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ABSTRACT: Turbulence modulations by particles of a swirling gas−particle two-
phase flow in an axisymmetric chamber are numerically simulated. To fully
consider the preferential concentrations and the anisotropic dispersions of
particles, a second-order moment model coupling particle−particle collision model
was improved. Experimental validation for the proposed model, algorithm, and in-
house codes by acceptable match was carried out. The effects of ultralight-
expanded graphite and heavy copper particles with a large span of Stokes number
on gas velocities and fluctuations, Reynolds shear stresses and tensor invariants,
turbulence kinetic energies, and vortice structures are investigated. The results
show that turbulent modulation exhibits strong anisotropic characteristics and
remains in a close relationship with the flow structure. Modulation disturbances
and vortex evolution are enforced by heavy-large particles with higher Stokes
numbers. Preferential accumulations of ultralight particles in shear stress regions at
lower vortices are weaker than those of heavy particles. For axial turbulence
modulations, a heavy particle plays the primary role in the inhibition action because of larger inertia, and a light particle contributes
to the enhancement effect due to excellent followability. The instantaneous flow information and coherent turbulent structure are
failed to be acquired due to the limitation of the Reynolds time-averaged algorithm.

■ INTRODUCTION
A swirling gas−particle flow exists in all kinds of natural
phenomena and industrial processes, such as the coal
combustion, the circulated fluidized bed, the chemical process,
and the environment protection, and so forth. Gas turbulence
plays an important role in the transfer of mass, momentum,
and energy between gas and particle phases. It is very
indispensable to obtain further understanding regarding the
flow mechanism and turbulence modification by effects of
particle properties, particle dispersion, and turbulent flow
structure.1−5

Experimental investigations via the particle image velocity
(PIV), laser Doppler anemometry (LDA), a phase Doppler
particle analyzer (PDPA), and a high-speed camera have been
successfully performed for the hydrodynamic gas−particle
turbulent flows.6−17 As for the LDA technique, interactions
between small-dense copper and glass beads with diameters of
70, 50, and 90 μm and gas turbulence behaviors in a fully
developed channel were measured. Particles could respond to
some specific scales of turbulent motion, and gas turbulence
was attenuated by the addition of particles.6 Gas turbulence
modulation in the streamwise direction reaches up to
approximately 35% decrease along the channel-flow extension
regions.7 Turbulence intensity was significantly changed in the
higher particle concentration regions, and the turbulence
intensity increases closely to the center of the pipe.8 The
impact of inertial particles on the turbulent kinetic energy and

turbulent kinetic energy dissipation in particle-laden flows were
quantified.9 By use of the PIV instrument, the presence of
particles noticeably alters the carrier phase turbulence
properties through an effective increase in the wall friction
velocity of approximately 7% and an increase in normal and
shear Reynolds stress by approximately 8−10% in the outer
flow.10 Particle inertia are of great importance for gas
turbulence modification, even if the lower mass loading ratio
of 5 × 10−4. It was attenuated with increasing particle size and
mass loadings.11 Swirling two-phase hydrodynamics using
PDPA were also performed.12,13 In recent years, the direct
numerical simulation (DNS),18−23 the large eddy simulation
(LES), and24−30 the Reynolds averaged Navier−Stokes
simulation (RANS)31−40 have been rapidly applied to model
and simulate the hydrodynamics of two-phase flows based on
the computational fluid dynamics (CFD) technique. The
definition of gas turbulence modulation in particle-laden flows
can be expressed by the effects of the relevant particle size,
density, and volume fraction on flow information as well as the
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Table 1. Mathematical Model of the Gas−Particle Swirling Flow in the Chamber
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(c) equation of particle fluctuating energy
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B: constitutive equations
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(b) Reynolds stress equation of particle phase ∑
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(d) particle shear production α ρ= − ′ ′ ∂
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(e) particle pressure−strain ∏ ∏ ∏ ε
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(f) particle dissipation ε δ α ρα= 2
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(h) equation of gas−particle interphase Reynolds stress ε
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(i) interphase diffusion
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particle Stokes number even if it has been not well understood
so far. Turbulence modification was characterized into
augmentation and attenuation categories using a developed
intuitive parameter, which is the ratio of the particle diameter
to a characteristic size of large eddies.41 The threshold of
particle volume fraction (α) to characterize effects of particle
on gas turbulence was firstly proposed, that is the one-way
coupling (α < 10−6), the two-way coupling (10−6 < α < 10−3),
and the four-way coupling (α > 10−3).42 By using the DNS
algorithm, gas turbulence was attenuated by fine particles in
developing the boundary layer and fully developed channel
flows when mass loading ratios are greater than 10%.18

Turbulence modulation is more highly sensitive to the effect of
mass loading rather than the particle response.19 Also, it is
determined by a group of parameters rather than a sole factor,
that is, combination of swirling number, mass loading, particle
size and density, and so forth, in which mass loading was

considered as the leader order. Moreover, turbulent kinetic
energy depends on the intermediate and the small-scale
vortices are smaller than those of in single swirling jet.20,21

Low-inertia particles trigger the laminar-to-turbulent insta-
bility, whereas high-inertia particles tend to stabilize turbulence
due to the extra dissipation induced by particle−fluid
coupling.22 Regarding the LES application, turbulence
modulations have strongly anisotropic characteristics and
been closely determined by the flow structure in the backward
facing step two-phase flows, especially smaller size and lower
density particle enhanced the turbulence modulation.23 For the
first time, the swirling particle-laden follows in a coaxial-jet
combustor were numerically simulated.24,25 The two-phase
hydrodynamics, that is, particle dispersion characteristics,
particle residence time of different particle sizes, evolution
coherent structures, and particle−diameter correlation were
obtained. However, the trend gas turbulence modulations by

Table 1. continued

B: constitutive equations
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the particle have not been provided completely. Experimental
data to validate the DNS results are virtually nonexistent due
to the complexity of gas−particle two-phase turbulent flows
and the current measurement approaches.30 In regard to the
LES algorithm, the most challenge is that how to establish the
accurate subgrid scale (SGS) models and carry out the priori
verifications. Compared to DNS and LES, RANS is the
compromised way due to economic computation, robust
turbulent model, and practically empirical coefficient, even if it
failed to disclose the instantaneous flow behavior and coherent
turbulent structure. A standard k−ε two-equation turbulence
was used to model the effects of particle size, mass loading, and
swirling number on gas turbulence modulation at the internal
recirculation region.31 The gas phase solved by a standard k−ε
turbulence mode and discrete particle models for tracking the
particle trajectory in swirling two-phase turbulence flow was
also studied.32 A developed k−ε particle collision model for
dilute gas−particle vertical flows containing high-inertia
particles was carried out, indicating that the interparticle
length scale has a significant effect on gas turbulence.33 A new
dimensionless particle moment number of particle-laden
Navier−Stokes equations was established to identify turbu-
lence attenuation between the augmentation regions with two
critical particle momentum numbers according to the mapped
of Re−Pa numbers.34 A probability density function to
describe the cylindrical particle orientation was developed.
Turbulence intensity enhancement caused by cylindrical
particles in the streamwise is smaller than that of near the
nozzle exit, as well as directly proportional to particle
concentration, Reynolds number, and particle aspect ratio.35

A two-phase turbulent Reynolds stress model to predict the
swirling particle dispersions in behind a sudden tube expansion
was improved for simulation; results show that the fine particle
attenuates the gas turbulence of up 25%.36 A series of the
second-order moment gas−particle and gas−liquid turbulent
models to simulate the anisotropic dispersions of particle and
bubble, and hydrodynamics of gas−particle, and bubble-
particle two-phase flows were developed to successfully reveal
the anisotropic characteristics, the redistributions of Reynolds
stresses of two phases, and the mixing and separation
behaviors.37−43

Until now, the mechanism of turbulence modulation by
particles in swirling gas−particle flows has not been clarified
clearly. The aim of the present study is to explore the
turbulence modulations by the effects of particle density and
size, the Stokes number using ultralight expanded graphite

(EG), and heavy copper particles. A second-order moment
gas−particle turbulence model was developed, which the
Reynolds stress transport equation and the particle temper-
ature equation based on the kinetic theory of granular flow are
used to describe the anisotropic characteristics and particle−
particle collisions. The measurement data of glass bead in
experiments were used to validate the proposed mathematical
model, algorithm, and in-house code.13 Effects of particles on
gas turbulence modulations are analyzed in detail.

■ COMPUTATIONAL METHODS

The gas and the dispersed particle phases are modeled by the
Eulerian−Eulerian two-fluid approach, which treats both the
gas and particulate phase as each continuous medium. It
involves the solution of a two-phase set of Navier−Stokes
equations using the four-way coupling correlation, indicating
the interactions of gas−particle and particle−gas. Particle−
particle collisions are completely considered. Particularly, the
anisotropic characteristics of particle dispersions were modeled
by an improved the two-phase Reynolds stress transport
equations and particle temperature equation. Conservation
laws of mass and momentum are satisfied for each phase; no
mass and heat transfer occurred between gas and particle
phases. The governing equations are summarized as in Table 1.

Experimental Setting. The coaxial cylindrical chamber in
an experiment consists of the primary core zone and the
secondary annual jet zone. Diameters of the primary inject,
annulus jet, and main outer chamber are 32.0, 64.0, and 194.0
mm, respectively. The total length test section that is oriented
vertically with the gravity acting in the direction of the flow is
960.0 mm. Predictions are laden with the ultralight expanded
graphite (EP) and the copper beads with a density of 21.9 and
8900.0 kg/m3 with each diameter of 45.0 and 1000.0 μm,
respectively. Glass beads are used to verify the simulation
result, which have 2500.0 kg/m3 density and are 45 μm in
diameter with Stokes number St = 0.025. As for the gas phase,
the initial primary central flow rate is 9.9 g/s, the initial annular
flow rate is 38.3 g/s, and the inlet Reynolds number is 52,400.
The particle mass flow rate is 0.34 g/s and the particle loading
in the primary flow η is 0.034, which is defined as the ratio of
the particle to gas phase mass flow rates in eq 1. The mass flow
rates correspond to the particle inertia leading to the different
effects on inlet flow structures. Larger inertia particles are
easier to be entrained to the primary central regions instead of
secondary flow regions.

Figure 1. Schematic diagram of a coaxial swirling chamber.
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The swirling number is set to 0.47 in this simulation (see eq
2). The date output positions are obtained at the length of 3.0,
52.0, 155.0, 195.0, and 315.0 mm along the streamwise
directions. Detailed schematic diagrams are shown in Figure 1.
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The experimental parameters and simulation settings are
given as Table 2. Moreover, the interim value of St = 1.11 in
between 43.6 and 0.002 using copper particles with diameter of
160.0 μm is also simulated to investigate the trend of the effect
of Stokes number in-between on turbulence modulations.
Numerical Algorithm. The finite volume method and the

staggered grid technique are utilized to solve transport
equations and Reynolds stress models in a generalized
coordinate space. The quadratic upstream interpolation for
convective kinematics procedure and the central difference
scheme (CDS) for the diffusion terms are employed as well.
The computational domain is first divided into a finite number
of control volumes and then was integrated over this certain
control volume. The semi-implicit for pressure linked equation
correction, the tri-diagonal marching algorithm, the line-by-line
iteration, and the under-relaxation are served for the velocity
corrections to meet the requirements of continuity criteria,
which are set to the of 1.0 × 10−4 for residual mass sources.
The uniform and parabolic distributions for gas and particle
inlet velocity, the isotropic profiles for normal components of
Reynolds stresses, and the eddy viscosity hypothesis for shear
stress are set up. Values of initial values of the particle
temperature are defined by θ = 0.005u2p,in, and inlet dissipation
is εin = cμ

0.75 kin
1.5/λL. Nonslip wall conditions are set for gas

velocity and the gas Reynolds stresses were determined by the
production terms. The tangential particle velocity and granular
temperature at the wall are calculated.44 In-house computa-
tional codes are compiled by the Fortran 77 consisting of
approximately 22,000 statements.
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■ RESULTS AND DISCUSSION
Experimental Validations. The mathematical model,

numerical algorithm, and in-house code were validated by

experimental measurements using glass beads with a density of
2500.0 kg/m3 and diameter of 45.0 μm.13 The grid
independence for the axial particle velocity by means of coarse
(6.0 × 1.9 mm), medium (2.0 × 0.48 mm), and fine (1.3 ×
0.33 mm) grid sizes was tested (see Figure S1). A medium grid
size is acceptable due to the economic CPU time and satisfied
results that adopted for the grid scheme. The swirling flow
exhibits considerable anisotropy, especially in the shear layer
and flow core regions. Concerning the key flow features
including the primary corner and secondary recirculation zones
with cores that centered at the (x,r) coordination of (117.4,

Table 2. Parameters of the Experiment and Numerical
Simulation

parameters Unit value

diameter of expanded graphite and copper
particles, ds

mm 45/1000

45, 160/1000
density of expanded graphite and copper particles,
ρs

kg/m3 21.9, 8900

diameter of the glass bead for CFD validation, dsb mm 45
density of the glass bead for CFD validation, ρsb kg/m3 2500
density of gas, ρg kg/m3 1.225
viscosity of gas, μg Pa.s 1.8 × 105

restitution coefficient of particle−wall, ew 0.96
restitution coefficient of particle−particle, e 0.95
particle sphericity, φ 0.96
diameter of the primary inject, djn mm 32
diameter of the annular jet, dan mm 64
diameter of the chamber, do mm 194
total length, L mm 960
particle loading, η 0.034
swirling number, s 0.47
flow rate in the primary jet, ṁs g/s 9.9
flow rate in the annular jet, ṁan g/s 38.3
inlet Reynolds number, Rein 52,400
Stokes numbers of copper St, ds = 45,160,1000 μm 0.087, 1.11,

43.6
Stokes numbers of expanded graphite St,
ds = 45,1000 μm

0.0002, 0.11

Stokes number of the glass bead for CFD
validation St, ds = 45 μm

0.025

Figure 2. Predictions of gas−particle flow characteristics using the
glass bead experiment.
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61.1 mm) and (50.4, 73.3 mm), the reattachment point
centered at approximately (53.8, 93.0 mm), and the highest
negative velocities within the primary recirculation region is
found at the coordinates of x = 117.4 mm, respectively (see
Figure 2 and Table 3).These values complied with the
measured results by ref 13 within 5% errors as well as the
LES simulations by refs 24, 25. Predictions of axial and
tangential two-phase velocities at the streamwise sections in
comparison with the PDPA data are shown in Figure 3. The
W-shaped profiles at annular flow regions and the typical
Rankine vortex structure along the axial tangential direction are
captured in the shear layers, respectively. These findings
correlate well with the experimental results even if they have
slightly overestimated at the near wall zone at x = 155.0 mm.
The errors mainly are caused by the time-averaged method in
this research because it fails to capture the instantaneous flow

information, coherent structure of turbulent flow, especially for
the evolution of vortex stretch, as shown in distinct vortex
regions in Figure 3. Although LES and DNS algorithms may
overcome these drawbacks to some degree, it was confined
strictly by the accurate SGS models, wall boundaries, and
unaffordable CPU time.24−26,30,31,37

Turbulent Modulations by Particles. Figures 4 and 5
demonstrate the distributions of gas streamlines and vorticities
with a large span of Stokes number values ranging from St =
0.0002 to St = 43.6. As we can see streamlines have
significantly been changed because of the effect of the sudden
expansion of the geometry section. Two typical recirculating
regions were observed, that is, a central primary jet region at
the near-axial region as a result of the appearance of return
flow with a negative velocity and a corner recirculating region
at the wall-bound region as a result of the two-phase flow

Table 3. Comparison with LES and Experimental Data

in this simulation LES experiment data

primary circulation zone, (x, r) (50.4, 73.3 mm) (49.8, 76.8 mm) (52.0 mm,/)
secondary circulation zone, (x, r) (117.4, 61.1 mm) (115.4, 64.0 mm) (112.0 mm,/)_
reattachment point, (x, r) (53.8, 93.0 mm) (52.2, 94.7 mm) (52.0 mm,/)
maximum relative error with experiments, % 4.8 3.1

Figure 3. Validation of the time-averaged axial and tangential velocities of gas and particles using the glass bead experiment, St = 0.025:13 (a) axial
direction, gas; (b) tangential direction, gas; (c) axial direction, particle; and (d) tangential direction, particle.

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

https://doi.org/10.1021/acsomega.1c00085
ACS Omega 2021, 6, 10106−10118

10111

https://pubs.acs.org/doi/10.1021/acsomega.1c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00085?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00085?rel=cite-as&ref=PDF&jav=VoR


reattachment production under the combination effects of
sudden expansion, turbophoresis force, and particle inertia.
The density and the diameter of particles are given as a
function of Stokes number, and they greatly impacted on the
evolution processes of flow and vortex structures. When the
Stokes number is far less than unity, it means that the particles
are well entrained into the gas turbulence. These have excellent
followability in the carrier gas, and the two-phase flow could be
treated as a homogeneous phase. Especially, particles are
significantly responsive to gas fluctuations. When the Stokes
number is greater than unity, particles are unresponsive to
gas−phase fluctuations and move unaffected through the gas
eddies due to large inertia of the particle. Table 4 indicates the
effects of particles on flow characteristics under different
Stokes number values. Ultralight particles quickly respond to
gas flow in recirculation leading to more entrainment in the
secondary recirculation zone due to strong followability.
As shown in Figure 5, shedding vortices from the inlet

region that rolled up by the boundary layer with vortices from
the shear layer underwent a process of pairing, merging, and
breakup. Large-heavy particles are easier to penetrate the
central reversed flow regions instead of undergoing toward the
wall-normal region due to the large inertia and lagging velocity
with gas inlet velocity. Therefore, distinctly vortex structures
were not generated because of the perturbance of inertia

particles. In order to consider the effects of in-between or
interim Stokes number values, St = 1.11 using heavy particles
with a diameter of ds = 160.0 μm was introduced (see Figure
S2). The flow status shows the apparently transition character-
istics in terms of primary and secondary circulation, vortex
evolution, and so forth.

Modulations of Mean Velocities by Particles. Figure 6
shows the axial, radical, and tangential gas mean velocity
modulations by particles. Negative velocities can be observed
at the near centerline and wall recirculation regions except for
the tangential swirling velocity. The decay of axial velocities
occurs along the streamwise centerline and the trend to shift
toward the wall region reaching up to a maximum are
disclosed. Radial velocities at a central flow have the maximum
values, and they decrease in the boundary of the primary jet.
Meanwhile, significantly decreasing peaks along the streamwise
direction and flattened profiles over the cross sections are
presented with a similar trend of tangential velocities. With the
disappearance of the inlet effect, velocities have seriously
changed after the streamwise section of x = 155.0 mm, and
effects of smaller Stokes number on axial and tangential
velocities can be negligible even at the near inlet region. As a
matter of the fact, the attenuation of gas turbulence by heavy-
large particles is remarkable. At the near inlet region, light-
small particles were subjected to be thrown out from the
central reversed flow zone, which then moved toward the outer
region by the centrifugal force. In sharp contrast, intensified

Figure 4. Modulations of the gas streamline by particles: (a) unladen
particle, St = 0.025; (b) ultralight particle, d = 45.0 μm, St = 0.0002;
(c) ultralight particle, d = 1000.0 μm, St = 0.11; (d) heavy particle, d
= 45.0 μm, St = 0.087; and (e) heavy particle, d = 1000.0 μm, St =
43.6.

Figure 5. Modulations of gas vorticities by particles (1/s, r−w plane):
(a) unladen particle; (b) ultralight particle, d = 45.0 μm, St = 0.0002;
(c) ultralight particle, d = 1000.0 μm, St = 0.11; (d) heavy particle, d
= 45.0 μm, St = 0.087; and (e) heavy particle, d = 1000.0 μm, St =
43.6.
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modulations by heavy-large particles with a high Stokes
number exert great effects on gas turbulence modulation due
to higher lagging velocity and inertia. At the far downstream
locations, axial velocities are significantly enhanced; however,
radial and tangential velocities are weakened even with a small
Stokes number. Moreover, preferential accumulations of light
particles are weaker than those of heavy particles at the section
of x > 155.0 mm because of the anisotropic dispersions and
excellent followability. The behaviors of the transition particle
with St = 1.11 are close to those of the heavy-large particle
which is adjacent to the threshold of St = 1.0 (see Figure S3).
Modulations of Root-Mean-Square Fluctuation Ve-

locities by Particles. Figure 7 shows the modulation of the
root-mean-square (rms) fluctuation velocities of gas turbulence

by laden particles, which is defined by ′ = ′u u( )g g
2 . Significant

anisotropic characteristics of gas fluctuations are observed in
the shear regions, in which the corresponding highest velocity
gradient decreases toward the centerline and the jet boundary.
With the development of flow, modulations by particles seems
to weaken than those of near inlet regions due to lower local
particle mass flux. Larger Stokes numbers always strengthen
the modulations in contrast to the smaller Stokes number of
light-small particles because of the different history experi-
ences. Considering the effect of initial inertia, particles first are
entrained into the central recirculating zone than being
gradually decelerated, stopped, and turned backward flow.
Radial and tangential velocities became more dominantly, and

Table 4. Comparison of Hydrodynamic Characteristics of Particles

ultralight particle heavy particle

ds = 45.0 μm ds = 1000.0 μm ds = 45.0 μm ds = 1000.0 μm

Stokes number 0.0002 0.11 0.087 43.6
followability excellent good excellent worse
second recirculation entrainment entrainment entrainment penetration
length of the primary and secondary circulation enlarge enlarge enlarge weak
preferential accumulation increase increase increase decrease
vortex formation helpful helpful unhelpful destructive

Figure 6. Modulations of gas mean velocities by particles: (a) axial direction; (b) radial direction; and (c) tangential direction.
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particles gradually move toward the wall driven by centrifugal
force. Light-small particles with small Stokes number are
strongly controlled and decelerated by reversal flow in the
primary recirculating jet as a result of a decrease in central

fluctuations. Heavy-large particles with high Stokes number
reinforce the turbulence fluctuations at every direction. The
compromise characteristics of modulations for St = 1.11 are
provided in Figure S4.

Modulations of Turbulence Kinetic Energy by
Particles. Modulation of turbulence kinetic energy (TKE)
by particles is given in Figure 8, which is defined as

= ′ + ′ + ′u v wTKE ( )1
2 g

2
g

2
g

2 . The enhancement at centerline

regions by heavy particles and those at near-wall regions by
light particles after the section of x > 155.0 mm is obtained.
Noticeably, the degree of modulation of light particles is larger
than that of heavy particles due to quick absorption of the
kinetic energy from different flow processes. The particle
trajectory, slip velocity, and drag force transferred to the gas
phase are all uniquely determined by the particle time constant
or Stokes number at a large ratio of particle to fluid material
density when particle diameters are approximately smaller than
the Kolmogorov scale. When the diameter of particle is smaller
than the Kolmogorov scale, it has a small distortion to
moderate scale turbulent eddies.45,46 Thus, particles with the
same Stokes number including different diameters and
densities to modulate gas turbulence may conduct the different

Figure 7. Modulations of gas rms fluctuation velocities by particles: (a) axial direction; (b) radial direction; and (c) tangential direction.

Figure 8. Modulation of gas TKE by particles.
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fashions. Stokes number is a suitable parameter to judge
modulations rather than either diameter or density individuals.
Modulations of Shear Reynolds Stresses by Particles.

Figure 9 shows the modulations of the shear Reynolds stress by
laden particles. The distributions of shear stresses exhibit
significant anisotropic characteristics. Large values located at
shear regions due to higher velocity gradients and axial−axial,
axial−radial, and radial−tangential values are captured in
association with higher values for the axial−axial direction. At
the position of x = 50.4 mm and r = 93.0 mm, it reaches up to
the maximum and then decreased toward the centerline and
the boundary of jet. It is noted that the values at the near inlet
region are larger than those of development flows. It can be
explained that heavy particles are ready to penetrate the central
reversed region; however, light particles are able to quickly
response to reversed flow with negative velocity. Overall,
modulations of shear stresses are very complicated under the
combination effects of centrifugal force, turbulent diffusion,
and moment transfer between gas and particle phases. The
degrees in axial−radial modulations are stronger than those
radial−tangential and axial−tangential directions. The en-
hancement by the light-small particle and the reduction by the
large-heavy particle are acquired because higher preference
accumulation concentration is easier to generate at lower

vorticity regions. Figure S5 predicted the modulations by heavy
particles with St = 1.11 as well as the transition trends in-
between larger and smaller Stokes number.

Modulations of the Tensor Invariants of Reynolds
Stress by Particles. The tensor invariants of Reynolds stress
imply the geometrical and physical information of turbulence
fluctuations, which are denoted Ig,x, Ig,y, and Ig,z using the
components of normal and shear Reynolds stress, see eqs
T7−T9. Now that invariants indicate the fundamental
geometrical and physical characteristics of turbulence fluctua-
tions related with stress components, it is more reasonable to
observe the modulations on the invariants than those of any
individuals.

λ λ λ= + + = ′ ′ + ′ ′ + ′ ′I u u u u u ux x y z x x y y z zg, g, g, g, g, g, g, g, g, g, (8)

λ λ λ λ λ λ= + + =
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Figure 9. Modulations of gas shear stresses by particles: (a) axial−radial shear stress; (b) axial−tangential shear stress; and (c) radial−tangential
shear stress.
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Figure 10 shows the modulations of the stress tensor
invariants Ig,x, Ig,y, and Ig,z. by particles. Modulations at axial−
radial, radial−tangential, and axial−tangential directions are
enhanced with an increase in Stokes number. It means that
flow structures and vortex rotations were changed by particles
although there is same geometry and space configuration.
As mentioned above, larger-heavy particles with large Stokes

number have excellent ability to resist the centrifugal force and
penetrate the central reserved flow leading to reduction of their
dispersions. Turbulent flow structures are quietly complicated,
and their mechanism is not clear due to complex multiphase
turbulent diffusion, interaction between gas and particle,
turbulence scale, Stokes numbers, and so forth. The key
parameters related to modulations need to be further validated
by experiment.

■ CONCLUSIONS

In this work, gas turbulence modulations of the swirling gas−
particle flow by particles with different diameters and densities
were investigated with a large span of Stokes number ranging
from 0.0002 to 43.6. The Reynolds stress transport equation to
describe the anisotropic characteristics of gas−particle
interactions was improved. The particle temperature equation
was also coupled to reveal the preferential accumulation at
shear stress regions. Modulations of gas turbulence by laden
particles indicated the strong anisotropic behaviors, and the
mean velocity and fluctuations, Reynolds shear stress, TKE,
stress tensor invariants, and vortice structure are quantitatively
analyzed. Generally, heavy-large particles with St > 1.0
significantly enhanced the gas turbulence in comparison with
that of light-small particles with St < 1.0, except for the axial
velocity and axial−radical shear stresses. The anisotropic
characteristics caused by preferential accumulations at low
vortices are disclosed as well. Further understanding of the
mechanism of turbulence modulations and determination of
the most dominant factors by a set of parameters of Stokes
number, density, diameter, and Reynolds number of particles
are still required.

Figure 10. Distributions of stress tensor invariants of gas turbulence: (a) eigenvalues of Ig,x; (b)eigenvalues of Ig,y; and (c) eigenvalues of Ig,z.
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■ NOMENCLATURE
CD, drag coefficient, (/)
ds, diameter of the particle, (m)
D, turbophoresis term, (/)
e, restitution coefficient of the particle, (/)
ew, restitution coefficient of the wall, (/)
g, gravitational acceleration, (m/s2)
g0, radial distribution function, (/)
I, unit tensor, (/)
kg, turbulent kinetic energy of the gas, (m2/s2)
ks, turbulent kinetic energy of the particle, (m2/s2)
p, thermodynamic pressure, (Pa)
pp, particle phase pressure, (Pa)
pfp, particle frictional pressure, (Pa)
P, production term, (/)
ṁ, mass flow rate, (g/s)
Res, particle Reynolds number, (/)
s, swirling number, (/)
St, Stokes number, (/)
t, time, (s)
T, interaction term, (/)
ug, gas velocity, (m/s)
us, particle velocity, (m/s)

■ GREEK ALPHABETS
αg gas volume fraction, (/)
αs particle volume fraction, (/)
αs,max maximum particle volume fraction, (/)

βgs inter-phase drag coefficient, (/)
γ collisional dissipation rate, (kg/ms3)
λ eigenvalues of the tensor, (/)
δ kronic-delta unit tensor, (/)
ρg gas density, (kg/m3)
ρs particle density, (kg/m3)
εg turbulent energy dissipation rate of the gas, (m2/s3)
εs turbulent energy dissipation rate of the particle, (m2/s3)
η particle mass loading, (/)
μg gas dynamic viscosity, (Pa·s)
μs particle shear viscosity, (Pa·s)
τg stress tensor of the gas phase, (Pa)
τp stress tensor of the particle phase, (Pa)
ξs particle bulk viscosity, (Pa·s)
θ particle temperature, (m2/s2)
Π pressure−strain, (/)
τs particle relaxation time, (s)
τf fluid time scale, (s)
φ particle sphericity (/)
ϕ blending function, (/)

■ SUPERSCRIPTS
’ fluctuation

̅
averaged

■ SUBSCRIPTS
an annular
i,j,k coordinates’ directions
in inlet
f frictional flow
g,s gas and particle
l laminar
L length
o outer
r relax
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