying at
streamwise direction. Li et al. (2017) studied heavy solid particle
dispersion in a spatially developing turbulent boundary layer over a
flat plate and found that the spatial evolution of the particle wall
concentration along the streamwise direction is similar to that of
the mean skin-friction coefficient. In addition, some work has been
carried out for particle motion in anisotropic turbulence. Winkler
et al. (2006) studied the behavior of particles in a square duct,
but the effect of gravity on particles was not considered. Yao and
Fairweather (2010) studied particle distribution and resuspension
at high Reynolds numbers as well as in a large range of particle size
(Yao and Fairweather, 2012).

In this work, the flow Reynolds number is 80,000 and particles
considered ranges in 10—500 pm with corresponding Stokes
number 0.1—243. Particle dispersion in a semi-circular duct was
studied. The flow field was simulated by Large Eddy Simulation and
particle trajectory was computed by Lagrange tracking method
taking account of gravity, buoyancy, drag force and lift force.

2. Mathematical model
2.1. Flow configuration

Simulations of the fully developed turbulent flow through a
semi-circular duct were performed at a Reynold number based on
bulk velocity and hydraulic diameter, namely Rep, = 80,000. The
flow configuration is shown in Fig. 1, where spanwise, vertical, and
streamwise directions are denoted as x, y, and z, respectively. The
coordinate origin is set at the midpoint of the duct floor. The cor-
responding velocity components set at the (x, y, z) directions are (u,
v, w). The angle between the curved ceiling and the straight floor is
about 70° and the ceiling radius r = 50 mm. Other geometric di-
mensions are shown in Fig. 1. The hydraulic diameter of the duct
Dy = 42 mm. Periodical conditions were imposed at the streamwise
direction, where the computational domain length was set as
L, = 4mDy = 528 mm. The duct length is sufficiently long to contain
the streamwise-elongated, near-wall structures presented in wall-
bounded shear flows. Such structures are rarely expected to be
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Fig. 1. (a) Schematic of computational domain (mm); (b) in-plane spectral element mesh considered in the case, with a total of 4080 elements in the x-y plane.

longer than approximately 1000 wall units (Rhie et al. 1983). The
boundary conditions for the momentum equations were set as no-
slip at the duct walls.

The physical domain was discretized using 7.18 x 10° grid
points. All discretization was set uniformly at the streamwise (z)
direction while at the spanwise (x) and vertical directions (y) grid
points were set denser near the wall. The closest point to the wall
was placed at x* or y*© = 1. In this work “+” denotes inner scaling
with the mean friction velocity w;m and the viscous length [* = v/
wrm. The flows investigated have bulk Reynolds number
Re, = wpDy/v as 80,000 and the equivalent friction Reynolds
number Re; = w; ,Dy/v as 3528.

2.2. Large Eddy Simulation

In previous studies, the Reynolds Stress Model was used to
simulate the semi-circular duct (Larsson et al., 2011). However, flow
turbulence was not able to be obtained by this model due to its
limitation. In order to obtain the turbulence of flow field, Large
Eddy Simulation (LES) was developed to investigate the semi-
circular duct. It is known that LES is able to provide temporary
flow full information including the flow turbulence so it does not
need to introduce approximate models to obtain transient velocity.
It is known that LES separates large and small vortexes by filtering
function, where large vortexes are directly simulated and small
vortexes are closed by models (Js, 1963). In this work, the top-hat
filter is adopted to filter vortexes at different scales (Germano,
1992). The continuity equation and momentum equation of
incompressible, constant physical property, Newtonian fluid are
listed as following.

ou;

o (1)
an

o, ouou;  op/p 0 [

R an - axi B 67)(] UU +TU (2)

In Eq. (2), a; = —2v5;; is the kinematic viscous stress tensor and
7jj = Ul — U;ll; represents the effect of the sub-grid scale on the
resolved scale. Such term is called as sub-grid scale stress and its
solution is required to solve the filtered equations. The sub-grid
scale stress model used in this work (Germano et al., 1991) repre-
sents the sub-grid scale stresses as the product of a sub-grid scale
viscosity vsg, and the resolved part of the strain tensor vsgs evaluated
as the product of the filter length A times an appropriate velocity
scale, taken to be 4 || 5 ||. The anisotropic part of the sub-grid scale
stresses is given by Eq. (3).

a

Ti=

= —2(CA)* |5 5§ (3)

which can be solved by applying a second filtering operation,
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denoted by ~, to Eq. (2). In the filtered equation, the sub-grid scale
stresses can be shown as:

Ty =ttty — (4)
and then
LijZTijf%ij:ﬁiﬂjfﬂin (5)

Such expression is known as the identity of Germano et al.
(1991), and involves only resolved quantities. To evaluate C, some
form of relationship between C and C%(~) at the grid-and test-filter
levels must be specified. Based on the hypothesis that the cut-off
length falls inside the inertial sub-range, the expression generally
used is:

C=C*(~) (6)

Such sub-range is not, however, guaranteed to occur in wall-
bounded at low Reynolds numbers, where the largest deviations
from universality of the sub-grid scale motions occurs in the
weakest resolved strain. The model parameters at different filter
levels are therefore proposed by Di Mare (2003).

C(~)= (7)

(Vg s
2v2472 || 5| | 5912

where ¢ is the dissipation and assumed that the flow has length
scale [ and velocity scale v as

8:V3/DH

where v is bulk velocity and Dy is the hydraulic diameter of the
semicircle duct.

Eq. (7) assumes that the scale of C can only be invoked if the cut-
off falls inside an inertial sub-range, and when this occurs the
modelled dissipation should represent the entire dissipation in the
flow. Conversely, in the high Reynolds number limit, the dissipation

is only determined by v and I, so that the ratio of e to 4~ || §3
measures how far the flow is from scale preserving conditions. This
equation is a first-order expansion of other scale-dependent ex-
pressions for C, which also use a single length and velocity scale
(Porté-Agel et al., 2000). Egs. (5) and (7), with contraction of both
sides with the tensor ~ s, then give:

(8)

~cld <a
[I~53 — Lg.sij

~2 _
, :2\/2(024) HIE:

C
e+2v247 || 5| | 592

9)

where C? is a provisional value for C?, i.e., its value at the previous
time step.
Computations were performed by using BOFFIN code that
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implements an implicit finite-volume incompressible flow solver
using a collocated variable storage arrangement. Fourth-order
pressure smoothing is applied to prevent oscillations in the pres-
sure field. The code has been used to investigate a wide range of
flows (Bini and Jones, 2008; Di Mare and Jones, 2003; Yao and
Fairweather, 2010, 2012).

2.3. Lagrangian particle tracking

Particle motion was modelled using Lagrangian approach. To
simplify this problem considered, some assumptions were made as
following. First, due to particle-laden flow being dilute, interactions
between particles were ignored and the flow-particle was one-way
coupled. Second, particle simulated was rigid sphere with the same
diameter and density. Third, particle-wall collision was elastic.
Based on these assumptions, the motion of a particle within the
flow is governed by the following equation:

v, 3p G

(V-Vp)|[V = Vp|+ (1= (n/pp))8

(10)

V-V

+1.615dpuRe2-5c,s%
where Vis the flow velocity and p the flow density, V}, is the particle
velocity and p, the particle density, d, is the particle diameter, and g
is gravity. w = V x V is associated with the fluid rotation. Res is the
particle Reynolds number in terms of shear flow, and ¢ = F/
Fjs s represents the ratio of the extended lift force to the Saffman
force (Saffman, 1968) as following.

0.0524(8Rep)°? for Rep > 40

Cls = (1033148 ) R/10 4 033146°

(11)

where § = 0.5Res/Rep, Cp is the Stokes coefficient for dragCp =
(1+0.15Re%87)-24/Re;, and Rey, is the particle Reynolds number
Rep =dp|V — Vp|/v. The last term on the right-hand side of Eq. (10)
is slip-shear force.

In this paper, only Stokes drag, gravity, buoyancy and lift force
are considered. The drag force is the main strength dominating
particle behavior in the flows as shown in Zhao et al. (2020). Due to
particle-wall impaction, electrostatic charge can be generated at
the particle surface and the duct wall (Yao et al., 2004). In this work
the duct considered was set at horizontal level and electrostatic
force generated was confirmed to be much lower than the gravity
by at least two orders of magnitude (Yao et al., 2006). In addition,
Hydrostatic force, Magnus force, Basset force and additional mass
force are ignored because they are much smaller than the forces
considered (Armenio and Fiorotto, 2001). Their study found that
the effect of these forces on particle dispersion is only about 1%
even for small density ratios.

The fourth order Runge-Kutta method was used to solve the
particle motion equation (Eq. (10)). Particles were randomly
distributed throughout the duct at the initial condition, and the
initial particle velocity was equal to the local flow velocity. Periodic
boundary condition was set as that particles leaving the outlet were
reintroduced into the inlet. The particle field is solved by the code
written by ourselves.

Particle and fluid densities were set as pp = 2500 kg/m> and
o 1000 kg/m3, respectively. The fluid kinematic viscosity
v = 1.004 x 1075, Particle diameter dp = 10, 50, 100, 500 um and
St = 0.10, 2.43, 9.72, 243.05, respectively. The total number of
particles simulated is 103-10* given that the statistical properties of
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the particles irrelevant to the number of particles. Other parame-
ters are shown in Table 1.

3. Results and discussion
3.1. Flow field analysis

To verify the accuracy of the proposed simulation approach and
the numerical solution method used, LES results of the fully
developed turbulent flow in a semi-circular were compared with
experimental data and RMS solutions (Larsson et al., 2011), as
shown in Fig. 2. Four profiles for spanwise mean velocity are
compared. The solid and dotted profiles present the current
simulation and Larsson's simulation (Larsson et al., 2011), respec-
tively. The points represent Larsson's experimental results (Larsson
etal,, 2011). Itis seen that current simulations agree well with other
works, which indicates that the simulation method used is adapted
to this study.

The contours of the streamwise mean velocity and vectors of the
secondary flow in the right half of the semi-circular duct are shown
in Fig. 3. Such secondary flow in a semi-circular duct have been
demonstrated by Larsson et al. (2011) experiments. Similar to the
secondary flow in the square duct, that in the semi-circular duct is
found to move from the center to corners and then return to the
center along walls. The ceiling of the semi-circular duct is inward
and two counter-rotating vortices formed in the corner are tangent
at the diagonal, which causes the vortices near the ceiling wall
occupy less space. The diagonal is the bisector of the angle between
the ceiling tangent at the corner and the floor. In Fig. 3b, it is shown
that similar to the square duct flow the secondary flow causes the
contours of streamwise velocity to distort slightly and bulge to-
wards the corner. It is found that the contours near the ceiling are
parallel to the wall. This is because the secondary flow near the
ceiling is always parallel to the wall.

It is known that secondary flows are related to flow fluctuations.
That is, the corner is not a sufficient condition for the secondary
flow. Larsson et al. (2011) proved that the secondary flow cannot be
obtained by isotropic turbulence model. As such the generation of
the secondary flow is related to the geometric shape of duct as well
as the fluctuation and anisotropy of turbulence. Turbulence in a
semicircular duct becomes one of the necessary conditions for
secondary flow generation. The generation mechanism of the sec-
ondary flow is proposed by Huser and Biringen (1993) as that the
flow fluctuation is so strong near wall that presents distinctive
structures as jets and sweeps. Such bursting behaviors are related
to the characteristics of the boundary layer near wall. The wall di-
rection determines the boundary layer direction and the turbulence
structure direction there (near the wall). As two walls cross and
form a corner, the bursting behaviors near them tend to interact
with each other. For a single wall, the bursting behavior presents as
a jet because there is no fluid mass beyond the end of the wall and
the flow can move perpendicularly to the wall. For two walls, the
ejection behavior induces at the end of two walls separately and
interacts at the corner, which forms the secondary flow. In the end,
due to the effect of continuity, the fluid moves toward the corner
and shape the secondary flow.

Table 1
Parameters used in the simulations of particle dispersion.

dp, um a3 St (rg) Tp, S Gravity-buoyancy, N
10 0.84 0.10 138 x 107° 7.70 x 10712
50 420 243 3.46 x 1074 9.63 x 10710
100 8.40 9.72 1.38 x 1073 7.70 x 107°
500 41.98 243.05 3.46 x 1072 9.63 x 1077
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Fig. 3. a Streamwise mean velocity contours and the secondary flow vectors, b the contours near the corner (red box in Fig. 3a).
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Regarding the semi-circular duct, the obvious difference from
other flows is the geometrical structure, where a straight wall
meets with an arc wall. Based on the analysis of the born mecha-
nism of a secondary flow, it is believed that the secondary flows
tend to be formed at corners in the semi-circular duct. Two vortices
near the corner distribute symmetrically along the angular bisector.
The secondary flow generates at a corner and two vortices occupy
the entire sections. In the semi-circular duct flow, at the corner, the
area between the curved wall and the angular bisector is much
smaller than the area between the straight floor and the angular
bisector. As such, the vortex generated near the curved wall is
restricted in a smaller space, and the size of the secondary flow is
smaller than that generated near the straight floor under the
angular bisector. In short, the secondary formed in the semi-
circular duct is asymmetric.

Generally, the secondary flow formed in a semi-circular duct is
similar to that formed in a square duct as both originate from the
corner. The angle of the corner determines the boundary between
the adjacent secondary flow vortices. The geometry of the walls
does not much affect the boundary between the adjacent vortices.
In Figs. 3 and 4, it is seen that at the center-plane the flow contours
do not deform significantly indicating that the secondary flow at
the center-plane is weak. Fig. 4 shows the contour of the secondary

flow v/u? +v2, which is normalized by the bulk velocity wy. It is
seen that the highest energetic region (in red) of the secondary flow
locates between the straight floor and the corner diagonal while
the lowest energy level is near the ceiling. The burst events lead the
secondary flow to occur near the wall and its maximum magnitude
is found near the floor. In addition, the ceiling curvature reduces the
effect of injection on the flow that makes the magnitude of the
secondary flow near the ceiling smaller. The magnitude of the
maximum secondary flow is about 2% of the bulk velocity, which is
similar to that in the square duct. In addition, it is found that the
general distribution of the secondary flow in a semi-circular duct is
similar to that in a square duct. However, the difference between
the semi-circular duct and the square duct is that the secondary
flow in a corner of the semi-circular duct is not symmetrical along
the diagonal. One branch of the secondary flow near the curve wall
is smaller than the other one near the straight floor indicating that
the curve wall tends to inhibit the secondary flow. It is suggested
that wall bending inward not only limits the space occupied by
vortex but also reduces the intensity of the secondary flow. The
latter may be related to decreasing the space at the normal

yIDy

0.2

0.4 0.6

X/Dh

0.8

Fig. 4. Secondary flow (v/u? + v2/wy,) contours.
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direction of the ceiling.

Fig. 5 is the contours of the turbulent kinetic energy (u2 +v2 +
m)/wﬁ), where the secondary flow is found to have a significant
effect on it. The maximum turbulent kinetic energy appears near
the ceiling and floor, while the local minimum presents at the
center section of the semi-circular duct and the global minimum
presents at the corners. It indicates that the turbulent fluctuations
are very strong near the wall because momentum exchange there.
On the other hand, the turbulent kinetic energy is minimum at the
corner under the effect of the adjacent walls, which decreases wall
shear stress and turbulent fluctuation.

Contours of the Reynolds shear stresses uw', vw', and W,
scaled by w m, are shown in Fig. 6. Reynolds stress component uw "
(Fig. 6a) is high near the ceiling wall and ¥w" is high at the top
ceiling and the floor bottom, which is similar to the turbulence
generated in a square duct. Regarding the square duct turbulence,
Marin et al. (2016) reported that the values of tw" and vw" are
fairly high near the vertical and horizontal walls respectively,
which may be due to the transportation of normal turbulence in
boundary layer. So it can be deduced that the region with the
highest tw" and 7w in the semicircular duct is independent of the
secondary flow. In the region below the diagonal (as shown in the
red box in Fig. 6a), uw"' reaches the local maximum level and
causes the secondary flow near the floor. Similarly, 7w" reaches the
local maximum above the diagonal and its direction is opposite to
that near the floor. The same conclusion can be obtained for 7w+ at
the top. Therefore, in Fig. 6b, the region in red boxes may be related
to the generation of secondary flows near the ceiling. In a square
duct, it is known that 7w is high along the diagonal, which can be
also found in a semi-circular duct. It causes the secondary flow to
move from the center to corners. Furthermore, the maximum "
in the semi-circular duct is found near the ceiling, which causes
transportation of wall-normal turbulence in the boundary layer.
Therefore, it can be concluded that the distribution of Reynolds
shear stresses in a semi-circular duct is quite similar to that in a
square duct.

Regarding the flow field near the floor in a semi-circular duct,
the profiles of streamwise velocity, spanwise and vertical fluctua-
tions at the four lines x = 0.1r, x = 0.3r, x = 0.5r and x = 0.7r are
shown in Fig. 7a—c, respectively. It is seen that the profiles of
streamwise mean velocity (Fig. 7a) at the four positions is very close
and the velocity near the center plane is slightly larger than that
near the corner. This is because the flow near the corner is
restricted by its adjacent walls. It is obtained that the velocity is
linear y* < 15 but logarithmic y™ > 15.

Fig. 7b and c shows the root mean square of the spanwise and
the vertical fluctuation, respectively. It is seen that the spanwise
fluctuation (Fig. 7b) decreases gradually from the center (x = 0.1r)
to the corner (x = 0.7r), while the vertical fluctuation (Fig. 7c) at
different positions is very close. In addition, it can be found that

-10 -08 -06 -04 -02

0
X/ Dh

Fig. 5. Contours of turbulent kinetic energy, (u? + v2 + w2)/w}
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spanwise fluctuations (Fig. 7b) rise faster than vertical velocity
fluctuations (Fig. 7c). This is because that the fluid motion is less
constrained by the floor at the spanwise direction in comparison
with the vertical motion. As such, due to constrain effect, the ve-
locity and fluctuation of the flow near floor is relatively small at the
vertical direction.

3.2. Particle field analysis

To investigate particle distribution, the cross section of a semi-
circular duct was divided into many square cells with the same
size as side length ["cey = 140. The distribution density of particles
called ‘den’ can be calculated as Eq. (12), where N¢ej; and N repre-
sent the number of particles in a cell and in the whole region,
respectively, Ace and A represent the area of a cell and that of the
duct cross section, respectively.

_ Ncell /Acell

den N/A

(12)

Contours of particle distribution density in the cross section are
shown in Fig. 8. It is seen that the smallest particle (dp, = 10 pm,
Fig. 8a) evenly distribute in the whole duct and none found deposit
on the floor while some of them like to preferentially distribute
near the ceiling in a small region (as shown in red box in Fig. 8a).
Larger particles (dp = 50,100,500 pm) tend to most deposit at the
center of the duct (as marked in red in Fig. 8) and little of them
concentrate at the corner. Among them, the particles with d, = 50
um (Fig. 8b) are evenly distributed in the center of the duct.
However, particles with dp 100 um (Fig. 8c) are obviously
distributed in the lower part of the duct, and the largest particles
(dp = 500 pm) (Fig. 8d) are completely deposited on the duct floor
in the same period of time.

In addition, it is found that the distribution of particles varies
with particle size at the corners. For example, the smallest particles
(dp = 10 pm, Fig. 8a) tend to have the same distribution density at
the corners as that at the duct center. However, for larger particles
(dp = 50,100,500 pm, Fig. 8b—d), their distribution densities at the
corners are obviously higher than that at the duct center. This may
be because that the flows at the corners have so low momentum
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that cannot put particles back to the duct center. On the other hand,
it is known that fluctuation is more likely to affect small particles
than large ones. Table 1 shows that the relaxation time of 100 um
particle is 10~3 s and smaller particles have shorter relaxation time.
The relaxation time of 500 pm particle is 1072 s and its movement
less affected by the flow fluctuation in this period (1072 s) because
such large particle tends to deposit on floor in less 1072 s.

Figs. 9 and 10 show the contours of particle velocity at the
spanwise and vertical direction, respectively. The values of contours
are the averaged velocities of particles in cells. It is seen that the
distribution of particle velocity is consistent with that of secondary
flow. In Fig. 9, the distribution of particle spanwise velocity ('up')
can be roughly divided into three regions as ceiling area (Region 1),
diagonal area (Region 2) and floor area (Region 3). In Regions 1 and
3 particles tend to move toward the duct center while in Region 2
they like to move toward the corners, which is independent of
particle size. For particle d,, = 10 um, particle velocity up in Region 2
is significantly larger than other regions but for other larger parti-
cles, their velocities tend to distribute uniformly in three regions.
This is due to the inertial effect on particles. In Fig. 10, the distri-
bution of particle vertical velocity V,, can be divided into four re-
gions at the cross section. In Regions 1, 2 and 3, particles movement
is dominated by the secondary flows while in Region 4 due to
secondary flow becoming less particles movement is dominated by
gravity. These four regions can be shown more clearly for smaller
particles due to their better flow ability. In Figs. 9 and 10, the
contours of particle velocity show that small particles (d, < 100 pm)
tend to move with the secondary flows at the cross section, and
distribute in the whole section under the effect of flow fluctuation.
It is seen that the effect of secondary flow is more significant to
dominate particle behavior than that of flow fluctuation. This may
be caused by the fact that the magnitude of the fluctuation is much
smaller than that of the averaged velocity.

Fig. 11 shows the scatter plot of particle spanwise velocity uy,. It
is seen that up, is fairly low near walls (x* > 3500 or x™ < —3500)
and well distributed in the center region. u, tends to approach
0 with increasing particle size. This is because more and more
particles tend to deposit on the bottom floor with increasing par-
ticle size under gravity effect. In Fig. 11, it is seen that all sized
particles have the highest velocity near center region (x* = 0) with
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Fig. 7. Inner-scaled turbulence statistics. a streamwise velocity, b spanwise fluctuations, c vertical fluctuations.

the widest velocity distribution while lower velocity near the cor-
ners (x* > 3500 or x* < —3500) with the narrower velocity dis-
tribution. This may be caused by the secondary flow. Furthermore,
Fig. 11d shows that at the same moment most particles with 500
um tend to deposit at the bottom floor, where most of them
distribute near floor center and few of them near corners
(x* > 3500 or x" < —3500). It is suggested that particles with 500
um tend to move toward the floor center as they deposit at the
floor. It can be verified by another fact as shown in Fig. 11d. In the
right zoom window in Fig. 114, it is seen that the distribution of
particle velocity concerns at two regions as u, > 0 in x*<0 and up, <
0inx"* > 0, which confirms that particles tend to move from corners
to the duct center. It is the secondary flow that causes particle
concentration. In addition, as shown in Figs. 9 and 10, the larger
particles the higher the maximum particle velocity (except of 500
um particle). This may be related to the relaxation time because the
larger particle the longer relaxation time indicating more interac-
tion caused by the flow.

Fig. 12 shows drag force acting on particles sized from 10 to 100
um, where the drag force is obtained by averaging the drag forces
acting on all particles in a single cell. In Fig. 12a, 10 um particle, the
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drag force is most shown vertically upward near wall, but becomes
chaos at the duct center, which may be caused by the secondary
flow. Under the effect of the secondary flow, particles tend to move
irregularly and disperse well in the whole duct. However, near the
wall, the fluid velocity is lower, and the main function of the drag
force is to counteract the gravity. The effect of the secondary flow
on the particle behavior decreases with increasing particle size due
to gravity. In addition, the drag force acting on the 10 pm (Fig. 12 a)
particles looks more complex than that on larger particles (Fig. 12b
and c).

Similarly, Fig. 13 shows lift force acting on particles. As particle
diameter is larger than 100 um it tends to deposit on floor in a short
time under gravity effect. As such, for smaller particles with
diameter of 10 um and 50 um lift force acting on particles is shown
in Fig. 13. As shown in Eq. 10, the lift force is related to the fluid
velocity difference between two sides of a particle. The larger
particle the higher difference of flow velocity between two sides so
the higher the lift force. It is shown that lift force acting on the 10
um particles is near 0 because the particle is so small that the ve-
locities between its two sides differ little. On the other hand, the
flow fluctuations also cause lift force due to its difference between
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particle both sides. For 10 pm particles, the effect from the flow
fluctuations on particles behavior is also from lift force. As shown in
Fig. 134, the lift force presents disorder. As particle increases the
difference of flow velocity between two sides of this particle be-
comes larger, which improves the lift force. It can be verified by
Fig. 13b in comparison with Fig. 13a.

It is well known that lift force is related to the slip velocity and
fluid velocity gradient at the particle position. In the boundary
layer, the velocity gradient of the fluid is very large, and the lift force
on the particles cannot be ignored. When the linear velocity of the
particles in the duct is greater than that of the fluid, the lift force
causes the particles to approach the wall. Conversely, the lift force
causes the particles to move away from the wall. Therefore, as
Wang et al. (1997) found, if the inertia of the particles is sufficient to
generate slip velocity, the lift force will cause more particles to
deposit towards the wall. As shown in Fig. 13, this phenomenon can
also be seen in current results. Nevertheless, the magnitude of the
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lift force is much smaller than the drag force (Figs. 12 and 13), and
its contribution to particle deposition is weak.

Further analysis of lift force reveals that it does not always point
towards the wall. This may have something to do with varying
instantaneous slip velocities. So, for a single particle and certain
position, lift force can either keep particles away from the wall or
near the wall. For a large number of particles, lift force makes most
particles close to the wall and increase the deposition rate.

The Probability Density Function (PDF) of particles near the floor
(y" < 42) is shown in Fig. 14. It is seen that the smaller particles are
more evenly distributed near the floor and the larger particles are
more concentrated at the floor center, which may be explained by
following facts. First, small particles are most dominated by the
drag force and tend to be evenly distributed throughout the duct. In
contrast, due to gravity effect large particles tend to deposit at the
floor quickly and move toward the floor center under the effect of
the secondary flow (as shown in Fig. 11). Second, near the duct floor,
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secondary flows move from corner to center. Under its effect, large
particles deposited near the floor tend to move toward the floor
center. For example, as shown in Figs. 14b and 50 um particle has an

obviously higher PDF near the floor center. Such trend increases
with particle size and working time. On the other hand, small
particles tend to slightly accumulate at corners (as shown in
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7042, 14,082, 21,127,

, (b) 50 pm, (c) 100 pm, (d) 500 pm. From top to bottom, t*
larger particles is dominated by gravity because they tend to de-

posit to wall quickly and move toward the floor center under the

trajectories from the duct center toward corners, while that of
secondary flow effect.

(a) 10 um
1250

Probability density function (PDF) of particles near the floor (y* < 42), d,

respectively.
the corners. Particle PDF at the corner decreases with increasing

Fig. 14a) due to the secondary flow moving from the duct center to
particle size due to gravity effect. In short, the behavior of smaller
particles is dominated by the drag force (secondary flow) with their

Fig. 14.
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In Fig. 14, there are a low PDF appeared around x* = +3500 for
all cases, which may be due to the effect of the secondary flow.
Small particles tend to distribute throughout the duct including
moving from the semi-circular duct center to the corner and from
the corner to the floor center. However, for large particles as
dp = 500 pm, they tend to deposit on the floor and concern at the
floor center under the effect of the secondary flow as analyzed
above so that PDF around x* = + 3500 is near 0.

Fig. 15 shows the instantaneous distribution of particles with
various diameters (dj, = 50,100,500 pm) on the floor (y* < 42). It is
seen that 50,100 um particles (Fig. 15a and b) randomly distribute
on the floor. As d, = 500 pm (Fig. 15¢), distinct streaks of particle
distribution can be found on the floor where the flow field is found
to be interlaced with high speed streaks and low speed streaks
(Fig. 15d). Large particles (500 pm) tend to deposit on the floor
quickly and their distribution is dominated by local turbulence of
the flow field near the floor. High and low speed streaks near the
floor act on large particles deposited and make them distribute as
streaks. In addition, ribbons can be found Fig. 15d between corner

Petroleum Science 18 (2021) 1240—1255

and center with little particles. It is consistent with that found in
Fig. 14 where PDF appears concave around x* = + 3500.

Fig. 16 shows PDF of particles near the ceiling, where the dis-
tance between particle and ceiling is At < 42. As shown in Fig. 16a,
0 is the circle center with # = 0 and the duct corners locate at
6 = +70.1°. In Fig. 16b, the distribution of 10 pm particles near the
ceiling is significantly different from other larger particles (shown
in Fig. 16c and d). It is seen that in Fig. 16b the maximum of particle
PDF occurs around the ceiling center. This is because that under the
effect of the secondary flow particles tend to concentrate at ceiling
centre and move upward. However, at the duct top secondary flow
become so weak that particles hardly approach there. For particle
50 um (Fig. 16¢), they tend to be pulled away from the duct top by
gravity. Few of them enter this region and stay there under the
effect of the secondary flow. For particle 100 um (Fig. 16 d), there is
no such particle found in this region.

Figs. 14—16 shows the distribution of particles near the wall and
corner. In the central region of the duct, particles disperse freely
under the effect of drag force and gravity. Near the wall region,
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particle movement is not only affected by drag force and gravity but
also by the wall. For example, for particles 50—500 pum as deposit on
the floor, they tend to move toward the floor center under the effect
of secondary flow (shown in Figs. 8, 11 and 14), which can be
identified by the fact that the magnitude of the secondary flow
approach the maximum on the floor near the corner (as shown in
Fig. 4). Under the restriction of the wall and the effect of the sec-
ondary flow, the distribution of particles near the wall looks unique.

Fig. 17 shows the ratio (p.) of the number of particles in the
corner to that in the whole duct, where particles are considered as
their distance to the corner is less than 588. In Fig. 17, it is seen that
the number of 10 pm, 50 um and 100 um particles in the corner
remains stable within t* < 20,000, accounting for 2—4% of the total

number of particles, where the ratio increases with particle size.
However, the number of 500 um particles located in the corner
gradually decreases and finally approaches to the minimum level at
1%. This is because small and medium particles (10 pm, 50 um and
100 um) tend to be dominated by the drag force. As approaching
the corner, particles tend to move away from it under the effect of
the secondary flow. Such tendency increases with particle size
decreasing due to its better flow ability with the flow. On the
contrary, for the largest particle with 500 um, its movement is
dominated by gravity force. It likes to deposit the floor quickly
under the effect of gravity. As particles with 500 um deposit on the
floor, the secondary flow push them leaving from the corner to the
floor center (as shown in Figs. 8 and 14). As such, the ratio (p.) of

6
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I d,=500 uym
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Fig. 17. Ratio of the particle number in corners to that in the whole duct, p..
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500 um is the minimum for all sized particles considered in this
work.

To study particle dispersion in the duct flow quantitatively, the
dispersion function in x - direction is introduced as following.

N (xf, —xt ) :
— it)  “m(t)
Dj - (3o

(13)
i1

where N is the total number of particles in the computational
domain at time ¢, xm) is the particle distribution in the spanwise

direction x, and x;( is the mean value over the whole duct. The

)
dispersion function in y direction is similar.

Fig. 18 shows particle dispersion at x- and y-directions with
time. As shown in Fig. 18a, in the x direction, most mean position of
particles fluctuates around 0 and its amplitude of fluctuation is less
than 50. It is noted that the mean movement of the largest particle
(dp = 500 pm) at the spanwise direction (x-) fluctuates with higher
frequency and lower amplitude. Fig. 18b shows the dispersion
function at the x-direction for particles sized in the range of 10—500
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um It shows that such dispersion functions of small particles
(dp =10, 50, 100 wm) remain stable with little difference. However,
for the largest particle (d, = 500 um) the dispersion function at the
x-direction decreases obviously with time indicating that they tend
to concentrate together at x,, which agrees well with the conclu-
sion that the largest particles tend to gradually move towards the
floor center (Fig. 14d). In Fig. 18c, particle dispersion foundation at
the y-direction (the same as gravity direction) varies with particle
size and time. For the smallest particles with 10 pm, the averaged
position y;;, = 1175 remains constant. For the medium particles (50
or 100 um), they tend to deposit gradually under the effect of
gravity. For the largest particles (d, = 500 pm), they tend to deposit
quickly at the floor. In Fig. 18d, for particles dp = 10, 50, 100 pm,
their y-dispersion functions are closed to each other. For the largest
particle with dp = 500 pum, at t~ = 5000 its mean position at y-di-
rection (shown in Fig. 18c) is about zero but its dispersion function
(shown in Fig. 18d) is still large at the same moment. It indicates
that particles do not deposit all on the floor until t+ = 10,000 with
D', = 0.

The averaged values of slip velocity, drag force and lift force for
particles sized d, = 10, 50, 100, 500 wm at three moments

(b) 2500

— — -d=10pm

- - dp=50 pm
— - — - d,=100 ym
dp=500 pm

2000

1500

0 5000 10000 15000 20000

t*

(d)
— — -d=10pum

- dp=50 pm
— - — - d=100 ym
dp=500 pm

1000

500 -

0 5000 10000 15000 20000

tt

Fig. 18. Mean values (a)(c) and dispersion function (b)(d) of particle position with time.
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Table 2
Average slip velocity and main forces.

Petroleum Science 18 (2021) 1240—1255

t+ dp, u—u,(x 1073) T ( x 107%) Drag force, x 107 '3/N Lift force, x 107 14/N
um
Fpx Fpy ‘Fu) Fry
7042 10 4 3 40 91 6 6
50 15 22 6010 9150 1560 1960
100 24 52 22,100 47,600 8520 15,500
500 39 13 247,000 152,000 299,000 49,500
14,085 10 4 3 40 90 6 6
50 15 20 5580 8130 1420 1680
100 20 39 17,900 35,400 7090 11,300
500 49 4 304,000 27,100 39600 11,300
21,127 10 4 3 43 94 6 7
50 14 19 5350 7950 1130 1660
100 16 29 14,400 27,000 5900 8840
500 41 4 251,000 24,600 327,000 10,400

(tt = 7042, 14,085, 21,127) are listed in Table 2. Regarding the slip
velocity, it is seen that, at the spanwise (x-) direction, it increases
with particle size while at the vertical (y-) direction it is the same
for particles d, = 10, 50, 100 pm except for dp = 500 pm. It is
because at y-direction particle d, = 500 um deposit on the floor by
gravity effect in a short time, where the velocity at y-direction is
near zero but that at x-direction is still larger than other sized
particles under the secondary flow effect.

In Table 2, it is seen that at the spanwise (x-) direction the drag
force increases with particle size, which is independent of time.
However, at the vertical (y-) direction the drag force increases with
particle size at the initial stage (t© = 7042). At the moment
tT = 14,085, 21,127, the drag force acting on largest particles
(dp = 500 pm) is lower that on d, = 100 um. On the other hand,
forces acting on particles vary with particle size. For the smallest
particle (d, = 10 pm), the drag force is the largest, followed by the
combined force of gravity and buoyancy (shown in Table 1), and the
lift force is the smallest. In addition, drag force is at the same order
of magnitude as gravity while lift force is smaller by two orders of
magnitude than them. For particles d, = 50,100 pm, the combined
force of gravity and buoyancy is at the same order of magnitude as
drag force. However, for the largest particle dp = 500 pm, gravity is
much larger than other forces. As such particles with 10, 50, 100 pm
dominated by drag force are able to distribute throughout the duct,
but particles with 500 um is found to deposit on floor in a short
time. It should be noted that the lift force acting on particles cannot
be ignored. For particles with medium size (d, = 50,100,500 um),
the lift force acting on them is smaller by one order of magnitude
than drag force.

4. Conclusions

Similar to the square duct, the secondary flow can also be found
in a turbulent semi-circular duct flow. The ceiling of the semi-
circular duct is inward and two counter-rotating vortices formed
in the corner are tangent at the diagonal, which causes the vortices
near the ceiling wall occupy less space. For two walls, the ejection
behavior induces at the end of two walls separately and interacts at
the corner, which forms the secondary flow. The difference be-
tween the semi-circular duct and the square duct is that the sec-
ondary flow in a corner of the semi-circular duct is not symmetrical
along the diagonal. Due to the effect of geometry, the secondary
flow near ceiling is weaker than that near floor. The maximum of
the secondary flow in the semi-circular duct is found to distribute
near ceiling, floor, and diagonal lines. Although the characterizes of
the secondary flow are different, the Reynolds stress generated in
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the semi-circular duct is under the same working mechanism as
that in the square duct. In short, the secondary flows of semi-
circular duct and square duct have the same generation
mechanism.

Particle distribution in turbulent semi-circular duct flows de-
pends on particle size. For example, 10 um particles tend to
distribute uniformly in the whole cross section while preferentially
distribute near the top. For other particles 50, 100, 500 pm they
tend to concentrate near the floor center as well as the corner. The
largest particle (500 um) deposit on the floor in a short time and
move toward the floor center under the effect of the secondary flow
so appear least at the corners. In addition, the effect of secondary
flow is found to be more significant to dominate particle behavior
than that of flow fluctuation. Based on force analysis, it is seen that
most particles are dominated by drag force while for the largest
particle (500 pm) gravity is much larger than other forces.
Compared with the drag force, the lift force cannot be ignored
particularly for particles 50 um and 100 um. In short, the behavior
of smaller particles is dominated by the drag force (secondary flow)
with their trajectories from the duct center toward corners, while
that of larger particles is dominated by gravity because they tend to
deposit to wall quickly and move toward the floor centre under the
secondary flow effect.

In this work, due to electrostatic effect more particles are found
to deposit near the floor and accumulate to become dense phase.
For dense particle phase, particle-particle interaction become sig-
nificant under electrostatic effect. Some particles may agglomerate
becoming a big particle with non-spherical shape. Such big particle
moves ahead and affects the fluid around it as indicated by Ren
et al. (2019). On the other hand, such big particle affects the flow
structure near wall boundary as indicated by Li et al. (2016). In this
work, due to particle phase being dilute in most regions the effect of
particles on flow and particle-particle interaction were ignored.
Such assumption may not be suitable for particles as they
agglomerate due to electrostatics, which will be overcome in the
near future.
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