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Introduction

Gas-particle flows in vertical risers are involved in many industrial scale fluidized bed appli-

cations such as catalytic cracking, fossil or biomass combustion. Risers flows are often simulated by

two-fluid model equations coupled with closures developed in the frame the kinetic theory of granular

media (1–4). However, two-fluid model discretized over coarse mesh with respect to particle clustering

size are performed for large units because of limited computational resources (5, 6). Now, it is well

established that meso-scales cancelled out by coarse mesh simulations have dramatic effect on overall

behaviour of flows (6–9).

Several attempts of the extension of two-fluid model by accounting for these unresolved struc-

tures have been done for coarse mesh simulations through different ways (6). In the framework of

the filtered two-fluid model, Sundaresan and co-workers (7) performed highly resolved simulations

of kinetic theory based two-fluid model equations for gas-particle flow in 2-D and 3-D periodic do-

main and it was stated that the existence of meso-scale structures causes overestimation of the drag

force and underestimation of the particle agitation production and dissipation. Following this study,

(10) proposed an ad-hoc sub-grid models for effective drag force and particle stresses which accounts

for the effects of unresolved structures on the resolved flows. (8, 11) presented a filtering approach

methodology to construct closures for the effective drag force and the effective particle stresses. (9)

proposed an effective drag model dependent on the filter size and the solid volume fraction for 2-D

bubbling fluidized bed.

Such high resolutions simulations using the standard two-fluid model (1, 2) were performed by

(12) for a 3-D periodic circulating fluidized bed (PCFB) where typical FCC particles (dp = 75µm,

ρp = 1500 kg/m3) were interacting with the ambient gas (ρg = 1.186 kg/m3, µg = 1.8× 10−5 Pa.s).
The mean gas-solid flow were periodically driven along the opposite direction of gravity and concern-

ing the transfers between the phases with non-reactive isothermal flow, the drag and buoyancy forces

were accounted for the momentum transfer. The effect of the fluctuations of the gas velocity at small

scales was neglected. The computational domain is shown in Figure 1. (12) refined computational

grids to get mesh-independent result in which statistical quantities do not change with any further

mesh refinement. Instantaneous particle volume fraction fields in the periodic circulating fluidized

bed for different mesh resolutions are shown in Figure 2. This result were then filtered by volume

averaging and used to perform a priori analyses on the filtered phase balance equations. Consistent re-

sults with previous studies were obtained. The physical identification of over-prediction of drag force

was determined and these results show that filtered momentum equation could be computed on coarse

grid simulation but must take into account the particle to fluid drift velocity (sub-grid drift velocity)

due to the sub-grid correlation between the local fluid velocity and the local particle volume fraction

(9, 12, 13). Closure relation is needed for the sub-grid drift velocity and several models were pro-

posed, herein, we discuss only the Functional model (see (12) for other models). Additionally, (12)

proposed to use the Yoshizawa model (14) for the trace of particle sub-grid stress tensor and the stan-

dard compressible Smagorinsky model (15) as in the single phase flows for the anisotropic parts of

stresses.



The objective of the present study is to verify these models in posteriori studies. For posteriori

studies, mesh independent of a 3-D PCFB was used as a reference for making comparisons. The numer-

ical simulations have been carried out using an unsteady Eulerian multi-fluid approach implemented

in the unstructured parallelized code NEPTUNE_CFD V1.07@Tlse. NEPTUNE_CFD is a multiphase

flow software developed in the framework of the NEPTUNE project, financially supported by CEA

(Commissariat à l’Energie Atomique), EDF (Electricité De France), IRSN (Institut de Radioprotection

et de Sûreté Nucléaire) and AREVA-NP.
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Figure 1: The periodic circulating fluidized bed (PCFB).

Figure 2: Instantaneous particle volume fraction field in the periodic circulating fluidized bed for

different mesh resolutions. From right to left, the mesh resolution increases. White color corresponds

to αp = 0. Black color corresponds to αp,max = 0.64.

Particulate Sub-grid Models

Functional Model

The proposed model for the effective drag term is given by

αpρp
τp
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∗

)
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)
(1)



where the subscript β is used to indicate that there is no implicit summation, Kββ is the model constant,

h(αp) and f(∆
∗

) are two independent functions. h(αp) is the solid volume fraction dependency of

the model and the following suggested form of this function is obtained from high resolution PCFB

simulation:
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with constants Ch,1, Ch,2 and Ch,3 0.1, 1.88, 5.16, respectively. The maximum volume fraction of solid

phase αp,max is set to 0.64. The dependence of model on the filter width is given by:

f(∆
∗

) =
∆

∗2

Cf,1 +∆
∗2

(3)

with the constant Cf,1 equal to 0.15 and ∆
∗

is given by

∆
∗

=
∆

τ̃p |Ṽr|
(4)

where τ̃p is the filtered relaxation time, |Ṽr| is the magnitude of the filtered relative velocity and ∆ is

the filter width. The constant Kββ is dynamically calculated and averaged over the domain to avoid

numerical instabilities (12).

SGS Particle Stress Models

The particle sub-grid stress tensor σsgs
p,ij can be decomposed into deviatoric and spherical parts.

(15) model can be proposed for the anisotropic parts of stresses and (14) model can be used for the

trace of stress tensor as follows:

σsgs
p,ij = σ∗

p,ij +
1

3
σp,kkδij (5)

= −C2
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p |S̃
∗
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p |
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with S̃∗

p,ij the trace free strain rate tensor of the filtered particle velocity and given by

S̃∗

p,ij =
∂Ũp,i

∂xj

+
∂Ũp,j

∂xi

−
2

3

∂Ũp,k
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|S̃∗

p | is the norm of S̃∗

p,ij and defined by |S̃∗

p |
2 = 1/2S̃∗

p,ijS̃
∗

p,ij . The constants Cs and Cy are dynamically

calculated by performing domain averaging along the mean flow (16).

Results and Discussions

Global Quantities

To investigate the dynamic behaviour of particles in the PCFB, (12) defined the statistic quan-

tities averaged over domain and in time such as; particle agitation, relative velocity weighted by solid

volume fraction and volumetric solid flux along the mean flow direction (see (12) for the procedure to

calculate domain statistics for different mesh resolutions). Here, we discuss only the averaged volumet-

ric solid flux obtained by the standard two-fluid model (TFM) and filtered-two fluid model (LES-TFM;
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Figure 3: The influence of mesh size the non-dimensional total volumetric mass flux , < Gs >
t

where

Gs,o corresponds to the homogeneous case and Gs,conv corresponds to the converged case. �: TFM

simulations.  ; LES-TFM simulations for three mesh resolutions: coarse (24 × 24 × 192, F r−1

∆
=

0.175), moderate (32× 32× 256, F r−1

∆
= 0.128) and fine (40× 40× 320, F r−1

∆
= 0.104).

the Functional model for the effective drag model and the Yoshizawa+Smagorinsky models for the ef-

fective particle stresses). The coarsest mesh resolution composed of 110 000 cells (24×24×192, ∆x =
∆y = ∆z = 1.145×10−3 m with inverse Froude number, Fr−1

∆
= 0.175). The highest mesh resolution

case consists of approximately 17 million cells (128×128×1024 , ∆x = ∆y = ∆z = 0.215×10−3 m
with inverse Froude number, Fr−1

∆
= 0.032). The inverse Froude number Fr−1

∆
based on the mesh

size is given by

Fr−1

∆
=

(∆x∆y∆z)1/3

(τStp )2 ||g||
(8)

with Stoke’s relaxation time τStp given by
ρp
ρg

d2
p

18νg
and ||g|| is the norm of the gravity acceleration. The

characteristic length scale (τStp )2 ||g|| was set to 0.0066m. For LES-TFM simulations, the filter width

is given by ∆ = (∆x∆y∆z)1/3.

The non-dimensional solid fluxes obtained from LES-TFM simulations for three mesh reso-

lutions: coarse (24 × 24 × 192, F r−1

∆
= 0.175), moderate (32 × 32 × 256, F r−1

∆
= 0.128), fine

(40× 40× 320, F r−1

∆
= 0.104) and mesh dependency study of non-dimensional fluxes obtained from

TFM simulations are shown in Figure 3. Solid fluxes were predicted very well by LES-TFM simula-

tions. However, there is slight mesh dependency of the proposed models. The time-domain averaged

of models’ constants Kββ , Cs and Cy for coarse, moderate and fine mesh resolutions are given in Table

1. Instantaneous solid volume fraction in PCFB obtained from TFM simulations for different mesh

Table 1: Time-averaged of models’ constants Kββ, (where β = x, y, z), Cs and Cy for coarse, moder-

ate and fine mesh resolutions.

Fr−1

∆
< Kxx >

t
, < Kyy >

t
< Kzz >

t
< Cs >

t
< Cy >

t

0.175 5.23 4.86 0.010 0.044

0.128 5.10 4.92 0.014 0.043

0.104 4.82 4.96 0.007 0.038

resolutions; Fr−1

∆
= 0.128 and Fr−1

∆
= 0.032 are shown in Figure 4. Coarse mesh simulation with



Figure 4: Instantaneous of solid volume fraction in the PCFB. White color corresponds to αp = 0.

Black color corresponds to αp,max = 0.64. left: TFM with mesh resolution, Fr−1

∆
= 0.032 (128 ×

128×1024), centre: TFM with mesh resolution, Fr−1

∆
= 0.128 (32×32×256), right: LES-TFM with

mesh resolution, Fr−1

∆
= 0.128 (32× 32× 256).

Fr−1

∆
= 0.128 can not predict segregation along the center-line in the PFCB. In this figure, coarse mesh

simulations with Fr−1

∆
= 0.128 by LES-TFM are also shown. The LES-TFM simulation is capable to

capture segregation of particles along the centre line even for coarse mesh simulation.

Conclusion

In this study, we performed Euler-Euler two-phase model simulations by using the effective

drag force and the effective sub-grid stresses models for gas-solid flow in a 3-D periodic circulating

fluidized bed over relatively coarse mesh with respect to the particle clustering size. The results show

that the overall hydrodynamic behaviour is accurately predicted as comparing with mesh independent

result of the same flow configuration. Further step is to perform simulations by using proposed and

available models in the literature (e.g. (8, 11) and (9)) for the industrial-scaled fluidized bed appli-

cation, make comparisons between models’ predictions and validations with available experimental

data.
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