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[57] ABSTRACT

A bubble column-cascade reactor comprising a verti-
cal column and a plurality of equidistantly-spaced,
horizontally-mounted, uniformly-perforated plates
therein, the aperture area of each plate being depen-
dent on the cross-sectional area of the column and the
plate-spacing being such that adjacent plates are sepa-
rated vertically by a distance at least three times the
diameter of the columnar reactor.

A method for reacting a liquid with a gas or with a
non-gaseous reagent in the presence of an inert or
reactive gas employing such a bubble column-cascade
reactor with little or no liquid back-mixing, dwell time
in the reactor being dependent on the liquid and gas
throughputs.

8 Claims, 3 Drawing Figures
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BUBBLE COLUMN-CASCADE REACTOR AND
METHOD

The present invention relates to a bubble column-
cascade reactor adaptable to the continuous reaction
of a liquid with a gas or with a non-gaseous reagent in
the presence of an inert or reactive gas, and to a
method for effecting such a reaction.

An object of the present invention is the continuous
reaction of liquids with gases, or of liquids with liquids
in the presence of gases, or of liquids with solids in the
presence of gases, or of liquids with gases and solids,
with a dwell time approaching or corresponding to that
in an ideal cascade of stirred vessels.

A feature of the present invention is a reactor for car-
rying out such a continuous reaction in which the de-
sired dwell time is achieved by control of the through-
put of liquid and gas.

A further feature of the present invention is a method
for effecting such a continuous reaction in such a reac-
tor.

It is already known from German Pat. No. 1,028,096
to attempt to produce a gas cushion in a flow-reactor
beneath the sieve plates thereof by using sieve plates
whose apertures must be less than ! millimeter in diam-
eter. However, the patent describes no measures suffi-
cient for the reproducible formation of a gas cushion.

According to the present invention, a liquid reagent
is continuously reacted with a gas, or with a liquid in
the presence of a gas, or with a solid in the presence of
a gas, or with a gas and a finely-divided solid, by passing
the reagents in an upwardly directed paralle! flow
through a tubular flow reactor having perforated plates
therein. By using an appropriate throughput of liquid
and gas, a dwell time in the reactor is sought which ap-
proximates or corresponds with that in an ideal cascade
of stirred vessels.

The tubular flow reactor of the present invention
comprises a vertical column having a plurality of perfo-
rated plates therein. The total aperture area of the per-
forated plates is from 0.5 to 15 percent of the empty re-
actor cross-section, preferably from 0.5 to 5 percent.
The perforated plates are tightly joined to, i.e., in close
contact with, the interior wall of the column and are in-
corporated in the column in an exactly horizontal posi-
tion. The individual apertures of each perforated plate
are of the same size and are uniformly distributed over
the plate. The distance between two adjacent perfo-
rated plates is uniform (i.e., the plates are equidistant)
and is greater than 3 times the diameter of the reactor
column.

In a preferred embodiment, the apertures are formed
as right circular cylinders, which may optionally be
beveled at their lower end, i.e., at the plate bottoms, or
may be frustoconical in vertical cross section.

In a further preferred embodiment, a finely-divided
solid reagent is present in the reagent stream entering
the reactor in an amount, in kilograms per hour, which
is up to 15 percent of the liquid entering the reactor,
in kilograms per hour,

The geometry of the reactor and of the perforated
plates according to the present invention, as well as the
volume of the streams of gas and liquid or suspension
appropriate thereto, inhibits axial back-mixing of the
phases between the individual reactor sections defined
between the perforated plates. If a stable gas cushion
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is formed under every perforated plate, referred to in
the following specification as a “special flow condi-
tion,” axial back-mixing is completely hindered.

The liquid and gaseous contents of the individual re-
actor segments are turbulently mixed with one another
by the high gas throughput and by the constant new dis-
persion of gas in the reaction mixture at the perforated
plates, whereby a high mass transfer is achieved. By re-
duction of the gas throughput below the minimum
value necessary for the formation of a gas cushion, the
degree of mass transfer is, to be sure, decreased. How-
ever, even with a reduction in the gas throughput up to
50 percent of this minimum value, back-mixing be-
tween the reactor segments is still sufficiently hindered.
A decreased degree of mass transfer has no influence
on reactions determined by reaction velocity.

In the reactor of the present invention, each reactor
segment contains a bubble layer whose gas-holdup in-
creases with increasing height of the segment. If back-
mixing of liquid is to be completely avoided, then a gas
cushion like that mentioned earlier is found above the
bubble layer and occupies the space to the floor of the
next reactor segment. Each of the reactor segments,
thus, is a bubble column reactor so that the complete
reactor can be characterized as a bubble column-
cascade reactor.

If back-mixing of liquid or of a suspension through
the apertures of the perforated plates is reduced to a
minimum or completely hindered by formation of a gas
cushion, by means of a correspondingly chosen volume
of the gas stream, then the bubble column-cascade re-
actor of the invention has the same dwell time as an
ideal cascade of stirred vessels, since the gas simulta-
neously effects good mixing of the liquid in the individ-
ual reactor segments.

It is known in the art that an ideal cascade of stirred
vessels has an ideal mixture of the liquid reagent pres-
ent in each stirred vessel and that back-mixing between
the separate stirred vessels is impossible. Still, a slight
back-mixing of liquid or of suspension through the ap-
ertures of the perforated plates in the reactor of the
present invention similarly has no measurable influence
on the dwell time behavior.

Since the bubble column-cascade reactor of the in-
vention behaves, from the point of view of the dwell
time, like a cascade of stirred vessels, well-known equa-
tions can be applied to the system for calculating and
determining average dwell time and, therewith, for
achieving an independence of the reactor contents
from the required product throughput [cf. J. Kardos,
Chemische Technik 4, 216 ~ 220 (1969) and 5, 275 -
280 (1969)]. With the process and reactor of the pres-
ent invention, the same dwell time as in an ideal cas-
cade of stirred vessels can be achieved with a consider-
ably reduced technical outlay. In addition, it is possible
at will to produce long dwell times of a liquid or suspen-
sion in the reactor.

A better understanding of the present invention will
be had by referring to the drawing, wherein

FIG. 1 is a schematic drawing of a reaction system in-
corporating a reactor (shown in a side section view) ac-
cording to the present invention:

FIG. 2 is a plan view of a perforated plate for use in
such a reactor; and

FIGS. 3A - 3C are side sectional views showing pre-
ferred aperture configurations.
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FIG. 1'shows reactor 11 comprising cylindrical col-
umn 12 having therein a plurality of perforated plates
13 equidistantly spaced from each other. Gas, moved
by means such as compressor 14, enters reactor 11,
through line 15, at the reactor bottom 16, beneath low-
ermost perforated plate 17. Liquid, or a suspension of
a solid in a liquid, enters reactor 11, through line 18,
at 19, above lowermost plate 17. The liquid is moved
by means such as pump 20.

Within column 12, plates 13 are suitable movably
mounted on central core 21, which may be tubular for
example. Plates 13 are in close contact with core 21
and, on their periphery, with the inner wall of column
12. As best seen in FIG. 2, plates 13 may be provided
with a peripheral gasket of a reaction-resistant material
such as fluorinated rubber or steel.

"Above topmost perforated plate 22, a mixture of gas

“-and liquid, or of gas and suspension, is withdrawn from
- reactor 11 and led to separator 23. The gas is returned

to reactor 11 through line 24 to circulating compressor
14. Additional gas is introduced into the circulating gas
stream at 25 as necessary. Liquid or suspension is re-
moved from separator 23 through line 26.

ln the reactor segments defined between adjacent
plates 13, the height of bubble layer 27 and, therewith,
of ‘gas cushion 28, can be adjusted by changes in the
volime of the gas and/or fluid streams through valves
29.and-30, respectively. ‘

FIG 2 is a plan view of a perforated plate 13 showing
a suitable uniform distribution of apertures 31, all of
the same size.

*F1G. 3A is a side view, in section, of a preferred aper-
ture conﬁguratron in which the apertures have a right
circular cylindrical section.

FIG. 3B is a side view, in section, of another pre-
ferred aperture configuration in which the circular ap-
ertures are beveled at their lower ends, i.e. on the bot-
tom of plates 13.

FIG. 3C is a side view, in section, of still another pre-
ferred aperture configuration in which the apertures
are frusto-conical in vertical section.

‘The reactor diameter, the spacing of the perforated
plates, the number of perforations and their diameter,
the distribution of the perforations, and the thickness
of the plates and their gasketing, on the one hand, and
the volume of the liquid and gas streams and the physi-
cal properties of the gas and liquids such as density, vis-
cosity, and surface tension, on the other hand, influ-
ence the formation of a gas cushion and the degree of
back-mixing of the liquid in the reactor.

It has been found that for each geometry of the perfo-
rated plates and reactor and at a given value of liquid
throughput, there is a characteristic gas throughput at
which there is no back-mixing through the perforated
plates and a gas cushion is formed under the perforated
plates. This flow condition is characterized as the “spe-
cial flow ‘condition.”

At a constant aperture diameter and at a constant ap-
erture number, the gas throughput necessary for reach-
ing the “special flow condition™ decreases with increas-
ing liquid throughput, while simultaneously the liquid
content in the individual reactor segments increases
and the thickness of the gas cushion decreases. With
the following definitions of the Reynolds numbers for
the liquid and gas phase at a given aperture diameter,
d’
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Repa=wia X d X py/nL
and

Re(»,, = Wgag X d X pG/T]G

the following is the condmon for gas cushion forma-
tion:

ReLd/ReGd =0, l..

(For gases with very low densities, pg, there is a signifi-
cant departure from the aforementioned relationship.)

The loss in gas pressure in the bubble column-
cascade reactor of the invention is given with an error
of £5 percent for all material pairs and geometries in-
vestigated, and for all possible flow conditions, by the
empirical relationship given below. With a definition of
the Froude number at a given reactor diameter, D,

Frep = wep® X peID X g X (p, — pg)s

the following equation

APtoml:€XPLXthX”

is valid in the region 3 X 1077 < Frg, < 1078,
The pressure loss coefficient, €, can be determmed by
means of the following dimensionless relationship:

€=0.31 X (D X ¢/Frgp X h)%2-0.01 (D X ¢/Frgp X h)°S,

The symbols employed in these equations have the
following meaning:

d Aperture diameter

D Reactor diameter

g Gravitational constant

h Spacing between adjacent perforated plates

n Number of reactor segments

Ap Pressure loss

w Velocity

€ Pressure loss coefficient

7 Dynamic viscosity

o Density

¢ Relative free aperture area

Fr Froude number :

Re Reynolds number

Subscripts:

d pertains to the aperture diameter

D pertains to the reactor diameter

G pertains to the gas phase

L pertains to the liquid phase

The bubble column-cascade reactor according to the
invention and the formation of gas cushions therein was
first examined with model substances (Table I) and
then chemical reactions were investigated (cf. Table
I}. Observations of gas cushion formation and of back-
mixing were made using a transparent model.

The process of the present invention can be used to
particular advantage for the preparation of metal or-
ganic compounds, particularly for the preparation of
aluminum organic compounds according to the Zlegler
process. In this process, finely-divided aluminum is re-
acted with hydrogen in the presence of aluminum trial-
kyls and, optionally, olefins. Other reactions involve
the preparation of aluminum trialkyls from diatkyl alu-
minum hydrides and olefins.

As an example of reactions involving a liquid with a
gas according to the present invention, the preparation
of triethylaluminum from diethylaluminum hydride and
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ethylene can be mentioned. A’ reaction between a lig-
uid, a reactive solid, and a reactive gas is exemplified
by the reaction of aluminum with triethylaluminum and
hydrogen to form diethylaluminum hydride. In similar
fashion, a liquid can be reacted with another liquid or 5
with a solid in the presence of an inert gas such as nitro-
gen or carbon dioxide, where employment of the reac-
tor or reaction method of the invention would be ad-
vantageous. '

The tests reported in Table [ below were performed 10
in a column 3 meters high equipped with 4 plates. The
reactor was at a temperature of 20°C., and the gas pres-
sure was one atmosphere (STP).

The tests reported in Table II below were performed
with a liquid content in the reactor of 60 percent and 15
with a gas cushion height of 20 mm.

6

4. A reactor as in claim 3 wherein said right circular
cylindrical apertures are beveled at their lower end.
" 5. A reactor as in claim 1 wherein said apertures are
frusto-conical in vertical cross-section.
6. A method for continuously reacting a liquid with
a gas which comprises flowing said liquid and gas up-
wardly through a walled vertically columnar reaction
zone separated into a plurality of reaction compart-
ments by perforated plates equidistantly stacked ex-
actly horizontally in said reaction zone, adjacent plates
being separated vertically by a distance at least three
times the diameter of said columnar reaction zone and
being tightly joined to the interior wall thereof, each
plate having a plurality of apertures therein of the same
size distributed uniformly over the area of the plate, the
total free aperture area of the plates being from 0.5

TABLE 1
Tests with Model Substances in a Bubble Column-Cascade Reactor .
Average Gas
Liquid Gas Aperture Diameter/  Aperture  Dwell Liquid Cushion
Throughput Throughput - Column Diameter Area* Time Content Height
Liquid (kg/hr)  Gas (kg/hr) (mm/mm) (%) (hrs) (%) (mm)
1) Dibuty! ether 21.8 N, 38.5 4/140 2.49 0.9 50 100
2) Octene 13.8 N, 17.2 2/140 1.6 1.5 57 55
3) Water 46.4 Air 35.5 4/140 2.5 0.55 50 80
4) Water 45.8 Air 14.8 2/140 1.6 0.65 59 40
5) Water 29.2 Air 12.0 4/140 1.25 1.1 66 35
6) Water 46.9 Air 4.0 4/140 2.5 0.93 87 0.0
7) Water 46.9 Air 11.9 4/140 2.5 0.7 65 15
8) Water 46.9 Air 19.0 4/140 2.5 0.62 58 40
9) Water 46.9 Air 334 4/140 2.5 0.51 48 70
*Total aperture area of the plates as a péreentage of the cross-sectional area of the empty reactor,
TABLE II
Tests with Chemical Reagents in a Bubble Column-Cascade Reactor
Column
Liquid Pressure/ . Average Height/
or Solid Liquid Gas Temperature  Aperture Diameter/  Aperture Dwell No. of
Liquid Throughput Throughput  (atm STP/ Column Diameter Area* Time Plates
Suspension (kg/hr) Gas (kg/hr) °C.) (mm/mm) (%) (hrs) (m/-)
10) DEAH 19.8 Ethylene 13.1 7.5/100 3/70.3 34 0.51 5.5/12
I1) TEA, Al 15.0 Hydrogen 9.65 150/100 4.5/100 24 2 6.55/12
12) DEAH 406 Ethylene 355 10/100 3/300 3 0.75 10/10
13) TEA, Al 236 Hydrogen 122 150/140 5/300 4 2 12/14

DEAH = diethylaluminum hydride
TEA = triethylaluminum
Al = aluminum powder

* Total aperture area of the plates as a percentage of the cross-sectional area of the empty reactor

‘What is claimed is: 50

L. A bubble column-cascade reactor for continuously
reacting a liquid with a gas or with a non-gaseous rea-
gent in the presence of an inert or reactive gas, said re-
actor comprising a vertical column having a plurality of
perforated plates equidistantly stacked exactly horizon- ss
tally within said column, adjacent plates being sepa-
rated vertically by a distance at least 3 times the diame-
ter of the reactor, said plates being tightly joined to the
interior wall of said reactor, each plate having a plural-
ity of apertures therein of the same size distributed uni- 60
formly over the area of the plate, the total free aperture
area of the plates being from 0.5 percent to 15 percent
of the cross-sectional area of the empty reactor,

2. A reactor as in claim 1 wherein the total free aper-
ture area of the plates is from 0.5 to § percent of the 65
cross-sectional area of the empty reactor.

3. A reactor as in claim 1 wherein said apertures are
right circular cylindrical in vertical cross-section.

percent to 15 percent of the cross-sectional area of said
columnar reaction zone, the flow of gas and liquid
through said reaction zone being such that

Reynolds number,4/Reynolds numberg, = 0.1,

whereby a gas cushion is formed under said plates, and
wherein

Reynolds number g = w4 X d X pu/mL,
Reynolds numbergq = wgq X d X pg/ng,

w = velocity
d = aperture diameter
p = density

n = dynamic viscosity
and the subscripts d, G, and L refer respectively to ap-
erture diameter, the gas phase, and the liquid phase.
7. A method for continuously reacting a liquid with
a non-gaseous reagent in the presence of a gas which
comprises flowing said liquid, gas, and non-gaseous re-
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agent upwardly through a walled vertically columnar

‘reaction zone separated into a plurality of reaction

compartments by perforated plates equidistantly
stacked exactly horizontally in said reaction zone, adja-
cent plates being separated vertically by a distance at
least three times the diameter of said columnar reac-
tion zone and being tightly joined to the interior wall
thereof, each plate having a plurality of apertures
therein of the same size distributed uniformly over the

-area of the plate, the total free aperture area of the

plates being from 0.5 percent to 15 percent of the
cross-sectional area of said columnar reaction zone, the
flow of gas and liquid through said reaction zone being
such that

Reynolds number s/Reynolds numberg, = 0.1,

whereby a gas cushion is formed under said plates, and
wherein _
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Reynolds numberq = wiy X d X p,/n,,
Reynolds numbergq = weg X d X pg/ng,

w = velocity

D = aperture diameter

p = density

7 = dynamic viscosity
and the subscripts d, G, and L refer respectively to ap-
erture diameter, the gas phase, and the liquid phase.

8. A method as in claim 7 wherein said non-gaseous
reagent is a finely divided solid entering the reaction
zone in an amount by weight, per unit time, which is up
to 15 percent of the weight of liquid entering the reac-
tion zone per unit time.

* * * * *



