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Mixing studies were performed in beds of lead and glass particles fluidized with water. A salt 

time average and fluctuating salt concentrations a t  various points downstream from the point 
of injection. The frequency distribution of the fluctuations was determined, and correlation 
coefficients were measured for the fluctuations a t  two points separated by a known distance. 

The mixing data for the central portion of the bed yield radial eddy diffusivities and scales and 
intensities of turbulence. A t  the same fraction void the eddy diffusivity and scale of turbulence 
are larger for lead than for glass particles, but the velocity fluctuations appear to be inde- 
pendent of the density of the particles. Minimum Peclet numbers are observed a t  a fraction 
void of about 0.7. Scales based on correlation coefficients exceed those calculated from Peclet 
numbers, indicating that in a fluidized bed there are large-scale eddies whose size is much 
larger than a particle diameter. The interpretation of the mixing data is coupled with visual 

solution was injected from a point source, and electrical conductivity cells were used to determine (2) 

exp 

Equation ( 2 )  is limited to the central 
section of the tube where u is constant 
and for to the 
region Z / r  > 5. observations of fluidized bed flow patterns. 

During the past few years there has 
been increased activity in research lead- 
ing to a more basic understanding of 
mixing processes in moving fluids. Mix- 
ing in gas-fluidized beds was investi- 
gated by Gilliland and Mason (8, 9) 
who observed very low Peclet numbers 
indicating very rapid mixin in the 

investigated radial mixing in packed 
beds for both gaseous and liquid sys- 
tems; these studies were extended to 
liquid-fluidized beds by Hanratty, 
Latinen, and Wilhelm (10) who pre- 
sented results of several sets of experi- 
ments using spheres of silica and glass 
fluidized by water. On the basis of the 
turbulent-diffusion approach suggested 
by Taylor (18, 19, 20) Hanratty, Lati- 
nen, and Wilhelm showed that the 
concept of a constant eddy-diffusion 
coefficient only applies after a suitable 
period of time, or after a suitable 
distance away from the origin has been 
attained. 

Wilde (21)  studied the motion of 
individual glass spheres in a fluidized 
bed by use of a fluid having the same 
refractive index as that of the glass 
beads. The motion of colored tracer 
beads was then observed. Wilde con- 
cluded that the bead motion was not 
truly random; wavelike motions of bead 
groups as well as other well-defined 
circulation patterns were noted. 

Recently experimental results on ve- 
locity profiles ( 4 )  and longitudinal 
eddy diffusivities ( 5 )  have been re- 
ported for liquid-fluidized beds. These 
studies clearly show that in water- 
fluidized systems there exist velocity 
nonuniformities which vary statistically 
with time, giving rise to axial as well 
as radial eddy transport within the sys- 
tem. Ordinarily it is convenient to 
think in terms of a single eddy size as 
being characteristic of a system of in- 
terest. However in a fluidized system 
a more complete description is given by 

fluid phase. Bernard and Wil f elm ( 2 )  
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employing additional characterizing 
parameters. 

It is the aim of this work to contri- 
bute to a more complete understanding 
of the mixing behavior in the liquid 
phase of liquid-solid fluidized systems. 
To this end the average or over-all ap- 
parent mixing properties in the radial 
direction, as well as the local fluctuat- 
ing behavior of the system, have been 
investigated. Frequency distribution 
and correlation coefficients of concen- 
tration fluctuations have been de- 
termined. 
THEORY 

Mixing-length theory suggests that 
it is useful to look upon the mixing 
process in a fluidized bed as analogous 
to that pf molecular diffusion and to 
write corresponding mass transfer equa- 
tions which, in steady state experi- 
ments, apply well after a s ac i en t  dis- 
tance from the origin of the system 
has been reached. When applied to a 
steady state flow system in a tube, as 
was used in this work, the mass trans- 
fer equation describes the time-average 
behavior of the system. The differential 
equation in cylindrical coordinates is 

Equation (1) assumes symme 

equation has been given considerable 
attention (2 ,  10, 11, 13, 14, 17, 20) .  
If one makes the very good assumption 
( 1 4 )  that the longitudinal diffusion 
contribution to mass transfer is small 
compared with the convective flow 
term, then the concentration profile for 
the spreading of mass from a point 
source (located at r = z = 0) is 

the axis. The solution to this d' 2 erential about 

., 
Visual observations on liquid-solid 

fluidized beds made in this work and 
by previous investigators (21 ) indicate 
the presence of over-all circulation pat- 
terns which are due to changes in fluid 
velocity as the wall is approached. This 
observation is confirmed by velocity- 
profile data (3, 4 )  which show that 
the velocity is very nearly constant for 
the region r = 0 to T= 0.25 r. and then 
falls at points farther removed from the 
center. Although data at larger radial 
distances were taken in this work, only 
those data restricted to the region 0 4 
r / r .  A 0.25 were reduced by Equation 

Equation ( 2 )  expresses the time- 
average behavior of the system in terms 
of time-average concentrations as a 
function of position in the bed. To ob- 
tain a more extensive picture of the 
mixing behavior and to characterize it 
in a more detailed and accurate-man- 
ner interest is directed to the fluctuat- 
ing concentration behavior in the bed, in 
addition to the time-average values. A 
relationship between the concentration 
fluctuations and the flow parameters 
characterizing turbulence is needed to 
give consistency to the connection be- 
tween ideas relating to turbulence on 
one hand and turbulent mixing and 
mass transfer phenomena on the other. 
Knowledge concerning such a relation- 
ship is still far from complete (12). 
However Prausnitz and Wilhelm (17) 
considered this problem in connection 
with packed-bed studies and proposed 
a fluid-displacement model wherein the 
instantaneous concentration at any 
point in the system is equal to the 
time-average concentration at some 
other point. For the root-mean-square 
fluctuating concentration they ob- 
tained 

( 2 ) .  

C, 
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at a point in the system to the con- 
centration 0uctuations at another point 
separated from the first, it is useful to 
define a concentration fluctuation cor- 
relation coefficient, which is somewhat 
analogous to the correlation coefficient 
used in connection with Danckwerts' 
treatment of segregation (6). Such a 
correlation coefficient is 
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Fig. 1 Schematic flow diagram. 
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Equation (3) holds for radial loca- 
tions not too near the center, nor too 
near the wall, and at longitudinal lo- 
cations well removed from the point 
source. It shows the interesting re- 
sult that the .magnitude of the concen- 
tration fluctuation depends primarily on 
the scale of turbulence and not upon 
the intensity, under the limitations 
given above. 

In accordance with the mixing- 
length theory the eddy diffusivity is 
equal to the product of the scale of 
turbulence, which is assumed to be u,, 
and the root-mean-square value of the 
velocity fluctuation. Thus 

E ,  = U? d? (4) 

From time-average mixing data and 
from fluctuation studies independent 
measurements of E ,  and ur may be 
made, allowing the calculation of d7. 

When one now considers the rela- 
tionship of concentration fluctuations 

By defining the correlation coefficient 
in this way it is found to have more 
general applicability than the Danck- 
werts correlation coefficient associated 
with segregation, since in the definition 
used here the system is not required to 
possess an absence of large-scale seg- 
regation. This is true because in Equa- 
tion (6) the normalization factor 
d c y d c ?  is not a constant for the 
system as a whole but is composed of 
properties of the points of interest only. 

- -  

In general Rc has the properties 

If the two points of observation are 
within a distance less than the size of 
a packet of fluid which is approximately 
homogeneous with respect to concen- 
tration, then one would reasonably ex- 
pect to have a positive correlation co- 
efficient. As the distance of separation 
becomes infinitesimally small, R,  would 
be expected to approach unity. As the 
two observation points are separated to 
the point where they are at a distance 
greater than the size of the isoconcen- 
tration packet, a nonpositive value of 
& would be expected. 

As shown by Danckwerts (6) the 
concentration fluctuation correlation co- 
efficient must have a gradient of zero 
at s = 0 if molecular diffusion is present 
in the system. 

The scale of concentration fluctua- 
tion is defined as 

(7)  

This scale may be thought of as being 
characteristic of the size of a packet of 

A = s" lRcl ds 
0 
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Fig. 2. Block diagram of single channel. 
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Fig. 3. Determination of scale in a 4411. tube 
with 3.196-mm. glass spheres ( E  = 0.617). 

fluid which is approximately homo- 
geneous with respect to concentration. 
This is analogous to the conventional 
scale of turbulence (or scale of velocity 
fluctuation) in that the conventional 
scale of turbulence characterizes the 
size of a packet of fluid, all of which 
have the same velocity. 

R, may at some distance (Y along the 
s axis pass through zero and take on 
negative values. At some larger distance 
/3 along the s axis & must return to 
zero again. A number of such oscilla- 
tions may take place, depending on the 
mixing behavior of the system. Since a 
portion of the area under the Rc curve 
may be negative, A is defined in Equa- 
tion (7)  so that the absolute value of 
each area is added. 

Some rather interesting conclusions 
may be drawn from a knowledge of 
the R, curve and/or the values of A, 
as well as the positive and negative 
contributions to A. Therefore A is 
broken into its components: 

A = X, + A, + . . . 
where 

(8) 

The parameter CY is the distance be- 
tween points in the system where 
there ceases to be a positive correlation 
between the concentration fluctuations. 
At a distance of separation greater 
than and less than /3 there is a nega- 
tive Correlation, which is characteristic 
of vortex fluid motion. 

EXPERIMENTAL 

Fluctuations in concentration, which ma 
reach a frequency in the range of hundre2 
of cycles per second, can only be measured 
by an instrument having a very short time 
constant. Such an instrument is an elec- 
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trical conductivity cell coupled with suit- 
able electronic apparatus. 

Mixing studies were made by injecting 
sodium nitrate solution from a point source 
into a water stream which is used to 
fluidize the solid particles. A schematic 
flow diagram is shown in Figure 1. 

Electronics 
It is possible to obtain a potential which 

is directly proportional to the electrical 
conductance of the circuit element in ques- 
tion by use of a simple circuit as shown in 
Figure 2. By operating in a frequency 
range of 20 kc. polarization effects are 
eliminated, and good demodulation up to 
400 cycles per second of signal is easily 
attained ( 3 ) .  By proper selection of the 
size of resistor r in Figure 2 a signal V, is 
obtained which approaches direct propor- 
tionality to the conductivity L,. In the 
concentration range studied in the present 
experiments the conductance of the sodium 
nitrate solutions used is directly pro or 
tional to the concentration of sod!ui 
nitrate. For this work r was selected so 
that it was on1 1% as large as the 

tered. 
The voltage V, was amplified and de- 

modulated, yielding a signal which reflects 
exactly the conductance behavior of the 
conductivity cell. Use of an adding circuit 
allowed the signal of a reference conduc. 
tivity cell placed in the water stream 
entering the test section to be subtracted 
from the signal of the cell measuring the 
salt solution conductance in the test sec- 
tion (see Figure 2 ) .  The amplifier de- 
modulator was constructed so that six 
conductance signals in parallel could be 
observed. 

Blocking condensers applied to the out- 
put signal of the amplifier-demodulator 
system yield a signal which is proportional 
to the fluctuating component of the con- 
centration. A simple R-C filter network 
allows an average value of the signal from 
the amplifier demodulator to be measured. 
A true root-mean-square voltmeter was 
used to determine the root-mean-square 
value of the fluctuating com onent of 
concentration. Continuous mu lp tiplication 
of signals having frequency components up 
to 470 cycles per second was effected b 
emplo ing an analogue computer. Aii 
amplders in the system were linear to 
within less than 1%. A waveform analyzer 
was used to obtain the frequency spectrum 
of the concentration fluctuations. A visi- 

smallest value o Y R,  which was encoun- 

Fig. 4. fluidization of glass spheres. 
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corder gave a continuous record of all 
instantaneous concentrations. 

Conductivity Probes 
The conductivity cell proper was made 

from a slotted 3-mm. diameter rod, having 
0.050-in. diameter circular platinum elec- 
trodes mounted 1 mm. a art. The slot in 
the rod is 7 mm. deep, %us allowing the 
stagnation point of the fluid impinging at 
the base of the slot to be at such a 
distance from the electrodes that its influ- 
ence on the measurements would be 
negligible. 

The probe was constructed by drilling a 
0.05-in. hole perpendicular to the axis of 
the rod, about 2 mm. from one end. A 

platinum wire. The copper wires were 
sealed into axial depressions along the 
outside of the rod and were secured by 
epoxy resin. The rod was then slotted so 
that the platinum wire was cut perpendic- 
ular to its axis, thus exposing two 0.05-in. 
diameter circular electrodes facing one 
another and 1 mm. apart. The exposed end 
of the rod is hemispherical in shape caus- 
ing the probe tip to ap ear much like 
a packing particle. The ro5 containing the 
electrodes is about 2 cm. long and is 
mounted at the end of a %-in. O.D. 
stainless steel tube so that the copper leads 
from the electrodes pass through the tube. 

The capacitance effects were negligible, 
and cross talk between probes was always 
less than 1%. The probe is mounted in a 
rigid probe holder wherein the radial posi- 
tion of the probe may be selected at in- 
tervals of 1/6 of an inch. Angular orienta- 
tions and axial position may take on any 
desired values. All observations were 
made with the probe tip at a distance of 
about 5-in. from the nearest probe-support 
member. 

The conductivity probes were sufficiently 
small to enable good observations to be 
made of fast concentration fluctuations. In 
most runs the probable upper-frequency 
limit was around 400 to 500 cycles per 
second; in no case was it below 250 cycles 
per second. This lower fi e is computed 

cell ( 1 mm.) and the lowest fluid velocity 
encountered in this work (250 mm./sec.). 

Flow Apparatus 
The flow system consisted of a constant 

head water tank located approximately 

from the characteristic li" unension of the 
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35 ft. above the test section, a 5-hp. re- 
generative turbine F m p ,  a 5-hp. centri- 
fugal pump, a set o five rotameters having 
a total range of 0.01 to 61 gd./min., a 
flow distributor, a flow development sec- 
tion, the test section, and an overflow tank 
connected to a drain. 

The entrance to the flow distributor con- 
sisted of a capped 2-in. pipe having small 
lateral holes around the periphery near 
the cap. The discharge from the peripheral 
holes entered a conical expansion section 
covered with a plate having 1/16-in. holes 
on a triangular arrangement so that the 
fraction voids was 0.38. The flow then 
proceeded upward into the flow-develop- 
ment section which consisted of an 8-in.- 
high section of tube packed with 2-mm. 
pyrex spheres, covered with a stainless 
steel screen. 

Mounted on top of the flow-development 
section was the point-source injector, hav- 
ing a screen at about the level of the up- 
per surface of the injector bod . The space 

packed with 2-mm. spheres. The point- 
source injector tube (hypodermic needle in 
Figure 1) protruded vertically from the 
uppermost screen a distance of about 5 
em. This distance is sufficiently large to 
eliminate the effects of the bed entrance 
(10). 

The test section consisted of a 3.98-in. 
I. D. pyrex pipe, 2 ft. high. 

Injection System 
The 1.0 normal sodium nitrate tracer 

solution was injected into the test section 
by means of a piston and cylinder ar- 
rangement, the piston being driven by 
means of a geared-down variable-speed 
drive unit. The speed of the piston was 
calibrated accurately against drive settings. 

Procedure 
The flow rate corresponding to the 

fraction voids desired was set, and beads 
were added to or subtracted from the 
system to give the proper bed height 
(about 10 in.). The in'ector-drive setting 

injectant equal to that of the main-stream 
fluid as calculated from the superficial 
velocity divided by the fraction voids in 
the bed. After satisfactory steady state con- 
centration values were reached, the 
recorders were connected to each of 
the probes in turn, _. yielding data on 
C', c'? c'tc'j, and d c x  for each probe. 

enclosed by the injector bo J y was also 

was adjusted to give a I inear speed to the 

--- 

Fig 5. Fluidization of lead spheres. 
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Fig. 6. Fluidization of lead spheres 

A mixed-cup sample of the effluent was 
taken, and conductivity readings of this 
sam le were taken with each probe. 

&e flow pattern of the bed was given 
careful visual observation, and sketches 
were made of the bed appearance. 

REDUCTION OF DATA 

Since all of the signals recorded as 
data are proportional to the conduct- 
ance of the solution, a conversion from 
conductance to concentration is neces- 
sary. Fortunately in the concentration 
range used in this work (approximately 

normal) the conductance of aque- 
ous sodium nitrate solutions is directly 
proportional to the concentration. 
Therefore at any temperature the con- 
centration is given by the equation 

C = aL (11) 

All concentrations and concentration 
fluctuations are reported in terms of 
ratios. The ratio of two concentration 
values is equal to the corresponding 
ratio of the conductances, and the 
constant a cancels. Thus the concentra- 
tion ratios are equal to the voltage 
ratios measured directly with the ap- 
paratus. 

Concentration profiles were plotted 
for the various angular orientations of 
the probe holder at a given distance 
from the point source. Because of slight 
asymmetry the centers of the concen- 
tration profiles were determined by the 
point of highest concentration which is 
not necessarily the same as the geo- 
metric center; details of the asymmetry 
are given elsewhere ( 3 ) .  All data at a 
given level were combined on one 
plot, and reflected points were used to 
eliminate slight asymmetries. By plot- 
ting In (C/C,) vs. (r/d,)’  for the cen- 
tral region as determined from the 
smoothed concentration profiles [see 
Equation (2)], the Peclet number may 
be determined from the slope and/or 
the intercept. Since slight errors in 
locating the concentration center line 
can cause relatively large errors in the 
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determination of the Peclet number by 
the intercept method, only the slope 
results were used. Peclet groups were 
computed only from smoothed data for 
the region 0 

The frequency distribution of the 
fluctuating components of concentra- 
tion was determined as a function of 
fraction voids. Since the magnitude of 
the concentration fluctuation depends 
on position in the bed [see Equation 
(3)], it is desirable to plot the data 
taken at various positions in the bed 
in such a manner that they may be 
easily compared. For this reason the 
data from the wave analyzer were 
made dimensionless through division 
by the corresponding true root-mean- 
square voltmeter readings. If the true 
root-mean-square meter had exactly 
the same frequency-response character- 
istics as the wave analyzer, then the 
area under each frequency-analysis 
curve would be unity. The two instru- 
ments have different low frequency 
cut-off response curves, and hence the 
area is not unity. 

Since the concentration-fluctuation 
magnitude depends on the time aver- 
age concentration gradient, and since 
this gradient varies with bed expansion 
as well as with position in the bed, 
results from one run to the next are 
rather difficult to compare if one at- 
tempts to consider only the magnitude 
of the concentration fluctuation, or 
the value of the ratio of dc? ( f )  
(determined at frequency f )  to 
d?,M, which measures the fluc- 
tuations summed over all frequencies. 
The observed frequency curves appear 
to consist of two portions, one 
characteristic of the fluid flow inde- 
pendent of particle motion and the 
other characteristic of fluid behavior 
as influenced by the fluidized particles. 
For this reason it was decided to 
orient the curves from various states 
of fluidization in such a manner that 
the high-frequency ends of the curves 
would extrapolate to roughly the same 

A.1.Ch.E. Journal 

T / T ,  6 0.25. 

Fig. 7. Fluidization of lead spheres, 

fluctuation value. This high-frequency 
end of the curve is independent of the 
fluidized particle motion; it is charac- 
teristic of the turbulent fluid flow and 
less likely to undergo appreciable 
shifts with changing fluid velocity. 

The data on V F a s  a function of 
radial position were plotted in the 
same manner as that used for the time- 
average concentrations. When smoothed 
in this manner these curves are sym- 
metrical about a point near T = 0. The 
curves for average concentration and 
fluctuating concentration as a function 
of position yield a new plot as shown 
in Figure 3. From Equation (3) the 
slope is ( cv ) / (Q3dp)  for points not 
near the center or near the wall. 

From the Peclet numbers and scales 
of turbulence the intensities of turbu- 
lence are calculated by Equation (5). 

DISCUSSION OF RESULTS 

Visual observations of the particle 
flow patterns at various d,/D ratios for 
glass and lead beads as a function of 
fraction voids are shown in Figures 4 
through 7. Figure 4 shows the observa- 
tions for glass beads for two d,/D 
ratios, and as closely as one can tell 
visually the patterns of flow and gen- 
eral characteristics are the same for 
both ratios. Starting at the right-hand 
side of the diagram there is a slight 
percolating motion in the range of 
43% voids where small void bubbles 
move randomly up through the bed. 
As the fraction voids is increased to 
0.55 the bubbling motion becomes 
more predominant and yields to a void- 
wave formation which causes a gentle 
slugging and bubbling motion. The 
particles drop across the void waves to 
reform another slug. Little over-all cir- 
culation is observed. As the fraction 
voids is increased to 0.69, the void 
waves disappear, yielding to broken 
particle waves. This interchange of 
phases may be thought of as being 
analogous to a vaporization process in 

Vol. 6, No. 4 Page 557 



which the vapor phase is increasing 
and finally predominates, leaving the 
liquid phase in the minority. The dense 
phase is now the discontinuous phase 
in a continuous dilute phase. Some 
slow, over-all circulation patterns are 
detected, as noted by the arrows next 
to the tube walls. Finally, at fraction 
voids of about 0.85, a stronger general 
circulation or swirling pattern is set up; 
the particle waves are more well de- 
h e d  and contrast well against the 
dilute phase. The most active local 
particle motion occurs in the range of 
e = 0.7. 

Figure 5 shows lead particles at a 
dp/D ratio of 0.059. At the start of 
fluidization (the right-hand drawing) 
the percolation motion exists as with 
glass particles. Increasing the fraction 
voids yields bubbles and void waves, 
as with glass. At fraction voids of about 
0.7 there is a more violent motion than 
with glass and a definite tendency to 
form swirls and waves, apparently pro- 
moting increased mixing. By the time 
the bed is expanded to fraction voids 
of about 0.85 the similarity to the glass 
behavior is restored. All local particle 
motions are more violent than with 
glass, even though most of the general 
bead behavior is preserved. 

Turning to Figure 6 at a lower ratio 
of dp/D one might expect that the 
particles have more freedom to move 
about, and hence swirl formation and 
more rapid general circulation are to 
be expected. This is just what is found, 
especially at higher fraction voids. 

Decreasing the dp/D ratio to 0.013 
as in Figure 7 shows that the particles 
now show more of a tendency to be- 
have as a liquid phase, individual 
particles tending to lose identity. Bub- 
bling similar to that of a gas through 
a liquid is detected. Swirling motion is 
less and various bubble motions pre- 
dominate. 
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Fig. 8. Radial Peclet groups in fluidization. 

The expected conclusion reached 
from visual studies is that two import- 
ant variables play a part in bed char- 
acteristics, particle-to-tube diameter 
ratio and the density difference or 
particle-to-fluid density ratio. Most 
violent motion occurs at e = 0.7, where 
a phase transition is observed. The 
qualitative results shown in Figures 4 
through 7 illustrate some of the differ- 
ences and similarities between liquid- 
and gas-phase fluidized beds (1, 15, 
16). 

An analogy between packed and 
fluidized beds may be a guide to a 
first attempt at describing the mixing 
behavior in liquid solid fluidization 
systems. Peclet numbers adequately 
describe the mixing phenomena in 
packed beds and are reported in th@ 
work as a starting point for a more 
detailed analysis of the turbulent mix- 
ing behavior. 

Peclet numbers calculated from 
measured time-average concentration 
profiles at a dp/D ratio of 0.03 are re- 
ported in Figure 8. From the particle 
flow patterns discussed above one 
might have predicted the general 
characteristics shown, that is better 
mixing (lower Peclet number) in the 
region of E = 0.7 and better mixing 
with more dense particles at a given 
fraction voids. The curves extrapolate 
to packed- and empty-bed values. The 
results of this work are compared with 
those of Hanratty, Latinen, and Wil- 
helm (10) for a dp/D ratio of 0.06, 
using glass beads. 

The analogy to packed-bed behavior 
for fluidized beds' is quite limited, and 
one should consider a more detailed 
description and characterization of the 
liquid-phase mixing. The study of this 
process immediately reveals a pre- 
dominant fluctuating behavior of both 
velocities and concentrations. A study 
of the fluctuating concentrations must 
include the frequency analysis of these 
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Fig. 9. Concentration fluctuation frequency 
distribution in fluidization. 

fluctuations which are summarized in 
Figure 9. 

The general behavior in a packed 
bed is a frequency distribution charac- 
teristic of the flow through the small 
irregular channels amongst the parti- 
cles. This corresponds to the frequency 
range of about 10 to 200 cycles per 
second having a maximum in the range 
of 45 cycles per second. As the bed is 
fluidized, there is superimposed on the 
packed-bed spectrum a spectrum much 
lower in frequency and of increasing 
magnitude with an increase in the frac- 
tion voids. Finally at high fraction 
voids the fluidization frequency distri- 
bution is completely dominated by the 
characteristics imposed by the particle 
motion. It is to be expected that the 
distribution shifts back again to higher 
frequencies and lower amplitudes as 
the empty-tube system is approached. 

The concentration fluctuations studied 
and described above allow calculation 
of turbulence parameters which give a 
more accurate account of the mixing 
in fluidization. Equations (4) and ( 5 )  
show that the eddy difEusivity and 
Peclet number combine the effects of 
the scale and intensity of turbulence. 
The concentration-fluctuation data ap- 
plied to Equation (3)  yield a scale of 
turbulence independent of the Peclet- 
group determination. Figure 10 sum- 
marizes these results. This set of curves 
brings out the important point that the 
main difference between the behavior 
of lead and glass beds is brought about 
by the influence of the particle density 
on the scale of turbulence resulting in 
a higher eddy dausivity. The radial 
Peclet-number curve shows a minimum 
and the radial scale of turbulence 
curve a maximum at the fraction voids 
corresponding to the visually observed 
phase transition. Similar results were 

1 

01 I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

( I  - E ) , FRACTION SOLIDS 

Fig. 10. Scale of turbulence in fluidized beds. 
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Fig. 11. Concentration fluctuation correlation coefficient vs. 
distance. 

obtained by Lemlich and Caldas (14a) 
who showed that heat transfer to the 
wall of a fluidized bed reaches a maxi- 
mum at a fraction void of about 0.7. 

An approximate model may be used 
to explain the particle-density influence 
on the scale of turbulence, A minimum 
detectable concentration fluctuation is 
brought about by the motion of a parti- 
cle or group of particles having the 
same minimum momentum Mu. The 
scale of turbulence is related to and 
influenced by the mean distance that a 
particle moves in a given general di- 
rection. Any given particle, on the 
average, loses a certain fraction of its 
momentum in a single collision. As will 
be shown later the radial-velocity fluc- 
tuations are independent of particle 
density at given fraction voids. Hence 
one may reasonably assume that radial 
velocities of particles are roughly in- 
dependent of particle density, and the 
particle momentum is then propor- 
tional to the particle density for a 
given particle size. Plotting the origi- 
nal momentum of a particle, character- 
istic of the radial-velocity fluctuation 
in the bed as a starting point, on semi- 
log coordinates vs. the total number 
of collisions suffered by the particle in 
question after some reference time, one 
obtains a straight line, having a slope 
characteristic of the momentum loss 
per collision. If the glass and lead 
beads lose roughly the same fraction 
of momentum on each collision, then 
the bead will undergo [ (pPb) / (pgl las) l  
times as many collisions as the glass 
particle before its momentum drops 
below Mu, This model is tested by 
comparing the ratios of observed scales 
of turbulence for 3-mm. lead and glass 
beads to the density ratio at various 
fraction voids. The result predicted on 
the basis of this simple model holds 
reasonably well; for example at frac- 

= 5.0 (see Figure lo) ,  while pPb/ 

Using Equation ( 5 )  one finds that 
the intensity of the radial-velocity fluc- 
tuations ~ F / u  is greater for glass- 
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tion voids Of 0.70, ffpb/ffglaas = 

pIiass = 11.3/2.45 = 4.6. 

15/3 

s / d p  

Fig. 12. Concentration fluctuation correlation coefficient VS. 

fluidized beds than for the correspond- 
ing lead bed. This result however is 
somewhat misleading, since the nor- 
malizing factor is much greater in the 
case of lead than in glass. To compare 
more .directly the velocity-fluctuation 
results Table 1 was prepared, showing 
the root-mean-square value of the fluc- 
tuating component of the velocity as a 
function of fraction voids for each 
particle density. This table shows that 
at the same fraction void the velocity 
fluctuations are independent of the 
particle density and that there is a 
minimum at about E = 0.7. This rela- 
tively small trend toward a minimum 
value is over-shadowed by the much 
greater effect in the opposite direction 
shown in the behavior of the scales. 

C O N C E N T R A T I O N  F L U C T U A T I O N  
CORRELATION COEFFICIENTS 

Concentration fluctuation correlation 
coefficients were measured in the cen- 
tral part of the bed by electronic mul- 
tiplication and the averaging of the AC 
part of the demodulated signal coming 
from two electrical conductivity probes 
placed a known distance apart. In 
these measurements the two probes 
were always at the same height above 
the point-source injector. Since each 
correlation coefficient is based on meas- 
urements made over a large period of 
time, it was found that the correlation 
coefficient was independent of the 
radial positions of the probes but de- 
pended only on the distance between 

TABLE 1. VELOCITY FLUCTUATIONS IN 

FLUIDIZATION 
4-in. tube, 3-mm. spheres 

- 
Fluid flow rate, dz 

( gal./min. ) Fraction (in./sec. ) 
Glass Lead voids Glass Lead 
- 18.55 0.500 - 1.39 
7.43 - 0.557 1.33 - 
9.53 - 0.617 0.99 - 
- 32.4 0.630 - 1.21 

13.05 - 0.699 1.05 - 
- 50.0 0.753 - 1.41 

21.35 - 0.840 1.70 

distance. 

probes. Correlation coefficients for glass 
and lead beads are shown in Figures 
11 and 12. In many cases each value 
which contributed to a curve was the 
average of several separate determina- 
tions. The results shown in the figures 
were obtained in the central region, 
that is in the region approximately 
bounded by T = 0.5 T.. All measure- 
ments were made at a height of 
6.025 in. above the point source. 
The total bed height varied some- 
what with fraction void but was al- 
ways in the range 9.4 to 11 in. Table 
2 shows scales calculated from these 
data with Equations (7), (9), and 
(10). Figure 11 shows correlation CO- 
efficients for glass beads. The maxi- 
mum distance from the origin experi- 
enced by the intercept of one of these 
Rc curves lies in the range of e - 0.7; 
this is in good agreement with the 
results for U, shown in Figure 10. 
However the scale of concentration 
fluctuation defined in Equation (9) 
and recorded in Table 2 is considerably 
larger than the scale of turbulence 
plotted in Figure 10, showing that 
there is not necessarily any relation- 
ship between the conventional Lagran- 
gian scale of turbulence and the scale 
of concentration fluctuation. One might 
conceive of a packet of fluid charac- 
terized by the scale h, having homo- 
geneity with respect to concentration, 
however containing many isovelocity 
packets characterized by the scale u,. 
For glass beads the sizes of the two 
different packets are definitely not the 
same. For lead, however (see Figure 
12) the size of the concentration 
packet is comparable with that of the 
velocity packet over portions of the 
fraction-void range studied. 

The values in Table 2 show that the 
scales based on concentration-fluctua- 
tion data are approximately the same 
for glass- and lead-fluidized beds. This 
result is in striking contrast with that 
illustrated by Figure 10 which shows 
that the scale cT for lead is much larger 
than that for glass. The difference in 
u, is probably related to the fact that 
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to achieve the same fraction voids 
much more energy must be supplied 
to a lead-fluidized bed than to a glass- 
fluidized bed. Scales based on concen- 
tration fluctuation correlation coeffi- 
cients however are probably not very 
sensitive to the flow velocity but in- 
stead depend strongly on the molecular 
difhsivity of the tracer material in the 
fluid. It is probable then that these 
particular results reported here for a 
liquid-phase bed are quite different 
from those to be expected for a gas- 
phase bed. 

The positive portion of the &, curve 
indicates that at the distance of sepa- 
ration in this region the concentration 
fluctuations in general behave similarly 
at the two points of interest, the 
stronger de ree of correlation being 

pears reasonable that for the region Ro 
> 0 any two points on the abscissa are 
in the same concentration packet at the 
same time. The A, values in Table 2 
indicate that for the glass system posi- 
tive contributions to A are much more 
sensitive to the fraction voids than are 
the corresponding contributions in the 
lead system, but they are roughly the 
same size for both systems. 

The negative correlation coefficient 
is most likely related to the swirling 
motion which was observed in the 
lead-fluidized bed. A possible mech- 
anism leading to a negative & may be 
the following. Consider probes 1 and 
2, a distance s apart, where s is larger 
than the size of an isoconcentration 
packet. Suppose there are two such 
packets side by side, one having a con- 
centration higher than the average cor- 
responding to its radial position and 
the other one lower. One of these 
packets is in contact with probe 1 and 
the other with probe 2. There is of 
course a ‘finite contact time during 
which each packet is observed by the 
probes; if, during this contact time, the 
two packets rotate about their point of 
contact and change places as a result 
of swirling, probe 1 will experience 
negative fluctuation and probe 2 a 
positive fluctuation, thereb producing 

mechanism suggests that A, is a physi- 
cally more significant scale than A. 

CONCLUSIONS 

1. The mixing properties in a fluid- 
ized bed are a strong function of the 
fraction voids. Minimum values of 
radial Peclet numbers are observed at 
E = 0.7, corresponding to a transition 
in the type of particle circulation in the 
bed. 

2.  The packing particle density and 
fraction voids strongly affect the radial 
scale of turbulence; larger scales are 
found for beds containing denser parti- 
cles at a given fraction voids. The scale 
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reflected in a igher values of R,. It ap- 

a negative correlation coe & cient. This 

TABLE 2. SCALE OF CONCENTRATION 
FLUCTUATION 

4-in. tube, 3-mm. spheres 

Posi- Nega- 
tive tive 
con- con- 
tribu- tribu- Total 

Fraction tion, tion, area, 
Material voids (mm.) (mm.) (mm.) 

glass 0.617 13.5 0 13.5 
glass 0.699 18.6 0 18.6 
glass 0.840 12.3 0.873 13.2 
lead 0.500 13.9 0.974 14.9 
lead 0.630 13.9 1.52 15.4 
lead 0.753 11.8 2.61 14.4 

of turbulence has a maximum value at 
E = 0.7. 

3. The root-mean-square value of 
the radial velocity fluctuation varies 
only slightly with fraction voids and 
appears to be independent of particle 
density. 
4. The scale of concentration fluc- 

tuation is affected by the fraction voids 
in the same manner as the scale of 
turbulence, but it is not greatly influ- 
enced by the particle density. The 
scales of concentration fluctuation show 
that there are isoconcentration eddies 
several times the size of a packing 
particle. 

5. Studies of concentration fluctua- 
tions and their correlation coefficients, 
coupled with visual observations and 
time average studies, provide a useful 
framework for better understanding of 
macroscopic mixing in fluidized beds. 
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NOTATION 

glass 0.556 11.2 0 11.2 

U 

C 

C ,  

C‘ 

D 
4 
E ,  
E;  
f 
L 
m 
Nre 

r 

= constant in Equation (ll), 
function of temperature 

= concentration of tracer mate- 
rial 

= mixed cup average concentra- 
tion of the effluent stream 

= fluctuating component of con- 
centration as expressed by C 
= C + c ’  
- 

= test-section diameter 
= packing particle diameter 
= radial eddy dausivity 
= longitudinal eddy difEusivity 
= frequency, cycles per second 
= conductance 
= (4Z/dP)/(NP.,,)’F 

,, = radial Peclet group = (U,d,) / 
(E Er) 

= radial position 
r ,  = test-section radius 
Rc = concentration fluctuation cor- 

relation coe5cient, defined by 
Equation (6) 

s = distance of separation be- 
tween probes for detennina- 
tion of Ro 

= fluid velocity, normalizing fac- 
tor 

U 

U. = superficial fluid velocity 
u’ = radial component of the fluid- 

V, = constant-voltage sine-wave 

X = electrical conductivity cell 
2 = longitudinal position 

Greek Letters 
LY = minimum distance between 

observation points for which 
R, is zero 

= minimum distance greater than 
a between observation points 
for which Rc is zero 

velocity fluctuation 

source 

= fraction voids 
A = scale of concentration fluctua- 

tion, defined in Equation (7) 
aT = radial scale of turbulence as 

defined in Equation (3)  
p = density, g/cc. 
Subscripts 
i, j = probe-position numbers 
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