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Abstract. The objective of the present work is to study the flow of gas-solid suspension in planar channels
of finite dimensions using a coupled Large Eddy Simulations-Discrete Element Model (LES-DEM) approach.
Dynamic k-equation subgrid scale model (DKSGS) is used to compute the fluctuations in the subgrid-scale.
First, the simulation is performed for a vertical channel with periodicity in the spanwise direction in order
to compare the results with the Direct Numerical Simulation- Hard sphere (DNS-HS) simulations. Second,
the simulation is performed for vertical channels with confined span, in which the wall effect along spanwise
and cross-stream directions is investigated. Each term of the kinetic energy and momentum balance equations
is computed to understand the significance of individual effects at different solid concentrations within the
channel. Simulations are performed for Re of 3300 and particle Stokes numbers of 32 and 105. It is observed
that the nature of attenuation of the turbulent intensity depends on the grid selection,n even though particle free

flow is grid converged.

1 Introduction

Gas-solid flow is common in nature and industrial appli-
cations. In the case of particle-laden flow, the interaction
of particles with fluid and interparticle collision play im-
portant roles in the overall flow behavior. In wall-bounded
flows, specifically for pneumatic transport through verti-
cal and horizontal ducts or pipes, the influence of particle
concentration and inertia on turbulence augmentation or
attenuation is studied experimentally [1, 2]. For particles
with higher inertia, the formation of the wake behind indi-
vidual particles enhances the turbulence intensity, and the
drag force due to the relative motion of the particles with
respect to the fluid causes turbulence attenuation [3, 4].
Tanaka and Eaton [5] defined a non-dimensional number
i.e. Particle momentum number (Pas,) based on particle
Stokes number (St), fluid bulk Reynolds number (Re) and
Kolmogorov length scale (y) to classify flow regimes for
turbulence augmentation and attenuation.

Numerical simulations are performed for particle-
laden flows considering one, two, and four-way coupling
depending on the solid concentration in the flow [3]. Four
way coupling is considered for sufficiently high solid vol-
ume fraction (¢, > 1073). A drastic decrease in the turbu-
lence intensity due to the sudden reduction in the rate of
turbulent energy production at a critical value of solid con-
centration (¢;) is observed in the coupled DNS-HS simu-
lations with perfectly smooth particles by Muramulla et
al. [6]. This phenomenon is termed a catastrophic tur-
bulence collapse. Later, Rohilla et al. [7, 8] performed
a simulation on the configuration of Muramulla et al. [6]
using spectral-LES and FVM-LES. Simulations [9, 10] are
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also performed to resolve fluid-particle interaction in order
to capture particle-generated wakes using the immersed
boundary method. However, this method is significantly
computationally intensive and yet to be used for large sys-
tems.

The main objective of the present study is to simu-
late the flow of gas-solid suspension through vertical duct
using coupled LES-DEM techniques as implemented in
OpenFOAM and LIGGGHTS. The objective also includes
investigating the influence of channel walls along the span-
wise direction on the profiles of the mean and the fluctu-
ating properties of the particle-free and the particle-laden
fluid flow.

2 Methodology

Figure 1 shows a schematic of the channel with dimen-
sions L : h : W=4:4x : 1. In case of the spanwise
periodic channel, the dimensions are: 2/3x : 4z : 1. Fluid
phase turbulence is modeled using LES. The Dynamic k-
equation subgrid Scale (DKSGS) model [11] is used to de-
termined the residual kinetic energy (Kys = %(U 5/2 - Ul.z)).
Governing equations for the fluid and the particle phase
with the constitutive relations are presented in Equations
1to 5. Here, U and U represent the fluid instantaneous
and filtered velocity. The mean and fluctuating part of the
filtered velocity is represented as U and u.” is used to rep-
resent the filtering operation. “p” represents the filtered
pressure. The dissipation term of residual kinetic energy
(e) depends on the model coefficient C, and grid resolution
(A). Fluid density and kinematic viscosity are represented
as py and vy.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
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Figure 1: Schematic of downward flow through spanwise
confined channel; A|, A,, and Aj are the off-center planes
on which the profiles are determined, in addition to the
center plane
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Here, m, d,,, pp, and v are the mass, diameter, density,
and velocity of individual particles. F, and F, represent
the buoyancy force and the body force. F, represents the
contact force due to interparticle or wall particle collision.
The linear spring-dashpot model [12] is used to determine
the contact force F., where k, represent the spring stiffness
along the radial or normal direction of contact. Schiller-
Naumann model for drag (Fp = 3nurdp(U—-v)(1 +
0.15ReY%87)) and Saffman lift force (Fy, = 1.61dp* \jpsiiy |
VxU 712 (U - v)x(V x U),[3]) are used to determine the
fluid-particle interaction. Particles used in the simulations
are inertial with Stokes numbers 32 and 105 [13]. The bulk
Reynolds number is set at 3300. All simulations are per-
formed using open-source software CFDEM (OpenFOAM
coupled with LIGGGHTS). Simulations are performed us-
ing two different grids: G1 (z+grst poine = 0.35, stretch ratio
= 28), and G2 (z+frspoine = 0.31, stretch ratio = 15) to
compare the results with DNS (direct numerical simula-
tion, [6]. Simulations are performed in both spanwise peri-
odic and confined channels. Parameters are selected from
the cases presented in [6]. Table 1 lists different nondimen-
sional numbers [6] for the bulk Re of 3300, where Re;, and
Fr represent particle Reynolds number and Froude num-
ber. u, represents the single particle terminal velocity.

Table 1: Relevent nondimensional number used for com-
paring the simulation results with DNS-HS outcome [6]

prlp_Rep _ Fr dp/h XM u/U, St
520 60 1197 1.85x 1072 0.0023 0.035 32
1690 60 1197 1.85%x 1072 0.0023 0.063 105

3 Simulation result

3.1 Validation of particle-free flow with DNS result

Figure 2 shows the comparison of the profiles of mean
fluid velocity (ﬁx) with the DNS results of [6]. The mean
velocity profile has an excellent agreement with the DN'S
results for both G1 and G2. u,u, also shows a very good
agreement with the DNS results. The peak value of u,u,
obtained using LES in a spanwise periodic and confined
channel differs from DNS results by [6] only by 3% and
6%, respectively. The agreement between the DNS and
LES results is poor for u,u; and u,u;. The mismatch be-
tween u,u; at the central plane profile of the confined chan-
nel and that in the periodic channel could be due to the
interplay of the terms in the momentum and the energy
balance equations.

0.035

0030
~_ 0.025
=
|12 0.020
=
30.0154

*
S 0.0104

0.0054

0.0 0‘,1 0‘.2 0‘.3 O‘.4 0.5 0.0
Channel width (z'W)

O‘.l O‘.Z O‘.3 O‘.4 0.5
Channel width (z/W)

(a) ()

0.0030

0.0025
~
750.0020
=)

X 0.0015

x
S 0.0010

0.00059 A/}

0‘1 0.‘2 0‘.3 0‘4 ﬂ‘.5
Channel width (z/'W)

0.‘0 0.‘1 O.‘Z 013 O.‘4 O.‘S 0‘.
Channel width (z/'W)

(© (d)

Figure 2: Variation of normalized U, uyity, Uyit and u-ui;
along the channel width (z/W) for LES on GI1 (-o-) and
G2 (‘*‘) in a spanwise periodic channel and G1 (-0-) and
G2 (<C) in confined channel, and DNS result (m) [6]

We next study the effect of the confining walls in the
spanwise direction on the fluid phase profiles. Fluid mean
velocity (U,) and second moment of fluid fluctuating ve-
locity i.e. uyu,, uyu, and uu, are shown in Figure 3 at
three different spanwise locations in addition to the central
plane (W = +0.36, +0.85, +1.55). In a channel with aspect
ratio 1:4, these positions are +9%, +21%, +38.75% of the
half spanwise position. The results show that the confin-
ing walls have marginal effects on the profiles of U,, iy,
and u,u; up to ~ 20% from the central plane. The profile
of u;u; shows no effect of the wall up to +9%(+20d,,) from
the central plane. These results suggest that the profiles at
the central plane in a channel with an aspect ratio of 1:4,
are not influenced by the presence of walls in the larger
dimension. We next investigate the particle-laden flow.

3.2 Particle laden flow

Figure 4 shows the comparison for profiles of U,,
Uylly, Uylly, uu, for St = 105 and mass loading ratio,
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Figure 3: Variation of (a) ﬁx normalized by Uy, (b) u iy,
(¢) uyu; and (d) u;u; normalized by Ug along the channel
width (z/W) for different planes along y-direction; —A;
(-a), —=Ax(-0-), —A3 (F), y/W = 0 (-0-), Az (F),
A; (—m=), Ay (=) Ay (y/W = 1.55), Ay (y/W = 0.85),
Az (y/W =0.36)

MR = 0.845 obtained from LES-DEM and DNS-HS. Pro-
files of U, and u;it; have very good agreement with DNS-
HS [6]. The peak value of the u,u, and u,u, from LES-
DEM are 9% and 15% different from the DNS-HS. The
agreement on u,u, is not good; however, the value of W
s O(107") smaller than uu,. The particle mean veloc-
ity (v,) has an excellent agreement near the centre of the
channel; however, the slip is more in DNS-HS than LES-
DEM. The average mean mass flow rate of solid particles
in LES-DEM differs by 3% from DNS-HS due to the nu-
merical error. v,v/, and v/v/, is higher in case of LES-DEM.
Also, cross-correlation term @ is higher in LES-DEM
than DNS-HS. The mean and the fluctuating energy bal-
ance of the fluid phase is examined as a consistency check.
Eqn. 6 and Eqn.7 are fluid phase the mean and the fluctu-
ating energy balance integrated over the cross-stream di-
mension.

2 _
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(Kfénp U, — vx)) (8)

+KypsnpU, (U; —0v;) = U.

Here () represents channel height averaged quantities

1
(o) = [ Kd(z/W)). (U3
pressure work and work done by the viscous stress for the
mean scale. Figure 5 represents the pointwise variation of
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Figure 4: Comparison of fluid (-O-, =/=) and particle
phase (m, *) (a) mean velocity and (b,c,d) stress com-
ponents for Muramulla et al. [6] and current simulation
results for particle stokes number of 105

different terms of energy balance equation before taking
avarage over channel height.

(—puu; (ddvz )) represents the turbulence energy pro-

duction due to residual stress. (—ﬁx(K rshp (Ux — vx)))
represents the work done by drag force where Ky, and n,
represents the momentum exchange coefficient and num-

ber density of the particles. (X, > j=x,.. 2Uf (% Si j))
represents viscous energy dissipation for the fluctuating
kinetic energy. The last term Dy represents the work
done due to the fluctuating drag force (Eqn. 8). Differ-
ent terms of Eqn. 6, %, are plotted as a function of the
channel height in Fig. 5. The maximum point-residual is
of 0(10‘1). The residual of the height averaged balance

equations ( 6 and 7) are of 0(10‘3).
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3.3 Turbulence attenuation

Figure 6 shows the simulation results for particle Stokes
number 32 for spanwise periodic downward channel flow.
The mass loading ratio (MR) is varied from 0.1 to 1.5. The
second moment of fluid fluctuating velocity i.e. uyuy, u u;
(Fig. 6a, 6b) gradually decreases with the increase of solid
concentration. In contrary, a catastrophic turbulence col-
lapse due to the drastic reduction in the turbulence produc-

tion term —pu,u, (déjz'*) is reported in [6—8]. Muramulla et

al. [6] observed the collapse at a critical solid volume frac-
tion, ¢ = 1073 for Re = 3300 and St = 32 using DNS-HS.
Early collapse of turbulence was reported in [7, 8] for sim-
ulations performed using LES-HS and LES-DEM. They
have reasoned that the error associated with the estimation
of the turbulent kinetic energy in the subgrid scale mod-
elling approach causes the early collapse.

In the current work, performed for exactly the same
case as [6], the turbulence intensity decreases with the in-
crease of solid concentration, though a sudden collapse of
turbulence intensity is not observed, contradicting the re-
sults of Rohilla et al. [7]. To our surprise, a significant
reduction in turbulence intensity, consistent with the re-
sults reported in [6] is observed with a coarser spanwise
grid. This discrepancy requires further investigation.
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Figure 6: Variation of (a) U, normalized by U, and (b)
fluid stresses i.e. uyu, and (c) u,u, normalized by U}f along
the channel width (z/W) for solid to fluid mass loading
ratio of 0.1 (-o-), 0.47 (‘*‘), 0.6 (-a-), 0.8 (-¢-), 0.9
(-<), 1.2 (=v-) and and 1.5 (-o-), and (d) channel width
averaged fluid second moments i.e. (uu,),/ UI% (-0-) and
(uxitz). /U2 (<) for different MR

4 Conclusion

The Dynamic k-equation subgrid scale (DKSGS) model
was used to simulate the downward flow of turbulent gas-
solid suspension through vertical channels. Two types
of channels were considered: one with periodicity in the
spanwise direction and one with the confining wall. The
confined channel has an aspect ratio of 1:4. As a first step,
the results from the particle-free simulations were com-
pared with the DNS simulations. The grid was selected
based on the comparison. The effect of the confining walls
on the mean profiles of the Fx, Uyly, Uy, UzU; WS Investi-
gated. It was found that the profiles at the central plane are
not influenced by the presence of the wall. Particle laden
flows are simulated with Reg,x = 3300 and St = 32, 105.
The fluid mean profiles are in good agreement with the
DNS-HS results. The particle phase shows a higher fluc-
tuation in the case of LES-DEM. Simulations were also
carried out for different mass-loading ratios (MR). Tur-
bulence intensity is gradually reduced for the increase of
MR to 12 (¢ = 23 x 1073). In summary, this work re-
ports the comparison between the LES-DEM and DNS-
HS results for the transportation of turbulent gas-solid sus-
pension; however, more systematic analyses are required
to understand the reasons behind the disagreement in the
cross-stream moments.
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