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Fluid and Particle Entrainment
Into Vertical Jets in Fluidized Beds

The flow of particles and fluid in the vicinity of vertical jets in fluidized
beds was studied by using a two-dimensional bed of lead shot fluidized by
water. It was found that both interstitial fluid and solid particles are en-
trained into the jet as it expands and penetrates into the bed. An approxi-
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mate mathematical model is developed to describe the particle and fluid
flow fields observed experimentally; from this, an expression is derived for
rates of entrainment into vertical jets in fluidized beds, and a model is

postulated for the flow fields around grid jets.

SCOPE

Fluid issuing from the distributor plate at the base of a
fluidized bed takes the form of a dilute phase torch or
jet which penetrates into the bed of particles. For proc-
esses involving chemical reaction, heat transfer, or mass
transfer, the mechanism of the jetting region can be ex-
tremely important (Behie and Kehoe, 1973; Toei, 1973;
Halow, 1974), yet, despite extensive literature on fluidiza-
tion, little attention has been focused on this region of
the bed.

In the multistage fluidized bed coal gasification proc-
esses (Lemezis and Archer, 1973), the combustion zone
for process heat generation is often a vertical air jet in
the lower leg of the combustor/gasifier vessel, into which
char fines are fed. This lower leg also acts as the residual
ash agglomerator, and the mean particle size there will
be considerably larger than the mean size of the injected
char fines. It was reasoned that the fines would tend to

follow the path of the interstitial fluid rather than that
of the larger agglomerates. To discover the likely route
of the injected fines and so determine how best to feed
fines to the bed so that they would be carried into the
combustion jet, an experiment was set up to investigate
the flow of interstitial fluid in the vicinity of a vertical
jet in an incipiently fluidized bed.

This work has resulted in a better understanding of jet
behavior in fluidized beds, and the insight gained has
been used in developing a conceptual design for a com-
mercial combustor/gasifier (Merry et al., 1975). A math-
ematical model of the flow fields around the jet leads to
an approximate expression for estimating rates of entrain-
ment of fluid and particles into the jet, and this in turn
could lead to improved modeling of the jetting regions
of fluidized beds. Application of the model is illustrated
by using two examples from the literature.

CONCLUSIONS AND SIGNIFICANCE

An experimental investigation of vertical water jets
into a two-dimensional water fluidized bed of lead shot
has revealed that interstitial fluid as well as solid particles
are entrained into the jet stream as the jet expands and
penetrates into the bed. There appears to be a dividing
streamline in the fluid such that all the fluid inside this
streamline is entrained into the jet, while the fluid outside
bypasses the jet and continues to flow upward through
the bed. Fine particles or fluid which are to be fed into
the jet should be injected inside the dividing streamline
in the fluid. The appearance of the jet and the motion
of the particles in the liquid-solid system are very sim-
ilar to the reported observations of Markhevka et al.
(1971) and Zenz (1968, 1971) for gas-solid systems, and
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it is considered that the results presented here will apply
equally to either fluid-solid combination,

By representing the effect of the jet on fluid and particle
motion in the particulate phase of the bed by a sink, an
approximate two-dimensional mathematical model has
been developed which describes the solid particle and
interstitial fluid flow fields around the jet. This success-
fully predicts the experimentally observed positions of
the dividing streamline in the fluid.

The rate of entrainment of particles and fluid into the
jet is directly related to the strength of the sink repre-
senting the effect of the jet. By making some simplifying
assumptions to the mathematical model, an algebraic
expression [Equation (8)] is obtained from which rea-
sonable estimates can be made for the rates of particle
and fluid entrainment into two-dimensional and axisym-
metric vertical jets in fluidized beds. This expression is
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thought to be the first of its kind, and it could provide
important information for modeling jetting regions in
fluidized beds; it indicates that specific entrainment rate,
that is, entrainment rate per unit area of nozzle cross sec-
tion, increases with u,,; and with L/d,.

A model is postulated for the flow around grid jets
in fluidized beds which suggests that interstitial fluid is

recirculated around grid jets just as it is near the gas
inlet in a spouted bed (van Velzen, 1974). Fluid recircula-
tion around the jet continues around the subsequently
formed bubble giving rise to the cloud arouni a rising
bubble in a fluidized bed (Rowe, 1971); it could be an
important factor where chemical reaction or mass transfer
occur in the jet.

Several workers have reported that solid particles from
the bed are entrained into jets in fluidized beds, but there
is little reference to the corresponding motion of the
interstitial fluid in the particulate phase. Zenz (1968) has
studied vertical jets in fluidized beds, and he illustrates
how the jets and subsequent bubbles are formed at orifice
holes (Zenz, 1971). Markhevka et al. (1971) studied
motion pictures of vertical jets at the wall of a cylindrical
bed and observed that the bottom region of the jet is
conical and that bubbles form in a regular pattern at the
end of the jet. The upper ellipsoidal part of the jet,
above the conical region, elongates, takes the form of a
bubble, and separates from the jet. The jet then collapses
and the cycle is repeated, so that the jet region expands
before and during bubble growth and contracts after
bubble separation in a rhythmic, pulsating cycle. They
found that the length y. of the lower conical section is
related to the jet length L by

yo/L =055 (1)

Solid particles collapse into the lower region of the jet,
are accelerated in the jet stream, and are caried to the
top of the jet where they return to the bed. Kozin and
Baskakov (1967) studied horizontal jets from a bubble
cap distributor and observed similiar particle entrainment
into the jet near the nozzle, leading to a pattern of solids
circulation in the adjacent particulate phase, and Shak-
hova (1968) and Merry (1971) have reported solid par-
ticle entrainment into horizontal jets in incipiently fluid-
ized beds.

It is well known that the expansion of a homogeneous
jet is supported by entrainment of fluid into the jet

1

b
/ Rotameter for
Fluidizing Fluid

Rotameter for
Central Jet [() ﬁ U

Jet

Nozzle
Fig. 1. Schematic layout of two-dimensional bed used to study flow
patterns around a vertical jet in a fluidized bed. @ = 305 mm, b —
44.5 mm, ¢ — 380 mm.
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stream (Abramovich, 1963). Since the profile of the jet
region in a fluidized bed is similar to that o: a homo-
geneous jet into a counterflowing streamm (Meiry, 19715
Vulis and Leont'yeva, 1955), it seemed likely :hat inter-
stitial fuid as well as solid particles would be entrained
into the jet. The results presented here show that this
is so, and an approximate mathematical model is set up
to predict the solid particle and interstitial fluid stream-
lines in the particulate phase around the jet.

VERTICAL JET IN A TWO-DIMENSIONAL FLUIDIZED BED

Experiment

The flow of solid particles and interstitial fluid in the
vicinity of a vertical jet was studied in a two-dimensional
fluidized bed 305 mm wide and 12.7 mm thick, which
was made by separating two Plexiglas sheets with 12.7
mm spacers. The apparatus is shown schematically in
Figure 1. The centrally positioned jet nozzle was 19.1
mm wide on the inside and 44.5 mm wide on the outside
and extended 380 mm above the fluid distribution plate.
There were separate fluid supplies to the jet and to the
bed region adjacent to the nozzle, and each was metered
by a rotameter. The bed was operated with a depth of
around 450 mm above the end of the nozzle, with the
particles in the region adjacent to the nozzle incipiently
fluidized.

The aim of the experiment was to inject a colored
dye into the interstitial fluid adjacent to the nozzle at
a point below the end of the nozzle and to record its
subsequent motion photographically, To facilitate the ex-
perimental procedure, it was decided to use lead shot
as the bed material and water as the fluidizing fluid.
Lead shot was chosen since it exhibits aggregative (or
bubbling) fluidization when fluidized by water, as in
a typical gas-solid fluidized bed. A white dye (water
soluble paint) was injected through self-sealing ports in
the back wall of the bed into the interstitial water, and
either still photographs or motion pictures were taken
through the front wall. Typical photographs are shown
in Figure 2 for a bed of 1 mm lead shot and in Figure 3
for a bed of 2 mm lead shot. The experimental conditions
relating to these photographs are given in Table 1.

Dye injected at ports adjacent to the nozzle, Figures
2a and 3a, tended to be swept into the jet stream, whereas
dye injected at ports distant from the nozzle, Figures 2b
and 3b, tended to bypass the jet stream. This was the
pattern observed in all experiments, indicating the pres-
ence of a dividing streamline in the fluid flow field around
the jet; the fluid inside the dividing streamline is en-
trained into the jet, and the fluid outside bypasses the
jet and continues to flow upward through the bed.

The movement of the solids in the vicinity of the jet
can also be seen in Figures 2 and 3. There is some
particle movement in the region adjacent to the nozzle
because of some inevitable nonuniformity of fluidization
there, but the more intense particle motion takes place
above the end of the nozzle. Particles are picked up by
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Fig. 2. Vertical water jet issuing into bed of 1 mm lead shot fluidized by water, experiment 1, up — 1.37 m/s. Chain line is predicted position
of dividing streamline in fluid. a. Dye injected adjacent to nozzle flows into jet. b. Dye injected distant from nozzle bypasses jet.

TasrLE 1. ConDITIONS OF EXPERIMENTS IN BED OF LEAD
SHoT FLumIZED BY WATER

Experiment number 1 2 3 4

Particle diameter, 1 2
dp, mm

Absolute incipient fluidiz- 146 204
ing velocity, g, mm/s

Jet nozzle velocity, 137 274  3.96 2.44
o, M/S

Predicted jet penetration 143 235 293 214
depth, equation (32),*
L, mm

the jet stream and carried to the top of the jet; these are
replaced by other particles moving from the particulate
phase towards the jet. Steady particle circulation sets in,
characterized by a downward patticle movement in the
particulate phase adjacent to the jet. This movement ex-
tends through practically all of the bed above the end
of the nozzle, but the highest velocities occur in a conical
region swrrounding the jet. Bubbles form above the jet,
imparting a vortex motion to the particles in the upper
part of the bed. The boundary of the conical region
passes through the top outer edge of the nozzle and
subtends an angle « with the horizontal. In the experi-
ments conducted, the angle « was independent of nozzle
velocity and particle size, with a magnitude of approxi-
mately 65 deg., corresponding to the angle of internal
friction of the solids (Zenz and Othmer, 1960).

The particle motion is very similar to that observed by
Markhevka et al (1971) with vertical jets in gas-solid
fluidized beds. In addition, the experiments above have
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shown that interstitial fluid as well as solid particles are
entrained into a vertical jet in a fluidized bed. Fine par-
ticles or fluid which are to be fed into the jet should
be injected inside the dividing streamline in the fluid.

Theory

The phenomenon of the dividing streamline in the
fluid observed experimentally is reminiscent of the flow
field due to a source or sink in a uniform stream (Milne
Thomson, 1968, p. 211). An approximate two-dimensional
model has been developed to describe the motion of
particles and fluid in the particulate phase in the vicinity
of the jet by using a sink to represent mathematically
the effect of the jet on this motion. Details of the deriva-
tion are given in the Appendix.* The model uses the
technique of Davidson and Harrison (1963), whereby
the solid phase and the interstitial fluid phase are treated
separately, as if each was an incompressible, inviscid
continuum, This yields a relationship [Equation (18)°]
between the particle stream function y, and the inter-
stitial fluid stream function jy; namely

Y — Y = Uy " X (2)

The effect of the jet on the motion of the particulate

phase is represented by a sink, and the physical presence

of the bed walls and base and of the jet nozzle is rep-
resented by superimposing rows of sources and sinks.

The resulting particle stream function is given by Equa-

tion (23) as [Appendix*]
W = my - 8 + me (6 — 0,) (3)

where m; and my are the strengths of sinks representing
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Fig. 3. Vertical water jet issuing into bed of 2 mm lead shot fluidized by water, experiment 4, vy = 2.44 m/s. Chain line is predicted position
of dividing streamline in fluid. a. Dye injected adjacent to nozzle flows into jet. b. Dye injected distant from nozzle bypasses jet.

TaBLE 2. DEDUCED PARAMETERS FOR THEORETICAL MODEL. EXPERIMENT NUMBERS CORRESPOND TO THOSE IN TAFLE 1

Experiment number 1

Positions (y; — ¢) mm 69

of sinks (¢ — y2) mm 5.6
(4mg/my) mm—1 0.051
my mm?2/s 2 860
ma mm2/s

Wall stream function (¥,/my) 7.79

( fluid entrained )
Ratio 31
fluid supplied to nozzle

the jet and the nozzle, respectively, and 6, 6;, and 8,
are angles defined by [Equation (24), Appendix]®

o X
. =t —l[t h—{(y — y, tL]
1/ an an - (y — yn) co 2

+ tan—!? [ tanh — {y + ya) co»tlrzc—-]
a a

for n=20,1,0r2, and y, = 0.
From Equations (2) and (3), the interstitial fluid stream
function is given as

W = Umg * X + my G + ma(ds — 6o) 4)
Equation (4) indicates that the interstitial fluid flow field

*® Supplementary material has been deposited as Document No. 02753
with the National Auxiliary Publications Service (NAFPS), ¢/o Microfiche
Publications, 440 Park Ave. South, New York, N. Y. 10016 and may
be obtained for $3.00 for microfiche or $5.00 for photocopies.
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2 3 4
123 156 108
5.8 6.1 5.8
0.042 0.038 0.044
3 480 3 870 4630
1030 1440
6.40 5.76 6.74
19 14 28

is characterized by the flow due to a sink in a uniform
velocity stream.

Results and Discussion

Methods adopted for estimating values for the param-
eters which define the model are presented in the Appen-
dix,* and values of the parameters corresponding to
experiments 1 to 4 are given in Table 2. The predicted
positions of the dividing streamline in the fluid for experi-
ments 1 and 4 are shown as chain lines in Figures 2 and
3, respectively, and the predicted streamlines for the
whole flow field are shown in Figure 4 for the conditions
of experiment 4 with 2 mm lead shot; the full lines are
the particle streamlines, the broken lines are the inter-
stitial fluid streamlines, and the chain lines represent
the nozzle wall (y5, = 0) and the dividing streamline
(sa = m»my) in the fluid flow field. The ratio of the flow
rate of fluid entrained into the jet to the flow rate of
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Fig. 4. Predicted streamlines for flow around vertical jet, correspopd-
ing to experiment 4 with 2 mm lead shot. Full fines are particle
streamlines [Equation (3)], broken lines are interstitial fluid stream-
lines [Equation {4)], ond chain lines represent the nozzle wall
(¢50 = 0) and the dividing streamline in the fluid (yyg = nm).

fluid supplied to the jet nozzle is also given in Table 2.
This ratio lies between 14 and 319% for the four experi-
ments reported.

The mathematical model is at best a simple approxima-
tion of the very complex phenomena which occur as a
fluid jet issues into a fluidized bed. Several objections to
the approach adopted may be raised, and the more ob-
vious ones are outlined below.

The motion of particles and fluid around the jet is
actually controlled by three complementary components:
the fluid flow out of the jet nozzle, the entrainment flow
into the base of the jet, and the flow due to bubbles
leaving the end of the jet. This model represents only
one of these components, the entrainment into the bottom
of the jet. Motion in the jet and in and around the sub-
sequent bubbles is not accounted for at all. This is to
be expected, for the technique of treating fluid and solids
separately is only applicable to the dense particulate phase;
the model breaks down when the material crosses into
the dilute phase jet stream. To include the other two
components as well is very much more complicated than
what has been attempted here, and it was considered
that the additional complexity was not justified at this stage.

Representing the effect of the jet on the motion of the
particulate material by a hypothetical sink suggests that
the particles and fluid entrained into the jet disappear
into the sink and are removed from the bed. This is
clearly not the case; entrained particles and fluid are
accelerated in the jet stream and carried to the end of
the jet whence they return to the bed either directly
to the particulate phase or else to the bubble and its
wake which form above the jet. There is a regular flow
of particles and fluid into the bottom of the jet and out
of the top.

Similarly, the concept of the dividing streamline in
the fluid is only applicable to the particulate phase adja-
cent to the jet. The dividing streamline ceases to exist
when it meets the boundary of the jet, and the supposed
stagnation point in the fluid on the jet axis (see Appendix®

¢ See footnote on p. 318,
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and Figure 9) does not occur in reality.

However, the predicted flow pattern of solid particles
and interstitial fluid (Figure 4) is a fair representation
of what actually takes place in the particulate phase
adjacent to the base of the jet, and, in particular, the
predicted position of the dividing streamline in the fluid
coiresponds closely with the experimental observations
up to the point where the fuid meets the jet boundary.

Justification of the model really lies in its ability to
predict the positions of the dividing streamline in the
interstitial fluid; for.the experiments 1 to 3 with 1 mm
lead shot and u, = 1.37, 2.74 and 3.96 m/s, respectively,
the dye flow patterns are shown in Figure 54, b, and c.
At first sight, the fluid flow patterns and the dividing
streamlines (chain lines) seem to be almost identical,
but when the dividing streamlines are plotted on the
same graph, Figure 5d, it is clear that they are different
and that they do predict the experimentally observed
trend. The dye was injected at the same point in each
experiment, In Figure 5a, the dye travels outside the
dividing ' streamline and will bypass the jet. As the
nozzle velocity and the jet length are increased (Figure
5b), the dividing streamline moves outward so that the
dye almost crosses it. With a further increase in the
nozzle velocity (Figure 5¢), the dividing streamline has
moved out so far that it is within the dye tracer; some
of the dye is swept into the jet and some bypasses it.

It may be argued that since the findings reported here
are based on information obtained in liquid-solid fluidized
beds, they are not necessarily applicable to gas-solid
fluidized beds. However, fluid mechanic similarities be-
tween aggregatively fluidized liquid-solid and gas-solid
beds have been demonstrated elsewhere (Davidson and
Harrison, 1963; Merry and Davidson, 1973), and the
appearance of the jet and the motion of the particles in
the liquid-solid system are very similar to the reported
observations of Markhevka et al. (1971) and Zenz (1968,
1971) for gas-solid systems. It is considered that the
findings will apply equally well to either fluid-solid com-
bination, although it should be emphasized that the
model has been tested against a limited quantity of data
only.

GRID JET IN A FLUIDIZED BED

Axisymmetric Jets

The work described above relates to two-dimensional
jets in fluidized beds. Jets encountered in practice are
generally three dimensional or axisymmetric, issuing from
cylindrical nozzles rather than from two-dimensional slits.
The experimental and theoretical techniques used ahove
for two-dimensional jets become considerably more dif-
ficult when applied to the three-dimensional case, and
instead a simple analysis is proposed for predicting en-
trainment into axisymmetric jets.

Assuming that the effect of the axisymmetric jet on the
particulate phase can be represented by a three-dimen-
sional sink of strength M;, we may consider this sink to
be made up of two-dimensional sinks of strength m,, each
effective in a narrow sector of the cylindrical bed of
angle 84. The flow into each elemental sink will be given
by 8¢ = @«m, d, 86, and by integrating from # = 0 to 2=,
the total flow of fluid and particles into the sink M, is
given as g = 2¢M; = 27* d, my. Therefore, the sink
strength defining entrainment rate into the axisymmetric
jet is related to that for the two-dimensional jet by

Ml = ’n'do my (5)
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d

Fig. 5. Vertical water jets issuing into beds of 1 mm lead shot fluidized by water, showing how position of dividing streamline in ﬂuid'c.hunges
with jet nozzle velocity. a. Experiment 1, up — 1.37 m/s. b. Experiment 2, up = 2.74 m/s. c. Experiment 3, up = 3.96 m/s. d. Positions of
dividing streamline predicted by theoretical model.

Rate of Entrainment

The rate of entrainment into a jet is calculated as g =
2am; for a two-dimensional jet and ¢ = 2aM, for an
axisymmetric jet. The entrainment flow rate g is made up
of ems * g of interstitial fluid and (1 — ens)q of solid
particles, where en; is the bed voidage at incipient fluidi-
zation. Rates of entrainment into vertical jets can be
predicted if values of m; or M; are known for given con-
ditions.

By considering the theoretical model developed in the
Appendix,® if the end of the jet nozzle is flush with the
grid plate (¢ = 0, Figure 1), the mathematics can be
simplified by putting my; = 0. Equation (4) for the

2m,

1+ cota - L/d,

™ X
8, = tan“l[ tanh-a—- (y — yn) cot—a—]

<+ tan™! [ tanh — (y + yn) cot:—:;—] (7
a ;

y1 is the height of the sink above the end of the nozzle,
and by following a similar technique to that used in the
Appendix,” an approximate analytical solution to Equa-
tion (6) can be obtained by assuming that y; = L/2
and that the dividing streamline (¢ = mm;) in the fluid
passes through the points [*(d, + L cot «)/2, L/2].
Making these simplifying assumptions, we find that

(8)

d, Ums B
a

=L
7 — tan—! [ tanh — - cot

interstitial fluid stream function can then be written as
Y5 = Ums * X + Mmyb (6)
where

® See footnote on p. 318.
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[ 7do (1+cota-L/d,,)]]

2a

Furthermore, for L/a > 0.6, tanh (#L/a) ~ 1, and Equa-
tion (8) can be written

my 1+ cote« L/d,
dotimg @[l + (1+ cote- L/d,) - do/a]

(9)
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Values of (my/d, tim;) have been calculated from Equa-
tion (8) for a range of conditions which would apply to
practical fluidized beds as follows:

a/d, = 510 40
L/d, = 5t0 60
« = 55 to 85 deg.

The calculated values are plotted against (1 + cot & *
L/d,) for different values of (a/d,) and are shown as
full lines in Figure 6. The broken lines in Figure 6 have
been obtained by solving the complete model (Appendix)*
over the same range of variables, and these show how
predictions made by the complete model differ from
those of Equation (8). In general, the complete model
predicts lower entrainment rates than Equation (8);
agreement is within 15% and is very much closer over
much of the range of variables considered. Equations (8)
and (9) give virtually the same results for L/a > 0.6.
For L/a < 0.6, Equation (9) predicts increasingly larger
values of (my/d, ung); for example, for L/a = 0.2,
the difference is 10%.

Equation (8) is a straightforward algebraic expression
which can be used to estimate rates of entrainment into
vertical jets in fluidized beds. It is in close agreement
with the more complicated complete model which re-
quires numerical solution with a computer and is very
much simpler to apply. It is thought to be the first ex-
pression of its kind and could provide important informa-
tion for modeling jetting regions in fluidized beds. The
rate of entrainment (2wm,) into the jet is determined
by the physical size of the equipment (e, d,), the length
of the jet (L), the nozzle velocity [u,, through Equa-
tion (32)%], and the properties of the bed material and
fluid [dy, pp, pp, d, p through un,s calculated following
Kunii and Levenspiel (1969) and through L calculated
by Equation (32)*].

Defining the specific entrainment rate as the entrain-
ment rate per unit area of nozzle cross section, that is,
2amy/d, in two dimensions and 2M,;/d.2 for the axi-
symmetric case, Equation (8) indicates that the specific
entrainment rate increases with uy,; and with L/d,. How-
ever, since L/d, varies as u,%* [see Equation (32)*], the
ratio of the specific entrainment rate to the jet nozzle
velocity (which is the ratio of the rate of fluid and par-
ticle entrainment to the rate at which fluid is supplied
to the jet nozzle) decreases as u, increases. This is shown
in Table 2 for experiments 1 to 4 reported here.

Data on entrainment rates into jets in fluidized beds
are difficult to obtain, and consequently there is little
information in the literature. However, one datum point
can be deduced from the work of Behie et al. (1971).
They investigated heat transfer between a vertical jet
of hot air (d, = 188 mm, u, = 61 m/s, py = 091
kg/m?) and a well-fluidized bed of cracking catalyst
(d, = 0.05 mm, p, = 1000 kg/m3). By assuming that
most of the jet heat was transferred to the entrained
solids, they estimated that the solids loading in the jet
was given by

mass flow rate of solids in jet 13

mass flow rate of gas in jet

The mass flow rate of gas in the jet is calculated as

2 See footnote on p. 318.

Equation (32), which appears in the Appendix, is L/ds = 5.2 (orde/
pedp)®-3 (1.3(ue2/gdo)%2 — 11, derived by Merry (1975).
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Fig. 6. Graphical representation of Equation (8) (full lines) for pre-

dicting rate of entrainment (27tm;) into vertical jets in fluidized beds.

Broken lines show how solution of the complete model (Appendix)*
differs from the prediction of Equation (8).

0.0154 kg/s, and their measurement implies that the
rate of solid particle entrainment into the jet is 0.02 kg/s.

Their experiment was carried out in a bed of 610 mm
diam. (¢ = 610 mm), and the end of the jet nozzle was
flush with the grid plate on the center line of the bed.
The jet penetration depth is calculated as L = 668 mm
by using Equation (32)* and by taking « = 79 deg.
(Zenz and Othmer, 1960) (1 + cot « * L/d,) = 7.9,
(a/d,) = 82.4 and from Equations (5) and (9), (M/
7do? Ums) = (my/d, ums) = 2.05. Calculating ums =
3.3 mm/s for the catalyst particles using Kunii and
Levenspiel's (1969) equation for small particles with ems
= 0.45, we find that M; = 7.5 X 1078 m3/s, and the
predicted rate of solids entrainment into the jet = 2aM;
(1 — ems) pp = 0.026 kg/s.

This predicted value of 0.026 kg/s for the rate of
solids entrainment is in reasonable agreement with the
value of 0.02 kg/s estimated from the data of Behie et al.
(1971), indicating that Equations (8) and (9) may be
used successfully for order-of-magnitude calculations.

Flow Around Grid Jets

In a conventional fluidized bed with a multiorifice
distributor, the fluidizing fluid enters the bed in the form
of grid jets at the orifice holes. The situation is different
from those considered so far in that there is no separate
supply of fluidizing fluid. It is known that particles are
entrained into grid jets (Zenz, 1971), and it is postulated
that there will be a corresponding entrainment of fluid
into the base of these jets; the source of fluid for this
entrainment must be somewhere near the end of the jet.
Therefore, the suggestion is that there is circulation of
particles and fluid out of the top of the grid jets and
in at the base, and the two-dimensional models developed
above are modified as follows.

For the particle flow field, we assume that there is a
sink of strength m; at a height y; = L/4 above the
orifice, and a source also of strength m; at a height y; =
3L/4 above the orifice. For the fluid flow field, there
is, in addition, a source of strength m; at (0, ys) which
is the net source of fluidizing fluid to the bed; that is

2rM3g = @ ths (10)
where a is the width of the bed supplied by the orifice.
As in the Appendix,* we consider infinite rows of these
sources and sinks, and mirror images in the grid plate
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(y = 0), so that the particle stream function is given as

Yp/my = (6, — 83) (11)
and the interstitial fluid stream function as
Yp/my = (6 — 83) — mg 63/my (12)
which can be written as
PYi/my = (6 — 63) — a Upy O3/ 2mmy (18)

by substituting for ms from Equation (10}, and where
8, and 83 are defined by Equation (7) with y;, = L/4
and y3 = 3L/4, respectively.

If we assume that the rate of entrainment into a grid
jet is the same as that into the same jet in a separately
Hluidized bed, we can estimate (m;/d, ums) from Equa-
tion (8) and so plot the particle and fluid flow lields for
a given jet.

Toei (1973) studied the fluidization of & small two-
dimensional bed (a = 100 mm) of glass beads (d, =
250pm, p, = 2900 kg/m?) with a single orifice (d, =
5 mm) at the center of the grid plate. For an air jet (p;
= 1.2 kg/m?®) with a nozzle velocity u, = 6 m/s, the
jet penetration depth calculated from Equation (32)* is L
= 24 mm. From a = 65 deg. (Zenz and Othmer, 1960),
Equation (8) gives (mi/d; tims) = 0.81 so that mq/ums
= 4.05 mm. By using this value in Equations (11) and
(13), the predicted particle and fluid stream'ines corres-
ponding to Toei’s (1973) experiment are shown in Fig-
ure 7. van Velzen et al. (1974) deduced from their ex-
periments in spouted beds that a considerable recircula-
tion of gas takes place in the vicinity of the spout nozzle,
and Rooney and Harrison (1974) have illustrated the
similarity between grid jets and spouts, so that there is
strong support for the model presented here for the
particle and fluid flow fields due to a grid jet. Fluid
recirculation around the jet continues arcund the sub-
sequently formed bubble giving rise te the cloud around
a rising bubble in a fluidized bed for which wuy; is less
than the bubble rising velocity (Rowe, 1971). It may
have little effect on heat transfer, since the heat capacity
of the solids is considerably greater than that of the fluid,
but it could be an important factor where chemical reac-
tion or mass transfer occur in the jet. The ratio m;/ms
= 0.25 for the above calculation is the ratio of fluid re-
circulating to fluid percolating to the bed. Toei (1973)
has recognized the importance of the grid region in
fluidized bed operation and has pointed out how little
is known about this part of the bed, but his model of
the fluid flow field around a grid jet ignoves the motion
of the particles and so does not allow for the possibility
of fluid recirculation.

Behie and Kehoe (1973) ignore the presence of particles
in the jet in their reaction model of the grid region,
arguing that the solids concentration in the jet is low.
This assumption may be justified in the case of high vel-
ocity jets into fine catalyst particles, for example, in the
experiments of Behie et al. (1971), in which the jet
solids loading was estimated as 1.3 kg of solids/kg of
gas, but it may not be valid under other conditions. In
Toei’s (1973) experiment, 4,y = 129 mm/s, and we
calculate m; = 522 mm?/s, particle entrainment rate into
jet = 0.0026 kg/s, and fluid flow rate through jet =
0.00018 kg/s, giving a solids loading of 14.5 kg of solids/
kg of gas which is an order of magnitude greater than
the value obtained by Behie et al. (1971). Furthermore,
Kunii (1973) and Aoyagi and Kunii (1974) have pointed
out that for highly exothermic reactions, even very low
concentrations of solids in dilute phase regions of the
bed can have a considerable effect on overall conversion.
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NOTATION

= bed width

variable defined in Equation (31)*

nozzle width

variable defined in Equation (31)*

length of nozzle

jet nozzle diameter

particle diameter

acceleration due to gravity

heights above jet nozzle defined in Figure 9
square root of —1

permeability constant

jet penetration depth, Figure 9 and Equation
(32)*

two-dimensional sink strength

sink representing jet

sink representing nozzle

source representing outflow into bed, Equation
(10

tlu‘eze-dimensional sink representing jet

integer

interstitial fuid pressure

flow rate

absolute fluid velocity

absolute incipient fluidizing velocity

jet nozzle velocity

superficial fluid velocity

absolute particle velocity

complex potential

horizontal coordinate

vertical coordinate

height of bottom conical region of jet, Figure 9
positions of sources and sinks forn =0, 1, 2, 3
complex variable (= x + )
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Greek Letters
angle of internal friction

a =

ems = voidage fraction at incipient fluidization

§ = angle

0, = angles defined by Equation (24)* for n = 0,
1,2,3

M = fluid viscosity

ps = density of fluid

pp = density of solid particles

¢ = velocity potential

W = stream function

Yy = stream function of fluid

yp = stream function of solid particles

Subseripts

c = at center line

© See footnote on page 318.
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at dividing streamline

at nozzle wall

at wall of bed
component in x direction
component in y direction
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