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Abstract. Two-fluid modeling is currently the most practical approach for large cluster simulation (LCS) of gas-solid 
flows in risers. LCS requires sub-grid models for recovering the effects of non-resolved clusters. The literature 
presents sub-grid correlations generated from computational experiment also applying two-fluid modeling. The 
concerning simulations are developed in periodic domains, and an additional gas phase pressure gradient is 
introduced in the vertical direction to account for the flow driving force, which is chosen to exactly match the gravity 
acting on the gas-solid mixture. Even though the simulations give rise to low velocity gas-solid suspensions, the 
clustering mechanism is believed and generally assumed to be similar to that which prevails in riser flows. In this work 
we developed sub-grid simulation to investigate this assumption. We found that low velocity gas-solid suspensions can 
not completely describe the meso-scale behavior of a riser flow, so that more realistic gas-solid flow conditions are 
needed. 
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1. INTRODUCTION 
 

The current two-fluid simulations of real risers are necessarily performed in very coarse numerical meshes due to 
computational limitations, and only the macro-scales of the flow are resolved. Therefore, if accuracy is desired, the 
average effects of the spatial meso-scales filtered by the numerical meshes must be recovered. A simulation taking into 
account the meso-scale behavior may be addressed to as a large cluster simulation (LCS), in analogy to the large eddy 
simulation (LES) applied in turbulence modeling. While LES requires sub-grid models to recover the effects of non-
resolved eddies, LCS requires sub-grid models to recover the effects of non-resolved clusters. 

It is currently recognized that the most practical approach to modeling gas-solid flows in risers comes from the so 
called Eulerian or two-fluid models, and that computational experiment represents the most promising way for sub-grid 
investigation (Sundaresan, 2000). Sub-grid modeling and simulation requires the micro-scale of the flow to be properly 
described. The current state of the art does not include micro-scale experimental information of gas-solid flows, and the 
so called kinetic theory of granular flows (KTGF) is widely applied. This theory is an analogy with the kinetic theory of 
dense gases, which is modified to account for the inelastic particle collisions characteristic of gas-solid flows (Bagnold, 
1954, Jenkins and Savage, 1983, Lun et al., 1984, Gidaspow, 1994). 

Following the above, computational experiments have been performed by some researchers to provide sub-grid 
correlations to be used in LCS of gas-solid riser flows (Agrawal et al., 2001, Andrews IV et al., 2005). In general, the 
simulations were performed in small periodic domains which are thought to repeat themselves throughout the whole 
volume of a riser. As periodic boundaries are applied an additional gas phase pressure gradient is introduced in the 
vertical direction to account for the flow driving force. This additional term is chosen to exactly match the gravity 
acting on the gas-solid mixture, so that the simulations give rise to low velocity gas-solid suspensions. This assumption 
is brought from previous studies on the instabilities that develop in unforced granular materials when the inelasticity of 
the collisions among particles is accounted for, which ultimately leads to the formation of clusters (see, for instance, 
Goldhirsch et al., 1993, and Tan and Goldhirsch, 1997). Those studies clearly stand for quasi static regimes, where 
particulates arrange themselves in low velocity suspensions. It is believed, however, that the clustering mechanism that 
prevails is also relevant to rapid gas-solid flows (Tan and Goldhirsch, 1997). 

In addition to the above assumptions, Agrawal et al. (2001) imposed macro-scale shear rates through opposed 
parallel vertical boundaries in their small scale periodic domains. From the predictions the authors determined meso-
scale parameters of the flow that were analyzed as a function of the imposed macro-scale shear rates and average solid 
phase volumetric fractions. Andrews IV et al. (2005) further extended the analysis of Agrawal et al. (2001) by actually 
deriving expressions for the meso-scale parameters. 

Following the community effort, we have also performed two-fluid sub-grid simulations of gas-solid flows in 
periodic domains (Milioli and Milioli, 2007a,b). All the previous literature works considered a particulate size typical of 
high density catalytic cracking fluidized bed reactors (75 µm, with density of 1500 kg/m3), while our simulations 
included also a particulate size typical of low density circulating fluidized bed combustors (520 µm, with density of 
2620 kg/m3). We have also imposed a flow driving force through an additional gas phase pressure gradient chosen to 
balance the gravity over the mixture and, therefore, like in the previous literature works, we have produced predictions 
of low velocity gas-solid suspensions.  



It is not known, however, how representative such low velocity fields are regarding the flow in real high velocity 
risers. In this article we propose to investigate this particular issue. In order to fulfill such a task we propose, differently 
from all the previous works, to apply an additional gas phase pressure gradient in excess to that required to match the 
gravity acting on the gas-solid mixture. At first, it was thought that by applying this procedure the flow would 
accelerate and find a new statistical steady state regime at a higher velocity level. Different extra gas phase pressure 
gradients would cause the flow to stabilize at different levels of velocity. The above supposition was tested and failed 
since no significant counter effect developed in the flow so as to compensate the imposed acceleration. We think, 
however, that even though the flow never finds its statistical steady state regime, a dynamical pattern is found that still 
allows for the desired analysis by considering instantaneous predictions at suitable gas phase velocities inside the range 
typical of circulating fluidized beds. In the present work we applied this procedure, and a discussion is advanced of the 
transient results that have been found.  
 
2. MODELING 
 

Multiphase flow two-fluid models stand on the major hypothesis of continuum for all of the phases, no matter fluid 
or particulate. The phases are treated as inter-penetrating dispersed continua in thermodynamic equilibrium. The theory 
of two-fluid models has been developed by many researchers. Some classical reference works on this matter are those 
due to Anderson and Jackson (1967), Ishii (1975), Drew (1983), Gidaspow (1994) and Enwald et al. (1996). The two-
fluid models comprise a basic set of mass and momentum averaged conservative equations plus closure laws for viscous 
stress tensors, viscosities, pressures and drag. The description of solid phase properties requires, in addition, the 
determination of granular temperatures from a pseudo thermal energy balance provided by the kinetic theory of granular 
flows. Also, as periodic boundaries are to be applied, an additional gas phase pressure gradient must be introduced in 
the vertical direction to account for the flow driving force. 

A formulation of the two-fluid model including closure laws based on the KTGF (Gidaspow, 1994; Syamlal et al., 
1993, Agrawal et al., 2001), and including gravity compensation for applying periodic boundary conditions, comprises:  
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Volumetric continuity 
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Granular temperature (Syamlal et al., 1993) 
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Viscous stress tensor ( g,sk = ) 
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where =gµ constant                                                                                                                                                  (18) 
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Solid phase pressure 
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Gravity compensation (for periodic boundaries) 
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3. SIMULATION 
 
 

In the present simulation a 2cm x 2cm wide and 8cm tall vertical hexahedral domain is considered, applying a 1mm 
x 1mm x 1mm uniform hexahedral numerical mesh. The flow enters the domain through the bottom and exits at the top, 
while walls are considered in all of the lateral boundaries. A time step of 5x10-5 seconds is applied which is suitable for 
sub-grid simulations. The expected time scale of clusters of the order of 10-2 seconds (following Sharma et al., 2000) is 
expected to be fully captured. A particulate size of 520 µm is applied so that the smaller clusters on the flow are 
expected not to be larger than 5.2 mm (following Agrawal et al., 2001). Therefore, regarding the solid phase, both the 
spatial and temporal meshes which are applied are suitable for sub-grid simulations.  



A flow driving force, i.e. an additional gas phase pressure gradient was applied in excess to that required to match 
the gravity acting on the gas-solid mixture. Different values of the driving force factor (ψ ) were considered, and in all 
of the situations the statistical steady state regime was never reached. It was found that no significant counter effect 
develop in the flow so as to compensate the imposed acceleration. The results of simulation presented in this work were 
generated applying a ψ  of 1.5, which allowed to go through a range of gas axial velocities typical circulating fluidized 
beds in reasonable computing times.   

The initial condition for the simulation was a time step taken inside the statistical steady state regime found by 
applying the additional gas phase pressure gradient which exactly matches the gravity acting on the gas-solid mixture 
(i.e. 1=ψ ). Therefore, the simulation occurs in two stages, the first for 1=ψ  and the second for 51= .ψ . Only the 
second stage is to be analyzed in this work. The first stage has already been considered in a previous work (Milioli and 
Milioli, 2007a). Table 1 shows the operating and numerical conditions applied in the simulation. 
 

Table 1. Operating and numerical conditions. 
 

Domain 
2 cm x 2 cm x 8cm 
Mesh 
32000 cubic cells (1mm x 1mm x 1mm) 
35721 nodes 
Time step 
5 x 10 -5 s  
rms for convergence 
1 x 10 -5 

Properties 
=pd  520 µm 

=sρ  2620 kg/m3 
=tv  2.6457 m/s 
=gρ  1.1614 kg/m3 

=gµ  1.82 x 10-5 Pa.s 

=e  0.9 

Driving force 
=ψ 1 (first stage) 
=ψ 1.5 (second stage) (*) 

Boundary conditions 
Entrance/exit: periodic 
Walls: free slip 
Initial conditions (first stage) 

=== ggg wvu  0 m/s 

=== sss wvu  0 m/s 

=sα  0.05 33 m/ms   
Initial conditions (second stage) 
A time step inside the statistical 
steady state regime taken from the 
simulation for the first stage (with 
=ψ 1). 

 (*) the value of ψ was chosen to ensure a stable evolution of the iterative 
procedure through a suitable range of gas phase velocities in a reasonable 
computing time. 

 
4. RESULTS 
 

Figure 1 shows the time development of the phase’s volume averaged axial velocities. Departing from the initial 
conditions defined in Table 1, under a unitary driving force factor (i.e. an additional gas phase pressure gradient to 
exactly match the gravity on the suspension), the flow develops and reaches a statistical steady state regime. Then the 
driving force coefficient is turned to 1.5, and the flow becomes accelerated. Notice that the volume averaged solid phase 
axial velocity results negative in the statistical steady state regime, in the stage of the simulation where the gravity 
acting on the suspension is exactly matched. This is a clear consequence of the clustering that develops in the flow, 
since the gravity does not simply act on a bunch of individual particles, but on a relatively heavier bunch of clusters of 
particles. 

Figure 1 also shoes that, while both the phase axial velocities grow in time, the slip velocity is kept approximately 
constant. This suggests that the clustering topology of the flow is not significantly affected by the increasing gas axial 
velocities. This is a first evidence of the validity of the assumption of Tan and Goldhirsch (1997), that the clustering 
mechanism in low velocity suspensions also prevails in rapid gas-solid flows.     

Figures 2 to 4 show the time evolution of instantaneous volume averaged predictions as a function of a modified 
domain width based Froude’s number, defined as ( ) ( ) h g / vv Fr ss

*
h ⋅⋅= , where sv  is the domain volume 

averaged axial velocity of the solid phase. It should be noted that this number is a variable in the simulation, and is 
negative as the solid flows downwards, and positive as the solid flows upwards. Also, the modified Froude’s number 
increases as the gas axial velocity increases, since the solid axial velocity increases as well. It should be noted that the 
definition of the conventional Froude’s number ( )( )  h g /vFr th

2=  is not useful in the present analysis since the 
domain width and the particle terminal velocity are not varied.  
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Figure 1. Time development of the phase’s volume averaged axial velocities. 
 
Figure 2 presents the variation of the volume averaged axial velocities against the modified Froude’s number. It is 

seen that both the phase velocities increase with the increasing modified Froude’s number. However, the velocities 
increasing rates decrease in time, suggesting an asymptotic behavior towards the independence of the axial velocities 
with the modified Froude’s number. Such an independence, however, is possibly attained only in the pneumatic 
transport regime. Once more, the averaged slip velocity is kept approximately constant as the flow conditions are 
changed, reinforcing the correctness of the Tan and Goldhirsch’s assumption. 

 

 
 

Figure 2. Volume averaged axial velocities against the modified Froude’s number. 
 
Figure 3 presents the variation of the volume averaged solid phase volume fraction against the modified Froude’s 

number. It is seen that the averaged solid fraction is kept constant independently of the flow conditions, which is 
reasonable in view of the application of periodic boundaries at entrance and exit. The fact that the solid fraction of the 
initial suspension is kept constant for any modified Froude’s number, or throughout all the range of gas axial velocities, 
is another indication of the correctness of the Tan and Goldhirsch’s assumption.  



 
 

Figure 3. Volume averaged solid phase volume fraction against the modified Froude’s number. 
 
Figure 4 presents the variation of the volume averaged solid phase shear strain rate and solid phase pressure against 

the modified Froude’s number. Both the parameters decrease at higher modified Froude’s numbers, or higher gas axial 
velocities, also showing the asymptotic behavior already seen in Figure 2. Lower shear strain rates are a consequence of 
lower velocity gradients, so that at higher velocities the flow tends to become more homogeneous. While this is an 
indication that the pneumatic transport regime is approaching, it is also a feature that contradicts the Tan and 
Goldhirsch’s assumption. It seems that the increasing uniformity of the flow also contributes to lower solid phase 
pressures. 

 
 

Figure 4. Volume averaged solid phase shear strain rate and solid phase pressure  
against the modified Froude’s number. 
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5. CONCLUSIONS 
 

The main proposition of this article was to discuss whether low velocity gas-solid suspensions can actually be used 
to describe the meso-scale behavior of rapid gas-solid riser flows. We considered, in particular, the proposition of Tan 
and Goldhirsch (1997) that the clustering mechanism in low velocity suspensions also prevails in rapid gas-solid flows. 
Through a computer experiment, we found arguments in both senses, in favor and against the proposition.   

We found evidence that the clustering topology of the flow is not significantly affected by increasing gas axial 
velocities, which supports the Tan and Goldhirsch’s assumption. In addition, the solid volume fraction of the initial 
suspension resulted constant throughout the whole range of gas axial velocities, which also supports the proposition. 
But we also found evidence that the gas-solid flow becomes more homogeneous at higher velocities, which is in 
contradiction with Tan and Goldhirsch’s assumption.  

In view of the present results we conclude that low velocity gas-solid suspensions can not completely describe the 
meso-scale behavior of a riser flow. Therefore, more realistic gas-solid flow conditions must be produced if accurate 
sub-grid correlations are desired.   
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7. LIST OF SYMBOLS 
 

DC  - drag coefficient, non-dimensional 

pd  - particle diameter, m 
e  - solid phase restitution coefficient, non-dimensional 

hFr  - Froude´s number, non-dimensional 
g
r

 - gravity acceleration, m/s2 

0g  - radial distribution function, non-dimensional 

I  - unit tensor 
P  - pressure, N/m2 

*
gP∇

r
 - additional gas phase pressure gradient to exactly match the gravity acting on the gas-solid mixture, N/m3 

pRe  - Reynolds number, non-dimensional 
t  - time, s 
U
r

 - average velocity vector, m/s 
wv,u,  - velocity components in the zy,x,  directions, m/s 

tv  - particle terminal velocity, m/s 
 

Greek 
α  - volume fraction, 33 m/mk  

max,sα  - solid volume fraction at packing, 33 m/ms  
β  - gas-solid friction coefficient, kg/m3s   
Θ  - granular temperature, m2/s2 

λ  - bulk viscosity, Ns/m2 
µ  - dynamic viscosity, Ns/m2 
ρ  - density, kg/m3 

τ  - viscous stress tensor, N/m2 
φ  - particle sphericity, non-dimensional 
ψ  - driving force factor ( 1=ψ  for exactly matching the gravity acting on the mixture), non-dimensional 

 
Subscripts 

g  - gas phase 
k  - either gas or solid phases 
s  - solid phase 
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