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Abstract. Large scale simulation of fluidized gas-particle flows with two-fluid modeling requires closure models to deal with 

sub-grid filtered parameters such as filtered and residual stresses and filtered drag. The very heterogeneous topology of the 

concerning flows is qualitatively well captured by the current two-fluid formulations, but quantitative accuracy is still out of 

reach mostly due to the lack of more accurate sub-grid closure models. The effective drag coefficient is one of those closures 

for which sub-grid modeling requires improvement. Literature presents models for the effective drag coefficient derived from 

results of highly resolved simulations with two-fluid modeling which disregard any macro-scale impact. In this work it is 

showed that macro-scale effects cannot be disregarded if higher accuracy is pursued. The macro-scale parameters considered 

were the domain average solid volume fraction and gas flow Reynolds number, both showing significant effects over the 

effective drag coefficient. Only dense gas-solid flows were considered, as a complement to a previous work dealing with dilute 

conditions (Niaki et al., “Effect of the flow Macro-Scale on the effective drag coefficient in Gas-Solid flows”, COBEM2017). 
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1.  INTRODUCTION  

 

This investigation deals with the problem of accurately predicting gas-particle flows in dense fluidized beds through two-

fluid modeling, where gas and particulate are both treated as interpenetrating continuum phases (Anderson and Jackson 1967, 

Igci and Sundaresan 2011, Gidaspow 1994, Enwald et al. 1996). Two-fluid formulations, which are widely applied in large-

scale simulation of gas-particle fluidized flows, require closure models to recover sub-grid information that are filtered by the 

coarse meshes that are usually applied. Among the parameters requiring sub-grid closuring are filtered and residual stresses 

on both phases and interphase interactions, mostly effective drag. This work is intended to analyze the behavior of the effective 

drag coefficient for dense gas-particle fluidized flows as a contribution to future developments of new improved formulations 

of sub-grid drag models. 

A line of development of sub-grid models is followed which is based on filtering over results of highly resolved 

simulations with microscopic two-fluid modeling. This procedure has been widely practiced in literature (Agrawal et al. 2013, 

Andrews IV et al. 2005, Igci and Sundaresan 2011, Parmentier et al. 2012, Ozel et al. 2013, Milioli et al. 2013, Schneiderbauer 

and Pirker 2014, Sarkar et al. 2016), providing sub-grid models that, nevertheless, require continuing improvement in order 

to remove shortcomings and drawbacks. The sub-grid models are also called meso-scale models since they are generated from 

computational experiments under grid refinements that are expected to capture all the solid phase scales of the flow, so that 

filtered meso-scale data can be derived. In most cases, reduced domains are considered, which are extracted from the free 

stream in the core of the flow field, and periodic boundaries are applied. As periodic boundaries are applied, an extra gas 

phase pressure gradient is imposed in the vertical direction in order to impose a flow driving force. It is usual to consider an 

extra gas phase pressure gradient to exactly compensate the gravity acting on the gas-solid mixture. 
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The usual literature approach gives rise to low velocity suspensions which are assumed to prevail at the sub-grid level of 

any flow topology, from very dilute to very dense. This assumption is consistent with the scale separation hypothesis, which 

nevertheless is quite questionable in view of the lack of scale separation that prevails in gas-solid fluidized flows (van der 

Hoef et al., 1997). The usual approach is questioned in the current work, where an investigation is advanced on the effect of 

topology related effects over the sub-grid data, specially related to the effective drag coefficient under dense flow conditions 

of concern. This is done by developing new highly resolved simulations in periodic domains, under imposed domain average 

solid volume fractions at dense conditions, and domain average gas Reynolds numbers from those for very low suspensions 

up to those for conditions approaching pneumatic transport. Results show that both the macro-scale imposed parameters 

considerably affect the effective drag coefficient, and should therefore be accounted for if higher accuracy is pursued. 

 

2.  Methodology 

 

2.1 Microscopic two-fluid model 

 

To probe the behavior of the flow at Meso-scale structures, the numerical integration of the two-fluid model conservative 

equations was proposed with the postulate of a fixed control volume for both phases (Anderson and Jackson 1967, Mouallem 

et al. 2018). Integral balances can be applied to the mass, momentum, and energy equations. Meantime, by utilizing Gauss 

and Leibniz theorems, the integral balances are converted into instantaneous differential equations and jump conditions. 

Eventually, averaging operators are applied so that the continuum hypothesis holds for the interpenetrating phases. In this 

model, kinetic theory of granular flows is employed to the solid phase, which includes an equation for granular energy 

conservation (Lun et al. 1984, Gidaspow 1994). This equation provides a granular temperature to which continuum properties 

for particulate phases are correlated. Also, the gas-solid interface interaction is frequently described as a drag effect of the gas 

over the solid phase, usually through empirical correlations such as that of Wen and Yu (1966). The microscopic two-fluid 

model is here partially presented in Tab. 1, emphasizing the closures of main interest in the present work. 

 

Table 1. Microscopic two – fluid model 
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Further closures may be found in Mouallem et al. (2018). 

 

2.2 Filtered two-fluid model  

 

This article shows the behavior of a filtered effective drag in dense gas-solid flow which is required as sub-grid closure in 

large-scale simulations using two-fluid filtered formulations. Meantime, Filtered formulation for accounting the effective drag 

is shown in Table. 2. This formulation is achieved by applying a volumetric filter over the microscopic model equations given 

in Table. 1. Additionally, filtering procedure introduces new terms into the momentum equations in addition to those of the 

microscopic formulation. One such a term accounts for fluctuations on the buoyancy force exerted by the gas over the solid 

phase. This interface force is frequently added to the filtered drag force, defining an effective force usually referred to as 

effective drag owing to drag’s predominance in gas-solid fluidized flows. 

 

Table 2. Filtered two – fluid model 
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Filtered volumetric continuity 
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Closure for effective drag 
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The drag coefficient correction is defined as: 
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Further closures may be found in Mouallem et al. (2018). 

 

2.3 Simulations and filtering 

 

Highly resolved simulations were used for a typical fluid catalytic cracking particulate, with periodic boundary conditions. 

In all the simulations, particle diameter, particle density, gas density, and gas viscosity were set constant at 7.5×10-5 m, 1500 

kg/m3, 1.3 kg/m3, 1.8×10-5 kg/(ms), respectively. Meantime, the free fall terminal velocity and the particle Froude number of 

the concerning particulate are 0.2184 m/s and 64.85, respectively. A two-dimensional square domain of 16 cm×16 cm was 

used with a numerical mesh of 128×128 grids. Several average axial gas flow rates were enforced over the domain, and 

statistical steady state conditions were achieved at various domain average gas Reynolds numbers. The domain average gas 

Reynolds number is defined as: 

20) ,
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g p

g g g y
g


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
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Domain average solid volume fractions s with aim of covering the dense regime of rapid riser flows were used 0.35, 

0.45 and 0.50. Furthermore, the ratio between the domain average gas Reynolds number and its value under suspension 

conditions, Re Reg g susp
, was set in a range covering flow conditions extending from fluidized suspensions up to 

topologies close to pneumatic transport (i.e. 1.0, 8.15, 16.30 and 24.45). Reg susp
 results from imposing a gas pressure 

gradient in the axial direction over the domain that exactly matches the gravity acting on the gas-solid mixtures. 
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Where Ylength is the length of the domain in the axial direction. For obtaining filtered data from results of highly resolved 

simulations, a filtered square with the size of 2cm×2cm is defined to comprise a number of grids and made to sweep throughout 

the whole domain, collecting inside filter averages. In the filtering method, the collected averages are classified into bins by 

ranges of suitable independent variables (markers). In previous works the filtered solid volume fraction and the filtered slip 

velocity were identified as suitable markers for the effective drag coefficient (Milioli et al. 2013). In the current work, storage 

is done over 64×80 bins, meaning 64 gaps of solid volume fraction (1st marker) and 80 gaps of filtered slip velocity (2nd 

marker). All the simulations were done using MFIX, an open source code developed by NETL (National Energy Technology 

Laboratory, DOE-USA). The two-fluid model equations in MFIX are discretized through the finite volume method, and the 

resulting numerical code is solved through a point by point numerical technique. Comprehensive descriptions of MFIX 

modeling and numerical approaches can be found in this work (Syamlal et al. 1993, Syamlal 1998). 

 

3. Results and discussion 

 

Highly resolved simulations were performed for various cases of gas-solid fluidization under domain average solid volume 

fractions and domain average gas Reynolds numbers for evaluating the effects of those macro-scale parameters over the 

effective drag coefficient correction in the dense regime. Filtering procedure was performed inside the statistical steady state 

flow regime for the desired effective drag coefficient correction. Fig. 1 shows Snapshot of solid volume fraction over the 

whole domain for snapshots inside the statistical steady state regime. The pictures stand for simulations with domain average 

solid fractions (0.35, 0.45 and 0.50), and gas Reynolds number ratios 1. The figures show a considerable effect of this 

parameter over the flow topology. As can be seen, an increase on domain average solid volume fraction for a given gas 

Reynolds number ratio gives rise to denser and thicker structures. Additionally, it can be observed that with increase of solid 

volume fraction the flow will be more homogeneous. 
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Figure 1. Snapshot of solid volume fraction for 0.35, 0.45 and 0.50 from left to right 

Results for the drag coefficient correction (H), are presented in Fig. 2 and Fig. 3 as a function of the filtered solid volume 

fraction s and the dimensionless filtered axial slip velocity ,v vslip y t , for various dense domain average solid volume fraction

s  and gas Reynolds number ratios Re Reg g susp
. The results are presented for a unique dimensionless filter size

2
f (v ) 4.112t g  , corresponding to a 2 cm×2 cm filtered square box. As can be seen in Fig. 2, a higher domain average 

gas Reynolds number causes H to decrease. Additionally, at lower domain average solid volume fraction, this effect becomes 

more prominent at lower filtered solid volume fractions and lower filtered slip velocities. This behavior comes from the flow 

becoming more homogeneous at higher solid fractions. However, this effect can be negligible with increase of average solid 

volume fraction. It is important to mention that, for more homogeneous situation of flow the amount of H is smaller. For 

instance, Fig. 2c proves that due to the more homogeneous situation has smaller H as comparison to other cases. Also Fig. 2 

proves that at very high slip velocities and average solid volume fraction the effect of the gas Reynolds number ratio becomes 

not significant. For instance, at average solid volume fraction 0.50 (Fig. 2c), domain average gas Reynolds number has no 

effect. In this way, Fig. 3 shows more clearly the effects of the domain average solid volume fraction over H. As can be seen, 

s  has little impact over H. however with increase of gas Reynolds number ratios, the effect of s becomes more 

significant. In general, Fig. 2 and Fig. 3 show that H is slightly affected by both the domain average gas Reynolds number 

and the domain average solid volume fraction in dense gas-solid flow. 

 

 

(a)                                                                                 (b) 
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(c) 

Figure 2. Drag coefficient correction, H, as a function of the filtered solid volume fraction and the dimensionless filtered 

axial slip velocity ,v vslip y t  for various domain average solid volume fraction and gas Reynolds number ratio, 

Re Reg g susp
 = 1 (―), 8.15 (O), 16.30 (◊) and 24.45 (▼)  

 

 
 

Figure 3. Drag coefficient correction, H, as a function of the filtered solid volume fraction and the dimensionless filtered 

axial slip velocity ,v vslip y t , for domain average solid volume fraction s  = 0.35 (black lines), 0.45 (◊) and 0.50 (□), and 

for gas Reynolds number ratios Re Reg g susp
= 1, 8.15, 16.30 and 24.45 
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4. Conclusion 

 

This article shows an evaluation of the effects of macro-scale parameters, domain average solid volume fraction and the 

domain average gas Reynolds number, associated to the flow topology on the effective drag in dense gas-solid riser flows. 

The analysis was performed using results of highly resolved simulations with microscopic two-fluid modeling. The 

simulations were carried out with the open source code MFIX on 2D periodical domains under average solid volume fractions 

(0.35, 0.45 and 0.50) and gas flow Reynolds numbers ratio (1, 8.15, 16.30 and 24.45). Additionally, in the next step, the 

simulations were filtered with snapshots taken inside the statistical steady state flow regime, applying space filters that were 

made to sweep all over the domain to collecting suitable statistics of relevant filtered parameters. Those filtered data were 

classified as a function of filtered solid volume fraction and the filtered slip velocity. Results reveal that in the dense regime 

due to the homogeneous behavior, the effective drag, expressed as a drag coefficient correction, is slightly affected by both 

the domain average solid volume fraction and the domain average gas Reynolds number. 
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Notation 

B  
fluctuation of gas-solid buoyancy force 

(Nm-3) 

DC  single particle drag coefficient (nd) 

pd  particle diameter (m) 

g , g  acceleration of gravity (ms-2)  

H  drag coefficient correction (nd) 

collJ  
rate of dissipation of granular energy by 

collisional damping (Jm-3s-1) 

visJ  
rate of dissipation of granular energy by 

viscous damping (Jm-3s-1) 

M  drag force (Nm-3) 

P  pressure (Nm-2
) 

pRe  particle size based Reynolds number (nd) 

t  time (s) 

v  velocity vector (ms-1) 

y vertical (axial) Cartesian coordinate (m) 

Greek Letters 

β
 

micro-scale gas-solid drag coefficient 

(kgm-3s-1) 

slip
 

rate of production of granular energy by 

gas-particle slip (Jm-3s-1) 

f  
filter size (m) 

p  
particle sphericity (nd) 

  granular temperature (m2s-2) 

s  
granular thermal conductivity (kgm-1s-1) 


 density (kgm-3) 

σ  deviatoric stress tensor (Nm-2) 

τ   Reynolds like stress tensor (Nm-2) 


 

volume fraction (nd) 

Subscripts  

eff effective, or meso-scale related 

g gas phase 

I  interface 

 solid phase 

 

 
filtered or volume average 

    ~ Favre or mass weighed average, 





f
f
~
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