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Abstract---Gas has been injected in two-dimensional fluidized beds of solids different in size, density and 
shape. The ranges of solids sizes and bed heights were such as to produce relatively steady permanent jets. 

The mechanics of dispersion of these jets has been studied measuring jet angles, jet gas and solids 
velocity profiles, and particle entrainment velocities. The proportions of total mass and momentum 
flowrates pertaining to gas and solids have been calculated from these data. 

I. INTRODUCTION 
The dispersion of gas in fluidized beds hits a considerable influence on the performance of a 
number of operations such as catalytic reactions (Bchic & Kehoe 1973), fluid-bed gas cleaning 
(Doganoglu et al. 1978), ore calcination (Goldney & Hoare 1968). 

Injecting gas vertically upwards in a fluidized bed results in the formation of a bubble plume 
or a permanent jet, depending on bed particle size (Dons1 et al. 1980b; Yang & Keairns 1980). 
Jet formation prevails with solids of sizes of the order of I ram. In deep beds, bubbles form 
periodically at the tip of the jet. this retracting back to the orifice after each bubble detachment 
and moving forth again at the beginning of the next cycle, in shallow beds steady jets are 
obtained which emerge at the top of the bed, like spouts in spouted beds. Under the 
experimental conditions of this work acceptable jet steadiness has been found when the bed 
height was the minimum at which jet necking and bubble formation could be observed. 

A distinctive feature of gas jets in fluidized beds is the simultaneous entrainment of bed gas 
and solids into the jet. Since the pioneering work of Shakhova (1968), other Authors (Donadono 
et al. 1980; Yang & Keairns 1980; Filla et al. 1981) have found experimentally that at least to a 
first approximation there is similarity between transverse gas and solids velocity profiles in jets 
in fluidized beds, and that these profiles are of the Schlichting or Tollmien type as for 
homogeneous jets (Abramovich 1963). Accordingly. turbulent jet theory has been used to 
interpret the behaviour of gas dispersions in fluidized beds (Merry 1971; Shakhova & Minaev 
1972; Shakhova & Lastovceva 1973; De Michele et al. 1977; Donadono et al. 1980; Donsi et al. 

1980a; Yang & Keairns 1980; Filla et al. 1981). 
The purpose of this work is that of studying the influence of particle size, density and shape 

on the mechanics of jets in fluidized beds. A systematic investigation has been carried out to 
this end using pairs of solids whose physical properties are reported in table i. Each pair has 
been tested to investigate the effect exerted on jet dispersion by changing one solids property in 
turn, namely: the pair acrylic spheres-glass spheres, as regards the effect of density, the pair 
glass ballotini-glass spheres, as regards that of size, the pairs acrylic spheres-polycarbonate 
cylinders and glass ballotini-limestone as regards that of shape. Preliminary results with the last 
pair of materials were presented in a previous paper (Filla et al. 1981). The experimental results 
have been worked out to calculate gas and solids mass and momentum flowrates, and voidage at 
different heights in the jet. 
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Table I. Solids properties and operating conditions 

Actual Ratio to 
fluidization minimum fluidizing Particle Particle 

velocity velocity density diameter Bed height Particles average 
Solids tested Symbols UI (cm/s) Utl U.,/ a, (g/cm ~) dr (ram) Hb (cm) axis ratio 

Glass ballotini O 78 1.5 2.5 0.7-1.0 8.0 1.0 
Limestone • 78 1.6 2.5 0.%1.0 8.0 1.6 
Acrylic spheres A 125 1.3 1.2 2.8--3.0 I 1.0 1.0 
Polycarbonate 

cylinders • 125 1,3 1.2 2.8-3.0 I1.0 1.0-1.2 
Glass spheres O 260 1.6 3.0 2.8-3.0 10.0 1.0 

2. A P P A R A T U S  AND E X P E R I M E N T A L  T E C H N I Q U E  
The 390 x 16 mm x mm rectangular cross section column shown in figure i has been used. 

The bed of particles was fluidized by air through a brass perforated plate distributor. The air jet 
was discharged through a 6 x 16 mm x mm nozzle on the vertical symmetry plane of the column, 
flush to the distributor. A 4 mm thick perforated plate was inserted on the air supply line to the 
jet nozzle in order to minimize disturbances of the gas flowrate due to fluctuations of pressure 
in the bed. A sketch of the jet with the indication of the variables characterizing the geometry is 
presented in figure 2. Solids properties are given in table 1, together with bed operating 
conditions. The actual fluidizing velocities were slightly above the minimum in order to prevent 
defluidization in the neighbourhood of the orifice. The inlet gas velocity at the orifice was 60 m/s 
in all experiments. 

I'itot tube measurements were used to determine jet gas axial and transverse velocity 
profiles by a 0.7 mm O.D. Pitot probe whose tap hole was partially filled by a protruding steel 
wire in order to prevent errors due to the momentum of attrited particles in conjunction with 
the limestone experiments. High speed (1000-5000 f.p.s.) cin~-films of the transparent column 
wall read at a N.A.C. analyzer provided jet half angles, velocities of particles entering laterally 
into the jet, and jet particle axial velocities. The procedure described by Donadono & 
Massimilla (1978) was adopted to evaluate jet half angles O from motion pictures as shown in figure 
3. Alternatively, jet boundaries and values of O were obtained from Pitot tube measurements by 
spotting bed loci where the jet gas velocity decayed to the value of the bed fluidizing velocity. [t was 
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Figure I. Apparatus: (I) gas nozzle: (2) perforated plate; (3) pitot tube: (4) fluidizing air line; (5) 
disengagement section; (6) gas exit: (7) recycle line: (8) jet air line; (9) micrometrical x-y slide. 

Figure 2. Jet and bed configuration, and control volume for momentum balance. 
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assumed that wall effects on measured particle velocities were negligible on the basis of the 
conclusion drawn by Lefroy & Davidson (1969) for half circular and circular spouted beds of solids 
of the same sizes as those tested in this work. 

3. EXPERIMENTAL RESULTS 

Dimensionless gas velocities at the jet centreline (U,,/U. where U,, is the velocity at the 
centreline. Uo is the velocity at the outlet nozzle) are reported as a function of the dimension- 

less distance from the nozzle (x/b,) where x is the distance from the outlet and b~) is half the 

width of the outlet nozzle) in figure 4. This figure shows that gas velocity decay is more rapid: 
for spherical with respect to non-spherical particles of the same density and size: for heavier 

with respect to lighter particles of the same shape and size: for coarser with respect to finer 
particles of the same shape and density. 

In agreement with previous results (Donsi et at. 1980a), figure 4 further shows that a 
significant potential core penetration is found only with the finer materials tested. 

The gas transverse velocity U profiles in the dimensionless form (U - Uf)/(U,, - UI). where 
U,, is the velocity on the centreline and U/the actual fluidization velocity, in function of the 
dimensionless jet width (~ = y/b) are similar for equal dimensionless distances from the nozzle. 
The similarity of these profiles, which closely recall those reported previously by Donadono et 

al. (1980) and Filla et aL (1981), has been tested by comparing the integrals of the experimental 

velocity transverse distribution A = ~:.fu(~)d~ and B--~/'t:"(~) d~ (used in section 4) with 
those given by the Schlichting profiles for the initial and main jet regkm of homogeneous jets. 
In general, there is a fair agreement between the various values of A and B. as shown in table 2. 

It appears, in particular, that the values of A and B from experimental profiles at both xlb, = 3 
and xlbo = 6 are closer to those given by the Schlichting profile for the initial jet region. This is 

so even though at xlbn = 6 the transverse profiles should be those typical of the main jet region, 
particularly for the coarser solids. Figure 4 indicates in fact that the jet potential core 
penetration xp is much smaller than 6h. in beds of such materials. The data of table 2 further 

suggest that the values of A and B are influenced by changes in the size of the particles more 
than by changes in their shape and density. 

The jet half angle is slightly larger for spherical than for non-spherical particles of the same 
density and size, and tends to increase with increasing size and density of solids, as shown in 
table 2. Two sets of values of the jet half angle 0 t, and 0, are given. The measurements by 
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Figure 3. Particle trajectories and jet expansion angle for glass sphcre~ (2.8-3.0 ram). Distances between • ~ t 
two dots covered an about ..0 x 10 s. 

Figure 4. Ratio of gas velocity on the jet centreline to that at the nozzle versus distance in orifice 
half-widths (key to symbols in table I). 
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Table 2. Similarity tests of gas velocity distribution, and jet expansion angles 

Polycarbonate 
Glassballotini Limestone Acrylic spheres cylinders Glass spheres Schlichting profiles 
0.7-1.0 mm 0.7-1.0 mm 2.8-3.0 mm 2.8-3.0 mm 2.8-3.0 mm initial main 

x/ b, = 3 xl b, = 6 x/ bo = 3 X/ bo = 6 x/ bo = 3 x/ bo = 6 x/b.o = 3 x/b, = 6 x/b, = 3 x/b, = 6 region+ region~: 

t 

=f,  /'t.(~)ds e 0.54 0.56 0.54 0.55 0.57 0.61 0.58 0.56 0.64 0.61 

I 

=fo [uz(~)d~ 0.40 0.41 0.41 0.41 0.42 0.45 0.4t 0.40 0.50 0.46 

0p 20* 13 ° 19" 12" 33 ° 21" 27* 21 ° 32 ° 26 ° 

0.55 0.45 

0.42 0.32 

O<-x/b.<-6 O<-x/bos6 O<-x/b,< 14 0 <rdbo--- 14 O<_x/bo < - II 
er 170 17" 22* 21 ° 240 

+h, = (U - Or)l(U. - uf) = l -(t -(l - 0'~) '. 
*Iv = (u - U1)l(U. - U1) = (l - ¢* ')". 

,ans of the Pitot tube technique gave two different values Pp at the heights X/bo == 3 and 

~o = 6 showing that the rate of expansion decreases with the distance from the nozzle. The 

lues 0~ derived from the particle trajectories are obtained over the range of distances from 

, orifice also indicated in table 2 for each material. As shown in figure 3 this technique 

tually gives the slope 0a of the line representing the jet boundary as an average. 
Confirming previous findings of Donadono & Massimilla (1978) for comparable experimental 

nditions as regards bed width to orifice size and to bed height ratios, particles entered into the 

approximately perpendicular to the jet axis. Their velocity Vy first decreased with distance 

Im the nozzle to increase slightly again as the bed level where jet necking occurred was 

proached. This is shown in figure 5, where Vy is reported for the various materials in the 

rm of regression curves collecting experimental data. For the pair glass ballotini-limestone 

; experimental points are also reported. For this pair Vy is larger for spherical than for non 

herical particles, particularly in the neighbourhood of the nozzle. Differences in the pair 

rylic spheres-polycarbonate cylinders are in the same direction but less pronounced. Vy is 

Jnd to be larger for lighter than for heavier particles of the same size and shape. Increasing 

rticle size definitely increases the solids entrainment velocity throughout the jet height. Solids 

trainment velocities fitted by least squares 3rd degree polynomials give by integration the 
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Figure 5. Lateral velocities of solids entrained into the jet vs dimensionless distance from the orifice: 
. . . . . .  . glass ballotini; . . . . . .  . limestone; . acrylic spheres: . . . . . .  , polycarbonate cylin- 

ders; . glass spheres. 
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solids mass flowrates entrained into the jet W,~ such as 

W't(x) = fo" p,V~(l - eb)t dx [I] 

where p, is the solids density, V: the solids velocity at the point of entry into the jet, eh the bed 
voidage and t is the two-dimensional jet thickness. These are reported in figure 6 for each 
material in dimensionless form with respect to the orifice gas mass flowrate. 

Particle velocities on the jet centreline V,~ reported in figure 7 tend to be lower for spherical 
than for non-spherical particles of the same size and density. This behaviour is more 
pronounced for the pair acrylic spheres-polycarbonate cylinders than for glass ballotini- 
limestone. For given size and shape, coarser and heavier particles are slower, and reach 
asymptotic velocities more rapidly. 

4. CALCULATION OFTHE GAS AND SOLIDS MASS AND MOMENTUM FLOWRATES 

For a two-dimensional jet of thickness t the solids and gas mass and momentum flowrates in 
terms of the axial profiles of the jet half-width b(x). gas and solids velocity and voidage on the 
jet axis U,.(x), V,~(x), e,~(x), and of the transverse distributions of gas velocity fv(O. solids 
velocity fv(O and voidage ,f.(O. are: 

! I 

t b<x,p v.<x, ,v d,] 

! 

Wu(x) = t b(x)puU,,,(x)e,,(x) f~ fvfo d~ [3] 

M~(x) = t b(x)p~V,,,:(x) fv: d 6 -  E,.(x) fv'f. d6 [41 

4O 
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Figure 6. Ratio of solids mass flowrate entrained into the jet to the gas mass flowrate at the nozzle vs distance in 
orifice half-widths. 
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Figure 7. Axial ve loc i t ies  o f  particles on  the jet  centre l ine  vs dis tance  from the nozz le  in orifice half-widths.  

M~(x) = t b(x)a, Ur,2(x)~.(x) fj fu2f. d6. [5] 

The total momentum flowrate must satisfy the macroscopic momentum balance on the 
control volume between x = 0 and x = x in figure 2, so that: 

M,(x) + M~(x) -- Mo + F,.B(x)- F~.a(x) [6] 

where Mo is the momentum flowrate of gas at the nozzle, Fs,8 the buoyancy due to the 
difference in the densities of the fluidized bed and the jet, and Fj.a the gravity force due to the 
weight of particles contained in the jet control volume. Equation [6] implicitly assumes that 
momentum exchange between gas and solids and collision between solids is perfect, i.e. without 
losses. 

Equations [2]-[6] form a closed system of equations for the unknowns W,(x), W~(x), M,(x), 
M~(x) and era(x). The system has been solved using the axial velocity profiles U,,(x) and Vm(x) 
for gas and solids, and the transverse profiles fu(6) of gas velocities obtained from experiments. 
The jet width was that determined by means of the Pitot tube technique described in section 2. 
The transverse profiles fv(O of solids velocities were those derived from Schlichting's equation 
as suggested by Donadono et al. (1980). Following these authors, the voidage profile was 
assumed in the form: 

f,(~) = I for 0 < ~ ~ ~* 

f,(~) = eb/~,~ for ~* ~ ~ -< ! 

with ~*= 0.70 and eb = 0.50 for all materials tested. This voidage profile accounts for the 
Shakova (1968) outer jet portion which has the same voidage eb as the fluidized bed. 

The calculated momentum and mass flowrates are presented in table 3 in form of percen- 
tages of the total momentum and mass flowrates pertaining to the gas and solids components of 
the jet admixture at the two dimensionless distances from the nozzle tested. The jet voidage em 
at a given distance from the orifice, and the gas mass flow rate (W, JW~o) entrained up to that 
distance made dimensionless with respect to that at the orifice are also given in table 3. 
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Table 3. Jet gas and solids mass and momentum flowrates, and voidage 

26.~ 

Glass spheres Acrylic spheres Polycarbonatecylinders Glassballotini Limestone 
2.8-3.0mm 2.8--3.0 mm 2.8-3.0 mm 0.7-1.0mm 0.7-l.0mm 

xlb.=3 x/b~=6 x/b.=3 x/b,=6 x/b.=3 xlb,=6 xlb.=3 x/b,=6 x/b,,=3 x/b.=6 

(M,/(M, + M~)). tO0 56.0 66.3 29.3 51.6 26.3 47.9 16.9 23.6 II.0 13.5 
(M$(,kL + M~)). 100 4,t.0 33.7 70.7 48.4 73.7 52.1 8~.1 76.4 89.0 86.5 
(WJ(W, 4- w~)). 100 96.8 97.6 92.0 94.4 90.0 93.1 88.8 92.8 82.4 89.1 
(Wd{W, -*- W~)). 100 3.2 2.4 8.0 5.6 I0.0 6.9 11.2 7.2 17.6, 10.9 
~,,, 0.69 0.76 0.81 0.82 0.86 0.9~) 0.99 0.~,) 0.99 0.99 
W,/W,, 24.8 33.2 12.5 17.2 9.9 14.2 8.9 15.2 5.3 I0.0 
W,dW,, - 0.18 - 0.20 0.09 0.02 0.10 0.05 0.12 0.18 0.13 0.23 
({W,-W~t)/W,~)-I00 9.7 -14.8 - 0.7 -19.1 - 3.6 -23.7 -13.1 - 1.8 -18.6 - 6.5 

It may be worth noting that values of W,~(x) calculated from [I] on the basis of the 
experimental values of Vy should equal those of W,(x) from [2], as the mass flowrate of solids 
entrained up to the distance x from the orifice should coincide with that transported through the 
cross section of the jet at that distance. The agreement between W,l(x) and W,(x) is a measure 
of the consistency of the experimental data and of the calculation procedure. 

5. DISCUSSION 
Gas and solids tnomentam flowrotes. A common qualitative feature of the results in table 3 

is the increase of the momentum flowrate of solids with increasing distance from the orifice. 
Quantitatively, the results show that the solids momentum flowrate can reach and overtake that 
of the gas for the larger size particles in the range of distances investigated. The momentum 
flowrate apportioned to the solids MJ(M, + M~) decreases in the order: glass spheres, acrylic 
spheres, polycarbonate cylinders, glass ballotini, limestone. This suggests that the rate of 
momentum exchange between gas and solids increases with particle size for the same density 
and shape, with particle density for the same shape and size, with particle sphericity for the 
same size and density. These trends agree with those shown by the jet angle (table 2), and by 
the axial decay of the gas velocity on the jet centreline (figure 4). 

It is well known for homogeneous jets that increasing the density of the dispersing medium 
enhances the rate of momentum transfer from the injected gas. Apparently, this behaviour 
holds also in the case of heterogeneous jets, from a comparison of the rates of momentum 
transfer between gas and particulate phase of fluidized solids of different densities. 

In the view that the jet boundary is defined by a dynamic equilibrium between the rate at 
which the dense phase supplies particles to the jet and that at which they are swept away by the 
jet gas, it may be inferred that the resistance of the particulate phase to the transverse flow 
towards the dilute region of the jet is larger the smaller and the lighter the particles, and also 
larger for non-spherical than for spherical particles. 

Gas and solids entrainment rates. Jet solids mass flowrates increase in all cases with 
distance from the nozzle. The solids fraction mass flowrates Wd(W,+ W~) for solids of 
different shape, size and density decrease in the same order previously outlined concerning the 
decrease of M,I(M, + M~). This trend is consistent with that shown by the solids entrainment 
flowrates in figure 6. Note that the jet mass flowrate is concentrated in the solids component for 
all materials tested, the gas portion W,I(W, + W,) being generally below 10%. 

Values of lateral gas flow W~I entrained at a given height can be obtained as the difference 
between W~ at that height and W~,~. Figure 8 gives WdW~o as a function of x/bo for four 
materials tested. An interesting general result is that W, dW, o passes through a maximum within 
the range of distances from the nozzle investigated. This trend suggests that there is a region of 
gas entrainment close to the nozzle, followed by gas disentrainment further up. This maximum 
moves closer to the orifice for coarser, denser and more spherical particles. An extreme case of 
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Figure 8. Ratio of gas mass flowrate entrained into the jet to that at the nozzle in function of distance from 
the nozzle in orifice half-widths. 

this behaviour has been found in this work for glass spheres 2.8-3.0mm, where the gas 

disentrainment region has already overtaken that of gas entrainment as close to the nozzle as 
x/bo=3. A similar result has been found by Yang & Keairns (1980). Whereas there is little 
doubt about the trend of W~t with distance from the orifice, the absolute values may be affected 

by significant errors because WK~ is a small difference between large numbers. 
Voidage. The voidage on the jet centreline follows the trend of the gas mass flowrate, as 

may be expected. The upper bound of unity is closely approached within the range of distances 
investigated by particles below I mm. It falls to much lower values with increasing particle size 

and density. 

6. CONCLUSIONS 

Permanent, steady jets can be obtained by injecting gas in fluidized beds of tested solids 
provided bed heights are kept below those of incipient bubble detachment. Jet gas transverse 

velocity profiles conform to the Schlichting type. 
Effects of particle characteristics have been found on the mechanics of jet dispersion, the 

relevance of shape, density and size increasing in this order for the experimental conditions of 
this work. The effects investigated inclode jet angle, axial jet gas and solids velocities, gas 
velocity transverse profiles and lateral solids entrainment velocities. 

Jet voidage, and gas and solids mass and momentum flowrates have been worked out from 

these data. Voidage decreases with particle size. Jet momentum divides differently between 
solids and gas phases of the admixture. For finer materials it is mainly apportioned to the gas 
phase, whereas for coarser materials tends to a more even distribution between the two 

components. The solids fraction of the mass flowrate is dominant in all cases with a tendency 
to increase for coarser solids. Evaluation of gas jet flowrate at different heights shows that 
there is a region of gas entrainment close to the orifice followed by gas disentrainment further 
up. 
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