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Abstract 
 

Kinetic theory based particle velocity measurements in a symmetric two-story riser show that in 
the core the flow is laminar and that the granular temperature is approximately given by the analogue 
of thermal temperature rise in Poiseuille flow. However, like in the turbulent flow in a pipe, the normal 
kinetic stresses are anisotropic. The shear and the normal stresses are an order of magnitude larger in 
riser flow than in the turbulent single phase flow. The experimental data in our two story riser agrees 
with newly-developed anisotropic kinetic theory. We demonstrate that turbulence of particles in a riser 
and in bubbling beds consists of turbulent or random oscillations of individual particles plus clusters of 
particles related to conventional turbulence in fluid mechanics, called Reynolds stresses. The two 
mechanisms of turbulence give rise to two distinct types of mixing, mixing on the level of particle scale 
and gross mixing on the level of bubbles or clusters containing inlet fluid. Granular temperatures for 
different size particles in a mixture are unequal, requiring a new kinetic theory. 
 
 

Fluidization is widely used industrially because of its continuous powder handling ability and its 
good heat and mass transfer characteristics.  We believe these properties are due to random oscillations 
of nearly elastic particles. Unfortunately fluidized beds sometimes develop undesirable structures, such 
as large bubbles and core-annular flow. The objective of the Multiphase Fluid Dynamics Research 
Consortium (http://www.mfdrc.org) was to understand turbulence and structure of such flows. 
 

It is well known (1, 2) that the flow regimes vary from bubbling, through turbulent, fast or 
circulating fluidized bed (CFB) to pneumatic transport with an increase in gas velocity. Recently the 
new science of computational fluid dynamics (CFD) and multiphase flow theory allowed us to compute 
flow and reaction in the bubbling regime (3, 1). There still exists no complete theory for the CFB regime 
(4, 5, 6). For developed flow the best model so far is the Jackson-Sinclair model (7) based on kinetic 
theory of granular flow invented by S. Savage and others (8, 2). As shown here, it does not include the 
observed anisotropy in the CFB regime but, at least roughly, describes the oscillations of particles that 
are responsible for the good mixing in the fluidized beds. 
 

Fig.1 A shows a modified version of our earlier two-story CFB, rebuilt with a splash plate on 
top, to prevent the return of particles through the elbow and cause asymmetry (9). The SANDIA lab has 
a similar but larger riser built as a part of the Consortium whose mission was to understand riser flow. In 
the CFB regime a curtain of solids at the wall of the pipe restricts the use of Laser-Doppler Velocimeters 
for obtaining velocities in the core of the riser, vertical pipe. Hence a probe, shown in Fig.1 B was used. 
Fig.1 C illustrates our particle image velocity (PIV) method of obtaining instantaneous velocities, c (9). 
The velocity is the length of the streak divided by exposure time. The order of the colors on the rotating 
transparency establishes the direction. Here the study of Tartan and Gidaspow (9) is generalized to a 
mixture of two sizes of particles. Large particles form thicker streaks than the small particles. To obtain 



radial profiles, a probe is inserted into the riser. The size of the probe was varied to establish an 
optimum balance between its hydrodynamic interference and sufficient number of streaks, 10 to 30, in a 
picture to obtain meaningful statistics of velocity averages and their variances. Fig.1 D and E show 
typical axial and radial velocity fluctuations of the coarse and fine particles.  
 

Based on the experimental data a picture of riser flow has emerged. See Fig.2. In the developed 
flow region, there exists a laminar type core with a parabolic solids velocity profile, like Poiseuille flow. 
The solid line is the average velocity in the direction of flow for 530 µm glass beads. The data for 
smaller particles and the data from the literature for flow of FCC particles in larger diameter pipes fall 
on the same universal velocity profile. The red line shows a semi-empirical correlation for the volume 
fraction of 530 µm particles. It was obtained by observing that in the developed flow the solids pressure 
(Ps) is constant and equal to the volume fraction of solids (εs) times the granular temperature (θ) and 
particle density (ρs).      
 

Fig.3 A shows typical time average normal particle stresses in the riser computed from the 
definition of kinetic stresses (2).  
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where n is the total number of streaks in each frame and Ci = ci – vi. Reference (9) shows the details of 
the computations. We see that the particle stresses in the direction of flow are much larger than the 
tangential and the radial stresses, similar to turbulent flow of gases in a pipe (12, 13), but are an order of 
magnitude larger. The order of magnitude of larger particle stresses for fluidization are at expense of an 
order of magnitude larger pressure drop. Fig.3 B shows that the laminar and turbulent shear oscillations 
in the core of the riser can be computed from the pressure drop minus the weight of the bed of solids, 
similar to the computation of the shear Reynolds stresses for a single phase flow. Such an agreement 
was obtained for the mixture of coarse and fine particles shown here, but not for a dilute flow of 530 µm 
glass beads, except for dense flow. In a dilute flow gas turbulence is important.        
 

Fig.4 shows the radial distribution of the dimensionless granular temperature. The granular 
temperature is average of normal stresses shown below. 
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It is dimensionalized using the mean particle velocity (Vm), viscosity (µs) and conductivity (κ). In 
developed flow in a riser with flow of elastic particles, the granular temperature balance (2, 7) involves a 
balance between conduction and generation. In cylindrical coordinates it is as follows. 
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With zero turbulent kinetic energy at the wall, the solution becomes  
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The equation is plotted in Fig.4 A. It approximately agrees with the data of 530 µm glass beads (9). 
Fig.4 A also shows that the data for 156 µm glass beads is in agreement with the solution. However, the 
granular temperatures for coarse and fine particles in the mixture are radically different, Fig.4 B. Fig.4 A 
also shows that the turbulent granular temperature is small in the core of the tube but increases toward 
the wall. The wall layer is dense and visually oscillating. Fig.4 A also shows that the measured granular 



temperature in the two-dimensional bubbling beds agrees with the analytical solution, Equation (4). This 
is due to the fact that in center of the bubbling bed there is a parabolic up-flow region (14).  The 
formation of bubbles shown in Fig.4 C also produces a bubble-like granular temperature which is higher 
than the granular temperature due to oscillation of particles.           
 

The measurement of the granular temperature allows us to estimate binary diffusion coefficients, 
D (2). A typical value of D for the binary mixture in the core of the riser is 106 cm2/sec obtained from 
the measurement of the granular temperatures. This value agrees with the diffusivity obtained by 
injecting 156 µm particles into the CFB with flow of 530 µm particles (15). This value is close to that 
reported from L.S. Fan Laboratory (16). In the bubbling fluidized beds the diffusivity measurement 
gives us dispersion coefficients and not the particle diffusivity. The dispersion coefficient is 
approximately equal to the bubble diameter times the bubble velocity.    
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Fig.1 IIT Circulating Fluidized Bed and Particle Velocity Measurement Technique. 
(A) IIT circulating fluidized bed with splash plate. (B) Particle image velocity 
measurement system with probe. (C) Typical streak images captured by CCD camera. 
Thick streak line: 530µm glass beads, Thin streak line: 156µm glass beads, Exposure 
time: 0.0005s, Typical length: 0.1cm, c: actual velocity. (D) and (E) Typical axial and 
radial velocities in a mixture relative to the hydrodynamic velocity, (c-v), where the 

hydrodynamic velocity ∫
∞

∞−
= dcccf

n
v )(1 . The volume ratio of 156µm glass beads to 

530µm glass beads is 3/7. Ug = 4.2 m/s, Ws,mix = 14.9 Kg/m2-s, ρs = 2460 Kg/m3. 
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Fig.2 Flow Regime in Circulating Fluidized Beds. The semi-empirical correlations for 
solid axial velocity and solid volume fraction were obtained by Tartan and Gidaspow 
(9) with 530 µm glass beads in the IIT riser (Dt = 0.076 m).  
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 Bader et al. (10): dp = 76 µm FCC, Ug = 3.7 m/s, Ws = 98 Kg/m2-s, Dt = 0.304 m;      
 Nicolai et al. (11): dp = 62 µm FCC, Ug = 4.3 m/s, Ws = 167 Kg/m2-s, Dt = 0.41 m;    
 156µm glass beads (IIT): Ug = 2.65 m/s, Ws = 13.3 Kg/m2-s, Vm = 1m/s. 
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Fig.3 Anisotropy and Turbulence in the IIT Riser (Similar to Turbulent Flow of Gases 
in a Pipe). (A) Particle normal stresses. dp = 530µm Glass Beads, L = 4.2 m. <CzCz> 
and <CrCr>: Ug = 5.1 m/s, Ws = 14.9 Kg/m2-s, <CθCθ>: Ug = 4.9 m/s, Ws = 14.2 
Kg/m2-s. The bar is time average. (B) Particle shear stresses in a mixture. The volume 
ratio of 156µm glass beads to 530µm glass beads is 3/7. Ug = 4.2 m/s, Ws,mix = 14.9 
Kg/m2-s. 
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Fig.4 Turbulent Kinetic Energies (3/2 Granular Temperature) in the IIT Riser and 
Bubbling Beds. (A) Dimensionless granular temperature, θ scaled with mean solids 
velocity Vm, viscosity, µ and conductivity, κ in the IIT riser (µ/κ = 4/15, 2). Riser 
(530µm): Ug = 5.1 m/s, Ws = 21.4 Kg/m2-s; Riser (156µm): Ug = 2.65 m/s, Ws = 13.3 
Kg/m2-s, Vm = 1m/s; Bubbling Beds (530µm): Ug = 0.587 m/s, Vm = 0.125 m/s.       
(B) Granular temperature in a mixture in the IIT riser. The volume ratio of 156µm 
glass beads to 530µm glass beads is 3/7. Ug = 4.2 m/s, Ws,mix = 14.9 Kg/m2-s. (C) 
Typical experimental and computed bubbles in a two dimensional fluidized beds. dp = 
530µm glass beads, Ug = 0.587 m/s.   
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