
 1

Wave Propagation and Granular Temperature in Fluidized 
Beds of Nano and FCC Particles 

 
 

Michael Driscoll* and Dimitri Gidaspow 
Department of Chemical and Environmental Engineering,  

Illinois Institute of Technology, 
 Chicago, IL. 60616 

 
 

The speeds of motion of compression waves through a fluidized bed of 10nm 

silica particles and 75 micron FCC particles were determined by measuring the times of 

arrival of compression zones using light and a gamma ray densitometer, respectively. A 

correlation for the modulus of elasticity for each particle type was determined as a 

function of void fraction. Using a kinetic theory type equation of state for particles, this 

experimentally determined modulus gives a value for the granular temperature for 10nm 

particles of approximately 1 meters per second squared. This value is close to that 

obtained by assuming the motion of the 10nm particles is due to collision with air 

molecules with no energy dissipation.  

 The value of the granular temperature was also determined in a two-dimensional 

fluidized bed by measuring the volume fraction distributions of 10nm silica particles. 

Granular temperatures were deduced for a one dimensional particle momentum balance 

using an ideal equation of state for particles, which is similar to the barometric formula 

for gases. These granular temperatures agreed with the measurements obtained from 

wave propagation experiments.  

_______________________ 

* Correspondence concerning this article should be addressed to Michael Driscoll at 

Michael.Driscoll@ge.com 
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Introduction 
 

Extensive research has been performed to develop a simulation model that can 

predict the behavior of a fluidized gas-solid system. Sinclair (1997) presented a summary 

of the many different solid-gas simulation models that had been developed including a 

summary of a two fluid model that utilizes the solids stress modulus in the particulate 

momentum balance to numerically stabilize the convergence of the simulation. 

Knowledge of the solids stress modulus, G, is important to modeling the behavior of 

fluidized beds. The solids stress modulus is a thermodynamic property of a solid particle 

(Gidaspow, 1994) and is defined by the following equation: 
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Where G = Solids Stress Modulus 

 sσ = Solids Pressure or Stress 

 sε =Solids Volume Fraction 

Mutsers and Rietema (1977) introduced the solids stress modulus, initially called the 

elastic coefficient or modulus of elasticity, to explain the interparticle forces that 

maintain the structure of the fluidized bed during tilted bed experiments. Rietema and 

Piepers (1990) mathematically related the solids stress modulus to the wave propagation 

velocity and suggested the dependence of the solids stress modulus on the void fraction 

of the fluidized bed. Gidaspow (1994) provided the theoretical derivation of the solids 

stress modulus from mass and momentum balances in a fluidized bed. Massoundi et al. 

(1992), Chen and Weinstein (1992), and Gelderbloom et al (2003) reviewed the 

background of various correlations for the solids stress modulus. The correlations found 
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in literature relating solids stress modulus to void fraction were either synthesized from 

simulation results or obtained from settling experiments. The solids stress modulus 

relationship actually stabilizes the simulation model by not allowing the particles to 

compact to unreasonably high solids volume fractions in the CFD code. Jung and 

Gidaspow (2002) developed a solids stress modulus correlation for Tullanox 

nanoparticles by inferring the solids stress gradient from the measured solids volume 

fraction in settling experiments assuming a solids density of 2220 kg/m3.  

 Sinclair (1997) also reviewed kinetic theory models that utilize the granular 

temperature (a measurement of the random oscillations of particles) in the energy balance 

equations for a fluidized bed. The granular temperature in a fluidized bed has typically 

been measured by taking an average of the variance of the fluctuating velocity. Vasishta 

(2004) and Kalra (2005) determined the granular temperatures for three different 

nanoparticles in a 2D bed by solving the one dimension momentum balance and 

measuring the solids volume fraction in a fluidized bed. Due to the formation of porous 

agglomerates, the fluidization of nanoparticles has been found to occur in the dilute 

regime. In the dilute regime, the Particulate Ideal State Equation can be applied and the 

granular temperature in the riser can be determined in a relatively straightforward manner 

from the wave propagation velocity through a fluidized bed. 

The experiments presented in this report evaluate the solids stress modulus by 

measuring the characteristic velocity of the one-dimensional wave through the fluidized 

bed. The characteristic velocity for fluidized particles is shown to be the sum of the bulk 

solids velocity plus the square root oscillating velocity (or the solids stress modulus 

divided by the solids density). Further, for dilute solids where the Particulate Ideal State 
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Equation ( θερ sssP = ) applies, it will be shown that the characteristic velocity is also 

equal to the square root of the granular temperature. The detailed derivation of these 

equations follows.  

 
Theoretical Background 

 The proposed experiment is based on the derivation of critical flow theory of 

granular materials presented by Gidaspow (1994). The derivation is initiated by stating 

the one-dimensional mass and momentum balances for the granular flow of solids. 

Mass Balance for the Solids Phase 
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Momentum Balance for the Solid phases 
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Rearranging and substituting into in matrix form yields 
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The characteristic determinant for these equations is: 
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The characteristic direction for a fluidized system of particles is 
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Based on this characteristic equation for one-dimensional flow, the modified solids stress 

modulus, G’, may be back calculated from the solids velocity and the characteristic 

velocity.  

Now, since nanoparticles and tend to fluidize in a dilute solid volume fraction 

regime, the particulate ideal equation of state will apply. Therefore, by definition: 

θερ sssP =           (7) 

The ideal particulate equation of state strictly applies for dilute systems )05.0( s ≤ε . This 

requirement is consistent with fluidized nanoparticle systems that typically operate at 

solids volume fractions under 0.03. Now, recalling. 
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Inserting the ideal equation of state into this equation yields: 
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Now, equating the characteristic velocity with this equation yields: 
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Therefore, the characteristic velocity from the shock wave experiments can be used to 

calculate the granular temperature and the modified solids stress modulus for the 

nanoparticle systems. 
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Experimental Equipment 
 
The proposed experimental setup is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Schematic Diagram for Riser Experiments 
 
 
The experiment was initiated by adding a specific amount of solid particles to the riser. 

The height of the non-fluidized bed and the weight of material added were recorded. A 

constant flow rate of air is then injected into the riser to fluidize the particle bed. The new 

fluidized height for the bed is recorded.  The passage of the compression wave was 

detected using a gamma ray densitometer for the FCC particles and a light diode 

assembly for the nanoparticles. The voltage generated by the detectors is inversely 

proportional to the solids volume fraction of the fluidized bed. The voltage signal is 
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collected using a National Instruments data collection system. The voltage signal is sent 

to a NI SCC-AI05 2 channel 100mv analog input module. This analog input module 

resides in a NI SC-2345 portable shielded module carrier. The NI SC-2345 is connected 

to a NI PCI-6221 M Series Multifunction DAQ card in a PC. The experimental data is 

collected every millisecond and saved into an Excel spreadsheet utilizing Labview 

software to direct and store the data. Next, a quick acting valve is actuated. The valve is 

controlled by a personal computer.  The PC will be used to store the voltage data 

generated by the photovoltaic cell. By recording the time the valve is opened, the time 

required for the solids wave to travel to the sensor, the distance to the sensor, and the 

solids volume fraction of the bed, a correlation of G or G’ versus volume fraction can be 

developed.  

75 micron FCC Catalyst Experimental Results  
 

A series of experiments were conducted to understand the impact of a shock wave 

through a fluidized bed of 75 micron FCC particles. The results of the experimental runs 

are summarized in Table 1. 

 
 
   Table 1 – FCC Particle Experimental Summary     
        Valve Solid Solid   Solids 
    Valve Valve Delta Shift Time Distance Velocity
  State to Tf t t delta (m) (m/s) 
Test 1 Fluidized 4.56 5.34 0.78 7.15 2.59 3.56 1.37 
Test 6 Fluidized 2.43 3.25 0.82 4.77 2.35 3.56 1.51 
Test 7 Fluidized 1.57 1.98 0.41 3.32 1.75 3.56 2.03 
 
This set of experiments measured the critical velocity through a fluidized bed containing 

a 75micron FCC catalyst using a gamma ray densitometer to measure the compression 

wave passing through the riser. Figure 2 presents the gamma ray signal as a function of 

time for first FCC test.  



 8

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Voltage Signal Versus Time For First FCC Experiment 
 

The gamma ray voltage signal runs approximately constant for the first 7000ms 

then shows a small dip followed by an upward shift. This graph shows the gamma ray 

signal drops (as the solids compression wave passes) and then increases as the particles 

are blown through the bed.  To determine the exact point of the transition, a Haar 

Wavelet analysis was used to de-noise the measured data. The results of the de-noising 

process are presented on the insert of Figure 2. The wide signal of the insert is the raw 

data. The inner signal is the de-noised signal. This test showed a significant shift just 

after 7000ms. The second and third trials showed similar trends. This experiment yielded 

a critical velocity of 
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Therefore, the solids stress modulus (assuming negligible solids velocity) can be 

calculated as follows: 
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Development of Solids Stress Modulus Correlation for FCC Catalyst 

The data from these experiments was analyzed statistically to understand the 

causal relationship between the solids stress modulus and the bed void fraction. The 

following relationship between solids stress modulus and void fraction for the FCC 

particles was determined via statistical analysis. 

19.999.1410G +−= ε          (13) 
 
 

Figure 3 compares this correlation to past solids stress modulus correlations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Comparison of Solids Stress Modulus Correlations 

The new correlation compares favorably with the previous correlations presented in this 

graph. These graphs show a strong correlation between solids stress modulus and the void 

fraction over a small range of void fractions. This relationship shows the same qualitative 

relationship as previous correlations used in the simulation of fluidized beds.  
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shows that that range of the solids volume fraction (SVF) for 500micron glass beads 

(0.45-0.7) is approximately ten times greater than the range of the SVF of the 

nanoparticles (0-0.02). The large range of the SVF for fluidized glass beads is due to the 

formation of bubbles in the fluidized bed. The tight range of the SVF for nanoparticles 

supports the observations that fluidization occurs without the formation of bubbles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Solids Volume Fraction Variation For Nanoparticles and Glass Beads 

 

Figure 5 presents the light diode voltage signal and the position of the inlet valve as a 

function of time for the first test. The voltage signal runs approximately constant for the 

first 5000ms then shows a sharp spike downward followed by an upward shift. This 

graph shows the voltage signal drops sharply (as the solids compression wave passes) and 

then increases as the particles are blown through the bed.   
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Figure 5. Voltage Signal Versus Time For First Nanoparticle Experiment 

The first nanoparticle test of the experiment yielded a critical velocity of 
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Therefore, the modified solids stress modulus (assuming negligible solids velocity) can 

be calculated as follows: 
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The experimental results for the additional tests showed trends similar to the first test.  

The numerical results for these tests are summarized in Table 2.  
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Table 2
Experimental  Results For Tullanox Nanoparticles

Bed Height H/Ho to tf dt dx vc G'
(m) (sec) (sec) (sec) (m) (m/s) (m2/s2)
1.46 3.41 4.46 4.95 0.49 0.70 1.44 2.07
2.17 5.05 4.63 5.20 0.57 0.70 1.24 1.55
2.15 5.02 4.39 5.01 0.63 0.70 1.13 1.27
1.09 2.53 4.48 4.88 0.40 0.70 1.77 3.12
1.12 2.62 4.56 5.00 0.45 0.70 1.58 2.51
1.50 3.51 4.92 5.45 0.53 0.70 1.33 1.77
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The granular temperature can be calculated from this experimental data via the 

relationship presented previously (Eq.10). Figure 6 presents the granular temperature as a 

function of void fraction for these experiments. This graph shows a relatively flat 

dependence of granular temperature on void fraction.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Granular Temperature For Nanoparticle Experiments 
 

The value of granular temperatures measured in these experiments is consistent with the 

values reported in previous experiments for rectangular beds shown in Figure 7.   

 

 

 

 

 

 

 

 

Figure 7. Granular Temperature For Riser and Rectangular Bed Experiments 
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These graphs show the granular temperature for Tullanox nanoagglomerates to vary to 

linearly with void fraction. 

Modified Solids Modulus Correlation 
 

The data from the nanoparticle experiments was analyzed statistically to 

understand the causal relationship between the modified solids stress modulus and the 

bed void fraction for nanoparticles. The following relationship between modified solids 

stress modulus and void fraction was determined via this analysis. 

4817.586586.5810'G +−= ε         (16) 

The relationship has a p-value of 0.002 and a R-Sq value of 92.1%. The correlation 

shows a strong causal relationship between the Log G’ and the void fraction. This 

correlation was compared to the correlation from Jung and Gidaspow assuming an 

agglomerate density of 200 kg/m3. The comparison of the two correlations is presented in 

Figure 8. 

 

 

 

 

 

 

 

 

Figure 8. Comparison of Solids Stress Modulus Correlations 
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Conclusions: 

 This study provided a novel method to experimentally develop a causal 

relationship between the solids stress modulus and the void fraction for FCC particles. 

The new correlations were consistent with past theoretical correlations and can be used to 

stabilize the viscosity model for simulating gas solid flow in a fluidized bed. 

This study also presented a new method for finding the granular temperature and 

the modified solids stress modulus of a fluidized riser of nanoparticles. The granular 

temperature measured ranged from approximately 1 m2/s2 to 3 m2/s2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 15

Symbols: 
 

Bβ = Drag Coefficient 

sε =Solids Volume Fraction 

G =Solids Stress modulus 

θ =Granular Temperature 

sPs =σ = Solids Pressure 

sρ = Solids density 

v= velocity 
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