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Simulations of kinetic theory based two-fluid model for gas-particle flows in vertical riser segments have
been performed. In two-dimensional (2D) simulations of flows in a vertical channel segment and in
three-dimensional (3D) simulations of flows in a vertical cylindrical riser segment, periodic boundary condi-
tions were employed in the axial direction. These were supplemented by simpler quasi-one-dimensional
(1D) simulations of channel flow and quasi-2D simulations in cylindrical geometry, where it was postulated
that the flow variables did not change axially. Both 2D and quasi-1D simulations of channel flow were found
to manifest in a robust manner quasi-periodic solutions consisting of laterally traveling waves. Similarly,
quasi-2D and 3D simulations of cylindrical riser flow manifested spinning flow states, which in the case of
high aspect ratios showed signs of transition to swirling flow states. The period of the oscillating/spinning
flow could be captured by a rather simple correlation, whose structure suggests a microscopic origin for
the flow structure. The centrifugal force associated with the spin appears to be sufficient to impart an influ-
ence on the extent of radial segregation of particles.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Gas-particle flows in vertical risers manifest persistent meso-scale
fluctuations in phase velocities as well as particle volume fractions
that span a wide range of length and time scales. Resolving all these
fluctuations in industrial scale devices poses formidable computational
challenges. To make the simulations computationally affordable, re-
searchers have considered different approaches:

(a) Device-scale steady-state simulations using kinetic-theory based
constitutive relation for the particle phase stress and ignoring the
influence of meso-scale fluctuations [1,2];

(b) Device-scale transient simulations of two-fluid model equations
on relatively coarse grids using either phenomenological or
kinetic-theory based constitutive relations for the particle phase
stress, neglecting the potential influence of unresolved sub-grid
scale fluctuations [3,4];

(c) Device-scale transient simulations of filtered two-fluid model
equations on relatively coarse grids using filtered constitutive re-
lations for the fluid-particle drag force and particle phase stress
that attempt to incorporate the influence of unresolved sub-grid
scale fluctuations [5–8];

(d) Highly-resolved transient simulations of two-fluid model
equations in small, highly idealized geometries using either
n).
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phenomenological or kinetic-theory based constitutive rela-
tions for the particle phase stress [9–11].

The first three types of gas-particle flow simulations have gen-
erally been aimed at testing if the physical phenomena included
in the analysis are sufficient to capture the flow behavior measured
experimentally.

In contrast, the fourth kind of simulations has been aimed at un-
derstanding the fine structures and their potential influence on the
nature of flow. Researchers have simulated unsteady flows in fully
periodic domains [9–12]; quasi-one-dimensional (1D) flows assum-
ing that the flow variables depend only on the lateral direction (for
channel flow) or radial direction (for flow in cylindrical pipes) and
time [13,14]; quasi-two-dimensional (2D) flows assuming that the
flow variables depend only on the radial and azimuthal directions
(for flow in cylindrical pipes) and time [15]; and unsteady 2D flows
in vertical channels and imposing periodic boundary conditions in
the axial direction [16]. A natural extension of this type of simulation
would consider three-dimensional (3D) flows in (vertical) cylinders,
imposing periodic boundary conditions in the axial direction. Such
simulations have given insights about the fine structures afforded
by the two-fluid models as well as exposed possible coherent struc-
tures, which may have been missed in the first three kinds of simula-
tions because of inadequate resolution of the fine scale structures.
Quasi-1D simulations of flow in a vertical channel by Benyahia et al.
[13,14] revealed coherent structure where the phase volume fraction
field settled into quasi-periodic oscillatory pattern whose frequency
was in the range of fluctuations seen experimentally. Such oscillatory
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Fig. 1. Gray-scale plots of gas volume fraction field at three successive times within the
statistic steady state. Simulation was performed in a 0.10 m × 0.40 m 2-D vertical chan-
nel. Channel width = 0.10 m. Height = 0.40 m. Periodic boundary condition was im-
posed in the axial direction. Average upward gas flux = 6.5 kg/m2s.Domain-average
solid volume fraction = 0.05, 40 × 80 grids. Physical properties used in the simulations
are listed in Table 1.
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flow patterns do not appear to have been documented in device scale
studies.

In the present study, we examine this coherent structure in a greater
detail. We have studied systematically quasi-1D and quasi-2D simula-
tions in vertical channels and cylinders respectively; these results
show that oscillations in quasi-1D channel flow simulations give way
to spinning flows in quasi-2D simulations of flows in vertical cylinders.
The oscillation frequencies observed for various systems and particle
properties can be neatly collapsed into a simple model, which strongly
suggest a microscopic physical origin. 2D simulations in channels
employing periodic boundary conditions in the axial direction show
that the oscillatory pattern transforms to a meandering flow as the
length of the simulation domain in the axial direction is increased
while fully 3-D simulations in axially periodic vertical cylinder suggest
that the spinning mode may transform to spiral flow. In the following
sections, we present these results and discuss their implications.

2. Mathematical model

Gas-particle flow in riser segments were simulated in this study
using kinetic-theory based two-fluid model [17,18], implemented in
the open-domain Multiphase Flow with Inter-phase Exchanges
(MFIX) code [19–21]; specifically, version MFIX 2012–1 was used in
all the simulations. The two-fluid model, consisting of continuity and
momentum equations for the two phases, is summarized below:

∂ ρsϕsð Þ
∂t þ∇⋅ ρsϕsvð Þ ¼ 0 ð1Þ

∂ ρg 1−ϕsð Þ
� �

∂t þ∇⋅ ρg 1−ϕsð Þu
� �

¼ 0 ð2Þ

∂ ρsϕsvð Þ
∂t þ∇⋅ ρsϕsvvð Þ ¼ −∇⋅σ s−ϕs∇⋅σg þ f þ ρsϕsg ð3Þ

∂ ρg 1−ϕsð Þu
� �

∂t þ∇⋅ ρg 1−ϕsð Þuu
� �

¼ − 1−ϕsð Þ∇⋅σg−f þ ρg 1−ϕsð Þg
ð4Þ

These are supplemented by the granular energy balance equation:

∂ 3
2ρsϕsT
� �

∂t þ∇⋅ 3
2
ρsϕsTv

� �
¼ −∇⋅q−σ s : ∇v þ Γslip−Jcoll−Jvis ð5Þ

TheWen and Yu [22]model for the fluid–particle interaction force, f,
and the kinetic theory closures for the stresses and the various terms
appearing in the granular energy balance equation used in our simula-
tions can be found in ref. [9,10]. They are not repeated here for the
sake of brevity.

At the riser walls, unless specified otherwise, free-slip boundary con-
dition for the gas phase, and themomentum and granular energy condi-
tions proposed by Johnson and Jackson [23] for the particle phase were
employed in our simulations. A few simulations were also performed
using no-slip boundary conditions for the particle phase. As periodic
boundary conditions apply in the vertical direction, the average volume
fraction of particles in the simulation domain is invariant with time. In-
stead of specifying the average pressure gradient in the vertical direction,
the cross-sectional average gasmassflux is held constant during the sim-
ulations. This is an option available in MFIX (and used by Benyahia et al.
[13,14]), where the mean pressure gradient in the vertical direction is
adjusted as a function of time to control the average gas mass flux. Sim-
ulationswere started from slightly inhomogeneous initial conditions and
allowed to develop into a periodic, quasi-periodic or fluctuating (but sta-
tistically steady) state.
3. Results and discussion

3.1. Flows in vertical channels

Fig. 1 shows gray-scale plots of gas volume fraction field at three suc-
cessive times within the statistical steady state obtained in a 2D channel
(slit) flow simulation. When the particle-rich region is close to a wall, a
nearly columnar structure is clearly seen; however, when this structure
is traveling from one wall towards the other, the columnar structure is
broken up first and formed again. Fig. 2 shows the average volume frac-
tion of gas in one-half of the channel as a function of time; quasi-periodic
oscillation is readily evident. It can be inferred from snapshots such as
those shown in Fig. 1 that a wave moves from one wall towards the
other, bounces off the wall and travels in the opposite direction in a
nearly periodic fashion. By sampling the results over 100 s of simulation
time, the average period of oscillation was estimated, which in this case
was 4.7 s with a 95% confidence interval of ±0.1 s. The effect of grid res-
olution on the observed oscillatory behavior is illustrated in Fig. 3. The
oscillation period was 4.7 ± 0.2 s for all the cases; so, the result is not
an artifact of insufficient grid resolution. Similarly, the initial conditions
did not play any detectable role on the final oscillatory state reached in
the simulations.

Fig. 4 shows the effect of grid resolution for a quasi-1D simulation
corresponding to the same condition as in Fig. 3; a relatively coarse
simulation with only 20 lateral grids yielded an oscillation period
of ~ 4.5 s, while those with 40, 80 and 160 lateral grids gave oscilla-
tion periods of 4.7 ± 0.2 s, which was the same as the estimated pe-
riod for 2D simulations (in Fig. 3). As quasi-1D simulations are much
faster, we performed a large number of such simulations to explore
the effects of various physical parameters on the oscillation period,
while ensuring that grid-independent estimates for the oscillation pe-
riod was obtained in every case.



70 75 80 85 90 95 100
0.9

0.92

0.94

0.96

0.98

1

time,s

g
as

 f
ra

ct
io

n

Fig. 2. Variation of average volume fraction of gas in one half of the 2-D channel with
time. Symbols indicate the results extracted from simulation. Line is drawn to guide
the eye. Simulation conditions are as in Fig. 1.
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Fig. 4. Effect of grid resolution on the temporal variation of the average volume fraction of
gas in one half of the 2-D channel. Simulation conditions are as in Fig. 3, except that we
now have a single grid in the axial direction, so that it is in effect a quasi-1D simulation
where all quantities depend only on lateral coordinate and time. Grid resolution:
20 × 1(dotted line); 40 × 1 (dashed line); 80 × 1(dash-dotted line); 160 × 1(solid line).
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Based on dimensional analysis, we write

τvt
W

¼ h
ug

vt
;
vt

2

gdp
;
vt

2

gW
; ϕsh i;φ; epp; epw

 !
ð5Þ

and the dimensional physical parameters were varied in a systematic
manner so that each of the dimensionless parameters was varied one
at a time while the others were kept constant. The range of dimen-
sional parameters considered in our simulations is summarized in
Table 2. These simulations revealed that the oscillation period made
dimensionless as in Eq. (5) depends primarily on particle Froude
number, Frp ¼ v2t

gdp
(see Fig. 5a) and domain-average solids volume

fraction, 〈ϕs〉 (see Fig. 5b). Other quantities on the right hand side of
Eq. (5) had only a weak effect on the dimensionless oscillation period.
The results in Fig. 5a and b can be captured as

τvt
W

¼ 10Fr
1=2
p ⋅ ϕsh i1=2: ð6Þ
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Fig. 3. Effect of grid resolution on the temporal variation of the average volume fraction of
gas in one half of the 2-D channel. Simulation conditions are as in Fig. 1. Grid resolution:
40 × 20 (dashed line); 40 × 40 (dotted line); and 40 × 80 (solid line).
This can further be simplified as

τ ¼ 10
W ϕsh i1=2ffiffiffiffiffiffiffiffi

gdp
q : ð7Þ

If the vertical walls were replaced with periodic boundary condi-
tions, we found that similar structure (as in wall-bounded systems)
formed and traveled laterally. However, as there were no walls now
to reflect the laterally traveling wave, the wave simply kept traveling
on the same direction. The initial condition determined whether one
obtained left- or right-traveling waves. It is therefore reasonable to
surmise that the occurrence of the laterally traveling wave has a
microscopic origin and is not driven by the presence of the walls per
se; in other words, they derive from the two-fluid model equations
and not the boundary conditions.

Note that the oscillation period in Eq. (7) is proportional to the chan-
nel width; this implies that the speedwithwhich the laterally traveling
wave travels is independent of the channel width, but is proportional to
a particle-scale characteristic velocity

ffiffiffiffiffiffiffiffi
gdp

p
. This further reinforces the

argument that the waves have a microscopic origin embodied in the
two-fluid model.

The aspect ratio (L/W) of the periodic domain does not appear as a
parameter in Eq. (5) as only one grid was considered in the vertical di-
rection. We therefore set out to see how L/W affects the oscillation pe-
riod by performing 2D simulations with L/W of 4, 8 and 12. It was found
that while the width W was important (see Eq. (7)), L/W had only a
weak influence on the oscillation period (over the range of L/W values
investigated). As one would expect, at large aspect ratios, the flow pat-
terns developed some axial structure and the columnar structure got
more and more distorted. Nevertheless, a quasi-periodic flow structure
such as that shown in Fig. 2 persisted robustly in our simulations.
Table 1
Physical properties of gas and solids for the base case.

2-D geometry
size

W = 0.1 m, L = 0.4 m 3-D geometry
size

D = 0.1 m, H = 0.4 m

ρg 1.3 kg/m3 g 9.81 m/s2

μg 1.8 × 10−5 kg/m s ϕmax 0.56
ρS 2400 kg/m3 φ 0.0001
dp 2.0 × 10−4 m epw 0.7
〈ϕs〉 0.05 epp 0.95
m 6.5 kg/m2s

image of Fig.�2


Table 2
Studied ranges of parameters in “quasi-1D”simulations.

W 0.01–0.3 m 〈ϕs〉 0.05–0.40
ρS 1500–3600 kg/m3 φ 0.0001–0.1
dp 75–300 μm epw 0.3–0.9
m 4–10 kg/m2s epp 0.9–0.98
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The sensitivity of the results to wall boundary conditions was also in-
vestigated. It was found that the boundary condition for the gas phase
had no influence on the oscillation period. In contrast, thewall boundary
conditions for the particle phase had a substantial effect. Free-slip
boundary conditions for the particles produced essentially the same os-
cillation period as the partial slip boundary condition (with base case
values for the particle-wall restitution coefficient and specularity coeffi-
cient); however, when no-slip boundary condition was imposed for the
particle phase, the oscillations disappeared. Thus, it is reasonable to con-
clude that the boundary conditions determinewhether the laterally trav-
eling wave is reflected or completely annihilated.

The kinetic theory closure was found to be essential to generate
the oscillations. When we replaced the kinetic theory model for par-
ticle phase pressure and viscosity by simple expressions of the form:

ps ¼ A1ρsv
2
t ϕsgo ϕsð Þ; μs ¼ A2ρsvtdpϕsgo ϕsð Þ ð8Þ

where go(ϕs) is the radial distribution at contact, and A1 and A2 are
adjustable parameters (assigned values between 0.01 and 1.0), the
oscillations disappeared. Thus, the granular energy equation and the
kinetic theory closure played an important role in inducing the oscil-
lations. It should be remarked that the average oscillation period
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Fig. 5. Dependence of scaled oscillation period on (a) particle Froude number, Frp and (b) the
domain-average solid volume fraction, 〈ϕs〉.Symbols: results from quasi-1D simulations.
Lines are drawn to guide the eye. The basic simulation setup is as in the caption of Fig. 4. In
panel (a), Frpwas varied by changing vt and dp while the domain-average solid volume frac-
tionwas kept constant at 0.05. In panel (b), 〈ϕs〉was variedwhile particle Froudenumber, Frp,
was fixed at 4300.
decreased slightly with increasing particle–particle coefficient of res-
titution. For example, for the base case, the periods of oscillation were
4.9 s, 4.67 s and 4.35 s for particle–particle coefficients of restitution
(epp) of 0.92, 0.95, 0.98, respectively. Thus, strictly speaking, Eq. (7)
is incomplete and it should include a dependence on particle–particle
coefficient of restitution; however, this dependence is deemed rela-
tively weak.

It is interesting to ask why the inclusion of granular energy equa-
tion induces this character. It is well known that homogeneously flu-
idized state in gas-particle systems gives way to instabilities that take
the form of traveling waves. When phenomenological closures of the
type given in Eq. (8) are employed, the most unstable mode is a ver-
tically traveling wave having no horizontal structure [24,25], and
purely transverse disturbances are not amplified. In contrast, when
kinetic theory closures are introduced, the fluidized state is predicted
by unstable to transverse disturbances as well [26,27].

3.2. Flows in vertical cylinders

Fig. 6 shows gray-scale plots of gas volume fraction field at three
successive times within the statistic steady state obtained in a 3D simu-
lation of flow in a 0.10 m diameter riser. Periodic boundary condition
was applied in the axial direction and the gas mass flux was held fixed
at 6.5 kg/m2.s. The simulation domain was discretized using Cartesian
cut cells [28]; it was ascertained that similar results were obtained
even if we employed cylindrical polar coordinates (not shown). It is
clear from Fig. 6 that a particle-rich region is slowly spinning around
in the simulation domain. This structure had almost no axial variation,
so that it is essentially columnar. (The oscillating wave structure seen
in 2D channel flow simulations is replaced by a spinningmode in 3D cy-
lindrical flow simulations.) The average volume fraction of gas in a thin
strip running from the axis to the tubewall, over the entire height of the
domain and one grid cell thick is presented as a function of time in Fig. 7.
Quasi-periodic oscillations are clearly evident. The period of revolution
was found to be ~ 3.2 ± 0.3 sec. Essentially the same results were
obtained in quasi-2D simulations (containing only one grid in the
axial direction) as well; this is consistent with what we observed in
channel flow simulations.

As the aspect ratio of the simulation domain was increased, some
axial structure became visible, suggesting a transition from spinning
flow (with little axial structure) to swirling flow (with some axial
structure). Fig. 8 shows a snapshot of swirling flow structure for typ-
ical fluid catalytic cracking particles. In our simulations, the swirling
flow structure was observed intermittently only when the axial
length of the simulation domain was considerably longer than the
product of the period of revolution of the spinning flow structure
and the average velocity of particles in the domain.

As in channel flow simulations, we examined the effect of various
(physical) parameter values on the period of revolution in 3D as well
as quasi-2D cylindrical riser flows. No-slip boundary conditions for
the particle phase eliminated the spinning motion, but such motion
persisted with free or partial slip boundary conditions for the parti-
cles. The boundary condition for the gas had no measurable effect.

Simulation results show that the swirling behavior in 3D risers has
the same dependency with the oscillatory behavior happened in 2D
channel simulations. Like 2D simulation results, the only way to stop
the swirling is the application of no-slipwall boundary condition for par-
ticle phase. In Fig. 9, we have plotted the period of oscillation in channel
flow and revolution in cylindrical riser flow against the functional group
identified previously (see Eq. (7)). R in the abscissa refers to tube radius
for cylindrical riser and channel widthW for channel flows. It is remark-
able that the same characteristic time, R ϕsh i1=2= ffiffiffiffiffiffiffiffi

gdp
p

applies to both
systems. This further suggests that the same particle scale mechanism
is operative in both cases.

As noted above, the period if the spinning (or swirling) motion is
of the order of a few seconds. Thus, in most risers, one is likely to see



Fig. 6. Snapshots of the gas volume fractionfield extracted at three successive timeswithin the statistic steady state. 3-D simulationwas performed in a vertical cylinder.Diameter = 0.10 m.
Height = 0.40 m. Periodic boundary condition was imposed in the axial direction. Average upward gas flux = 6.5 kg/m2s. Domain-average solid volume fraction = 0.05. Physical proper-
ties used in the simulations are listed in Table 1. Cartesian cut cells [28]were used in the horizontal plane. 20 gridswere placed in vertical direction; the length of the grid in the lateral plane is
~5% of the tube diameter.
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at most one spin or swirl as the particles travel from the bottom to the
top. Even though this spinning motion is slow compared to the axial
velocity, the resulting centrifugal force on the particles may enhance
the segregation of particles towards the wall; to assess this effect, we
examined the extent of radial segregation of particles in a quasi-2D
simulation of flow in a cylindrical riser during flow development. Ini-
tially a spinning flow set in with a slow spinning rate, which gradually
increases towards the final value. The radial profiles of particle vol-
ume fraction at different times (corresponding to different spinning
periods) are presented in Fig. 10. It is clear that the extent of segrega-
tion is larger at lower spin periods (corresponding to faster spins).
Thus, organized azimuthal motion in risers may play a role in
establishing radial segregation of profiles; axisymmetric cylindrical
flow simulations of riser flow would completely miss this path to-
wards segregation and may lead to both over-estimation of flow de-
velopment length and under-estimation of extent of segregation.

Assuming that a spinning flow structure with a spin rate as given
in Fig. 10 has been established, one can estimate how long it would
take a particle to segregate from the center to the wall region. Such

an analysis suggests a segregation time: tseg ¼ 5
ffiffi
2

p
π

R ϕsh i1=2ffiffiffiffiffiffi
gdp

p . This suggests

segregation times of ~1 s and ~10 s for 0.1 m and 1.0 m diameter
risers. If the average residence time of the particles in the riser is of
this order of magnitude, spinning flow may play a role in establishing
and enhancing radial segregation. If the nature of the inlet geometry
is such that it promotes spinning motion (e.g., by forming rope-like
structures that can quickly develop a spin, as is common in cyclone
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Fig. 7. Variation of average volume fraction of gas in a thin strip in the 3-D cylindrical
riser as a function of time. Symbols indicate the results extracted from simulation. Line
is drawn to guide the eye. Simulation conditions are as in Fig. 6. The thin strip runs
from the axis to the tube wall, over the entire height of the domain and one grid cell
thick.
separators and pneumatic conveying through elbows), then the seg-
regation time will be even less.

4. Summary

Quasi-1D simulations of kinetic theory based two-fluid models for
gas-particle flows in vertical channels by Benyahia et al. [13,14]
resulted in quasi-periodic flow structures. In the present study, we
have performedmany 2D simulations of flows in vertical channel seg-
ments and 3D simulations of flows in vertical cylindrical segments,
and supplemented them with simpler quasi-1D (for channel flow)
and quasi-2D (for cylindrical geometry) simulations. Oscillatory
flow was observed robustly in 2D and quasi-1D channel flow simula-
tions; spinning flow structures resulted in 3D and quasi-2D simula-
tions of flows in cylindrical geometries. The period of such flow
structures could be correlated using a simple model, according to
which the speed associated with these structures scales asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gdp= ϕsh ip

. This, in turn, suggests an instability mode contained in
the kinetic theory based two-fluid model as the driver for these
Fig. 8. Snapshot of the gas volume fraction field in the statistic steady state for flow
in a long 3-D vertical cylinder, illustrating spiral flow. Diameter = 0.10 m.
Height = 0.80 m. Periodic boundary condition was imposed in the axial direction.
Average upward gas flux = 0.68 kg/m2s. Domain-average solid volume frac-
tion = 0.05. Simulations were performed using cylindrical coordinate systems: 15
radial grids; 30 azimuthal grids; 40 axial grids (with uniform Δr, Δθ and Δz). Particle
density = 1500 kg/m3. Particle diameter = 75 μm.
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flows. It appears that the observed spinning flow can affect the evolu-
tion and extent of radial segregation of particles in gas-particle flows
in slender risers.

Notation

A1,A2 adjustable parameters in Eq. (8)
dp particle diameter, m
e restitution coefficient
D cylinder diameter, m
f drag force per unit volume in two fluid model, kg/m2.s2

Frp particle Froude number
g gravitational acceleration, m/s2

g0 radial distribution function at contact in kinetic theory
h function name in Eq. (5)
H height of the cylindrical segment, m
Jcoll rate of dissipation of granular energy per unit volume

through collisions, kg/m.s3

Jvis rate of dissipation of granular energy per unit volume due
to gas, kg/m.s3

L height of the channel segment, m
m gas mass flux, kg/m2s
p pressure, Pa
q flux of granular energy, kg/s3

t time, s
T granular temperature, m2/s2
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Fig. 10. Radial variation of time-averaged particle volume fraction for different swirling
speeds. Results were obtained from a 3-D cylindrical simulation. The swirl ratewas initial-
ly slow, but became progressively faster. Swirl periods: 3 s (dotted line); 2.2 s (solid line);
1.4 s (dashed line).
u,v gas and particle phase velocities, respectively, m/s
vt terminal settling velocity, m/s
W channel width, m

Greek letters
Δ grid size, m
ϕ volume fraction
〈ϕs〉 domain-average volume fraction
φ specularity coefficient
λ granular thermal conductivity, kg/m.s
μ viscosity, kg/m s
ρ density, kg/m3

σ stress tensors in two fluid model, kg/m.s2

τ period, s
Γslip rate of generation of granular energy per unit volume by

gas-particle slip, kg/m.s3

Subscripts
g gas phase
p particle
pp particle–particle
pw particle–wall
s particle phase
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