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INTRODUCTION 

The Morgantown Energy Technology Center has development programs in a number of fossil energy 
technologies which use fluidized beds as reactors to carry out combustion, gasification, and 
desulfurization. The diagnosis of operating problems and control of bed behavior is critical to the 
efficient performance of these systems. The overall goal of the present work is to develop novel 
techniques to improve diagnosis and control of these systems. 

Chaotic time series analysis has recently been used with pressure drop, void fraction, and heat transfer 
data to characterize fluidized bed dynamics(l,2,3,4). Unique chaos parameters derived from this 
analysis can distinguish among various fluidization conditions within gas fluidized systems. In this 
paper, a basis for understanding the physical meaning of several chaotic parameters is developed and 
illustrated. 

BACKGROUND 

Time series imbedding is a chaos technique used to map a single time series of data such as pressure 
drop or void fraction into a multidimensional map or phase space trajectory. This multi-dimensional 
map uniquely represents the dynamics of the bed. Once it is generated, principal component analysis 
can be used to scale and rotate the trajectory to provide a view which best illustrates it's size and 
shape. In this phase space trajectory for fluidized beds, each component or direction approximately 
represents the variable being measured and successive derivatives of that variable. Principal 
component analysis generates a series of eigenvalues which are proportional to the total variance of the 
data along each of the axes(l,2). They provide a measure of the relative importance of each 
component to the dynamics of the system. 

Another approach to chaos analysis is to calculate global parameters which measure the overall 
character and predictability of the system. Correlation dimension, Kolmogorov entropy and mutual 
information are three examples of such parameters. Correlation dimension is a measure of the degrees 
of freedom in the system. Steady, periodic or otherwise predictable systems have a low correlation 
dimension while complex systems and randomly behaving systems will have a high correlation 



dimension. It is generally assumed that chaotic analysis is most usefully applied to systems with a 
relatively low but non-zero correlation dimension. Kolmogorov entropy, like thermodynamic entropy, is a 
measure of the predictability in the system. In other words, given the time history provided by the data 
set, entropy measures the probability that the time series can be extrapolated into the future. Low 
values of entropy means that it is predictable and can be extrapolated while high values represent more 
uncertainty. Entropy increases as the prediction is extended further into the future. Mutual information 
is related to Kolmogorov entropy; it measures the correlation between a single time series and a time 
shifted replicate of itself or the correlation between two separate time series. It is similar to the 
auto-correlation function except that it does not assume a linear relationship to the correlation between 
the series. When there is a relationship between the series, mutual information versus time will show a 
series of peaks. 

fraction and the overall pressure drop time series 
were used to generate chaos parameters. 

A TWO STATE MODEL 

A simple model can be used to gain insight into 
the physical meaning of some chaos parameters. 
In this model the system can be in either one of 
two states. Figure 1 illustrates the two states 
with a fluidized bed system. The states are void 
and emulsion phase. The void fraction data 
measures these two states directly. Pressure 

EXPERIMENTAL DATA 

FIGURE 1. TWO STATE MODEL 
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Data used in this paper was generated in fluidized bed equipped with a capacitance imaging system 
and a pressure sensing system which could synchronously acquire data. These experiments and the 
capacitance imaging system have been previously described(5). Briefly the bed consisted of a 15.24 
cm diameter tube fluidized with air at ambient conditions through a porous plate distributor. The 
capacitance imaging system acquired three dimensional void fraction views of the bed in a region 
extending from 46 to 56 cm above the distributor at a rate of 62.5 frames/second. Overall bed pressure 
drop was acquired between a wall tap located 2.54 cm above the distributor and the atmosphere at rate 
of from 125 to 200 Hz. In each experiment, data was acquired while the bed operated for 20.4 
seconds. 

2 



Consider average void fraction measured in a sensing zone. When a void is present in the sensing 
zone, the void fraction e, is given by: 

€,=A*+ ( P A * )  E, 

where 

and D, = Bubble Diameter 
DT = Tube Diameter 

The time over which the this void will be sensed 
(assuming a cylindrical shape) is given by 

where L, = Length of the bubble 
U, = Rise Velocity of bubble 

The fraction of time a void will be present will be 
fbub x T,, where fbub is the bubble frequency. The 
fraction of time spent with emulsion phase is 1 - 
fbub Tb* 

CORRELATION OF EIGENVALUES TO 
PHYSICAL PROPERTIES 

Analysis of data from fluidized beds using time 
series imbedding and principal component 
analysis yields eigenvalues for the data set. 
These values are a measure of dispersion of the 
data along the various principal component axis. 
These eigenvalues vary with fluidizing velocity 
and materials in ways that suggest relationships 
to physical parameters in the bed. Figure 2 
shows the square root of the first eigenvalue for 
void fraction data plotted against the ratio of 
superficial velocity to minimum fluidization 
velocity. Figure 3 shows the same plot for first 
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eigenvalue derived from pressure drop data. There is a clear relationship with superficial velocity and a 
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less obvious variation with the material fluidized. Higher order eigenvalues (through the first four at 
least) show similar dependence on velocity. 

Using the two state model, the standard expression for variance and the knowledge that the 
eigenvalues are the variance of the data along each principal component, a general form for the 
eigenvalues can be expressed as: 

where 

t=fi-ac$on of time at state 1 

A=dr7fere# of principal component i valuezs for 2 states 

For void fraction, the first eigenvalue is: 

In this expression, the first eigenvalue depends on a ratio 
of characteristic times (T, and l/fbuJ, the ratio of the 
bubble cross-sectional area to the bed area, and the 
emulsion phase void fraction. 

Figure 4 shows the first eigenvalue calculated from the 
void fraction versus time data compared to the first 
eigenvalue calculated from the averaged void properties in 
the imaging experiments. The correlation is again 
reasonably good with the calculated value equal to about 
142 the eigenvalue determined from the data. This 
suggests that the first eigenvalue for void fraction data can 
be related to the bubble frequency, bubble length and 
bubble velocity. 

The second eigenvalue for void fraction data can derived 
by recognizing that the second principal component axis is 
approximately equal to the derivative of void fraction. It 
therefore measures the change in void fraction which 
occurs as the front and tail of bubbles pass through the 
sensing zone. Its value is zero when only emulsion phase 
or the central part of the voids are present. The gradient of 
the void fraction was assumed to be equal to the radius of 
the void times the difference in void fraction between the 
emulsion phase and void phase divided by the void 
velocity. The second eigenvalue is then: 
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Figure 5 compares the values calculated from this 
expression using the area average void properties 
with the eigenvalue calculated directly from the data. 
Again the calculated values are high but exhibit the 
correct trend. 

Overall bed pressure drop data exhibit small 
variations due to small bubbles close to the grid and 
large variations caused by bubbles(which have 
grown in the bed) bursting at the surface of the bed. 
Assuming that the large bubbles at the bed surface 
makes the major contribution to the eigenvalues, the 
difference in the two states for the overall pressure 
drop is equal to the length of a void times the 
density of the emulsion phase. Using this difference 
and taking the characteristic time as the length of 
the bubble divided by its velocity times its frequency 
in the general form for the variance of a two state 
system gives 

Figure 6 shows a plot of the first eigenvalues 
calculated from this expression versus the 
eigenvalues calculated from the data. There is 
clearly good agreement with the exception of three 
points in one of the data sets. So far we have found 
no reason for the discrepancy of these three points. 

KOLMOGOROV ENTROPY 

Kolmogorov entropy is a measure of the loss of 
information with time. It is usually expressed in 
bitskecond. Slugging beds tend to be periodic 
which leads to lower values of entropy. This is 
clearly illustrated in Figure 7 which shows entropy 
for the void fraction data plotted against the void 
aspect ratio (ratio of the void length to diameter). 
Bubbles typically have aspect ratio between 0.5 and 
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1 .O. Slugs have aspect ratios which are greater than one and depend on the superficial velocity of the 
system. As the bed conditions approach slugging, entropy approaches a value of from 3 to 6. Entropy 
is also nearly proportional to bubble frequency in the bubbling regime. Figure 8 illustrates this 
relationship. 

CORRELATION DIMENSION 

Correlation dimension is related to the number of degrees of freedom in a system. In a bubbling or 
slugging fluidized bed, the degrees of freedom is proportional to the average number of voids being 
sensed by the probe at any one time. In the case of void fraction data in the capacitance imaging 
system, this was typically one void at a time. The corresponding dimension was typically slightly less 
than 3.0. Generally the number of voids sensed equals 1/2 the correlation dimension - 1. The 
correlation for the overall pressure drop data varied from about 4.5 to 8 indicating that on the average 
there was 1.5 to 3.5 voids sensed. 

CONCLUSIONS: 

The first and second eigenvalues of void fraction data and the first eigenvalue for overall pressure drop 
data is shown to be proportional to a function of the average characteristic of void in a fluidized bed. 
Kolmogorov Entropy is shown to be proportional to the bubble frequency and is related to the void 
aspect ratio suggesting that it is a good means to distinguish between bubbling and slugging. 
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