Penetration of Vertical Jets

into Fluidized Beds

An expression has been derived for predicting the penetration depth of
vertical jets into fluidized beds based on the experimental observations of
several workers. The expression correlates a wide range of data with
reasonable accuracy and is suggested as a useful working equation for

design purposes.
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SCOPE

The jet phenomenon is of fundamental importance to
the performance of fluidized-bed reactors. In the simplest
fluidized bed, the fluidizing gas issues from the grid plate
in the form of a jet and it is important to know how far
such jets will penetrate into the bed; if a high velocity
jet impinges on vessel internals, its sandblasting effect is
likely to be extremely errosive, with possible disastrous
results. For beds in which chemical reactions are taking
place, much of the conversion may occur in the jetting
region near the distributor plate (Behie and Kehoe, 1973),

especially when the reaction is fast.

Despite these facts, the information on jets in fluidized
beds available in the literature is sparse. In a previous
paper (Merry, 1971), a correlation was developed for
predicting the penetration depth of horizontal jets into
fluidized beds. This correlation is not directly applicable
to the case of a vertical jet, and a separate empirical ex-
pression is presented here for predicting the penetration
depth of vertical jets into fluidized beds.

CONCLUSIONS AND SIGNIFICANCE

An expression has been developed for predicting the
penetration depths of vertical jets into fluidized beds,
based on an approximate relationship between the jet
length and the initial diameter of the bubble leaving the
end of the jet, and an empirical relationship between the
jet half-angle and the bed properties. The expression
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correlates a wide range of data including gas and liquid
fluidized beds, with nozzles of up to 35-mm diameter and
jets of up to 0.5 m in length. All the data used are for
beds of effectively uniform particle size, and it is not
clear at present exactly how the mean particle size d, in
the correlation should be specified for a bed with a very

wide range of particle sizes.

A two-dimensional bed was being used to study the flow
patterns of particles and fluid in the vicinity of a vertical
jet in a fluidized bed. The bed was 0.3 m wide, made of
Plexiglas, with 12-mm spacing between front and back
walls. The single central vertical jet nozzle was 19 mm
wide, and the bed on either side of the nozzle was in-
cipiently fluidized with a fluid supply separate from the
jet fluid supply. Experiments were run with a water jet into
a water fluidized bed of lead shot; a liquid fluidized bed
was used to simplify the task of following the flow of
interstitial fluid, and large particles of lead shot (1- and
2-mm diam.) were chosen to give aggregative fluidization.
In the course of that work, which will be published shortly,
the penetration of the jet was measured and the correla-
tion for predicting the jet penetration depth was developed
using this and other data from the literature.

Several workers have presented alternative expressions
for jet penetration depth, but generally these are only ap-
plicable to the conditions of their experiments. For exam-
ple, Basov et al. (1969) give the empirical correlation
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where all lengths are expressed in cm. This expression was
derived from data obtained in beds of cracking catalyst
with d, between 635 and 540 ym. They predict a slight in-
crease of penetration depth with particle size for given do
and u,. Working with large particles (d, = 3200 pm),
Shakhova (1968) predicts the opposite trend in his ex-
pression which can be written
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where ps and p, are the fluid and particle densities, respec-
tively, and 6 is the jet half-angle as shown in Figure 1. And
with only four data points, of which two are for 50-um
cracking catalyst and two for 4000-um wheat seeds, Zenz
(1968) presents the expression
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in which py is in Ib./ft.3 and u, in ft./s. Equation (3) makes
no allowance for particle size.

Markhevka et al. (1971) studied motion pictures of
vertical jets at the wall of a cylindrical bed and observe
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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, elon-
gates then 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. Figure 1 is a sketch of the jet just before
the bubble starts to grow, and of the bubble just after
separation, based on their observations. They define the jet
penetration depth L as the vertical distance between the
orifice and the lower edge of the bubble at the moment of
separation. This distance is the maximum length of the jet
region and necessarily defines the mean maximum jet
length; Markhevka et al. (1971) show that because of the
pulsating nature of the jet its maximum length varies by
*20% about this mean. They also observe that the initial
diameter Dy of the bubble leaving the end of the jet is
approximately equal to the projected diameter of the bot-
tom conical region of the jet at a height L above the noz-
zle, as shown in Figure 1. Thus Dj can be related empiri-
cally to L by the expression

Dy=2Lgtan 6 (4)

where 8 is the jet half angle, Ly = L -+ y, is the distance
from the apex of the bottom conical section of the jet to
the end of the jet, and yo (= 1/2dg cot ) is the distance
from the apex to the nozzle. Equation (4) may be re-
written

L/dy = 1/2 cot § (Dy/dy — 1) (5)

The volume V), of a three-dimensional bubble formed at an
orifice in an incipiently fluidized bed is given (Davidson
and Harrison, 1963, pp. 50-62) as

Vo= 1138 (%2-)0'6 (8)

where G is the volume flow rate of fluid out of the orifice.
Particle size does affect both wake size and bubble shape
(Rowe, 1971), but as a first approximation let us assume
that the volume of the bubble wake is one-third the vol-
ume of the bubble so that we can express V, in terms of
Dy. Also expressing G in terms of u, and dy, we can write
Equation (6) as

(Dy/do) = 1.3 ["—"2 ]0'2 (7)
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From Equations (5) and (7), we have the form of an ex-
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Fig. 1. Geometric arrangement of vertical jet and bubble in g
fluidized bed.

pression for jet penetration depth, namely,

P [1 3 ( to? )0'2

—=1/2cotd | 1.3{— -1 ] 8

- - (8)
Equation (6) relates to bubbles actually forming at an
orifice and not at the end of a jet. However, Basov et al.
(1969) found an empirical expression for the initial diam-
eter of bubbles leaving their jets,

Dy = 0.45 Go375 (9)
where Dy is in cm and G in cc/s, which may be written as
(Db/do) = 0.41 (u00'375/d00‘25) (10)

Expressing lengths in centimeters, we find that Equation
(7) gives a comparable expression

(Dyp/dy) = 0.33 (ue4/dy?2) (11)

so that there is justification for using Equation (8) to pre-
dict the volume of bubbles formed at the end of a jet.
Markhevka et al. (1971) found that the jet half-angle
6 did not change significantly in their experiments. This is
not to say that the value of 4 is the same for all vertical
jets in fluidized beds, but it does allow one to assume that

TABLE 1. PrRoPERTIES OF FLUIDIZED BEDS FOR WHICH DATA ARE AVAILABLE ON VERTICAL JET PENETRATION INTO
IncipiENTLY FLUIDIiZED BEDS. DEDUCED AND MEASURED VALUES OF THE JET HALF-ANGLE

dy dp
Source Bed material Symbol mm  mm
Markhevka et al. [ ] 8
A 8 0.14
Basov et al. Cracking catalyst \v/ 14
] 20
Zenz A 19.1  0.05
Wheat v 35 3.8
Shakhova Copolymer ® 4 32
Yang and Keairns ~ Sand ¢ ) 286 0.5
Epoxy shells ©
This work Lead X 19.1 1.0
Shot +
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Jet half angle, degrees
Mea- Pre-
dy Deduced sured dicted
pp of Pp from Eqn. experi- by Eqn.

kg/m3  kg/md  psdy (8),0 mentally  (12)
8.34 111 15.5 104

11.6 9.1 114

1,000 8.34 7.9 — 104
5.84 10.5 9.3

1.2 2.18 8.9 15 7.0

1,380 115 194 — 21.8
1,000 666 40.3 35 34.0
2,640 38.5 13.7 —_ 16.1
208 17.0 10.3 12.5
11,750 1,000 0.613 6.7 7 4.7
1.23 8.2 7 5.8
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Fig. 2. Logarithmic plot of cot 8 v (ppdp/psdo) for data of Table 1.

the value of 6 is determined by the properties of the bed.
The properties of beds for which data are available on
vertical jet penetration are given in Table 1. For each set
of data, the mean effective value of 8 can be estimated
from Equation (8); these calculated values of ¢ are given
in Table 1, alongside a column giving values of the dimen-
sionless group (ppdy/psdo). There does appear to be some
relationship between these two sets of numbers, and to
establish the form of this, a logarithmic plot of cot § against
(ppdp/prd) was made, as shown in Figure 2. The result is
an empirical expression relating jet half angle 8 to bed
properties, namely

dp -0.3
)

obtained by fitting a straight line to the data.

Experimental measurements of jet half-angle are given
for some of the data and these are shown in Table 1 for
comparison with the deduced values of ¢ and the values
predicted by Equation (12). It is seen that the measured
values of 6 compare favorably with the calculated values,
giving further justification for the empirical expression
above.

Substituting for cot # from Equation (12) in Equation
(8), we obtain the empirical expression for jet penetration

depth,
%: 5.2 (,;ﬁd;)w [1.3 (;—:Z )0'2 -1 ] (13)

All the data from Table 1 are plotted in Figure 3 where
it is seen that Equation (13) provides an acceptable cor-
relation, bearing in mind that in practice the maximum jet
penetration depth fluctuates = 20% about its mean value.
Equation (13) is put forward as a working expression for
predicting the penetration depth of vertical gas jets into
incipiently fluidized beds.

It should be noted that although the correlation has been
developed on the basis of a three-dimensional bubble
[Equation (7)], the data used includes some obtained in
two-dimensional beds. With horizontal jets (Merry, 1971),
it was observed that penetration into a two-dimensional
bed was approximately twice that into a three-dimensional
bed, but the effect appears to be considerably less marked
for vertical jets, and it is possible to correlate data from a
two-dimensional bed with the expression [Equation (13),
Figure 3] which should strictly be applied to a three-
dimensional bed.

Two important properties of fluidized beds which have
not been included in the correlation are the fluid viscosity
and the size range of the particles. The effect of these on
jet penetration depth is considered.

cot 8 = 10.4 [ (12)

FLUID VISCOSITY

The shape of a bubble in an aggregatively fluidized
bed is determined by the effective viscosity of the particu-
late phase (Grace, 1970) rather than by the viscosity of
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the fluidizing fluid. This effective viscosity of the particu-
late phase is an order of magnitude greater than the fluid
viscosity, even for a water fluidized bed.

The minimum fluidizing velocity of a bed of particles
is inversely proportional to the fluid viscosity for small
particles, and independent of fluid viscosity for large parti-
cles (Kunii and Levenspiel, 1969, p. 73;. Equation (6)
shows the initial bubble volume to be independent of
minimum fluidizing velocity; since this expression has been
verified experimentally for beds of small particles (Harrison
and Leung, 1961), it can be concluded that the initial
bubble volume is also independent of the fluid viscosity.
Therefore, it is suggested that the fluid viscosity does not
significantly affect the jet penetration depth since it does
not affect bubble shape or initial bubble size. The fact that
data obtained in a water fluidized bed can be correlated
with data from air fluidized beds tends to confirm this con-
clusion.

A large increase in fluid viscosity will, however, change
the situation since it will tend to give particulate rather
than aggregative fluidization (Davidson and Harrison,
1963, pp. 80-91). The correlation presented here for jet
penetration depth has been developed on the basis of the
jet degenerating into a bubble and so is necessarily ap-
plicable only to cases of aggregative fluidization.

SIZE RANGE OF PARTICLES IN THE BED

The term d, in the correlation is taken to be the mean
diameter of solid particles in the bed, but it is worth
noting that the data presented in Table 1 are for beds of
effectively uniform particle size. Kunii and Levenspiel
(1969, pp. 67-71) present a technique for estimating the
mean diameter of particles in a bed with a distribution of
sizes, based on the particle volume to surface-area ratio.
This technique is effective for a relatively narrow range of
sizes; however, caution should be exercised in applying it
to a wide particle size range, for example, the 6 mm-0 coal
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Fig. 3. Correlation of data for penetration depth of vertical jets into
fluidized beds.
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feed to a typical coal processing fluidized bed (Skinner,
1970); fine particles in the distribution have a considerable
effect on the calculation. Similarly, it is not clear at present
exactly how d;, should be specified in applying the correla-
tion for jet penetration depth to a bed with a wide range
of particle sizes.

ACKNOWLEDGMENT

This work was carried out at the Research Laboratories of
Westinghouse Electric Corporation and was partially sponsored
by the Office of Coal Research. The author wishes to thank
Dr. D. L. Keairns for the encouragement and advice he has
offered during many useful discussions.

NOTATION

do
dy

jet nozzle diameter
mean particle diameter

Dy, = initial bubble diameter

g = acceleration due to gravity

G = volumetric gas flow rate

L = jet penetration depth measured from nozzle
Ly = jet penetration depth measured from apex of cone
4y = jetnozzle velocity

Vo = initial bubble volume

y. = length of conical section of jet (y./L = 0.55)
yo = distance between apex of cone and jet nozzle
Greek Letters

6 = jet half-angle

p; = density of fluid

pp = density of solids
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A Generalized Thermodynamic Correlation
Based on Three-Parameter Corresponding

States

BYUNG IK LEE

The volumetric and thermodynamic functions cotrelated by Pitzer and and
co-workers analytically represented with improved accuracy by a modified

BWR equation of state. The representation provides a smooth transition
between the original tables of Pitzer et al. and more recent extensions to
lower temperatures. It is in a form particularly convenient for computer use.
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SCOPE

The 3-parameter corresponding states principle as pro-
posed by Pitzer and co-workers has been widely used to
correlate the volumetric and thermodynamic properties
needed for process design. The original correlations by
Pitzer et al,, based on that principle, were limited to
reduced temperatures above 0.8. Several extensions to
lower temperatures have appeared in the last five years.
Most of these correlations are in tabular or graphical form,
difficult to implement on the computer. Also, significant
discrepancies dppear at the interface (near T, = 0.8)
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between the original and extended correlations.

The objective of this work was to develop an analytical
correlation, based on the 3-parameter corresponding states
principle and covering the whole range of T, and P, of
practical interest in hydrocarbon processing. Another ob-
jective was to improve the accuracy and consistency of
the published correlations. This has been achieved by
means of two equations of state, similar in form to that
of Benedict, Webb, and Rubin, for the simple and refer-
ence fluids.
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