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Gas Backmixing, Solids Movement, 
Bubble Activities and in Large 

Scale Fluidized Beds 
H. V. NGUYEN 

A. B. WHITEHEAD 
and 

0. E. POTTER 
Department of Chemical Engineering This paper illustrates the interrelation between bubbles, solids move- 

ment, and gas backmixing in large fluidized beds by presenting experimen- Monarh University 
tal data obtained with a 1.22 m square bed. The results demonstrate a close and 
relationship between gas backmixing, solids movement, and bubble coales- Division of Chemical Engineering 
ence, with the behavior altering markedly as bubble coalescence patterns CSlRO 
change. Clayton, Victoria, Australia 

SCOPE 
Fluidization is attracting a high degree of interest, but 

detailed research into gas and solids mixing within the 
bed is lacking, particularly on a large scale. 

Some progress, however, has been recently achieved 
with small scale equipment. In beds up to 30 cm in diam- 
eter, the phenomenon of gas backmixing has been ex- 
perimentally studied in both reactive and nonreactive sys- 
tems (Nguyen and Potter, 1974, 1975; Fryer and Potter, 
1976). These studies reveal the important role that bub- 
bles play in the overall gas and solid movement in the 
bed through their coalescence, size variation, and distribu- 
tion. Experimental data showed that the countercurrent 
backmixing model provides an acceptable description of a 
fluidized bed. This model, incorporating the bubble wake, 

represents a significant forward step from other earlier 
one- or two-phase models which assume perfect mixing 
or plug flow in the dense phase. 

Nevertheless, as reviewed by Potter (1971), inforrna- 
tion on systems of industrial size is sketchy and incom- 
plete, uncomfortably so at this time when fluidization is 
assuming major importance in coal combustion and liquid 
fuel processes. 

This paper reports experimental data on gas backmix- 
ing in a large fluidized bed operated at two fluidizing 
velocities. Together with information on solids circulation 
patterns and bubble distribution, these data provide a 
much more complete picture of the overall gas and solids 
movement within the bed than has hitherto been available. 

CONCLUSIONS AND SIGNIFICANCE 
Tracer studies in the large fluidized bed employed ex- The solids movement is shown to be clearly related to 

hibit backmixing at about the level predicted by the coun- the bubble pattern and gas movement in the particulate 
tercurrent backmixing model. The downward movement of phase related to the solids movement. Modeling of the 
solids which is the dominant feature of the model cer- bubble patterns, therefore, becomes considerably im- 
tainly occurs and does so at about the expected order of portant. If the stable bubble pattern in the upper region 
magnitude. of the bed is such as to leave a persistent central area rela- 
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tively bubble free, then a pronounced solids downflow in 
this area, associated with strong gas backmixing, will occur. 
This condition was found to exist at 15.2 cm/s. At 24.4 
cm/% however, an unstable bubble Pattern With Con- 
comitant variation in solids flow regimes was evident, this 
being reflected by short-term variation in the pressure 
profile recorded at the bed base. The data at the lower 
velocity are to some extent compatible with the Gulf 
stream mixing concept of Merry and Davidson (1973). 
However, at the higher velocity, the streams are more 
variable and difficult to define. 

It is clear from these results that the overall patterns of 
gas and solids mixing in large fluidized beds are depen- 
dent on the fluidizing velocity. Another important indica- 
tion is that sampling in large beds will not be reliable if 
it is not done systematically and extensively throughout 
the bed. A few sampling points in the bed may not reflect 

The results represent the first integrated explanation of 
the interrelation of gas and solids movement in a large 
system. 

the Overall gas and "lids mixing* 

Gas backmixing in aggregatively fluidized beds is closely 
identified with solids and bubble movements. Rising bub- 
bles carry along wakes of solids and associated gases, as 
demonstrated by Noble ( 1962), Rowe ( 1961), Woollard 
and Potter (1968), and release these materials on bursting 
at the bed surface. The released solids then flow down- 
wards against the rising bubbles and their wakes. As the 
fluidizing velocity increases, the downflow also increases, 
and at a critical fluidizing velocity UC~IT, the velocity of 
downflowing solids exceeds the interstitial velocity so that 
interstitial gas is carried downwards, or backmixed, as 

2oor-- 

DSANCE BELOW ~ A C F R  wEcrcI9 (cm) 
Fig. 1. Axial mean concentration profiles below plane of iniection of 
tracer in a backmixing experiment. (Bed diam. = 30 cm, particle 
size = 145 pm, U,f = 2.5 cm s-1, helium tracer.) Data of Nguyen 

(1975). 

described by Stephens et al. (1967), Latham et al. 
(1968); and Nguyen and Potter (1974, 1975). In these 
papers, it has been assumed that the downflow is uniform. 
Since bubble coalescence is not a random process, pre- 
ferred bubble paths exist as demonstrated by Whitehead 
et al. (1967a), utilizing photography of the bed surface 
as well as an internal probe. For example, one condition 
observed was that in the top region of the 1.22 m of bed, 
there were tour bubble tracks disposed in the four corners, 
leaving a region in the center where downflow would be 
encouraged. Whitehead et al. (1970) have also made 
measurements of solids movement using dyed sand or 
labeled spheres as solids tracers. This work offers some 
very useful information on solids movement, demonstrat- 
ing in some cases a strong downflow in a small area at the 
center of the bed. Werther ( 1974) and Schmalfeld (1976), 
working with beds up to 1 m in diameter, reported the 
existence of a solids circulatory pattern under certain con- 
ditions. Other studies on a comparatively large scale, as 
reviewed by Potter (1971), have been concerned with 
cracking catalyst, which has properties rather distinct from 
sands and mineral particles (Geldart, 1970; Thiel and 
Potter, 1977). 

GAS MIXING IN BEDS FROM 15 TO 30 CM 
The model of gas and solids movements proposed by 

Stephens et al. (1967) was investigated by a number of 
workers. Latham and Potter (1970), Hamilton et al. 
(1970), and Nguyen and Potter (1974, 1975) investi- 
gated backmixing of tracer gas injected across a plane 
near the top of the bed. In these studies, the concentra- 
tion of tracer across a section was averaged, and the 
logarithm of the average concentration was plotted against 
the distance below the plane of injection, Figure 1. Note 
how gas backmixing increases with fluidizing velocity. If 
the volumetric rate of gas exchange per unit volume of 
bubble is less for large bubbles than for small bubbles, 
then backmixing will be stronger when large, rather than 
small, bubbles are present. Obviously, if the rate of ex- 
change among the phases is infinite, then no backmixing 
will be observed. A computation, in terms of the theoreti- 
cal development as expounded by Nguyen and Potter 
( 1974, 1975), assuming uniformity of backmixing across 
a section, has been made and is compared with the data 
taken in the large beds in Figure 5. Experimental data 
obtained in the 30 cm diameter bed, however, showed 
that gas backmixing was not uniform across the bed sec- 
tion. Figure 2 presents a set of radial tracer concentra- 
tion profiles to illustrate this point. At the velocity em- 
ployed, gas backmixing was at its maximum at the center 
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of the bed, went through a minimum at larger radii, and 
slightly recovered at the wall. This pattern was found 
compatible with known bubble and solids movement. 
Bubbles were observed to form regular tracks in the area 
between center and wall, after an initial period of rapid 
coalescence near the distributor. The downflow stream of 
solids and backmixed gas was evidently forced to flow 
predominantly in the central region for the specific situa- 
tion illustrated. 

BUBBLE AND SOLIDS MOVEMENT DATA IN BEDS 
FROM 60 TO 122 CM 

Studies of solids mixing and bubble distribution were 
performed by Whitehead and et al. (1970, 1976 b, 1977) 
in a 1.22 m bed loaded with sands of various sizes, using 
solids tracers and light sensor techniques. Labeled plastic 
spheres, arranged in a 61 cm pattern situated at the 
middle and just above the bed surface, were dropped into 
the bed (Whitehead et al., 1976 b) .  Fluidization was 
stopped after a known time and the stagnant bed sec- 
tioned, the positions of the spheres being recorded. Al- 
ternatively, colored sands were released at various loca- 
tions in the bed, and after a predetermined time, fluidiza- 
tion was stopped and the movement of colored sands was 
traced, These tracer techniques revealed approximately 
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Fig. 2. Radial concentration profiles a t  different depths below plane 
of injection of tracer in o backmixing experiment. (Bed diam. = 
30 cm, particle size = 85 pm, U,f = 0.8 cm s-1, helium tracer.) 

Data of Nguyen (1975). 

the size, location, and velocity of the solids streams in 
the bed. Bubble distribution was determined by the use of 
arrays of light sensors to detect the appearance of bubbles 
at each bed level (Whitehead et al., 1967 b ) .  From these 
findings, a complete picture of bubble and solids move- 
ment was presented. Bubbles, by virtue of their coales- 
cence and consequent establishment of bubble tracks, 
influenced the formation of solids streams. Solid circula- 
tion occurred with downflow at areas unoccupied by 
bubble tracks and up0ow in the wakes moving with the 
bubbles. 

In the same bed, Whitehead et al. (1970) and White- 
head and Auff ( 1 9 7 6 ~ )  measured the mean differential 
pressure at the distributor of one tuyere at the corner and 
one at the center of the bed. It was found that a stable 
pressure profile with a maximum at the center and a 
minimum at the four corners of the bed was always as- 
sociated with a strong downflow of solids in the central 
region. 

This paper presents gas backmixing data obtained at 
the same operating conditions employed by Whitehead 
et al. 

A :  Tracer in jector 
B : Probe manifold 
C : Probes 

Fig. 3. Isometric cutout view of the 1.22 m of bed. 
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(a) U = 24.4 cm/s H = 101.6 cm, (b) U = 24.4 cm/r H = 61 crn. 

(c) U = 24.4 cm/s H = 24.1 cm. 

H = 101 6Cm ' I -  

(d) U = 24.4 cm/s H = 14 cm. 

Fig. 4. Isometric representation of tracer concentration a t  various bed levels in a 1.22 m of 

EXPERIMENTAL 

Apparatus 
The equipment is illustrated in Figure 3. 
Fluidized Bed. The 1.22 x 1.22 m of bed used in this work 

has been described elsewhere (Whitehead et al., 1967 a ) .  
The distributor had thirty-six tuyeres with 10.2 cm diameter 

caps arranged in a 20 cm of pitch. The deqign of tuyere is 
available elsewhere (Whitehead et  al., 1967a, 1970). Pres- 
sure drop across the distributor plate was kept at 38 cm water 
with the use of interchangeable orifices of 12.7 and 15.75 mm 
for the two velocities employed. The bed was loaded with 
1.5 m (static height) of silica sand ( S l )  having an incipient 
velocity of 2.5 cm/s. 

Tracer injector and sampling probes. The tracer injector con- 
sists of eight parallel arms, arranged at 7.6 cm from the wall 
and at 15.2 cm intervals. Each arm has ten evenly spaced in- 
jecting holes covered with sintered brass disks. Four down- 
comers are used to supply the mixture of air and tracer gas to 
the injector. 

The gas within the bed was sampled by seven 1.27 cm O.D. 
probes arranged at  15.2 cm distance on a common manifold. 
The probe tips are covered with porous glass disks to prevent 
the entry of fine sand particles. The sample probe system may 
be clamped rigidly in any desired position. The bed pressure 
was adequate to force a continuous flow of gas through a suit- 
able metering let into seven sampling balloons. 

Analytical equipment. Carbon dioxide was selected as a 
tracer gas because of low cost, safety of operation, and ease of 
analy5is. Gas samples were analyzed by four qets of thermo- 
conductivity cells operated at constant pressnre and cell block 
temperature. In a small scale experiment, backmixing of helium 
and of carbon dioxide were compared in order to ensure that 
adsorption effects were negligible. Adsorption of carbon dioxide 
appeals to be negligible for the sands employed; hence, car- 
bon dioxide may be used as a suitable nonadsorbing tracer 

Experimental Procedure 
Preliminaiy woik (same bed, same sand) indicated that 

backmixing would start at a critical fluidizing velocity ~ ' C R I T  of 
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(el U = 15.2 cm/s H = 101.6 cm. (f) U = 15.2 cm/s H = 61 cm, 

I4 =I4 crn 

g) U = 15.2 cm/s H = 24.1 cm. 

bed ot two different velocities, 24.4 cm 3 - l  and 15.2 cm s-1. 

6.4 cnds; that is UCRIT/Umf = 2.6. In the preliminary in- 
vestigation, no backmixing was observed until UCRIT was 
reached. Two fluidizing velocities, 15.2 and 24.4 cm/s, were 
selected since bubble distribution and solids movement data for 
these velocities were available and known to differ consider- 
ably. 

The tracer injector was positioned at a distance of 132 cm 
from the distributor. Time averaged samples were taken at  
forty-nine points forming a 15.2 cm of itch at each bed 

cm from the distributor plate. Sampling rate was adjusted to 
be in the range of 300 to 1000 ml/min. Since the probe must 
sample all three phases in the bed, namely, the bubble, cloud 
wake, and dense phases, in proportion to their volumetric frac- 
tions, it was necessary to sample at each position for a dura- 
tion of 15 to 20 min for averaging purposes. 

Carbon dioxide was used at the rate of 37 I/min. It was 
diluted with air to give a total injected volume of 280 l/min. 
This resulted in a mean mixed composition Cu, of 0.78 and 
0.51% for U = 15.2 and 24.4 cm/s, respectively. I t  is noted 

level, starting at a distance of 122 cm an B continuing to 3.8 
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H = 1 4  cm 

(h) U = 15.2 cm/s H = 14 cm. 

that this mean mixed composition was above the normal car- 
bon dioxide content of air. Since the entering air was also 
used as the reference gas for the analytical instrument, con- 
centration readings from samples were directly related to the 
injected carbon dioxide. 

RESULTS 

Figure 4 presents three-dimensional tracer concentra- 
tion profiles a t  selected levels for both fluidizing velocities. 
Concentration terms are expressed a t  CH/CY t o  allow di- 
rect comparison between the two runs. 

I n  Figure 5, the average concentrations below the plane 
of injection are presented and  compared with the values 
predicted by the countercurrent backmixing model 
(Nguyen and Potter 1974, 1975), for the two velocities 
employed. T h e  model predicts strong backmixing, and 
this is confirmed by the experimental data. In  a general 
sense, the agreement is surprisingly good. 
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Fig. 5. Average vertical Concentration profiles measured experiment- 
ally, compared with theoretical calculation of backmixing model, 

Nguyen and Potter (1975). 
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Fig. 7. Smoothed radial tracer concentration profiles a t  different 
heights in bed, U = 15.2 cm/s. 

However, there are indications that nonuniformity is 
greater in the larger beds than those of Potter and CO- 
workers. The data in the large bed show, points A and 
A' in Figure 5, a rise in average concentration. This rise 
requires some close consideration. One may visualize this 
phenomenon as the result of the downflow of solids and 
associated gas, branching out into lateral flow as the dis- 
tributor is approached. The backmixed gas is purged out 
as soon as the vertical component of the velocity becomes 
less than the interstitial velocity. Newly formed bubbles 
then take up the solids in their wakes. Below this level, 
little tracer gas is detected, and whatever is found is the 
result of random mixing due to the vigorous coalescence 
of bubbles near the distributor. This cutoff in backmixing 
was earlier reported in a 30 cm diameter bed (Nguyen, 
1975), where it was shown that gas backmixing ceased at 
about 4.5 cm from the distributor. The bed aspect ratio 
(H/D)  was approximate by the same as in this case. 

In the 30 cm bed, the radial concentration profiles were 
not uniform, as shown in Figure 2. These data were be- 
lieved to be due to a greater downflow at the center, but 
solids movement data were lacking and hence the explana- 
tion was speculative. 

In the large bed, the backmixing was also found to be 
nonuniform. Each bed level was divided into sections as 
shown in Figure 6, and the average value CCRID of all 
point concentrations within each section is plotted in 
Figures 7 and 8. The presentation is designed to overcome 
the square geometry of the bed cross section. The data at 
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Fig. 8. Smoothed radial tracer concentration profiles at different 
heights in bed, U = 24.4 cm s-l. 0 

15.2 cm/s show, similar to Figure 2, a central downflow 
of tracer gas, However, this central flow will not always 
exist, since at 24.4 cm/s the downflow was much more 
evenly distributed. The availability of the data of White- 
head and coauthors on bubble patterns and solids mixing 
makes a comparison possible between these and the ob- 
served backmixing. For this purpose, the data collected in 
the determination of solids movement in the central area 
of the bed operated at 15.2 cm/s, using sixteen labeled 
plastic spheres as tracers, are presented in Figure 9. Each 
path A, B, C, represents the average position of spheres 
labeled by the same letter as shown assembled in Figure 
10 just before their release. 

An alternative method of representing the data is shown 
in Figures 11 and 12, whereby the average concentration 
C C R I D  is plotted against the incremental area of the bed, 
together with data on bubble distribution over the entire 
bed. 

Whitehead et al. (1976 b )  have pointed out that the 
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Fig. 9. Movement of tracer particles in the 1.22 m of bed. Tracer 
porticles released from above bed positions shown in Figure 10 
follow on average the paths shown. Numbers indicate time (in sec- 
onds) after the moment of release). Tracer data from Whitehead 

e t  al. (1976b). U = 15.2 cm/s. 

mean pressure differential at the base of the bed is closely 
related to bubble distribution and solids movement. A 
pressure profile with a maximum at the center of the bed 
is associated with a strong and stable central downflow of 
solids, while a more uniform pressure profile results in the 
dispersal of this stream. Figure 13 shows the mean dif- 
ferential pressure between a group of four central tuyeres 
and four at the four corners for the sands employed. Values 
in Figure 13 are the average of 20 000 individual read- 
ings, each being the pressure differential between one cen- 
tral tuyere and the corresponding tuyere at the corner. 
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Fig. 10. Positions of labeled spheres prior to their release into the bed. 
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Fig. 11. Comparison of gas bockmixing and bubble distribution at  
different bed heights. A high concentration results from strong 
local backmixing. The bubble distribution (%) i s  the fraction percent 

of bubble volume rising in a particular region. U = 15.2 cm s-1. 

DISCUSSION 

The average tracer concentration C,,, as shown in 
Figure 5 exceeded the mean mixed composition CM at all 
bed levels except in the vicinity of the distributor. Be- 
havior of this nature was predicted to occur in an idealized 
backmixing svstem. where uniformity in gas and solids 
mixing is assumed by van Deemter (1961). However, in 
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Fig. 13. Mean pressure differential a t  the base of the bed. 

the present work, gas backmixing was further enhanced 
by very strong localized solids downflows. The injected 
tracer gas was transported downwards very quickly with 
little interchange between dense and bubble phases. The 
bed was operated at ratios of U/U,f of 6.08 and 9.76, 
compared with a critical ratio for backmixing of Ucwr/Urnf 
of 2.6. At these high values of U/U,,f, the countercurrent 

Page 920 November, 1977 AlChE Journal (Vol. 23, No. 6) 



backmixing model (Nguyen and Potter, 1974) predicts a 
significant degree of backmixing. 

At 15.2 cm/s, gas backmixing was largely confined to 
a central stream with one maximum point concentration 
which reduced only slightly towards the distributor. Little 
tracer gas was detected near the walls of the vessel, and 
the ratio between the maximum and minimum point con- 
centrations of any level was often higher than 20 (Figure 
4) .  This behavior suggests that there was a strong central 
downflow of solids and backmixed gas, and mass transfer 
from this stream into the rest of the bed was limited. 
Whitehead et  al. (1976 a ) ,  fluidizing the same sand at 
the same velocity, reported a downward velocity of about 
17 cm/s in the stable coherent central stream, and this 
stream showed minimal disruption by mixing with the rest 
of the bed. At the wall, however, solids moved downward 
in slow streams, averaging only 4 cm/s, resulting in little 
or no gas backmixing. Figure 9 demonstrates the existence 
of this central stream; all spheres marked A released at 
147 cm, reached a mean position at about 20 cm above the 
distributor after 8 s before beginning their return journey 
u p  the bed in the bubble wakes. Away from the bed cen- 
ter, the solids downflow velocity decreased rapidly; the 
mean positions of the B spheres was about 50 cm after 
8 s, and C’s had an oscillating position around 60 to 30 
cm from the bed base. Data on bubble tracks (Figure l l) ,  
obtained with light sensors, indicated that there were 
four bubble tracks in the area of the bed, slightly favoring 
the corners, and the central region was practically devoid 
of bubbles. It was in this area that the solids were forced 
into a strong downflow. 

At 24.4 cm/s, the gas backmixing profiles were more 
uniform with three maxima at bed levels higher than 60 
cm from the distributor. This behavior is consistent with 
the absence of the persistent coherent central stream, as 
reported by Whitehead et al. (1976 a, and b ) .  Some ma- 
terials descended centrally at about 8 cm/s, but the over- 
all flow pattern differed considerably from the 15.2 cm/s 
situation. As shown in Figure 12, the bubble tracks were 
still present, but there were some bubble activities in the 
center, and the positions of tracks were no longer well 
defined. 

Figure 13 provides a useful resume of bed behavior 
via the measurement of the pressure profile at the dis- 
tributor level. It was shown that at 15.2 cm/s, a maximum 
pressure was present at the center of the bed and a mini- 
mum at the corners, but at 24.4 cm/s, the pressure at the 
base was almost uniform on a time averaged basis. The 
former pattern was found to be associated with a strong, 
stable central downflow, while the latter with the absence 
of this stream. The flow state at 24.4 cm/s was unstabIe 
with short-term variation in pressure profile, indicating 
transient operation with a central downstream for a short 
period, and perhaps flow down near the walls at other 
periods. 

Examining available backmixing data on large scale 
equipment (Potter, 1971) and comparing these with the 
results presented in this paper, it is obvious that sampling 
in large beds will not be reliable if it is not done sys- 
tematically and extensively throughout the bed. A few 
sampling points in a large bed do not reflect the overall 
gas and solids mixing, and conclusions derived from them 
may well be misleading. On the other hand, the interpre- 
tation of data on gas backmixing requires other informa- 
tion, such as bubble distribution and coalescence. Bubble 
therefore becomes the single most important parameter in 
the fluidized bed. This has been recognized by the in- 
corporation of bubble size variation into the mathematical 
modeling of fluidization (for example, Toor and Calder- 
bank, 1967; Kato and Wen, 1969; Nguyen, 1975; Fryer 
and Potter, 1976). 
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Figures 4 were 

NOTATION 

Cay = average tracer concentration for each bed level 
= mean tracer concentration in the grids as defined 

by Figure 6 
CH 
CM = mean mixed tracer concentration 
D = beddiameter 
H = bed height 
U = fluidizing velocity 
UCRIT = critical fluidizing velocity, that is, velocity at 

Urn* = incipient fluidizing velocity 
6 

= tracer concentration at each sampling point 

which gas backmixing starts 

- 
= mean pressure differential at the bed base, 

Pcentral region - f‘wa~ region 
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Model of the Constricted Unit Cell Type for 
Isotropic Granular Porous Media 

The constricted unit cell model for isotropic granular porous media de- 
veloped by Payatakes, Tien, and Turian (1973) is extended here to take in 
account the random orientation of the flow channels. In  the proposed model, 
each unit cell corresponds to a pore (cavern) and has two coaxial constricted 
inlet and outlet ports (throats). The unit cells have random dimensions and 
orientations, the distributions of which can be determined from simple ex- 
perimental measurements. The flow through a unit cell is assumed to be 
identical to that through a segment of the corresponding periodically con- 
stricted tube. The model is applied to the case of creeping Newtonian flow. 
The solution to the flow problem is obtained by a collocation method. Per- 
meabilities of typical packings are calculated without use of any adjustable 
parameters (such as tortuosities, etc.) and are found in excellent agreement 
with experimental values. 
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SCOPE 

There are many important processes taking place in 
porous media for which the converging-diverging character 
of the porous space is of primary importance. This has 
been recognized for some time (Petersen, 1958); HoUpeW 

Turian (1974a, b) and Payatakes, Brown, and Tien (1977) 
used the above porous media model to model successfully 
deepbed filtration of liquid-solid suspensions. It was 
shown that the converging-diverging character of the 

1959), but Only have major advances been made porous space is essential in explaining and analyzing the 
in this direction* Payatakes, Tien, and (19T3% b, transient behavior of depth filtration, Shefield and Metz- proposed a model for granular porous media involving 
unit cells of the constricted tube type and solved the asso- ner (1976) published an incisive analysis of flow of non- 
,.iated problem of Newtonian flow through periodically linear fluids through packed beds and concluded that the 
constricted tubes with a novel finite-difference method of experimentally observed behavior Can be explained by 
the stream function-vorticity type, retaining the inertial taking into account the converging-diverging character of 
terms of the equation of motion. Payatakes, Tien, and the flow. Recent fundamental studies in the mobilization, 
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