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ABSTRACT: Expanded graphite particle is characterized by the low density in
comparison with those of bead glass and copper particles. Hydrodynamics of the
irregular-shaped graphite particle swirling flows in a coaxial chamber are
investigated via an improved kinetic frictional stress model. A drag force
coefficient considering the effects of irregular shapes based on the artificial neural
network algorithm is adopted to describe the momentum transfer between
nonspherical particles and gas phases. The proposed model, algorithm, and source
code for modeling and simulation are validated by measurement using spherical
glass beads, and acceptable agreement is obtained. Lower sphericity particles
enhance the anisotropic particle dispersions and induces the redistributions of the
Reynolds stresses of the two-phase flow. Irregular-shaped particles are more
sensitive to the gas followability instead of own inertia, whereas spherical particles
are easier to be affected by the inlet effects. The interlock force between
nonspherical particles takes great effect on particle flow than the spherical particle. The axial−axial normal stresses of sphericities of
0.63 and 0.72 are approximately 3.4 times larger than those of shear stress of spherical particle, and their axial velocities locating at
near central regions are 3.0 times larger than those of sphericities.

■ INTRODUCTION

A fullerene is a kind of important material that has been
applied in the fields of superconductivity, advanced function
materials, and nanotechnology. The combustion-synthesized
strategy to fabricate the fullerene based on the expanded
graphite particle (EGP) has been developed rapidly in recent
years. However, the gas-particle two-phase hydrodynamics and
combustion process are significantly determined by particle
properties and dispersion behaviors.1,2 Expanded graphite
particles have loose, porous internal structures with a relatively
lower density in the order of 10−100. Compared to the
conventional density particles (∼103), they have unique
dispersion characteristics, especially in a swirling combustor
as a result of the complicated transport process, turbulent
mixing, diffusion, and unclear illustrations regarding the
interaction mechanism between particle and gas phases. The
formation of recirculation and primary circulation regions has
great effects on the intensity of momentum, heat, and mass
transfer and the turbulent flow structure.3−8 In many
combustion devices, swirling flow is used to stabilize the
flame depending on the recirculation zones. Swirling flow is
easier to incur the instabilities, leading to triggering
combustion oscillations and deteriorating performances. The
amounts of recirculation regions and central vortex breakdown
zones are relied on the swirling strength in many swirl-
stabilized flames represented by the highly anisotropic, large-
scale turbulent structure with shear flow regions. Therefore, it

is necessary to gain a better understanding with regard to the
particle anisotropic dispersion characteristics and momentum
interaction mechanism between the gas and particle phases.
Experimental studies for swirling gas−particle flows using

the particle image velocity,9−12 the phase Doppler particle
analyzer,6,7,13 the laser digital velocity,14 and so forth have been
successfully utilized to capture the particle dispersions in
swirling gas−particle turbulent flows. However, majority of
studies focus on the dispersion of spherical particles rather
than on nonspherical particles. The computational fluid
dynamics method has been rapidly developed because it is
the most potential and cost-effective way to not only reveal the
basic hydrodynamics but also explore their application
conveniently. Generally, a simulation algorithm is classified
into the Euler−Euler two-fluid model (TFM)15−19 and the
Euler−Lagrange discrete particle model (DPM).20−24 As for
TFM, both gas and particle phases are considered as the
continuum and full interpenetration of each other, which is
dominantly popularized for a large-scale simulation due to a
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Table 1. Mathematical Model of Irregular-Shaped Particle Swirling Two-Phase Flow
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B: Constitutive Equations
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lower CPU time in comparison with DPM. Certainly, the
necessary closure correlations for the Reynolds stress transport
equations describing the interactions between gas and particle
phases by using the two-way or four-way coupling methods are
required. Based on the Reynolds-averaged Navier−Stokes
(RANS) algorithm, a standard k−ε turbulence model and the
DPM for tracking the particle trajectory in swirling two-phase
turbulence flow are used.8 A two-phase second-moment
turbulent model to numerically simulate the turbulent flow
structure, the heat transfer of droplet-laden, gas−droplet, and
gas-dispersed particle of separated/swirling flows in sudden
expansion pipe was utilized. They found that the fine particle
attenuates the gas turbulence up to 25%.19,25 A unified second-
order moment particle collision model to depict the
anisotropic characteristics of particle, the redistributions of
Reynolds stresses of two phases, and the mixing and separation
behaviors was proposed.26 The RANS cannot effectively obtain
the coherent structure of turbulent flows and instantaneous
velocity information. The high-fidelity simulation algorithm,
the large eddy simulation, and the direct numerical simulation
(DNS) have successfully performed the single-particle phase
swirling and sudden expansion particle-laden hydrodynam-
ics;27−29 however, they are adopted for the merely spherical
particle rather than the nonspherical particle. For the two-
phase turbulent flow of nonspherical particles, a torque
coefficient for the four kinds of nonspherical particle shapes
with a wide range of flow of Reynolds numbers was
developed.30 As for DPM simulation, a new set of correlations
of drag, lift, and torque coefficients for nonspherical single
particle that was determined by the fitting DNS results for the
flow around prolate ellipsoidal particles in a larger range of
Reynolds number was established.31,32 The total particle
deposition increases with size and density, especially the

ellipsoidal shape particles are more prone to the deposition for
the turbulent swirling reacting flows.33 Moreover, another
finding is that the contributions of particle size distribution on
dispersity effects are larger than the particle’s shape. The
particle size has a larger influence on the swirling coal particle
pneumatic conveying than the irregular shape of particles.34

Particle dispersion behavior is significantly differed from those
of spherical and highly nonspherical particles in lateral particle
distribution after injection into a vertical cross flow.35

The interaction between gas and spherical or nonspherical
particles is calculated by the product of the drag coefficient and
slip velocity. Most drag force correlations are always dependent
on the spherical particle with homogeneous and heterogeneous
empirical attributions that were derived from the existing drag
equations.36 Regarding nonspherical particles, a new drag force
coefficient, which is a function of the particle Reynolds number
and particle sphericity using the artificial neural model for
nonspherical particle in a dense gas−particle two-phase flow,
was proposed.37,38 Meanwhile, effects of particle shapes on the
hydrodynamics on the microscale level are revealed.39−41 Until
now, the effects of nonspherical particle shapes on particle
dispersions in swirling two-phase flows have not been reported,
especially for ultralight density particles. The aim of the
present study is to explore the effects of irregular shape on the
hydrodynamics of ultralight expanded graphite turbulent flows.
The first proposed second-order moment model have
successfully simulated the anisotropic dispersions of the
particle and bubble and the hydrodynamics of gas−particle
and bubble−particle two-phase flows.3−5,42−46 In this work, a
frictional kinetic stress coupling second-order moment model
was improved to simulate the swirling nonspherical particle
flow in a coaxial chamber. Momentum interactions between
nonspherical particles and gas are described by Yan’s model.37
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Effects of particle sphericity on two-phase particle hydro-
dynamic dispersions are analyzed in detail.

■ MATHEMATICAL MODELING AND NUMERICAL
ALGORITHM

The proposed frictional kinetic stress model based on the
framework of the two-fluid approach is developed, in which the
anisotropic dispersions of nonspherical particles are modeled
by the two-phase Reynolds stress transport equations.42

Conservation laws of mass and momentum are satisfied with
each phase, and no mass and heat transfer occurred between
gas and particle phases. Governing equations and their closure
correlations, such as the mass conservation equations, the
momentum transport equations, and the Reynolds stress
equations, are listed in Table 1.
Governing Equations. Numerical Algorithm. The finite

volume method is used to solve the governing equations, and
computational domains are divided into the finite number of
control volumes. Scalar parameters, including particle volume
fraction, density, and turbulent kinetic energy, are stored in the
center of control volume. The staggered grid arrangement to
solve the velocity components located at the control volume
surface is utilized. The semi-implicit pressure linked equation-
corrected algorithm to correct the p−v correlation with the
tridiagonal marching algorithm by the line-by-line iteration, the
under-relaxation quadratic upstream interpolation, and the
convective kinematics procedure. In addition, the central
difference scheme for the diffusion term is adopted to solve the
finite differential equations. As for the inlet conditions, the
particle inlet velocity is set to uniformity and the gas inlet
velocity is set to the parabolic distribution. The normal and
shear components of the Reynolds stress are assumed to be
eddy-viscosity constants, and the inlet dissipation is given as
εin = cμ

0.75 kin
1.5/λL, where cμ = 0.09 and λ = 0.07. Full

development outlet boundary and nonslip wall boundary
conditions for gas velocity are employed. The Reynolds
stresses are mainly determined by the production terms, and
both axial gas and particle boundary conditions are symmetric.
Residual mass convergences are set to 5.0 × 10−5 for gas and
particle phases. The in-house source codes are written in
Fortran 90 language, with the amount of statement being
approximately 9600, in which the debug platform is the
Compaq Visual Fortran. Experimental validations for the
proposed model, algorithm, and code are carried out using a
spherical glass bead with a diameter of dp = 56 μm and a
density of ρp = 1545 kg/m3 in Sommerfeld’s experiment.6 The
ultralight graphite particles with a density of ρgp = 21.8 kg/m3

and five shapes of sphere, ideal, elongated cylinders, cubic, and
elongated cuboid plates are numerically simulated. The
equivalent diameters of dep = 56 μm with different sphericities
ψ of 1.0, 0.94, 0.87, 0.72, and 0.63 are employed, and the
schematic diagram of the coaxial combustor is shown in Figure
1. In this figure, the contour of the subfigure is the vortice
distributions of spherical glass particles (ψ = 1.0), and those of
nonspherical particles are being investigated.47

■ RESULTS AND DISCUSSION

The experimental validations are shown in Figure 2. We can
see that the predicted particle axial and tangential fluctuation
velocity are in good line with the measurement. Moreover, the
annular-reversed flow region along with the axial direction and
the Rankine-vortex structure along with the tangential

direction are captured, which are in good agreement with
experiments. The deviations and errors are mainly caused by
the limitation of the RANS algorithm due to the failure of
obtaining the instantaneous flow information and coherent
flow structure, as well as short of the advanced closure
transport equations and the better understanding mechanism
for multiphase turbulent flow.
Figure 3 shows the distributions of normalized number

density of ultralight density particles. As seen from this figure,
bimodal peaks at central axis regions along with the streamwise
direction can be observed, and they are different with particle
sphericities. At the near inlet region of x = 52 mm, the
maximum values are the larger irregular-shaped particle with ψ
= 0.63 and are decreased with particle sphericity with ψ = 1.0
toward the development flow direction. Furthermore, at the
beginning section of x = 112 mm, the particles begin to move
and accumulate at near wall regions as a result of the effects of
tangential velocity, turbulent diffusion, and centrifugal force
actions. Concentrations increased with the particle sphericity
reaching up to the maximum values at the cross section of x =
315 mm for ψ = 1.0, especially larger than those of central
regions. The reason is that ultralight density particles are easier
to be thrown out of the central region and move to wall
regions because of their smaller inertia compared with the
heavy glass particles, which easily penetrate the primary central
region because of their larger inertia. Furthermore, those
particles with the higher irregular-shaped degrees are
contributed to the acceleration accumulations near wall regions
dined by interactions between gas and particle phases.
Figure 4 shows the distributions of axial and tangential

particle velocities under different particle sphericities. It is
noted that the negative velocities at the near centerline and
wall recirculation regions and the tangential swirling velocity
are generated. The bimodal peaks with W-shaped profiles are
found at the inlet region, and they gradually evolved into a flat
profile along with the streamwise direction thereafter. As a
matter of fact, the lower density of the graphite particle is
readily carried by gas turbulence, indicating that it has excellent
followability with the gas phase, and the effects of gravity are
relatively slight or negligible. In the meantime, these are always
larger than those of glass beads in the experiment.6 Lower
sphericities of particles have larger peak values and exhibit the
strongly anisotropic dispersions than those of higher
sphericities; it can be explained that the drag force between
the gas and irregular shape particle is dominant, and inlet
effects are neglected because of their smaller inertia. The most
important phenomenon observed is that the peak values of ψ =
0.63 and 0.72 are approximately 3.0 times larger than those
sphericities located at near central regions (see Figure 4a). It is

Figure 1. Schematic diagram of the coaxial combustor with irregular-
shaped particles.
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demonstrated that the drag force for the higher irregular-
shaped degree is far greater than the interlock force between
particles and their own centrifugal force.37−39

Figure 5 shows the distributions of the root-mean-square
axial and tangential particle fluctuation velocity at different
particle sphericities. The fluctuation velocities of ψ = 0.63 and
0.72 are intensified along with streamwise flow because of a
larger drag force. Compared to the inlet effects, the
interactions between the gas and nonspherical particle and
interlock forces are primary. Thus, the effects of sphericity play
important roles in particle dispersions. We can see that the
profiles of higher sphericity particle exhibit flat and uniform
since their interlock forces are less than those of lower
sphericity particles.38,39 Lower sphericity ultralight particles are

sensitive to followability by the gas phase rather than
controlled by their own inertia leading to the complex
transport characteristics.
Figure 6 reveals the distributions of the Reynolds stresses of

particles along axial−axial and axial−tangential directions.
They present the distinctively anisotropic characteristics
resulting in the redistribution of the Reynolds stresses. As for
spherical particles, large values are found at inlet shear regions
induced by higher velocity gradients, and they are about 4.5
times larger than those of the fully development flows because
of higher interlock force among nonspherical particles.
Additionally, axial−axial values are larger than those of the
axial−tangential direction. Compared to those of lower
sphericities ψ = 0.63 and 0.72, these spherical particles are

Figure 2. Experimental validations for the axial and tangential RMS fluctuation velocity of the particle: (a) axial direction and (b) tangential
direction.
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significantly higher because they are easier to penetrate the
reversed-flow region and majority of particles preferentially

accumulated along the shear layer. In other words, spherical
particles are primarily affected by the inlet effects because of a
relatively smaller drag force in comparison with an irregular-
shaped degree.
Figure 7 shows the profiles of the Reynolds normal and

shear stresses between the gas and particle along the axial−
axial and tangential−axial directions, respectively. The
distributions of axial−axial and axial−tangential with ψ =
0.63 and 0.72 have strong anisotropic characteristics, and their
normal stress are approximately 3.4 times larger than those of
the shear stress of the spherical particle. The reasons are that
the irregular shape particle has larger drag forces between the
gas and particle, resulting in poor followability behaviors, and
the higher degree in nonsphericity enhances the anisotropic
behaviors. The normal and shear stresses have different
appearances under the complex effects of centrifugal forces,
turbulent diffusions, and nonspherical degrees. The overlap
sections in Figure 7b imply that the tangential−axial shear
stress almost disappeared for high-sphericity particles away
from central regions.
The profiles of the turbulent kinetic energy of particle are

given in Figure 8. The nonspherical particles have the larger
turbulent kinetic energy at far stream flow because of the

Figure 3. Distributions of normalized number density of ultralight
density particles.

Figure 4. Profiles of axial and tangential particle velocity: (a) axial
direction and (b) tangential direction.

Figure 5. Profiles of root-mean-square axial and tangential particle
fluctuation velocity: (a) axial direction and (b) tangential direction.
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higher interaction activities and fluctuation velocities between
gas and particle phases. Under the conditions that the inlet
effects on the sections of x = 3 and 52 mm are considered,
their peak values are larger than those of fully development
flow regions. Lower sphericities make more contributions to
the enhancement when inlet effects are vanishing.
Figure 9 shows the vorticity maps of particle swirling flows

under different sphericities. The evolution of the vortex shows
that the shedding vortices from the inlet region were rolled up
by the boundary layer with the vortices from the shear layer
and then underwent a process of pairing, merging, and
breakup. No distinct vortex can be observed because the axial
particle flow is more rigid than the gas phase. The maximum
values are generated at the location of central-reversed flow
borders and shear layer zones. For the lower sphericity
particles, the lengths of central and recirculation flow regions
are elongated because of a larger drag force (see Figure 9e).
The swirling flow structures of nonspherical particles are
considerably complicated as a result of complex multiphase
turbulent diffusions and momentum transfer interactions
between the gas and particle and particle and particle.
Anisotropic dispersions gradually evolved into the flat
performances with the increasing sphericity.

■ CONCLUSIONS
In this work, the hydrodynamics of EGP two-phase swirling
turbulent flow in the coaxial chamber was investigated using an

Figure 6. Profiles of Reynolds stresses of particles: (a) axial−axial
direction and (b) axial−tangential direction.

Figure 7. Profiles of root-mean-square Reynolds stresses between the
gas and particle: (a) axial−axial direction and (b) tangential−axial
direction.

Figure 8. Profiles of the turbulent kinetic energy of particle.
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improved kinetic frictional stress model and an adopted drag
coefficient to describe the momentum transfer between gas
and nonspherical particle phases. The effects of particle
sphericity on the ultralight particle dispersions were analyzed
in detail. The proposed mathematical model, scientific codes,
can predict accurately the graphite particle dispersions of the
nonspherical particle−gas system in the chamber, and the
influence of sphericity on the drag coefficient is very important.
Particles with a lower sphericity show the stronger anisotropic
characteristics of the particle velocities, the fluctuation
velocities, and the Reynolds stresses. The interlock force
between the nonspherical particle takes impediment for
particle flows, which is greater than that of the spherical
particle. The swirling flow structure of the nonspherical gas−
particle system is affected by the complicated turbulent
diffusion, momentum transfer, and interactions between the
gas and particle phase. Further experimental validations for the
different ranges of the Reynolds number and the compre-
hensive effects of the particle shape and size will be studied in
future.
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■ NOMENCLATURE
CD drag coefficient (dimensionless)
dp diameter of particle (m)
D diffusion term (kg/ms3)
ep restitution coefficient of particle (dimensionless)
ew restitution coefficient of wall (dimensionless)
eeff effective particle coefficient (dimensionless)
f friction (dimensionless)
g gravitational acceleration (m/s2)
g0 radial distribution function (dimensionless)
I unit tensor (dimensionless)
kg turbulent kinetic energy of gas (m2/s2)
kp turbulent kinetic energy of particle (m2/s2)
m mass flow rate (g/s)
p thermodynamic pressure (Pa)
pp particle phase pressure (Pa)
pp

f particle frictional pressure (Pa)
P production term (kg/ms3)
Rep particle Reynolds number (dimensionless)
ug gas velocity (m/s)
up particle velocity (m/s)
s swirling number, (dimensionless)
t time (s)
T interaction term (dimensionless)

■ GREEK ALPHABETS
αg gas volume fraction (dimensionless)
αp particle concentration (dimensionless)
βpg interphase drag coefficient (dimensionless)
δ Kronecker delta unit tensor (dimensionless)
ρg gas density (kg/m3)
ρp particle density (kg/m3)
εg turbulent energy dissipation rate of gas (m2/s3)
εp turbulent energy dissipation rate of particle (m2/s3)
μg gas dynamic viscosity (Pa s)
μp particle shear viscosity (Pa s)
τg stress tensor of gas phase (Pa)
τp stress tensor of particle phase (Pa)
τrp particle relaxation time (s)
φ sphericity, blending function (dimensionless)
ωf angle of internal friction (degree)
ψ particle shape descriptor (dimensionless)

Figure 9. Distributions of the vorticities of particles at different
sphericities (1/s): (a) ψ = 1.0, (b) ψ = 0.94, (c) ψ = 0.87, (d) ψ =
0.72, and (e) ψ = 0.63.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02053
ACS Omega 2021, 6, 16631−16640

16638

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3377-2130
mailto:liuya@mail.tsinghua.edu.cn
mailto:liuya@mail.tsinghua.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guohui+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:maillgh@djtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongju+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02053?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02053?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02053?rel=cite-as&ref=PDF&jav=VoR


χ particle circularity (dimensionless)
θ granular temperature (m2/s2)
Π pressure−strain term (dimensionless)
Γ conductivity coefficient (kg/ms3)
γ collisional dissipation rate, (kg/ms3)
ξp particle bulk viscosity (Pa s)

■ SUPERSCRIPTS

′ fluctuation
− averaged

■ SUBSCRIPTS

i,j,k coordinate directions
g,p gas and particle
l laminar
m max
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