DOVWN- FLOW BATCH M XI NG SYSTEM Fi eld of the Invention_The resent [ nvent i on

general'ly relates to batch~-m xing systenms in which g Bajis By B@nR@laced
bat'ch of a liquid suspension is nixed V\mhfgas ang, m)rﬁ%ppar m,

the invention relates to a down-flow batc Ng sytsem-pravi
[ rrproved m xi ng effectiveness:through a de I gn¥ whi ch establi shes m Xi ng
condi tions of a substanti rl-free |am nar uid flow Background of
the | nvention %VJ'L\}I E%..ng BATCH IXING SYST% g

Field of the Invention

The present invention generally relates to batch mixing

systems in which a batch of a liquid or a batch of a liquid

5 suspension is mixed with a gas and, more particularly, the
invention relates to a down-flow batch mixing system providing an
improved mixing effectiveness through a design which establishes

mixing conditions of a substant:.ally swirl-free laminar liquid
flow.

0 Background of the Invention

In batch mixing, a batch of a liquid or of a liquid suspension

is loaded into a mixing tank and means for introducing a gas into

the 1liquid is prov:.ded an impeller-type agitator provides

agitation of the liquid or of. the liquid suspension while the gas

5 to be reacted with the liquid suspension is introduced, usually by

nozzles or so-~called sparging rings in the form of gas bubbles. The

mixing process proceeds until a selected , prodess indicator

. .indicates a desired dégree of completion of a chemical reaction

between the liéuid suspension and the gas, whereupon the wmixing

20 process is terminated and the thus reacted product is emptied from
the mixing tank. Numerous batch mixing systems are known in which

improved mixing effectiveness has been _ééught by introducing a

number of particular mixing system designs, tailored to achieve

particular results. A m:éasure of the effectiveness of the mixing

25 process in a batch mixing system is a quantity referred to as a

*mass transfer coefficient,” which provides an indication of the

effectiveness of mass transfer during the mixing process. The

literature on batch mixing systems is replete with examples of

improved designs for an agitator, impeller, or propeller, the

30 incorporation of ..bafﬁles disposed on the inside wall of a mixing

tank, the introdl_g,___c_t_:ioﬁ ‘of draft tubes functioning as shrouds, and

various gas int}éduc_ti_on.means:and their location with respect to

the impeller within the mixing tank. In some mixing system designs

a stator having stationary blades or vanes is used in proximity to

35 ‘the impeller so as to"""éi;c':hi'e'\_fe improved mixing. characteristics for
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suspension i s introduced, usualty by nozzles or so-calj ed spar

the formof gas bubbles. The m xing process proceeds
process indicator indicates a desi red—aegree of conpl etion of a cheni cal
reaction between the |iquid suspension and the gas, whereupon the m xing
process is termnated and the thus reacted product is enptied from

certain materials or under certain conditions.

Another design variable disclosed in the literature is the
mixing tank itself and, more particularly, the design of the tank
bottom of a mix:i.rig system. As viewed from the inside of a mixing

5 tank, the tank bottom may be a flat bottom or it may be a concave
bottdm, or as is the case in certain pressure vessels, it may be a
convex bottom. Thus, with respect to the contour of the bottoms of
mixing tanks, the disclosures known to the applicant can be
accurately classified as follows: .

0 Mixing systems having a flat bottom are disclosed in the
following " U.S. Patents: 4,454,078 (June 12, 1984); 4,190,371
(Pebruary 26, 1980); 4,207,275 (June 10, 1980); 3,875,057 (April 1,
1975); 2,433, 592 (December 30, 1947), and 1,255,944 (February 12,

'1918). _ .

5 ‘Contoured tank bottoms or chamber bottoms are disclosed in the
following patents: U.S. 4,054,519 (October 18, 1977) discloses a
hydraulic attrition unit for a marine toilet, showing in a portion
of a Fig. 3A thereof, a hemi-toroidal -chamber bottom. In U.S.
3,488,038 (January 6, 1970) there is dis_ciosed a stirrer, shown in

20 ° a Fig. 1 as having a propeller (18) directing 1liquid flow
downwardly toward a cont':"‘bured and rotating flow guiding body (19),
whereupon the 1iquid is shown as flowing along a flat bottom
portion of a container (11), and past suppressor wvanes (20)
attached to side walls of the container. U.S. 2,521,396 (September

25 5, 1950) discloses a gas-and liquid contact apparatus, showing in
" a Fig. 1 thereof a tank (1) having a uniformly concave tank bottom,
an impeller (9) and a rotary_'gas target (11) attached to a shaft
(10) . The rotary gas target or gas distribution system directs a
gas upwardly toward the impeller. The impeller (9) directs a liquid

30 flow upwardly. In U.S. 2,123,496 (July 12, 1938) there is disclosed
a drink mixer. having a‘ toroidally shaped bottom of a. feqept_:_aclé

(12), as depict’éti in-a#ig. 1 thereof. In U.S. 2,016,627 (October
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The literature on batc mxing systens <3 replete with exanples of inproved

designs for an agitator, inpeller, or propeller, the incorporation of
baffl es di sposed on the inside wall of a m xing

8, 1935) there is disclosed a device for treating paper stock,
Figs. 1 - 3 thereof showing in these embodiments various contoured
bottoms of a receptacle (10), and indicating tubular members or
shrouds having various configurations (15, 15a, 15b, and 15¢). In -
S U.s. 1,960,613 (May 29, 1934) there is disclosed a method for
bleaching paper pulp, and showing in Figs. 1 and 2 thereof a tank
(1) having a hemi-toroidal tank bottom delineated by a central
ridge (9), an axial flow impeller (3), and a degrader (2) in which
the pulp is given a downward movement (Fig. 1) by the impeller and
10 alternatively an upward movement (Fig. 2).

Another publication, titled The Attainment of Homogeneous
Suspension; in a Continuous Stirred Tank, by S. Aeschbach and J. R.
Bourne, The Chemical Engineering Journal, Elsevier Sequoia S.A.,
Lausanne (1972) deécribes results of a comprehensive study of

15 ‘various configurations of tanks and positions of an impellers
" immersed into. a suspension of PMMA particles in a hydrocarbon
liquid. This publication does not address the question of mixing,
rather it attempts to address the particle size distribution in the
liquid before and after stirring of the liquid suspension by

20 impellexrs. In that publication, on pages 238 and 239 thereof,
there are shown as a “ca:"se 6” and a “case 7” a system within a tank
having a hemi-toroidal tank bottom and having baffles in the form

of a draft tube. The propeller directs the flow of the liquid
suspension upwardly. The particle size distribution curves shown in

25 Figs. 6 and 7, respectively, indicate that a more homogeneous
suspension is retained after a period of agitation of the
suspension by using the configurations and conditions described as

“case 6” and “case 7," respectively. The conclusions of that
publication, on page 242 thereof, indicate that conventional

30 flat-bottomed propeller agitated tanks were not, -producing
homogeneous susperisions, while the empirically determined contoured

tank bottom pi'ovidéd more homogeneous suspensions in t&rms of the
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measured particle size distribution. It is also pointed out in the

conclusions- section that constant propeller tip speed was seen as

the relevant criterion to provide homogeneous suspensions in a

scaled up version of the stirrer apparatus having the contoured
5 bottom.

It is apparent from a detailed review of the foregoing
publications, and as related to batch mixing systems, that at least
the following major aspects or features of a batch mixing system
designed for mixing a gas with a liquid suspension have either not

10 been considered or have not been appreciated in the prior art with
respect to an influence of any one aspect or feature or of a
combination of aspects or features on a measure of mixing
effectiveness achievable in a batch mixing system:

(1) the influénce of swirl and turbulenee of the liquid flow

15 ; ‘as induced by an impelier disposed in a mixing tank;

(ii) the influence of the contour or profile of the bottom of
a mixing tank in the .case of a “down-flow” batch mixing system,
i.e., a batch mixing system in which an impeller provides a flow of
a liquid suspension which is initially directed downwardly toward

20 the tank bottom; and :

(iii) the influence of the disposition within a mixing tank of
an assembly including at least an impeller, a stator adjacent to
the impeller, a shroud adjacent to a radial periphery of both the
impeller and the stator, and a gas sparging means radially

25° coextensive with the shroud. '

Accordingly, it is desirable to provide a batch mixing system
having an improved mixing- efﬁec_tivéness for mixing a gas with a
liquid suspension. ‘Such' an -improvéd mixing system can be
advantageously used in -the fields of fermentation, aeration, and

30 .generally: in mixing -applications using reactive gases to promote
controlled chemical reactions in liquid suspensions. ~
Summary of the Inverition * -
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contour of the bottons of m xing tanks, the discl osures known to the
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1984) ; 4,190, 371

It is the principal object of the present invention to
provide a down-flow batch mixing system for mixing a gas with a
liquid suspension under conditions of substantially swirl-free
laminar liquid flow.

Another object of the invention is to provide a down-flow
batch mixing system which produces improved mixing effectiveness of
a gas and a liquid. suspension. '

A further object of the present invention is to provide a
down-flow batch mixing system having a tank with a hemi-toroidal
tank bottom extending with a monotonically increasing -f.-'-"t'broidal
radius from a centrally disposed cylindrically shaped neck portion
to a cylindrically shaped and concentric upper portion of an outer
tank wall.

A still further object of the present invention 1s to provide

‘an improved down-flow batch mixing system -in which an axial flow

impeller, a stator disposed adjacent thereto, a shroud extending
around the periphery of both the impeller and. the stator, and a
sparging ring are arranged within the tank and with respect to the
toroidal tank bottom such that substantially swirl-£free laminar
liquid flow is achieved within the tank.

Briefly described, the present invention provides a down-flow
batch mixing system for mixing a gas with a liquid suspension under
conditions of substantially swirl-free laminar liquid flow, in
which a mixing tank has about a central axis a hemi-toroidal tank
bottom extending with a monotonically increasing toroidal radius
from a cylindrically shaped neck portion formed by tank walls
proximate the central axis to a cyli-hdrically shaped upper portion
of a tank wall formed radially outwardly from this neck portion.
The mixing system also hdas ‘an impeller hub which 'is .radially .

. coextensive with an end face of the neck portion of the tank and

which is rotatably disposed thereon, and rotatably driven:by  a
drive shaft. An axial flow impellér is mounted to the-infpeller hub.
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The impeller has pitched impeller blades, and upon rotation the
impeller directs the liquid suspension in a substantially laminar
flow downwardly along the neck portion and along the hemi-toroidal
tank bottom. Thus, where the impeller ( is upstream of the stator
or another counter-rotating blade assembly) the pitches of the
impeller and stator blades or blades of a second counter rotating
blade assembly are such that the flow leaving the stator or counter
rotating blade assembly is essentially axial. Similarly, where
the stator is upstream of the impeller, the pitches of the impeller
and stator are such* that- the flow leaving the impeller is
essentially axial. The stator is disposed adjacent to and radially
coextensive with the impeller. A shroud extends radially around
the periphery of both the impeller and the stator. A sparging ring,
which prdvide's the gas to be mixed with the ljquid suspension, is
disposed on the shroud and is radially coextensive therewith.

Thus, the present invention provides a down-flow batch mixing
system in which a tank..having a particular hemi-toroidal tank
bottom cooperates with an assembly including an impeller, a stator,
a shroud, and a sparging ring to -produce ~conditions of
substantially swirl-free laminar liquid flow so that an improved
mixing effectiveness is obtained in the mixing of a gas with a
liquid suspension. The gas-is Aintroduced in a region of high speed
flow and immediately upstream of a region of high shear.
Brief Description of the Drawings

The present ‘invention will be better understood and
appreciated more fully from the following detailed description,
taken in conjunction with:- i:he 'aééompanying drawings, in which:

FIG. 1 shows in a c:r:oss -sectional view a first embodiment of
the down-flow batch. m:.x:.ng system in accordance.with the present
invention, 1n which a . support .tube supports a stator with a
sparging ring thereon, and a dr:.ve shaft extending coax::ally within
that support tube to an 1mpe11er hub, the hub beidyg radially



whereupon the liquid is shown as flowing along a flat bottom portion of a

container (11), and past(s,uppressor vanes (20) attfched_ to side walls of
the container. U S 2,521,396 (Septenber 5, 1950) discl oses a gas and _
|l i quid contact apparatus, showing in a Fig. 1 thereof ced
uni formy concave tank bottom an inpeller (9) and otar ‘ﬁﬂ m“ﬁw ﬁ
attached to a shaft (10). The rotary gas target or gg | str

directs a gas upwardly toward the inpetfer. The inp - :(9) ec

liquid flow upwardly. In U S 2,123,496 (July 12, 1938) there is disclosed
a drink mxer having a toroi daI |y shaped bottom of a receptacle

coextensive with an end face of a cylindrical neck portion of a

mixing tank. Also indicated schematically are two of the toroidal

radii which, in combination, provide the monotonically increasing

toroidal radius of the tank bottom extending from the cylindrical
5 neck portion to a cylindrical outer wall portion of the tank.

FIG. 2 depicts a down-ﬁlow batch mixing system in accordance
with a second embodiment of the invention, in which a stator is
disposed on a portion of a cylindrical neck portion of a mixing
tank, and an impeller rotatably driven by a drive shaft extending

.0 into an impeller hub, ‘the drive shaft having a fairing radially
coextensive with the impeller hub, and a unitary member surrounding
the radial periphery of both the stator and the impeller, in which
the unitary member. functions as both a shroud and a sparging ring.

FIG. 3 shows a down-flow batch mixing ayétem in accordance

15 ¢ with a third embodiment of the invention, in which a stator and a
: sparging ring are supported by the cylindrical neck portion of the
mixing tank, and a drive shaft extends axially through an end face
of said cylindrical neck portion of the mixing tank to an impeller

hub radially coextensive with the end f_acé of the neck portion.

20 "FIG. 4 is a graphical presentatién of mass transfer
coefficient versus power applied to an impeller drive shaft, and
comparing the performance of a down-flow batch mixing system in
accordance with the invention to the performance of an identically
contoured mixing tank 'having baffles disposed along the inside of

25 the outer tank walls and having an impeller and a sparging ring
only.

FIG. 5 is .a graphical presentation of the functional
relationship between a mass transfer coefficient and the power
applied to an impeller drive.shaft, and. comparing the’ performance

30 of a down-flow batch mixing .system in accordance with the present
invention to the performance of a conventional batch mixing system
having a flat tank bottom and’ side wall baffles, as *well as an
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impeller and a sparging ring only.
Detalled Description of the Embodlments

Referring now to FIG. 1, there is depicted a first embodiment
of a down-flow batch mixing system shown in a cross-sectional view.
The mixing system 10 has a mixing tank 12 with a central axis 13.
Radially concentric with the axis 13 are cylindrically shaped upper
side wall portions 16 and a cylindrically shaped neck éortion 15,
the neck portion terminating at an upper face 18. A contoured

-hemi-toroidal tank bottom, indicated at 14, extends with a

monotonically increésing toroidal radius from the cylindrically
shaped neck portion 18 to the cylindrically shaped upper side wall
portion 16. The monotonically varying radius of the hemi-toroidal
tank bottom is schematically indicated by two toroidal radii R,,

and R, these radii drawn about toroidal center iines indicated at
"17. The toroidal radius R, denotes the shortest radius emanating

from the cylindrical neck portion 15, while the toroidal radius R,
denotes the largest radius where the ﬁank bottom merges into the
cylindrically shaped upper side wall portion 16. The difference
between R, and R, is indicated as AR. An'impeller hub 20 is shown
disposed above the upper end face 18 of the neck portion 15, the
hub being radially coextensive with the radial dimensions of the
neck end face as viewed from the inside of the tank 12, and the
impeller hub is rotatably driven by a drive shaft 22. An axial flow
impeller, indicated at 24 has impeller blades 25 extending radially
outwardly from the hub 20. The impeller blades 25 (not shown in
detail) have a pitch such that the impeller induces an-initially
downwardly directed flow of a liquid suspension along the neck
portion 15 and the contour lines 14 of the tank bottom, thus

.referring to this mixing system as a *down-flow” mixing system.

Shown positioned adjacently above the 1mpe11er 24 is a stator,
indicated at 30 having a plurality of statlonary stater blades 35
(not shown in detail), the stator blades 35 having a Pitch such

eilaced
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that the swirl induced by the stator 30 is essentially removed by
the rotating impeller blades 25 thus substantially reducing the

‘magnitude of swirl components of liquid flow in the mixing system

10. The stator 30 is fixedly attached to a cylindrical support tube
32, the tube having an outer diameter which is radially coextensive
with the diameter of the impeller hub 20. The support tube 32 is
concentric about the drive shaft 13. A shroud 40 is indicated as
extending adjacently around the periphery of both the impeller 24
and the stator 30, the impeller and the’ stator being substantially
radially coextensive. Shown disposed ab'o.v'e' the stator 30 and
radially coextensive with the shroud 40 is a sparging ring 50
having apertures 52 through which a gas is introduced into the
rapidly down-flowing liquid in the foi:‘m-of gas bubbles in a manner

well known in the art of mixing systems. '

Substantially sw1rl free laminar liquid flow conformlng to the
hemi-toroidal contour of the tank bottom and being directed
downwardly by the impeller 24 tangentially along the cylindrical
neck portion 15, is schematically indicated-by dashed outlines with
small arrows indicating the direction of flow of the liquid
suspension. Gas bubbles are depicted throughout the liquid
suspension in the tank a;"s a way to indicate in the drawing that the
substantially swirl-frée laminar liquid flow conditions achiewvable .
in the mixing system 10 of the invention provide for a
significantly enhanced residence time of small gas bubbles in the
liquid suspension by having minimized regions of swirl and
turbulence of the flowing liquid.

The shroud 40 has a radially inwardly facing cylindrical
surface indicated as having a radius R,, and an inwardly facing
surface of the cylindrical portion 16 of the tank wall 12 _is' shown
with a radius R,. It can be shown that conditions of substantially
swirl-free laminar flow of the liquid suspension can be maintained

-



|nnersed |nto a suspen5|on of PMVA partlcles in a hydrocarbon liquid. This
publ i‘cati on does not address the question of mxing, ragher it attenpts to

address the particle size distribution in the |iquid befo&e—aﬁd~a%%et———————*
stirring of the Iiquid suspension by inpellers. I n that publlcatlon

pages 238 and 239 thereof, there are shown as a 'l Jiefanam " h“” '
systemw thin a tank having a hem -toroidal tank bﬁbtkﬂnﬁmd
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so long as the ratio Rsd/Rt does not exceed a value of 0.35.

- Referring now to FIG. 2, there is depicted a cross-sectional
view of a down-flow batch mixing system (100) .The embodiment of the
mixing system shown in FIG. 2 differs from that of FIG. 1 in the

5 mounting of a stator 130, and in the attachment of a drive shaft
122:'to an impeller hub 120, as well as in the use of a unitary
member 170 which serves both as ‘a 'shroud and a sparging ring in -
thiE'- embodiment .

7 The stator 130 is shown as: positloned below an impeller 124,

L0 the ‘stator 130 fixedly attached- to the inner walls of a portion of
a cyllndrical neck portlon 115 of a mixing tank 112. leedly
attached to a radial periphery of the stator 130 is the unitary
member 170 which has at an upper portion thereof an integrally

;formed gas sparging ring having apertures 172'. Disposed above the
15 ) ‘stator 130 and adjacent an upper surface 118 of an end face of the
neck portion 115 is the impeller hub 120 which is radially
coextensive with the upper surface 118. An impeller 124 is
rotatably driven by the drive shaft 122, the drive shaft having a
fairing 160 shown as smoothly contoured between the shaft and the
20 impeller hub 120 and radially coextensive with the hub at the upper
surface thereof. The bladlng pitches of the impeller 124 and
stator 130 are such that the flow leaves the stator with
substantially no swirl.
Features and functions not described with respect to the batch
25 mixing system 100 of FIG. 2 are jdentical to features and functions
of the batch mixing system described in conjunction with FIG. 1.
Referring now to FIG. 3, there is shown in cross-sectional
_vieW'a down-flow batch mixing system. 200 which depicts a -third
_ embodiment having a' different arrangement with respect to a drive
30 shaft 222 and a tank cylindrical neck 215 which also serves to
- support a stator 230, a shroud 240, and a sparging r1ng 250.
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suspension is retained after a period of agltatlon of the suspensi on by

usi:ng the configurations and condi tions described as "case 6" and "case 7,
" respectively. The conclusions of that publication, on pag\zﬁ?ﬂ—hewteofﬂ\
i ndi cate that conventional flat-bottoned propeller agitated tanks were not
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contoured tank bottom provi ded nore hor{ogeneous suspensions in
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In the batch mixing system 200, the drive shaft 222 i own
as extending axially through an end face 218 of a cylindrically
shaped neck portion 215 of a mixing tank 212 through a bushing 219
attached to the end face 218, the bushing 219 having a fluid seal

5 (not shown). Rotatable drive shaft 222 is attached to an impeller
225 having a hub 220 which is shown to be radially coextensive with
the cylindrical neck portion 215 as viewed from inside the tank
212. The stator 230 is supported by the tank cylindrical neck 215
which extends axially upwardly. through the stator. A conoidal

10 fairing 253 is provided to ..-st'r'eamiine the upper face of the
impeller hub. Fixedly attached.to the radial periphery of the
stator 230 is a shroud 240, and the sparging ring 250 is attached
to an upper end portion of the shroud 240.
It is to be understood that a magnetic driwe. could function to
15 | drive the impeller through the tank neck wall and thus, to obviaté
' .the need for a seal.

All other features and functions of the batch mixing system
200 of FIG. 3 not specifically described, are identical to the
features and functions of the embodiment shown in FIG. 1.

20 Referring now to FIG. 4, there is shown a functional
relationship between a n'j'éss transfer coefficient klLa and the power |
applied to a drive shaft of a batch mixing system. The mass
transfer coefficient is a measure of the effectiveness of mixing
components (for example, a gas and a liquid suspension) in a batch

25 mixing system, i.e., a h:i.gher value of the mass transfer
coefficient at a given input power to an impeller drive shaft of a
mixing system indicates a higher mixj.ng effectiveness for that
system under specified conditions. {such as, for example, the
diameter of a mixing t'ank,- the level of the liquid suspension in

30 the tank, the impeller diameter, and the gas flow rate).

In FIG. 4, an upper set of data points denoted ky solid
squares is associated with a mixing system in accordarice with an
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embodiment of the invention, shown as an inset adjacent to that set

of data points for an impeller diameter of 7.5 inches and for a gas

flow rate of 24 liters per minute through a liquid suspension

contained in a tank. The inset- schematically depicts the mixing

[ tank of the invention as having an inside diameter of.24 inches and

being filled with a liquid suspension to a level of 24 inches as

measured from the lowest point of the hemi-toroidal tank bottom.

For purposes of clarity of presentation, the major components of

the mixing system are denoted here by letters, wherein TK denotes

10 a tank, SH denotes a‘drive shaft, TB denotes a cylindrical- support

‘tube supporting a stator STAT and a shroud SHD, a sparging ring SPG

-shown attached to a lower end face of the shroud $HD, and the shaft

rotatably driving an impeller IMP. Thus, the mixing system in

. accordanéefwith.the.invention.depicted.in.the upper portion of FIG.

15 ‘4 differs from the embodiments shown in FIGS. 1 - 3 in that the
' sparging ring SPG is disposed below the impeller IMP.

In FIG. 4, a lower 'set of data points denoted.by open squares
shows the functional relationship between the mass transfer
.coefficient klLa and the power applied .to a drive shaft SH for a

20 mixing system associated with that set of measured data and shown
in the lower right—handfbortion of FIG. 4. This mixing system also
uses an impeller of a diameter of 7.5 inches and a gas flow rate of
24 liters per minute emanating from a sparging ring SPG disposed
below an impeller IMP. Here the tank TK is identical to the tank of

25 - the mixing system of the invention, and the level of the liquid
suspension is again held at 24 inches as measured from the lowest
point of the toroidally corit_:q_iu:‘ed tank bottom. However, in contrast
to the mixing system of the.invenﬁion, the mixing system associated
with the open square data .set has disposed around the inside wall.

30 of the tank TK 'a series of four conventional baffles BAF (only two
are shown) and that system neither has a shroud nor a stator. A
drive shaft SH rotatably drives an -impeller IMP. An axi®l distance



been considered or have not been appreciated in the prior art with respect

to.an”influence of any oneyaspect”or feature or of asconbination of aspects
or features on a neasure O]) m xi ng effectiveness achievable in a batch .

m xing system (i) the influence of swirl and turbyl ence of the liquid flow
as_induced by an inpeller disposed in a mxing tan T ’?ﬁ) rlthkgghée{msmq& laded
th

the contour or profile of the bottomof a mxing tank
"down-fl ow' batch m xing system i.e.+18batch m ste
impel ler provides a flow of a |liquid suspension which is in ed

downwardly toward

between a lower impeller surface and the hemi-toroidal bottom of
the tank is. indicated to be identical to the impeller diameter D
(7.5 inches). .

It is evident from FIG. 4 that the mixing effectiveness of the

5 mixing system in accordance with an embodiment of the invention is
measurably higher throughout the range of power applied to the
drive shaft SH than the mixing effectiveness of the baffled system
having only an impeller and a sparging ring. Thus, while both batch
mixing systems shown in FIG. 4 use an identical tank TK having the

LO hemi-toroidal tank Bottom in accordance with the iﬁvéhtion, it is
apparent that the mixing effectiveness of the mixing system having
an assembly including a stator, a shroud, an impeller, and a sparge
ring arranged within the tark in accordance with the invention
provides for any iméroved mixing effectiveness in a mixing process

15 in which a gas .is mixed with a liquid suspension.

'! Referring now to FIG. 5, there are shown functional
relationships between a mass transfer coefficient klLa and the power
applied to a drive shaft SH of two distinctly different mixing
systems. .

20 In FIG. 5, an upper trace indicates the measured functional
relationship between tli_é mass transfer coefficient and the power
applied to a drive shaft SH for the down-flow batch mixing system
in accordance with an embodiment of the invention which is
indicated as an inset on the upper left-hand side of FIG. 5, and

-25 which is identical to the mixing system shown on the upper
left-hand side of FIG. 4. As in FIG. 4, the impeller. diameéer is
7. 5 inches, and all data in FIG. 5 are shown for a gas flow.rate of

- 30 liters per minute (as compared to 24 liters per. minute in FIG.
4). L o

30 In a lower portion of FIG. 5, there are shown three functional
relationships between the mass transfer coefficient kLa and. the
power (in horsepower units) applled to a drive shaft 'SH of a
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tﬁé t ank bot t om and ( (|||) the influence of the dlsposJ—Ll—QﬁMrng
tank ©of- an assenbly i ncl uding at. 1east an |rrpeII A stator adjacent to
the inpeller, a shroud adjacent to a radial per PRsY Ohis $Haétinad Buan REREL €7

and the stator and a gas sparging neans radialjly coext
shr oud. Accordi ngly, it is desirable to provide "ﬂ
havi ng an i nproved m xing effectiveness for mxing a gas

suspension. Such an inproved mXxingl4system can be advant ageously
used in the fields of fernentation, aeration, and

conventional flat-bottomed mixing tank FTK. The conventional
flat-bottomed tank FTK has an arrangement of four conventional
baffles BAF (only two are shown) disposed in equally spaced
intervals radially around the inside of the tank walls. An impeller
5 IMP having a diameter D is disposed on a drive shaft SH such that
a lower surface of the impeller IMP is spé.ced from the flat tank
bottom by a distance equal to the impeller diameter. A sparging
‘ring SPG is depicted as disposed below the impeller IMP. The
flat-bottom tank has an inside diameter of 24 inches and is filled
10 to a level of 24 inches from the flat tank bottom with a liquid

suspension schematically indicated by a dashed outline.
Assod;i.ated with the experimental results obtained from the
mixing system using the flat-bottomed tank FTK are the three
functional relationships between the mass tramsfer coefficient and
15 , the power applied to the drive shaft, where each functional
relationship is for a different impeller diameter, the diameter
values being 6.0, 6.5, and 7.5 inches, respectively. For each of
these impeller diameters the spacing between the lower surface of
the impeller and the flat tank bottom was .adj_usted accordingly. It
20 is noted from FIG. 5 that the smallest diameter impeller (6 inches)
provides a slightly hig}i'er mixing effectiveness than the mid-size
diameter impeller (6.5 inches) and the largest impeller diameter

(7.5 inches).

From a comparison of the functional relationship between the
25  mass transfer coefficient and the powefr_'applied to a drive shaft SH
for the 7.5 inch diameter impeller, it is evident from. the results
shown in FIG. 5 that the down-flow batch mixing system in
accordance with an embodiment of the if_xvention (inset on the upper
left portion of the figure), and associated with the upper trace,
30 exhibits an improved mixing effeéctiveness compared ta the mixing

_ system having the flat-bottomed tank FTK (lower right- portion of
FIG. 5). | -
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Comparing now the functional relationship between the mass
transfer coefficient and the power applied to the drive shafts of
the data sets of FIGS. 4 and 5 for the mixing system in accordance
with an embodiment of the invention (insets on the upper left side
of the FIGS.) it appears that the mixing effectiveness at a gas
flow rate of 24 liters per minute (FIG. 4) is slightly higher at a
range of lower power inputs to the impeller drive shaft than the
relationship observed at a gas flow rate of 30 liters per minute
(FIG. 5). That slight difference méy be due to saturation effects
of the gas in the liquid suspension at the higher gas flow rate.

Comparing now the functional relationships between the mass
transfer coefficient and the power imparted to the drive shafts SH
between the hemi-toroidal tank bottom of the tank TK having the

_conventiénal baffles BAF (lower right portibn of FIG. 4) to the
‘functional relationship obtained from the flat-bottomed tank FTK

for one and the same impeller diameter of 7.5 inches (lower right
portion of FIG. 5), it is apparent that the hemi-toroidal tank
(FIG. 4) provides for a significantly improved mixing effectiveness
relative to the mixing effectiveness obtained from the
flat-bottomed tank (FIG. S5). Accordingly, although the gas flow
rate of 24 liters per mi}mte (in FIG. 4) is lower than the gas flow
rate of 30 1liters per minute (FIG. 5), it appears that a
substantially enhanced or improved mixing effectiveness can be
obtained by selecting a mixing tank having the hemi-toroidal tank
bottom of the invention and conventional baffles, as compared to
the results obtained from the flat-bottomed tank having the same
baffles. However, as was described above, the arrangement of the
complete down-flow mixing system of thé invention provides a still
further improvement of the mixing effectiveness at either one of
the two gas flow rates used here. < .

Thus, the highest mixing effectiveness, as indicated by the
func-ional relationship between the mass transfer coefficient kLa

Lcations-using reactive gases to promote controlled
chem cal reactions in I|i: qul d suspensions. Summary of the I nventiom——4tis



Anot her , obj ect of the invention s to provide a down-flow batch m xing
sy.st em whi ch produces inﬁ?pved m xi ng effectiveness 6f,a gas and a |iquid

suspension. A further obj€ct of the present inventionis to prOV|d€—a—————————
down-fl ow batch m xi ng system having a tank with a henl-torogg%

bott om extending with a nonotonically increasing

centrally disposed cylindrically shaped neck por
shaped and concentric upper portion of 18 out er
obj ect of the present invention is to provide

10

15

20

25
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and the power applied to the drive shaft of a mixing system, is
obtained with a down-flow batch mixing system in accordance with an
embodiment of the invention, in which the arrangement of an
impeller on an impeller hub, a stator, a shroud, and a sparging
ring is such as to provide substantlally swirl-free laminar flow of
a liquid suspension in a mixing tank having a hemi-toroidal tank
bottom of a particular hemi-toroidal profile.

From the foregoing description of the embodiments, it will be
apparent that a down-flow batch mixing system has been provided in
which an improved mixing effectiveness is obtained between a gas
and a liquid suspension by an arrangement in a mixing tank having
a hemi-toroidal tank bottom of .a particular profile, and an
assembly including an axial flow impeller, a staéor, a shroud, and

’a sparging ring so that substantially swirl-free laminar flow is
‘directed downwardly by the impeller. Various modifications to the

arrangement of these components can be contemplated. For example,
the unitéry shroud-sparging ring member depicted in the embodiment
of FIG. 2 can be incorporated in the embodiment shown in FIG. 1.
Alternatively, a suitably designed sparging means may be used to
introduce the gas at a position between the two opposing surfaces
of the impeller and the stator. Additional means of mounting these
components within the mixing chamber of the invention will
undoubtedly suggest themselves to those skilled in this art. The
system may be modified by providing adjacent, coaxial
counter-rotating impellers to cancel swirl in the axially
down-flowing stream. Such modifications are within the spirit and
scope of the invention, as defined in the claims.

Replaced



an |nproved down-fl ow batch m xing systemin which aE_aX|al T|om1inpéiier
a stator di sposed adjacefit sthereto, a shroud extend; gLaLQMnﬂlt e E y
= m ecn Replaced
Hig sar e

of bath the inpeller and the stator, and a spargin

within the tank and with respect to the toroidal t k botmpm mnll

substantially swirl-free lamnar liquid flowis ac

Briefly described, the present inventigg_prOV|des a down- fIOM/batch m Xi ng

systemfor mxing a gas with a liquid suspension under conditions of

substantially swirl-free laminar liquid flow, in which a m

about a central axis a hem -toroidal tank ﬂ“ﬂm“‘ “l"ﬂﬂ””“‘
* c L n S *

What igs Claimed is:

1. A down-flow batch mixing system for mixing a liquid under
conditions of substantially swirl-free laminar liquid flow, the
system comprising:

5 a mixing tank in which the liquid suspension is mixed, the
tank having about a central axis a hemi-toroidal tank bottom
extending with a monotonically increasing toroidal radius from a
cylindrically shaped neck portion formed by tank walls proximate
said central axis to a cyllndrlcally shaped and concentric upper

10 portion of a tank wall formed radlally outwardly from said neck
portion;

an impeller hub radlally coextensive with an end face of
said neck portion and rotatably disposed adjacent thereto, said
hub rotatably driven by a drive shaft concentrid with said axis;-

15 | an axial flow impeller mounted to said hub, said impeller

| having pitdhediimpeller blades extending radially outwardly f£rom
said hub and directing said substantially laminar flow of said
liquid suspension downwardly along said neck portion and along
said hemi-toroidal tank bottom; .

20 "another pitched blade assembly diébosed adjacent to and
radially coextensive wiﬁh said impeller, said assembly having
blades with a pitch relating to the pitch of said impeller
blades such that the flow leaving said impeller and assembly is
essentially axial; and _

25 - a shroud extending around the periphery of -said impeller and
said other pitched blade assembly.

2. The batch mixing systeﬁ of claim 1, wherein said

assembly is a stator and said blades. are stationary.
30

~

3. The batch mixing system of claim 1, wherein-gas is
mixed with said liquid and a sparging ring is disposed®on said



botton1extend|ng with a nenotonically increasing tor0|dal radius froma

cylindrically shaped neck portion formed by tank wal | Shi nReplaced
central axis to a cylindrically shaped upper porti ofﬂ u or med
radially outwardly fromthis neck portion. The nixi[? S an

i fpel l er. hub which.is radially coextensive with arjfend face of the neck
portion of the tank and which is rotatab8y di sposed t hereon, and rotatably

ﬁLLYen by a drive shaft. An axial flowinpeller is noﬁmnﬁ‘mﬁ“mml"m | er

shroud and radially coextensive therewith, said sparging rlng
providing said gas to be mixed with said liquid suspension.

4. The batch mixing system of claim 3, wherein said stator
5 is disposed above said impeller and said sparging ring is
disposed on said shroud above said stator.

5. The batch mixing system of claim 3, wherein said stator-
is disposed above said impeller and said sparging ring is
10 diéppsed on said shroud below said impeller.

6. The batch mixing system of claim 3, wherein said stator
is dlsposed below said impeller and sald sparging ring and said
shroud belng a unitary member.

15 ..

7. The batch mixing system of claim 1, wherein said stator
is fixedly attached to a stationary cylindrical support tube
concentric with said drive shaft, said tube having an outer
diameter radially coextensive with said impeller hub.

- 20
8. The batch mixing system of claim 7, wherein said drive

shaft extends coaxially.within said support tube to said impeller
hub. '

25 9. The batch mixing system of claim 7, wherein said stator
is fixedly attached to said cylindrically shaped neck portion,
said'unitary member is fixedly attached at the radial periphery
of said stator and said drive shaft having a contoured fairing

terminating at said impeller hub and radially coextensive
30 therewith.

~

~

10. The batch mixing system of claim 3, wherein maid drive



-

-6 The |npeller has pitched inpeller blades, and u§6n '

impeller directs the liquid suspension in a subst anti aI mnummmmlM"
dowawar dly al ong the neck portion and along the heni -torbidal 'tafk botton1
Thus, where the inpeller ( is upstreamof the staﬂ; r anorner

counter-rotating blade assenbly) the pijches of t e T
bl ades or bl ades of a second counter Totating bla

stator
ss @ at
the flow |l eaving the stator or counter rotating blade as N
essentially axial. Simlarly, where '

shaft extends axially through said sparging ring and said stator
to said impeller hub.

11. The batch mixing system of claim 1, wherein said drive
5 shaft extends axially through said end face of said neck portion
to said impeller hub.

12. The batch mixing system of claim 1, wherein said upper
portion of said tank wall has a radial distance of R, between a
L0 . - radially inwardly facing surface of said wall and said central
axis, a radially inwardly facing surface of said shroud has a
radial distance of R, to said central axis, and the conditions of
'substantiaily swirl-free laminar flow of said liquid  suspension
prevail at a ratio Rs/Rt not exceeding a valPe of 0.35.
L5 '
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the stator IS upstream o?"‘t,he |rrpeller t he pitches ﬁf the inpeller and
stator are such that the flow | eaving the inpeller i s essential

|y axi al
The stator is disposed adjacent to and radially coextensive. wr«H’r*r‘h’/
I mpel | er. A shroud extends radially around the peri phery of both { n 1aced

i npel I er and the stator. A sparging ring, which provid

mxed with the |iquid sugmsnsimbw |@mwmc;)rsggm _,r"ﬁlﬂd
coextensive therewith. .Thus, the. present invention pfovi des

I - tror oi dal ta-ﬁk
, a stator,

5 Improved mixing effectiveness in the mixing of a gas with a
ligquid suspension is achieved in a batch mixing system' Having a
‘mixing tank with a hemi-toroidal tank bottom which extends between -
a radially inner neck portion of the tank to a radially outer
cylindrical wall portion of the tank. The hemi-toroidal profile of

.0 the tank bottom has a monotonically: increasing toroidal radius
between the neck and wall portions. Disposed-within the tank is an
assembly including an axial flow impeller- with pitched impeller
blaides, a stator adjacent to the i_mpeller-:-éﬁd‘ ‘having stationary
stator blades of a pitch opposite to the pitch of the impeller

LS blades, a shroud surrounding the radial peripl‘lery of both the
impeller and the stator and a gas sparging means supported by the
shroud. The arrangement of the assembly prov;i.dés in conjunction
with the hemi-toroidal tank bottom a substantially swirl-free
laminar flow of the liquid suspension directed downwardly along the

20 neck portion and along the tank bottom:when the impeller is
rotatably driven by a drive shaft. '



a shroud, and a spargingmring to produce conditps of
substantially swirl-free lamihar liquid flow so that an ifrproved m Xi ng
effectiveness is obtained in the mxing of a gas with
The gas-is introduced in a region of high speed fl ow and i medi atel y
upstream of a region of high shear. Brief Descripts ormsﬁhdeﬂ@s

present invention will be better understood and a_.prec y from
the follow ng detailed description, taken in conj nctl

acconpanyi ng drawings, in which: FIG 1 shows in a-cr oss sectlonal view a
first enbodi nent of
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t he down-fl ow batch mi xing sastemin accordance.with th@resent invention,
in which a support tube supports a stator with a spargi ng ring thereon, and
a drive shaft extending coaxially within that support tube-to-an_inpel I er
hub, the hub being radially coextensive with an end_face of a

e

cylindrical neck portion of a mxing tank. Al so indfT

_ are
two of the toroidal radii which, in conbination, p‘.V|1(:?ﬁs 1y
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t or oi dal

radi us of the tank ttom extending fromthe cﬁ’bndrical neck
portion to a cylindrical outer wall portion of the tank. FIG 2 depicts a
down-f | ow batch m xing systemin accordance with a seéﬁﬁﬁ‘enbﬁd+neatzm_\the
invention, in which a stator is disposed on a portien pf Ilndrlcal neck
portion of a.mxing tank, and an inpeller rotatabl %drl calRepleeg Naf t
extending into an inpeller hub, the drive shaft haf%ng aIIy .
coextensive with the inpeller hub, and a unitary nefiber
radi al periphery of both the stator and the |npeller i n mhlch t he |tary
menber. functions as both a shroud and a sparging ring. '
g
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FIG 3 shows a down-flow batch m xi ng systemin accordance-wth—a—third—
enbodi nent of the invention, in which a stator and a sparging ring are

supported by the cylindri cal neck portion of the mxing Lamlin laced
shaft extends axially through an end face of said cyli nd |c I
of the mxing tank to an inpeller hub radially coextensi

face of the neck portion. FIG 4 is a graphical present atlon of nmass

transfer coefficient versus povveer applied to an inpeller drive shaft, and
conparing the perfornmance of. adawn

é.ow bat ch m xi ng systemin accor dance
with the invention to the perfom’qﬁ‘g of an identically
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contoured m xing tank having baffles disposed along the inside of the outer
tank walls and having an inpeller and a sparging ring only. FIG—5-is
graphi cal presentation of the functional relationship bgtwp Jﬁﬁ;a nass
transfer coefficient and the power applied to an inpell W *"R@B&d
conparing the performance of a down-flow batch m xi ng syste /

with the present invention to the performance of a convénti

!
i
m xi ng system having a flat tank bottomand. side wall baffles, as we s |
an : _
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-8- inpeller and a spargl ng ring only. Detailed Desc,

Enbodl nents Referri ng nReplacehere is depict
of “‘a down-fl ow bat ch m ovvn n a cross-
m xi ng system 10 has a vvi thia central 137 Radi-at-by

concentric with the axis 13 are cylindricalTy shaped upg Ide wall

T ————

BﬂfgL {,33 NS

%t(; orl

portions 16 and a cylindri cghiny- ESLW%Q.TEECMIMCE | QRLRe | THIS SHEET HAS BEEN -

Field of the Invention 'REPLACED

The present 1nventlon generally relates to batch " mixing
systems in which a batch of a liquid or a batch of a liquid
suspension is rn:.xed w:.th a gas and, more part:.cularly, the
: :anentz.on relates to a down-flow batch mixing system providing an
improved mixing effect:.veness through a design which establishes
mixing cond:.tions of a substantially swirl-free laminar liquid-
_ flow.
- Backgzrot a the venti . ,
In batch m:l.x:.ng, a batch of a 1:.qu.id or of a liquid suspens:.on
is loaded into a mn.x:.ng tank and means for 1ntroduc1ng a gas into
the liquid is prov:.ded An _impeller-_typei agitator prov:.des
agitation of the liquid or of. the liquid suspension while the gas
to be reacted with the liquid suspension is :Lntroduced usually by
nozzles or so-called sparg:.ng rings in the form of gas bubbles. The
' mixing process proceeds until a selected process indicator
indicates a desired degree of complet:.on of a chema.cal react:.on '
between the liquid suspension and the gas, whereupon the m:.x:.ng
process is terminated and the thus reacted product is emptied from
- the mixing tank. Numerous batch mixing systems are known in which
improved mixing effectiveness has been eought by introducing a
‘number of particular mixing system designs, tailored to achieve
'particular results. A m_‘e"asure of. ‘the effectiveness of the mixing
process in a batch mixing system is a quantity referred to as a
“mass transfer coefficient,” which provides an indication of the.
effectiveness of mass transfer during the mixing process. The
literature on batci! mixing systems is replete with examples of
improved designs for an agitator, impeller, or propeller,' the
incorporation of baffles d:.sposed on the inside wall of a m:Lx:.ng"
tank, the introduction of draft tubes functioning as shrouds, and
varlous gas :.ntroduction means  and their location with respect to
the 1mpe11er within the mixing tank. In some mixing system designs
a stator having stationary blades. or yanes is used in proximity to
the 1mpe11er so as tq ach:Leve J.mproved m;'ix:.ng character:.st:.cs for



t he neck portion term nating at an upper face 18. A contoured hem -toroidal

tank bottom - indi m\e*t—ends with -a nonotonically increasing
toroi dal radius from, ndrlcally shaped neck portlon 18 to the _
cylindrically shaped ¢4d portion 16. Tonot oRFeaEy=vanyi ng -
radi us of the hem -t mﬂ ttomis schematl q FIE{/DL‘P-GEMEHE'&HE&\; _wo _
toroidal radii [err], ese ra ji drawn b ut. f r
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‘Another des:Lgn var:l.able dlsclosed in the literature is the
mixing tank itself and, more part:Lcularly, the design of the tank
bottom of a miking system. As viewed from the inside of a m:Lx:Lng

 tank, the tank bottom may be a flat bottom or it may be a concave
bottom, or as is the case in certain pressure vessels, 1t may be a.
convex bottom. Thus, with respect to the contour of the bottoms of
mixing tanks, the d:.sclosures known to the. appl:.cant can be
accurately classified as follows: .

‘Mixing systems hav_:.ng a flat bottom are disclosed in the
following " U.S. Patents'.' 4, 454 078 (June 12, 1984); 4, 190,371
- (February 26, 1980), 4,207, 275 (June 10, 1980), 3,875,057 (Aprll 1,

1975); 2,433, 592 (December 30, 1947); and 1 1255, 944 (February 12,
1918) . |

lines indicated at 17. The t oroi dal radi us Terr] denig %5 ‘4
radi us emanating.fromthe cylindrical neck portion 15

radius [err] denotes the largest radius where the tank
t he '

certain materials or under certain condltlon .

Contoured tank bottoms or chamber bott:oms are dlsclosed in the _
following patents: U.S. 4, 054 519 (October 18, 19'77) d:.scloses a L
hydraulic attr:.t:.on unit for a marlne toilet, show:Lng in a portion

-of a Fig. 3A thereof, a hemi-toroidal chamber bottom. In U.S.
3,488,038 (January 6, .1970) there is dis_close_d a stirrer, shown in
a Fig. 1. as having a propeller (18) directing liquid flow
downwardly toward a contoured and rotating flow guld:.ng body (19),
. whereupon the- liquid is shown as flow:.ng along a flat bottom
_ portion of a container (11), and past suppressor vanes (20)
" attached to side walls of the container. U.S. 2,521,396 (September
5, 19'501) disclos_es'_ a gas- and liquid contact apparatus, showing in '
a Fig. 1 thereof a tank ('i) having a uniformly concave tank bottom;
-an impeller (9) and a rotary gas target (11) attached to a shaft
- (10) . The rotary gas targ'et or gas distribution system dirxects a
gas upwardly toward the impeller. The impeller (9) directs a liquid
flow upwardly. In U.S. 2,123,496 (July 12, 1938) there is disclosed
a drink mixer. hav:.ng a“ toroidally shaped bottom of a. receptacle
(12), as depicted in‘a Fig. 1 thereof. In U.S. 2,016,627 (October



cylindrically shaped upper si de waII portlon 16. The difference between
[err] and [err] is indi cat ed’

1&@5 hub 20 i s shown di sposed
above the upper end face 18 Ofnﬂ on 15, the hub bei ng radl ally
coextensive with the radial nec nel-- vrewed from

the inside of the tank 12, andthelrrpe ub is e ly a
drive shaft:22. An axial flow i mpel ler, |nd| cated B
25 extending radially outwardly fromthe hub 20, ‘w

(not shown in detail) have a pitch such that the itse CRECeS—an =
Initi aI I y downwardl y direct ed flow of -a Ii qU| d suspensio WB@%E‘ET@A%EEEN
REPLACED -

' 8, 1935) there 1s disclosed a dev:.ce for treating—p

Figs. 1 - 3 thereof showing in these embodiments various contoured

" bottoms of a receptacle (10), and indicating tubular members or
shrouds having various _c_onfigurations (15, 15a, 15b, and 1Sc). In
U.s. 1_,'960,613 (May 29, 1934). there is disclosed a method.for
bleaching paper pulp, and showing in Figs. 1 and 2 thereof a tank
(1) hav1ng a hemi-toroidal tank bottom del:.neated by a central
ridge (9), an ax:.al flow :unpeller (3), and a degrader (2) in which
the pulp is g:.ven a downward movement (Fig. 1) by the J.mpeller and
alt_ernat:.vely an upward movement (Fig. 2).

Another publication, titled The A_ttainmen.t of Homogeneous
Suspension in a Continuous Stirred Tank,_ by S. Aeschbach and J. R.
Bourne, The Chemical Engineering Journal, Elsevier Sequoia S.A.;
Lausanne (1972) describes results of a 'comprehensive study of
various conf:.guratlons of tanks and positions of an :meellers_
immersed into . a’ suspens:.on of PMMA particles in a hydrocarbon |
liquid. This publication does not address the question of mixing,
‘rather it attempts to address the particle size distribution in the
liquid before and after stirring of the liquid suspension by
:.mpellers In i’:hat pubiication, on pages 238 and 239 thereof, ,'
there are shown as a “case 6” and a “case 7" a system within a tank
having a hemi-toroidal tank bottom and having baffles in the form
of a draft tube. The ﬁropeller'_ directs the flow of the liquid g
_suspension upwardly. The particle size distribution curves shown in
Figs. 6 and 7, respectively, indicate that a more homogeneous
‘suspension is retained after a peri‘od of agitation of the
suspens:.on by using the conf:.gurations and conditions described as
“case 6” and “case 7,7 respectively. The conclusions of that
publication, on 'page 242. thereof, J.nd:.cate that conventional
flat-bottomed propeller ‘agitated tanks were not produCing
homogeneous suspensions, while the empirically determ:.ned contoured
tank bottom prov:.ded more homogeneous suspensions in t&rms of the



portlon 15 and the contour I’l”n’e?l4 of the tank bottom t hus referrlng to
this mxing systemas a "down,nI @%Huaeb tem Shown p03|t|oned
adjacently above the inpeller. ' ng a
plurality of stationary stator sh VRERLACESIAT gneddgl St at or
bl ades 35 having a pitch such svm rl mducep?mﬁhgﬁgt afflor 30 is
essentially removed by the rotati ng i rrpel | er bl ag@ate2. ChUS s 88 taptially
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THIS SHEET HAS BEEN
: REPLACED

measured particle size distributioh It is also po:.nted out in the
conclusions sect:.on that constant propeller tip speed was seen as
the relevant criterion to prov:.de homogeneous suspensions in a
- scaled up version of the stirrer apparatus having the contoured
bottom. ' .

It is apparent from a detailed review of the forego:l.ng
publ:.cat:.ons, and as related to batch mixing systems, that at least
the following major aspects or features of a batch mixing system
designed for mixing & gas w‘itt_x a liquid suspension have either not
been considered or have not been appreciated in the pfior art with
'.respec't to an j.nfluence of any one as_pect' or feature or of a'
combination of aspects or features on a measure of mixing
" effectiveness achievable in a batch mixing system: :

(i) the influence of swirl and turbulenee of the liquid flow
as induced by an impeller disposed in a m:LxJ.ng tank;

(ii) the influence of the contour or prof:.le of the bottom of
a mixing tank in the case of a “down-flow” batch mixing system,
i.e., a batch t_nixing system in which an im_pellet provides a flow of
_'a' liquid suspension which is initially directed downwardly _toward
‘the tank bottom; and : _I

(iii) the influence of the disposition within a mixing tank of
.an assembly including at least an impeller, a stator adjacent to
the impeller, a sk_iroud adjacent to a radial periphery of both the
impeller  and the stator, and a gas sparging means ra‘._dially
coextensive with the shroud. ' '

Accord::.ngly, it is desirable to provide a batch m:.x:.ng systetn
 having an improved mixing- eftectiveness for mixing a gas with a
- liquid suspension. Such' an improved mixing system can be
advantageously used in the fields of fermentation, aeration, and
generally in rhixing applioat'ions using"reactive gases to promote
controlled chemical react:.ons in liquid suspensions.

Summary of the Invgntn.og



magni tude of swirl conponents of Tiquid flowin the m Xi ng system 10 The -
stajor 30 is fixedly attached tao,a | {0 p foFE—tubhe be
havi ng an outer .di anmeter which ?g" S%Xth cHee" el EH iBEPMQE;ﬂEmreSg}E

the inpeller hub 20. The support “ ric at;,out the dri
shaft 13. A shroud 40 is indi cate

peri phery of both the inpeller 24 and the stator J, i er—andl t he
stator being substantially radially coexte i ve. (
stator .30 and radially coextensive with. %Z shroud-

50 having apertures 52 through V\/mch agasis |ntrodued |

It is the principal object of the' present invention to
provide a down-flow batch mixing' system for mixing a gas with a
liquid suspension under cond:.t::.ons of substantially swirl- free
laminar l:.qu:l.d flow. '

Another object of the invention is to prov:.de a down-flow .
‘batch mixing system which produces improved mixing effectiveness of
a gas and a liquid suspension. | | _ ' '

A further Obj ect of the present 1nvent:|.on is to provide a
down-flow batch mixing system having a tank with a hemi-toroidal
tank bottom extending with a monotonically increasing f“t:oroidal
radius from a centrally disposed cylindrically shaped neck portion
to a cyl:.ndr:.cally shaped and concentric upper port::.on of an outer
tank wall. .

A still further object of the present invention is to provide
an improved down-.-flow batch mixing system -in which an axial flow
impeller, a stator disposed adjacent _thereto, a shroud extending
around the periphery of both the impeller and the stator, and a
' sparging ring are arranged within the tank and with respect to the
toroidal tank bottom such that substantially swirl-free 1am1nar
liquid flow is achieved within the tank. _

' Briefly described, the present invention provides a down-flow
batch mixing system for mixing a gas with a liquid suspension under
conditions of substant:.ally swirl-free laminar liquid flow, in
which a mixing tank has about a central axis a hemi- toroidal tank
bottom extending with a monotonically increasing toroidal radius
from a cylindrically shaped neck portion formed by tank walls
. proximate the central axis to ue_cylindri'oally shaped upper_ portion
of a tank wall forx_ned radially outwardly from this neck portion.
The mixing system also has an impeller. hub which is. radially
coextensive with an end face of the neck portion of the tank and-
which is rotatably disposed thereon, and rotatably driven by a
drive shaft. An axial flow impelleér is mounted_- to the impeller hub.



rapi dly -down- f|OWI ng |IC]UId i n The—formef—gas bubbles in a manner wel |
known in the art of m xing syst woubstantially swirl-free lam.nar. Iiquid

flow conformng to the hem-toro eet H (Bnetnabiiu@a -m;

di rected downwardly bythelrrpell aIIy ERG o L HE Cyiac |cal-
neck portion 15, is schematically dash outfll' "~’ |I

arrows indicating the direction of fl ow of he i qudD@gngénpm
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- The impeller has pitched imp.eller_ blades, and Upon rotation the
impeller directs the liquid suspension in a substantially laminar
flow downwardly along the neck portion and along the hemi-toroidai
tank bot_t_om. Thus, where the impeller ( is upstream of the stator
or another counter-rote.ting blade assembly) the pitches of the
impeller and stator blades or blades of a second counter rotating
blade assembly are such that the flow leé.‘ving the stator or counter
rotating blade as‘sémbly is essentially axial. Similarly, where
the stator is upstream of the impeller, the pitches of the imp_eller'
and stator are such: that- the £low leaving the impeller is
essentially axial. The stator is disposed adjacent to and radially
coextensive with the impeller. A shroud _extend‘s radially around
the periphefy of both the impeller and the stator. A sparging ring,
which provides the gas to be mixed"with the liquid suspension, is
disposed on the shroud and is radially coextensive therewith.

' ‘Thus, the present invention provides'- a down-flow batch mixing
system in which a tank .having a particular hemi-toroidal tank
bottom C':ooperates with an assembly including an impeller, a stator,
‘'a shroud, and a sparging ring to 'produce conditions of
substantie.lly swirl-free laminar liquid flow so that an improved
mixing effectiveness is” obtained in the mixing of a gas with a
liquid suspens:.on. The gas-is introduced in a region of high speed
flow and immediately upstream of a region of high shear.

Brief Description of the Drawings .

The present invention will be better understood and
appreciated more fully from the following detailed description‘,
taken in conjunction with’ the accompanying drawings, in which.

FIG. 1 shows in a _cross- -sectional view a first embodiment of
the down-flow batch mix:l.ng system in accordance. with the present

nvention, in which a. support tube supports a -stator with a
sparging ring thereon, and a: drive shaft extending coax:hally within
that support tube to anw 1mpe11er hub, the hub beirfg radially
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in the m xing systenilo of the*fnveﬁfion—{ﬂfyﬂsde»for a significantly
enhanced residence tinme of snall gas bubbl es in the |iquid suspension by

havi ng minim zed regions of swilps: mﬁwa of the flow ng liquid. The
shroud 40 has a radially inwardl dri gadp ed as -
having a radius [err] and an in urfaceL%#%%ﬁ@ﬁb nlgéd i ca

portion 16 of the tank wall 12 is shown with a rag¢ Immgxa be

shown that conditions of substantially smnsl fr et ferVtﬁ
| i qui d suspensi on can be nalntalned

coextensive with an end face of a cylind
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IIecKk portion of a
mixing tank. Also indicated schematically are two of the toroidal

radii which, in combination, provide the mdnotonically increasing

'torpidal radius of,the tank bottom extending from the'cylindrical

neck portion to a cylindrical outer wall portion of the tank.
 FIG. 2 depicts a_down—flow_batch mixing system in accordance
with a second embodiment of . the'invention, in which a stator is

- dlsposed on a portlon of a cylindrical neck portion of a mixing

tank, and an lmpeller rotatably driven by a drlve shaft extending
into an impeller hub, the drlve shaft hav;ng a fairing radially
coextensive with the 1mpe11er hub, and.a‘unltary'member surroundlng
the radial, perlphery of both the stator and the impeller, in which

the unltary member functions as both a shroud and a sparging ring.

FIG. 3 shows a down-flow batch mixing system in accordance
with a third embodiment of the invention, in which a stator and a

-8parging ring are Suppbrted by the cylindrical neck portion of the
- mixing tank, and a drive shaft extends axially.through an end face

of said cylindrical neck portion of the. mixing tank to an impeller
hub radlally coextensive with the end face of the neck portion. h

FIG. 4 1is a graphical presentation of mass transfer
coefficient'versns power applied to an impeller drive shaft, and

comparing the performance of a down-flow batch mixing system in

accordance with the invention to the performance of an identically
contoured mixing tank having baffles disposed along the inside of
the outer tank walls and having an 1mpe11er and a sparglng ring
only. '

FIG. 5 is a graphlcal presentation of the functlonal
relationship between a mass transfer coefficient and the power
applled to an 1mpeller drlve shaft, and. comparlng the performance'
of a down-flow batch mixing system in accordance with the present

invention to the performance of a conventional batch m;xlng system

having a flat tank bottom and. szde wall baffles, as well as an
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so-long as the ratio Rsd/ Rt does not exceed a val ue of O.35.

Referring nowto FIG 2, them,slsﬁeeae@gegnqulace@ross sectional view of a

down-fl ow batch m xi ng.system odi rent of the m xing system
shown in FIG 2 differs fromt in the nmounting of a stator

130, and in the attachnent of

vel |

as in-the use of a unitary nenner 170 whi ¢
and a sparging ring in

122 hub 120, as
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J.mpeller and a sparg:.ng rlng only.
Detailed Descri tlon »f the Embod:.ments

Referring now to FIG. 1, there’ is depicted a flrst embod:n.ment
of a down-flow batch mixing system shown in a cross- sect:.onal view.
The mixing system 10 has a mixing tank 12 with a central axis 13.
Radially concentric with the axis 13 are cylindrically shaped upper

~ side wall portions 16 and a cyl:.ndr:.cally shaped neck portion 15, )

the neck portion terminating at an upper face 18. A contoured
hemi-toroidal tank bottom, indicated at 14, extends with a
monotonically 1ncreas:|.ng toroidal radius from the cylindrically
shaped neck portion 18 to the cyl:.ndr:l.cally shaped upper side wall
port'ion. 16. The monotonically verying.radius of |the hemi-toroidal
tank bottom is schematically indicated: by two tofoidal_ radii R,,
and R,, these radii drawn about toroidal'center lines 'indicated at.
17. The toroidal radius R, denotes the shortest rad:.us emanating
from the cyl:.ndr:.cal neck portion 15, wh:.le the toro:Ldal radius R,
denotes the largest. rad:Lus where the tank’ bottom merges into the
cyl:.ndrlcally shaped upper side wall port:.on 16. The difference
between R, and R, is indicated as AR. An impeller hub. 20 is shown
dlsposed above the upper end face 18 of the neck portlon 15, the
hub be:.ng radially coextens:.ve with the radial dimensions of the
neck end face as viewed from the inside of the tank 12, and the
impeller hub is rotatably driven by a drive shaft 22. An axial flow

-1mpe11er, indicated at 24 ‘has impeller blades 25 extenda.ng radially

outwardly from the hub 20. The impeller blades 25 (not shown in

detail) have a pitch such that the 1mpeller induces an initially

downwardly ‘directed flow of a 11q1_11d suspension along the neck
portion 15 and the contour lines 14 of the tank bottom, thus .
referring to this mixing system as a “down-flow” mixing system.
Shown 'positioned adjacently above' the impeller. 24 ig a stator,
indicated at 30 hav:.ng a plurality of stationary stator blades 35
(not shown in detall), the stator blades 35 having a Pitch such
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that the sw1r1 ‘induced by the stator 30 is essentially removed by
the rotat:x.ng 1mpe11er blades 25 thus substant:.ally reducing the
magnitude of swirl components of l:.qu:l.d flow in the mixing system -
10. The stator 30 is fixedly attached to a cylindrical support tube

- 32, the tube 'having an outer diameter which is radially coextensive
“with the diameter of the impeller hub 20. The support tube 32 is

concentric about the drive shaft 3. A shroud 40 is indicated. as
extending adjacently around the periphery of both the impeller 24
and the stator 30, the :meeller and the stator being substant:.ally
radially coextensive. Shown d:.sposed above the stator 30 and
radially ‘coextensive with the shroud 40 is a sparg:.ng ring S0
having ape,rtures 52 through which a gas is :Lntroduced into the
rapidly down-flowing liquid in the form of gas bubbles in a manner
well known in the art of ‘mixing systems. .

Substantially swirl- .free laminar liquid £low conform:.ng to the
hemi- toro:.dal contour of the tank bottom and - being directed
downwardly by the :meeller 24 tangentlally along the ¢ylindrical

" neck portion 15, is schemat:.cally 1nd:|.cated by dashed outl:.nes with
- small arrows J.ndlcatlng the direction of flow of the liquid

suspension. Gas bubbles are depicted throughout the l:.qu:Ld |
suspension in the tank as a way to indicate in the drawing that the
substant:.ally swirl-free lam:.nar liquid flow conditions achievable
in the mixing system 10 of the invention prov1de for a
significantly enhanced residence time of small gas bubbles in the

‘liquid suspension by 'having' minimized regions of swirl and

turbulence of the flow:.ng 11qu1d :
The shroud 40 has a rad:.ally inwardly fac:Lng cylindrical

_surface J.ndJ.cated as hav1ng a radius R,d, and an inwardly facing

surface of the cylindrical port:.on 16 of the tank wall 12 is shown

with a radius R,. It can be shown that cond:.tlons of substantlally

swirl-free lam:Lnar flow of the 11qu1d suspens:.on can be maintained
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rotatably driven by the.drive shaft 122, the drive shaft having a fairing
16Q shown as snoothly cont oureﬂlsbmewmeaeeh Epl&bcaft and -t he |rrpel | er hub 120

and radially coextensive with t upper [Strface Lnereor The
bl adi ng pitches of the inpeller 130||al eSSk *%Eii‘éj 1 ow
y no ur es R4 tion

| eaves the stator w-th substantl
described with respect to the batch. n1X|ng systen1100 of FIG 2 are.
identical to features and functions of th? bat ch =S ystemdesc|i bed in
conjunction with FIG 1. Referrlng now {0 QTIE 3, || (ARPLACEMEMTRWFE T ||

cross-secti onal
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so long as the ratio Rsd/Rt does not exceed a value of 0.35,

_-Referring now to FIG.'Z, there.ie depicted a cross—Sectionai
view of a down- flow batch mixing system (100).The embodiment of the
mixing system shown. in FIG. 2 dlffers from that of FIG. 1 in the
mounting of a stator 130, and in the attachment of a drive shaft .
122 to an impeller hub 120, as well as in the use of a unitary
member 170 which serves both as a shroud and a sparging ring in -
this embodiment. ' '

The stator 130 is shown as. p031t10ned below an 1mpe11er 124,
the stator 130 fixedly attached: to the inner walls of a portion of
a cylindrical neck portion 115 of a mixing tank 112. Fixedly
attached to a radial periphery‘of‘the-stator 130 is the unitary
member'170 which has at an upper portion thereof an integfally
formed gas sparglng ring having apertures. 172, Disposed above the
stator 130 and adjacent an upper surface 118 of an end face of the
neck portion 115 is the_ impeller hub 120 which is radlally
coextensive with the upper surface 118. An impeller 124 is
rotatably driven by the drive shaft 122, the drive_ehaft having a
‘fairing 160 shown as smoothly contoured between the shaft and the
impeller hub 120 and radlally coextensive with the hub at the upper
surface thereof. The .blading pitches of the impeller 124 and
stator 130 are such that the flow leaves the ‘stator with
substantlally no - sw1rl _
' Features and functions not descr1bed.w1th.respect to the batch
mixing system 100 of FIG. 2 are identical to features and functions
of the batch mixing system described in conjunction with FIG. 1.

Réferring now to FIG. 3, there is shown in cross-sectional
view a down-flow batch mixing system. 200 which depicts a -third
embodiment having'a‘different arrangement with respect to a drive
shaft 222 and a tank cylindrical neck 215 which also serves to
support a. stator 230, a .shroud 240, and a sparglng rindg 250.
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view a down-fl ow batch m xi ng system 200 whi ch depi &k ﬁuﬂ&hsbdn

having a different arrangenent with respect to a dri d &Nt gnk
cylindrical neck 215 which also serves to support a. shrou
240, and a sparging ring 250. - 11 - In the batch m X1 ng 206t he -
drive shaft 222 is shown as extendlng aX|aIIy t hr ot a=en: of a

cylindrically

~11 -

-In the batch mixing system 200, the drlve shaft 222 is shown
as extend:.ng axially through an end face 218 of a cylindrically
shaped neck port:.on 215 of a mixing tank 212 through a bushing 219
attached to the end face 218 the bushlng 219 having a fluid seal
(not shown). Rotatable drive shaft 222 is attached to an impeller
225 having a hub 220 which is shown to be radially coextensive with
the cyl:.ndr:.cal neck portion: 215 as viewed from inside the tank
212. The stator 230 is supported by the tank cylindrical neck 215
which extends axially upwardly. through the stator. A conoidal
fairing 253 lS provided. to. streamllne the upper face of the
impeller hub. Fixedly attached to the radial perlphery of the

- stator 230 is a shroud 240, and ‘the sparg:.ng ring 250 is attached

to an upper end portion of the shroud 240.
It is to be understood that a magnetic drrve could funct:Lon to

drive the impeller through the tank neck wall and thus, to obv:.ate |
.the need for a seal

All other features and functions of the batch m:.x:.ng system
200 of FIG. 3 not specifically descr:.bed are identical to the'
features and functions of the embodiment shown in FIG. 1. '

Referrlng now .to FIG. 4, there is shown a functional
relationship between a n;ass transfer coefficient klLa and the power
applied to a drive shaft of a batch mixing syst_em. The mass
transfer coefficint is a measure of the effectiveness of mixing
components (for example, a gas and a liquid suspension) in a batch
mixing system, i.e., a higher value of the mass 'transfer
coefficient at a given iuput power to an impeller drive shaft of a
m:.x:.ng ‘system indicates a h:l.gher m:.x:.ng effectiveness for that

system_ under specified conditions. (such as, for example, the

diameter of a mixing tank, the level of the liquid suspension in
the tank, the impeller diameter, and the gas flow rate).

In FIG. 4, an upper set ‘'of data '.'points denot_ed' by solid
squares is associat_ed with a”-mixing system in accordarfce with an
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shaped neck portion 215 of a mxi ng “tank 212 through a bushing 219 attached

to the end face 218, the bushi u ui dirs
Rot at abl e drive shaft 222 is at ﬁéeg% <= el |l dF T2
which is shown to be radially co Im[w t he [ i
215 as V|ewedfrom|n5|detheta at or 239

tank cylindrical- neck 215 which extends axially upwp T otgh : _
A conoi dal fairing 253 is. provi dedléo stregm 1 ﬂ@’Eﬁ‘[ﬁ'éfEErae of
the inpeller hub. Fixedly attached. to the ' It Of

stator.

not shown)

adi al

230 is a shroud 240, and the sparging ring 250 is at AChed: - e,

- embodiment of the invention, shown as an inset adjacent' to that set
~of data p01nts for an 1mpe11er diameter of 7.5 inches and for a gas

flow rate of 24 liters per minute through a liquid suspension
contained in a tank ‘The inset- schemat:.cally depicts the mixing
tank of the inv'ention as having an inside diameter of. 24 inches and
being f:.lled with a liquid suspens:.on to a level of 24 inches as
measured from the lowest po:.nt of the hemi-toroidal tank bottom. _
For purposes of clarity of presentation, the major components of
the mixing system are dez_'_xoted here by letter_s, wherein TK denotes
a tank, SH denotes a drive shaft, TB denotes a cylindrical  support
tube supporting a stator STAT and a shroud SHD, a sparging ring SPG
shown attached to a lower end face of the shroud SHD, and the shaft
rotatably driving an impeller IMP. Thus, the mixing system in
accordan¢e with the invention dep:.cted in the upper portion of FIG.

4 differs from the embodiments shown in FIGS. 1 - 3 in that the
sparging ring SPG is disposed below the impeller IMP. '

'In FIG 4, a lower set of data points denoted by open squares.
shows the funct:.onal relat:.onshlp ‘between the mass transfer
coefficient kLa and the power applied to a drive shaft SH for a
mixing system associated with that set of measured data and shown

~in the lower right-hand portion of FIG. 4. This mixing system also

uses an impeller of a diameter of '7.5 inches and a gas flow rate of
24 liters 'per miniite' emanating from a sparging ring SPG disposed
below an impeller IMP. Here the tank TK is identical to the tank of
the mixing system of the invention, and the level of the liquid
suspens:.on is again held at 24 inches as measured from the lowest
po:l.nt of ‘the toroidally contoured tank bottom. However, in contrast
to the m:.x:.ng system of the invention, the mixing system associated
with the open square data set has disposed around the inside wall
of the tank TK & ‘series of four conventional baffles BAF (only two
are 'show'n) and that system neither has a shroud nor -a stator. A
drive _'shaft SH rotatably drives an impeller IMP. An axitl distance



to an upper end portion of the shroud 240. It is—to be u::dEHIs

magnetic drive. could function Th%sﬂéelﬁas E mpel | er thrugh t;:j@
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and thus, to obviate the ne
functions of the batch m xing sy M’”
descri bed, are identical to the.

shown in FIG 1. Referring nowto FIG 4, there -
rel ati onship between a mass transfer coeffjcient kUapms
to a drive shaft of a batch mi xing system ’The nmasgbm =40
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between a lower impeller surface and the hemi- toroi.dal bottom of
the tank is. :Lndicated to be identical to the impeller diamet:er D

_(7 5 inches)

It is evident from FIG. 4 that the mixing effectiveness of the
mixing system in accordance with an embodiment of the invention is
measurably higher throughout the rarige of power applied to the
drive shaft SH than the mixing effectiveness of the baffled system

~having only an impellexr and a sparging ring. Thus, while both batch

mixing systems shqwh in FIG. 4 use an identical tank TK having 'the
hemi-toroidal tank hottom in accordance with the invehtion, it is
apparent that the mixing effectiveness of the mixing system hav:.ng
an assembly including a stator, a shroud, an impeller, and a sparge
ring arranged within the tank in accordance w:.th the invention
prov:.des for any improved mixing effectiveness in a mixing process
in which a gas is mixed with a liquid suspension. _

Referring now to FIG. 5, there are shown functional

~ relationships between a mass transfer coefficient kLa and the powex
-applied to a drive shaft SH of two distinctly different mixing

systems. .

In FIG. 5, an upper trace indicates the measured :Eunctiohal
relationship between th}'a mass transfer coefficient and the power
applied to a drive shaft SH for the down-flow batch mixing system

in accordance with an embodiment of the invention which is

indicated as an inset on the upper left-hand side of FIG. 5, and
which is identical to the ‘mixing system shown on the upper
left-hand side of FIG. 4. As in FIG. _4; the impeller diameter is
7.5 inches, and all data in FIG. 5 are shown for a gas flow.rate of

30 liters per minute (as compared to 2_4 liters per_mi-nute in FIG.

4).

In a lower portion of FIG. 5, there are shown three functional
relationships between the mass transfer coefficient kLa and the
power (in horsepower ur_n.ts) applied to a drive shaft 'SH of a
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transfer coefficient is a rreasure of the ef fectiveness of m xi ng conponents

(for exanple, a gas and a |iqui d 1 ﬁ%BEQ:He acgg Pat ch mxing system
i.e., a higher 'value of therra erficient p=
power to an inpeller drive shaft m temln

m xing effectiveness for that systemun e

for exanple, the dianeter of a m xing tank, the | ev@F
suspension in the tank, the inpeller dianetgr, and
FIG 4, an upper set of data points denot eé by soli
with a m xing systemin accordance with an

- conventional flat-bottomed mixing tank FTK. The conventional
flat-bottomed tank FTK has an afrangément:' of four conventional
baffles BAF (only two are shown) 'dispesed in equally spaced
intervals radially around the inside of the tank walls. An impeller
.IMP having a diameter D is disposed on a drive shaft sH such that
a lower surface of the impeller IMP is spaced from the flat tank
bottom by a distance equal to the :.mpeller d:l.ameter. A sparging
ring SPG is depicted as d:.sposed below the impeller IMP. The
flat- bottom tank has an inside diameter of 24 inches and J.S filled
to a level of 24 inches from the flat tank bottom with a liquid
suspens:.on schemat:.cally indicated by a dashed outline.

Assoc:.ated with the experimental results obtained from the

. mixing system using the flat-bottomed tank FTK are the three
functional relationships between the mass tramsfer coefficient and
the power' applied to the drive shaft, where each functional
relatiohship is for a different impeller diameter, the diameter
values being 6.0, 6. 5, and 7.5 inches, respectively. For each of
these impeller d:.ameters ‘the spacing between the lower surface of
the impeller and the flat tank bottom was adjusted accord:.ngly. It
is noted from FIG. 5 that the smallest diameter impeller (6 J.nches)
prov1des a sl:.ghtly h:.gher mixing effectiveness than the mid-size
diameter impeller (6.5 :|.nches) and the largest :meeller diameter
(7.5 inches). '

From a comparison of the functional reietionehip between the
mass transfer coefficieht and the powe:f applied to a drive shaft SH
for the 7.5 inch d:.ameter :unpeller, it is evident from. the results
shown in FIG. 5 that the down-flow batch ‘mixing system in
accordance with an embodiment of the :anent:.on (J.nset on the upper
left port:.on of the figure), and associated with the upper trace,
exhibits an 1mproved mixing efféctiveness compared ta the mixing '_

~ system hav:Lng the flat-bottomed tank FTK (lower r:.ght\ portlon of'
FIG. 5). ' '



-12 - enbodi nent of the inventiop,. shomn as an inset adjacent to that set

of data points for an inpeller d mee,yR Ial ches ang Tor=a=gas _
rate of 24 liters per minute thro i pensi n"é‘ﬁr&"@r-med\g @EE"N
tank. The inset schematically dep m!l g tank jf. eﬁﬁﬁh&ﬂﬂo g
having an inside dianeter. of 24 inches a ng f {fFresw-th g T gure

suspension to a level of 24 inches as

_15_ '

‘Comparing riow_ the functional 'r_elat.:ionship between the mass
_transfer' coefficient and the power applied to the driire shafts of
the data sets of FIGS. 4 and 5 for the mixing system in accordance

' with an embodiment of the 1nventlon (insets on the upper left side

- of the FIGS.) it appears that the mixing effectiveness at a gas
flow rate of 24 11ters per minute (FIG. 4) is sl:.ghtly higher at a
range of lower power inputs to the 1mpeller drive shaft than the
relationship observed at a gas flow rate of 30 liters per m:.nute
(FIG. 5). That slight. difference may be due to saturation effects
of the gas in the liquid suspension at the higher gas flow rate.

Comparing now the functional relationships between the mass
transfer coefficient and the poﬁer imparted to the drive shafts SH

' between the hemi-toroidal tank bottom of the tank TK having the
conventicnal baffles BAF (lower right portion of FIG. 4) to the
functional relationship obtained from the flal_:-bottomed tank FTK
for one and the same impeller diameter of 7.5 inches (lower right
portion of FIG. 5), it is apparent that the hemi-toroidal tank
(FIG. 4) provides for a s:.gnlf:.cantly J.mproved m:.x:.ng effectiveness
relative to the' mixing effectiveness obtained from the
flat- bottomed tank (FIG 5). Accordingly, although the gas flow
rate of 24 liters per m:.nute (in FIG. 4) is lower than the gas flow
rate of 30 1liters per minute (FIG. 5) , it appears that a
substantially enhanced or improved mi_.xing‘ effectiveness can be
obtained by selecting a mixing tank having the hemi-toroidal tank

“bottom of the invention and conventional baffles, as compared to
"the results obta:.ned from the flat-bottomed tank having the same
bafflies. However, as was described above, the arrangement of the
complete down-flow mixing system of the invention provzdes a still .
furtner improvement of the - mleng effectlveness at either one of
the -wo gas flow rates ‘used here. : - -

Thﬁs, ‘the highest m:.x:.ng effect::.veness,' as indicsted .by the
func-ional relationship between the mass transfer coefficient kLa



measured fromthe Iowest poi nt of the hem -toroidal tank bottom For -
pur poses of clarity of presenﬂhﬁm&&}hihem jlRéd component s_of t he. ”‘X'ng

system are denoted here by Iett K denot es ; K SF—aeroe
a.drive shaft, TB denotes a cyll rt t ube s;{ _ iﬁ”éﬁm
STAT and a shroud SHD, a sparging r| own attac fLﬁEF‘
face of the shroud SHD, and the.shaft rotatably tH ; _
RNt S sh n GSji1- 3
QWAR g@, _

Thus, the mixing systemin accordance w thgt-he |¥-
in that the sparging ring SPGis d| sposed bel ow {{Heat¢ hpe

upper portion of FIG 4 differs fromthe enbodi

and the power applled to the drive shaft of a mlxlng systeﬁ, is
obtained with a down-flow batch mixing system in accordance with an
embodiment of the invention, in which the arrangement of an.
impeller on an impeller hub, a stator; a shroud, and a sparging
ring is such as to provide substantially swirl-free laminar flow of
a liquid suspension'in a mixing tank'having a hemi-toroidal tank
bottom of a particular hemi- toroidal profile.
_ From the foregoing descriptlon of the embodlments, it will be
'apperent that a down-flow batch m1x1ng system has been provided in
which an improved mixing effectiveness'is obtained between a gas.
and a liquid suspension by an arrangement in a mixing tank having
a hemi-toroidal tank bottom of a particular prof:.le, and an
assembly 1nc1ud1ng an axial flow impeller, a stator, a shroud and
a sparging ring so that substantially swirl-free laminar flow is
directed downwardly by the impeller. Various modifications to the
arrangement of. these components can be contemplated. For example,
the unitary shroud-sparging ring member depicted in the embodiment
of FIG. 2 can be incorporated in the embodlment shown in FIG. 1.
Alternatively, a suitably designed sparging means may be used to
introduce the gas at a position between the two opposing surfaces
of the impeller and the stator. Additional means of mounting these
components within the mixing chamber of the invention will
undoubtedly suggest themselves to those skllled in this art. The
system may be’ modified by provxdzng adjacent, coaxial.
counter-rotating impellers to cancel swirl in the'_axially
down-£flowing stream. Such modlficatlons are within the splrlt and
~ scope of the invention, as defined in the clalms.



In FIG 4, a lower set of data points denoted by open squ
functional rélati onshi p bet weenpihg e BHSpd:k ROABEQr Ccoeffi CT"“',

pover applied to a drive shaft S systen1assoc|atengnﬁﬂm t!ﬂ
set of measured data and shown i HIEN\'M;II mght hand portlon of FIG 4. .7
This m xing system al so uses .an i I anme! —F=5cknrehes—and a-
gas flowrate of 24 liters per mnute emanating fro E**@ﬁ%iﬂ@'lh‘gé& BagNIPG.

di sposed bel ow an inpeller I MP. Here t he-tank TK |s |dentiGHLAﬁﬁDthe tit nk
of the m xing system of t he ‘i nvention, and ‘---_..1 '

suspen5| on i s agai n hel d at 24 inches as rreauREBluirF@m{, Owep t

oot

condltlons of substantlally sw1rl free laminar liquid flow, the
system comprlslng.

What is Clalmed is:

1. A down-flow batch mixing syst

a mlxlng tank in which the llquld suspen51on 1s_ mixed, the
tank having about a central axis a hemi-toroidal tank bottom
extending with a monotonically increasing toroidal radius from a
cylindrically shaped neck portion formed by tank walls proximate
said central axis to a cyllndrlcally shaped and concentric upper
portlon of a tank wall formed radially outwardly from said neck
‘portion; _ '

an 1mpeller hub radially coextensive with an end face of

_ sald neck portion and rotatably disposed adjacent thereto, said
hub rotatably driven by a drive shaft concentrlc with said axis;

an axial flow impeller mounted to said hub, said 1mpe11er

hav1ng pitched impeller blades extending radially outwardly from
said hub and directing sa1d substantially laminar flow of said
liquid suspension downwardly along said neck portion and along
said hemi-toroidal tank bottom; ' .

' “another pitched'blade assembly disposed adjacent to and
radially coexten51ve w1th said impeller, said assembly hav1ng
blades with a pitch relating to the pitch of said 1mpe11er
blades such that the flow 1eav1ng said lmpeller and assembly is
essentlally axial: and

a shroud extendlng around the perlphery of -said 1mpe11er and
said other pitched blade assembly.

2. The batch mixing system of claim 1, wherein said
assembly is a stator and said blades.are stationary.

3. The batch mixing system of claim 1, wherein-gas is
mixed with said liquid and a sparging ring is disposed®on said



p0|nt of the toroidally contoured tank .DQtLonlthmsyer

ntras to.the -
m xi ng systemof the invention, the m xin sten1as eSpen
square data set has di sposed arou Iﬂl"ﬂﬂu Mm series
of four conventional baffles BAF wn 5

nei t her ‘has a shroud nor a stator. A dr|ve shaft S i tatab drlves an
i npeller MP. An axial distance = -13 - 13- LL___“_y

REPLAC EM:NT SHEET

shroud and radially coextensive therewith, said sparglhg ring
. .providing said gas to be mixed with said liquid suspension.

4. The batch mlxlng system of clalm 3, whereln said stator
is disposed above sald impeller and said sparglng ring is
disposed on said shroud above said stator.

5. The batch mixing gystem of'claim 3, wherein said stator
is disposed above said 1mpe11er and said sparging rlng is
dlsposed on sa1d shroud below said 1mpeller.

6. The batch mixing: system of claim 3, wherein sald stator
is dlsposed below said 1mpe11er and sald sparglng ring and said
shroud being ‘a unitary member. - ' '

7. The batch mixing system of claim 1, wherein said stator
is fixedly attached to a statlonary cyllndrlcal support tube
concentric with said drive shaft, said tube having an outer

. diameter radially coextensive with said ;mpeller hub.

8. -The batch mlxlng system of cla1m 7, wherein sald drive

shaft extends coaxlally within said support tube to said’ impeller
hub.
9. The batch mixing system of claim 7, wherein said stator

is fixedly attached to said cyllndrlcally shaped neck portlon,
said unltary member is fixedly attached at the radial perlphery
of sald stator ‘and said drive. shaft havzng a contoured fairing

terminating at said impeller hub and radially coextensive
therewith. ' ' '

10. The batch mixing system of claim 3, wherein said drive



bet ween a | ower inpeller surface dal1ﬂggg@nmghmﬁ K

is. indicated to be identical to t l” [Hllg ﬂ%ter ItN

is§ evident fromFIG 4 that the m s of tem
a

in accordance with an enbodi nent - of the |nvent|on is nme
t hroughout the range. of power applied to the driveyY#
ef fectiveness of the baffled systenlhaV|H only an
ring. Thus, while both batch m xing systens shown i
i dentical tank TK having the heni-toroidal tank botf
the |nvent|gn

a++~{%+¢*ﬁﬂ+% - Xing
r?pTé‘ILF‘\éﬁ%'&"nH &iEiangi ng

%;aaﬁgg%gﬁgce ith

ft extgnds ax1ally through said sparglng ring and said stator
to said lmpeller hub

—r

'11. The batch mixing system of cléim'l wherein said drive
shaft extends axially through sald end face of sald neck portion
'to said impeller hub.

12. The batch mixing system of claim 1, wherein said upper
portion of said tank wall has a radial distance of R, between a |
radially inwardly facing surface of said wall and said central
‘axis, a radially inwardly faéing surface of said shroud has a
radial distance of R, to said central axis, and the conditions of
fsubstantially_swirl-ffee laminar flbw_of said liéuid suspension
prevail at a ratio Rs/Rt not exceeding a valpe of 0.35.



apparent that the mixing effectiveness of the mixing system having an

assenbly including a stator,

a shroud,

an i npeller,

and a sparge ring

arranged within the tank in accordance with the invention provides for any

i nproved ni xi ng effectiveness in a mxing process ig
with a |liquid suspension.
functi onal
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rel ati onshi p between the mass transfer coefficient and the powér applied to
a drive shaft SH for the down-flow batch m xing system.in accordance W th

an enbodi ment of the invention which-is indicated as Lne upper
| eft-hand side of FIG 5, and which is identical to THAG Shown
s 36’pmy?er amgt er

on the upper left-hand side of FIG . 4. As.in FIG 4,
is 7.5 inches, and all data in FIG 5 are _shown for s qds - f+-ow.:,, 19
liters per minute (as conpared to 24 i teds per minute i n Fro—d=—LH
| oner portion of FIG 5, there are shown three functional
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a | ower surface of the inpeller IMP is spaced fromthe flat tank bottom by
to the inpeller diameter. A sparging ring SPGis depicted

a di stance equal

as di sposed below the inpeller I MP." The flat-bottomtank has an inside

di ameter of 24 inches and is filled to a level of 24 inches fromthe flat

tank bottomw th a |iquid suspension schematically indicated by a dashed

outline. Associated with the experinental results obtained fromthe m xing

systemusing the flat-bottoned tank FTK-are the three f =
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relationship is for a different inpeller dianeter, the dianeter val ues
- being 6.0, 6.5, and 7.5 inches, respectively. For each of these inpeller
di anmeters the spacing between the | ower surface of the inpeller and the

flat tank bottom was adjusted accordingly. It is noted

P

smal | est dianeter inpeller (6 inches) provides a slight|l FERHAFRMENT SHAGT
ef fectiveness than the nid-size diameter inpeller (6.5 nchds} MiRi 1898

e
| argest inpeller dianeter. (7.5 inches). Froom a conpari §oP®®fthe functi-o
rel ati onshi p between
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: . . . .. . . REPLACE .
for the 7.5 inch dianmeter inpell erThisiSheet Has®¢énd@Phceli r OM t ; =9

FIG 5 that the down-fl ow batch m x accordance with a
enbodi nent of the invention (inset Lueft porti qgp=of=t
figure), and associated with the upper trace, ibits an ijwes
effecti veness conpared to the_m xi ng system having the flatjbot

FTK (l ower right portion of prgmg____%_}ml’gsm """ '

Abstract of the Disclosure

. Improved mi:iing effectiveness in the mixing of a gas with a
liquid suspension is achieved in a batch mixing system having a
‘mixing tank with a hemi-toroidal tank bottom which extends between
~a radially inner neck portion of the tank to a radially outer
cylindrical wall portion of the tank. The hemi-toroidal profile of
the tank bottom has a monotonically: inereasihg toroidal radius
between the neck and wall portions. Disposed within the tank is an
' assembly including an axial flow ;i.mpeller' with- pitched impeller
blé.des, a stator adjacent to the impeller. and: having stationary
stator blades of a pitch 6pposit:e to the pitch of the impeller
blades, a shroud surrounding the radial periphery of both the
impeller and the stator and a gas sparging means-‘ supported by the
shroud. The arrangement of the assembly prov;'.dés in conjunction
with the hemi-toroidal tank bottom a substantially swirl-free
laminar flow of the liquid suspension directed downwardly along the
neck portion and along the .tank bottom when the impeller is
rotatably driven by a drive shaft. '

Figure 1




-15-" Conparing now the functional relatidnship bet
coefficient and the power applied to the drive shaf\t®a®f tHe"

FIGS. 4 and 5 for the m xing systemin accoidance ; an enbodi ment of the
i nvention (insets on the upper left side of"the FIGS.) it appears that the

m xi ng effectiveness at a gas flowrate of 24 liters per mnute (FIG 4) is
slightly higher at a range GOWNoREPWRAEFH MEXING SBSTEM i npeller drive

shaft thanFib&dref atheihientdloner ved at a gas flow rate of 30 liters per
mnute (FIG 5)7hdNPredleh@ht ; fid I RN CE AR 10, dYE L0 SALYN ALL O, efnriexci:[nsg

systems in which a batch of a liquid or a batch of a liquid
suspension is mixed with a gas and, more particularly, the
invention relates to a down-flow batch mixing system providing an
improved mixing effectiveness through a design which establishes

mixing conditions of a substantially swirl-free laminar liquid
flow.

Bac d the nti

In batch mixing, a batch of a 1iquid or of a liquid suspension
is loaded into a mixing tank and means for introducing a gas into
the 1liquid  is 'provided. An impeller-type agitator provides
agitation of the liquid or of. the liquid suspension while the gas
to be reacted with the liquid suspension is introduced, usually by
nozzles or so-called sparging rings in the form of gas bubbles. The
mixing process proceeds until a selected, process indicator
indicates a desired degree of completion of a chemical reaction
between the liquid suspension and the gas, whereupon the mixing
process is terminated and the thus reacted product is emptied from
the mixing. tank. Numerous b_atch mixing syst_:enis are known in which
imp&:oved mixing effectiveness has been sought by introducing a
number of particular mixing system designs, tailored to achieve
particular results. A méasure of the effectiveness of the mixing
process in a batch mixing system is a quantity referred to as a
*mass transfer coefficient,” which provides an indication of the
effectiveness of mass transfer during the mixing process. The
literature on batci: mixing systems is replete with examples of
improved designs for an agitator, impeller, or propeller, the
incorporation of baffles disposed on the inside wall of a mixing
tank, the introduction of draft tubes functioning as shrouds, and
various gas int;.'éducj:ion means- and their location with respect to
the impeller within the_ m:.x:.ng tank. In some mixing system designs
a stator having stationary blades or vanes is used in proximity to
the impeller so as to achieve improved mixing. characteristics for



of the gas in the |'iquid suspension at the higher FaEpLALe s S gEqofpar i ng
now t'he functional relationships between the mass transfer coeffici gnt and
the power inparted to the drive shafts SH bet weerl| Dag ShémiJuNoi38Bdal It ank

bottom of the tank TK. having the conventional b "‘H:es: """""""""""""" fjght

portion of FIG 4) to the functional retatd onship obtai ned fromthe
flat-bottomed tank FTK for one and the sane inpeller dianeter of 7.5 inches
(lower right portion of FIG 5), it is apparent that the hem -toroidal tank
(FIG 4) provides for a significantly inproved m xi ng effectiveness

rel ati ve qertainemapexials @f furler eeesainobdadieibnsfrom the

Another design variable disclosed in the literature is the
mixing tank itself and, more particularly, the design of the tank
bottom of a mikxing system. As viewed from the inside of a mixing
tank, the tank bottom may be a flat bottom or it may be a concave
bottom, or as is the case in certain pressure vessels, it may be a
convex bottom. Thus, with respect to the contour of the bottoms of
mixing tanks, the disclosures known to the applicant can be
accurately classified as follows: .

Mixing systems having a flat bottom are disclosed in the
following U.S. Patents: 4,454,078 (June 12, 1984); 4,190,371
(February 26, 1980); 4,207,275 (June 10, 1980); 3,875,057 (April 1,
1975); 2,433,592 (December 30, 1947); and 1,255,944 (February 12,
1918).

Contoured tank bottoms or chamber bottoms are disclosed in the
following patents: U.S. 4,054,519 (October 18, 1977) discloses a
hydraulié attrition unit for a marine toilet, showing in a portion
of a Fig. 3A thereof, a hemi-toroidal chamber bottom. In U.S.
3,488,038 (January 6, .1970) there is dis_c:ioed a stirrer, shown in
a Fig. 1 as having a propeller (18) directing liquid flow
downwardly toward a con-t;'bured and rotating flow guiding body (19},
whereupon the liquid is shown as flowing along a flat bottom
portion of a container (11), and past suppressor vanes (20)
attached to side walls of the container. U.S. 2,521,396 (Septembexr
5, 1950) discloses a gas-and liquid contact apparatus, showing in
a Fig. 1 thereof a tank (1) having a uniformly concave tank bottom,
an impelier (9) and a rotary gas target (11) attached to a shaft
(10) . The rotary gas target or gas di"stribution system directs a
gas upwardly toward the impeller. The impeller (9) directs a liquid
flow upwardly. In U.S. 2,123,496 (July 12, 1938) there is disclosed
a drink mixer. having a toroidally shaped bottom of a. receptacle
(12), as depicted in-a Fig. 1 thereof. In U.S. 2,016,6%7 (October




fl.at-bottomed tank (FIG" 5). Accor di ngly, although the v I at e of 24

liters per minute (in FIG 4) is |lower than tffre_gas.Il.ew k Ho 30 liters
per mnute (FIG 5), it appears that a iici '%%Y‘laa%yg%ﬁﬁa“ced or

i nproved m xing effectiveness can be obtained Bl e A _m Ring tank
havi g the heni -toroidal tank bottom of the i é}fﬁ 1" ( ti onal
baffles, as conpared to the results obtai’ned Tromthe flat-bottoned tank
havi ng the sane baffles. However, as was described above, the arrangenent
of the conplete down-flow m xi ng systemof the invention provides a still

further | pr Ol\’%ntthoefret hfs mdﬁlsggogééegt qavicas fg;: %Irteggnr.ngq ngagfer stock,
Figs. 1 - 3 thereof showing in these embodiments various contoured
bottoms of a receptacle (10), and indicating tubular members or
shrouds having various configurations (15, 15a, 15b, and 15c). In
U.s. 1,960,613 (May 29, 1934) there is disclosed a method for
bleaching paper pulp, and showing in Figs. 1 and 2 thereof a tank
(1) having a hemi-toroidal tank bottom delineated by a central
ridge (9), an axial flow impeller (3), and a degrader (2) in which
the pulp is given a downward movement (Fig. 1) by the impeller and
alternatively an upward movement (Fig. 2).

Another publication, titled The Attainment of Homogeneous
Suspension in a Continuous Stirred Tank, by S. Reschbach and J. R.
Bourne, The Chemical Engineering Journal, Elsevier Sequoia S.A.,
Lausanne (1972) deécribes results of a comprehensive study of
various configurations of tanks and positions of an impellers
immersed into.a suspension of PMMA particles in a hydrocarbon
liquid. This publication does not address the question of mixing,
rather it attempts to address the particle size distribution in the
liquid before and after stirring of the liquid suspension by
impellers. 1In that publication, on pages 238 and 239 thereof,
there are shown as a “ca:'se 6” and a “case 7" a 'system within a tank
having a hemi-toroidal tank bottom and having baffles in the form
of a draft tube. The propeller directs the flow of the liquid
suspension upwardly. The particle size distribution curves shown in
Figs. 6 and 7, respectively, indicate that a wmore homogeneous
suspension is retained after a period of agitation of the
suspension by using the configurations and conditions described as
“case 6” and “case 7,” respeci:ively_. The conclusions of that
publication, on page 242. thereof, indidate that conventional
flat-bottomed propeller agitated tanks were not, producing
homogenecus suspensions, while che empirically determined contoured
tank bottom provided more homogeneous suspensions in t&rms of the

L]



the two gas flow rates used here. Thus, the highest m xing effectiveness,
as indicated by the functional relationship between the mass transfer
coefficient kLa -16- and the power applied to d}{éé@ﬁEﬁpgﬁgEﬁf a
m xi ng system is obtained with a down-flow batc Zg sns{

i [ inD ranggnent of

accordance with an enbodi nent of the invention,
an

------
------------------------
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measured particle size distribution. It is also pointed out in the
conclusions  section that constant propeller tip speed was seen as
the relevant criterion to provide homogenequs suspensions in a
scaled up version of the stirrer apparatus having the contoured
bottom. . .

It is apparent from a detailed review of the foregoing
publications, and as related to batch mixing systems, that at least
the following major aspects or features of a batch mixing system
designed for mixing a gas with a liquid suspension have either not
been considered or have not been appreciated in the prior art with
respect to an influence of any one aspect or feature or of a
combination of aspects or features on a measure of mixing
effectiveness achievable in a batch mixing system: .

(1) the influence of swirl and turbulence of the liquid flow
as induced by an impeller disposed in a mixing tank;

(ii) the influence of the contour or profile of the bottom of
a mixing tank in the case of a “down-flow” batch mixing system,
i.e., a batch mixing system in which an impeller provides a flow of
a liquid suspension which is initially directed downwardly toward
the tank bottom; and

(1ii) the influence of the disposition within a mixing tank of
an assembly including at least an impeller, a stator adjacent to
the impeller, a shroud adjacent to a radial periphery of both the
impeller and the stator, and a gas sparging means radially
coextensive with the shroud.

Accordingly, it is desirable to provide a batch mixing system
having an improved mixing- efgec'tive'ness for mixing a gas with a
liquid suspension. Such' an improvéd mixing system can be
advantageously used in the fields of fermentation, aeration, and
generally in mixing applications using reactive gaseg to promote
controlled chemical reactions in liqu:.d suspensions.

Summa of the Inventn.on -



i npeller on an inpeller hub, a stator, a shroud, and a sparging ring is
such as to provide substantially swirl-free lamnar flowof a liquid

suspensi on
parti cul ar
enbodi nent
been provi
a gas and
hem -toro
I ncl udi ng

in a mxing tank having a hem -toroidal tank bottom of a

hem -toroidal profile. Fromthe foregoing description of the
s, it wll be apparent that a down-flo )
ded in which an inproved m xingceffecti ; bet ween
a liquid suspension by an arrangenent i X hayli ng a
dal tank bottom of a particular profiléi’
an axial flow inpeller, a stator, a shroud, and

It is the principal object of the present invention to
provide a down-flow batch mixing system for mixing a gas with a

liquid suspension under conditions of substantially swirl-free
laminar liquid flow.

Another object of the invention is to provide a down-floﬁ
batch mixing system which produces improved mixing effec’tiveness of
a gas and a liquid suspension. '

A further object of the present invention is to provide a
down-flow batch mixing system having a tank with a hemi-toroidal
tank bottom extending with a monotonically increasingffbroidal
radius from a centrally disposed cylindrically shaped neck portion
to a cylindrically shaped and concentric upper portion of an outer
tank wall. .

A still further object of the present invention is to provide
an improved down-flow batch mixing system in which an axial flow
impeller, a stator disposed adjacent thereto, a shroud extending
around the periphery of both the impeller and- the stator, and a
sparging ring are arranged within the tank and with respect to the
toroidal tank bottom such that substant:.ally swirl-free laminar
liquid flow is achieved within the tank.

Briefly described, the present J.nventz.on provides a down-flow
batch mixing system for'mlxlng'a.gas w1th.a liquid suspension under
conditions of substantially swirl-free laminar liquid flow, in
which a mixing tank has about a central axis a hemi-toroidal tank
bottom extending with a monotonically increasing toroida]_. radius
from a cylindrically shaped neck portion formed by tank walls
proximate the central axis to a cylihdrically shaped upper portion
of a tank wall formed radially outwardly from this neck portion.
The mixing system also has ‘an impeller. hub which 'is radially
coextensive with an end face of the neck portion of the tank and
which is rotatably disposed thereon, and rotatably driven by a
drive shaft. An axial flow impelleér is mounted to the '-impeller hub.



a sparging ring so that substantially swirl-free lamnar flowis directed *
downwardly by the inpeller. Various nodifications to the arrangenent of

t hese conponents can be contenpl ated. For exanple, the unitary
shroud-spargi ng ring nenber depicted in the enbodiT:

r‘““""‘-* 2—can be

i ncorporated in the enbodi nent shown in FIG 1. A hAEEVENT sHEETUIt abl v
desi gned sparging neans nmay be used to inqtroduce ﬁ at g@g i tjjon
bet ween the two opposing surfaces of the Y hpeller t é !!U t.OPY...
Addi ti onal nmeans of nounting these conponents vvith| n F—Haber  of

the invention will undoubtedly suggest thenselves to those Skl lled in this
art. The The impeller has pitched impeller blades, and upon rotation the

impeller directs the liquid suspension in a substantially laminaxr

flow downwardly along the neck portion and along the hemi-toroidel

tank bottom. Thus, where the impeller ( is upstream of the stator

~or another counter-rotating blade assembly) the pitches of the

impeller and stator blades or blades of a second counter rotating

blade assembly are such that the flow leaving the stator or counter

rotating blade assembly is essentially axial. Similarly, where

the stator is upstream of the impeller, the pitches of the impeller

and stator are such:-'~"that-~~ the flow leaving the impeller is
essentially axial. The stator is disposed adjacent to and radially

coextensive with the impeller. ~ A shroud extends radially around
the periphery of both the lmpeller and the stator. A sparging ring,
which provides the gas to be mixed with the ljquid suspension, is

disposed on the shroud and is radially coextensive therewith.

Thus, the present invention provides a down-flow batch mixing
system in which a tank.. h‘airing 'a particular hemi-toroidal tank
bottom cooperates with an assembly including an impeller, a stator,
a shroud, and a sparging ring to -produce conditions of
substantially swirl-free laminar liquid flow so that an improved
mixing effectiveness is” obtained in the mixing of a gas with a
liquid suspension. The gas-is.introduced in a region of high speed
flow and immediately upstream of a region of high shear.

Brief Description of the Drawings _

The present ‘invention will be better understood and
appreciated more fully from the follow:.ng detailed description,
taken in conjunction with' the accompany:.ng draw:.ngs, in which:

FIG. 1 shows in a cross -sectional view a first embodiment of
the down-flow batch m:.x:.ng.csystem in accordance.with the present
invention, in which a. support« tube supports a stator with a
sparging ring thereon, and a: drive shaft extending coax:bally within
that support tube to anx impeller hub, the hub beindg radially



systerﬁ ‘ray be nodified by providing adjacent, coaxi al

counter-rotating inpellers to cancel swirl in the axially
down-fl owi ng stream Such nodifications are within the spirit and scope of
the invention, as defined in the clains. -17 - What is Cained is: 1. A

down-fl ow batch m xing systemfor mxing a li

coextensive with an end face of a cylindrical neck portion 6f a
mixing tank. Also indicated schematically are two of the toroidal
radii which, in combination, provide the monotonically increasing
toroidal radius of the tank bottom extending from the cylindrical
neck portion to a cylindrical outer wall portion of the tank.

FIG. 2 depicts a down-flow batch mixing system in accordance
with a second embodiment of the invention, in which a stator is
disposed on a portion of a cylindrical neck portion of a mixing
tank, and an impeller rotatably driven by a drive shaft extending
into an impeller ‘hub, the drive ‘shaft having a fairing radially
coextensive with the impeller hub, and a unitary member surrounding
the radial periphery of both the stator and the impeller, in which
the unitary member. functions as both a shroud and a sparging ring.

FIG. 3 shows a down-flow ‘batch mixing sysi:em in accordance
with a third embodiment of the invention, in which a stator and a
sparging ring are supported by the cylindrical neck portion of the

" mixing tank, and a drive .shaft extends axially through an end face
of said cylindrical neck portion of the mixing tank to an impeller
hub radially coextensive with the end face of the neck portion.

"FIG. 4 is a graphical presentation of mass transfer
coefficient versus powetr applied to an impeller drive shaft, and
comparing the performance of a down-flow ‘batch mixing system in
accordance with the invention to the performance of an identically
contoured mixing tank having baffles disposed along the inside of
the outer tank walls and having an impeller and a sparging ring
only. _

FIG. 5 is a graphical presentation of the functional
relationship between a mass transfer coefficient and the power
applied to an impeller drive shaft, and. comparing the performance
of a down-flow batch mixing system in accordance with the present
invention. to ‘the performance of a conventional "batch mixing system
having a flat tank bottom and. side wall baffles, as well as an



conditions of substantially swirl-free |am nar liquid flow, the system
conprising: a mxing tank in which the liquid suspension is m xed, the tank
havi ng about a central axis a henmi-toroidal tank bottom extending with a
nmonotoni cally increasing toroidal radius froma cylindrically shaped neck
portion formed by tank walls proximte said central axis to a cylindrically
shaped and concentric upper portion of ag.ank wall

outwardly fromsaid neck portion; an inpeller hub
an end face of _ :

axﬂmlﬂqum%ﬂﬁ%’i
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impeller and a sparging ring only.
Detailed Description of the Embodiments _
' Referring now to FIG. 1, there is depicted a first embodiment
of a down-flow batch mixing system shown in a cross-sectional view.
The mixing system 10 has a mixing tank 12 with a central axis 13.
Radially concentric with the axis 13 are cylindrically shaped upper
side wall portions 16 and a cylindrically shaped neck ;;ortion 15, .
the neck portion terminating at an upper face 18. A contoured
hemi-toroidal tank bottom, indicated at 14, extends with a
monotonically 1ncreas:.ng toro:.dal radius from the cylindrically
shaped neck portion 18 to the cylindrically shaped upper side wall
portion 16. The monotonically vaty.i-ng radius of the hemi-toroidal
tank bottom is schematically indicated- by two toroidal radii R.,
and R, these radii drawn about toroidal centexr iin.es indicated at
17. The toroidal rad:.us R, denotes the shortest radius emanat:.ng
from the cyl:.ndr:.cal ‘neck portion 15, wh11e the toroidal radius R,
denotes the largest radius where the tank bottom merges into the
cylindrically shaped upper side wall portion 16. The difference
between R, and R, is indicated as AR. An --impeller hub 20 is shown
disposed above the upper end face 18 of the neck portion 15, the
hub being radially coextensive with the ‘radial dimensions of the
neck end face as viewed from the inside of the tank 12, and the
impeller hub is i‘otatably driven by a drive shaft 22. An axial flow
impeller, indicated at 24 has impeller blades 25 extending radially
outwardly from the hub 20. The impeller blades 25 (not shown in
detail) have a pitch such that the impeller induces an initially
downwardly directed flow of a liquid suspension along t_:he' neck
portion 15 and the contour lines 14 of the tank bottom, thus
referring to this mixing system as a “down-flow” mixing system.
Shown positioned adjacently above the 1mpeller 24 ig a stator,;
indicated at 30 having a plurality of stationary stator blades 35
(not shown in detail), the stator blades 35 having a Pitch _such



sai d neck portion and rotatably di sposed adjacent thereto, said hub

rotatably driven by a drive shaft concentric with said axis; an axial flow
i mpel l er nounted to said hub, said inpeller having pitched. inpeller blades
extending radially outwardly fromsaid hub and directing said substantially
| am nar flow of said |liquid suspension downwardly

i on
and al ong said heni-toroidal tank bottom another pi B& b@ﬁhﬁﬁe&&@é? |y
di sposed adjacent to and radially coexterdive withiffsai d erprjljég sai
assenbly having blades with a pitch relating to th QQ 'l er

--------
e O

that the swirl induced by the stator 30 is essentially removed by
the rotating impeller blades 25 thus substantially reducing the
magnitude of swirl components of liquid flow in the mixing system
10. The stator 30 is fixedly attached to a cylindrical supporﬁ tube
32, the tube having an outer diameter which is radially coextensive
with the diameter of the impeller hub 20. The support tube 32 is
concentric about the drive shaft 13. A shroud 40 is indicated as
extending adjacently around the periphery of both the impeller 24
and the stator 30, the impeller and the's;agqr.being substantially
radially coextensive. Shown disposed abbvé"the stator 30 and
radially coextensive with. the shroud 40 is a sparging ring 50
having apértures 52 through which a gas is introduced into the
rapidly down-flowing liquid in the'foi'm-of gas bubbles in a manner
well known in the art of mixing systems. o, ;
Substantially swirl-free laminar liquid flow conforming to the
hemi-toroidal .contour of the tank bottom and being directed
downwardly by the impeller 24 tangentially along the cylindrical
neck portion 15, is schematically indicated by dashed outlines with
small arrows indicating the direction ‘of flow of the liquid
suspension. Gas bubbles are depicted throughout the 1liquid
suspension in the tank as a way to indicate in the drawing that the
substantially swirl-free laminar liquid f£low conditions achievable
in the mixing system 10 of the invention provide for a
significantly enhanced residence time of small gas bubbles in t:he"
liquid suspension by havi.x_1gl minimized regions of swirl and
turbulence of the flowing liquid. | |
The shroud 40 has a radially inwardly facing cylindrical

surface indicated as having a radius R,,- and an inwardly facing
surface of the cylindrical portion 16 of the tank wall 12 is shown
with a radius R,. It can be shown that conditions of sqbstantlally
swirl-free laminar flow of the liquid suspension can be maintained



bl ades such that the flow | eaving said inpeller and assenmbly is essentially
axial; and a shroud extendi ng around the periphery of -said inpeller and
said other pitched bl ade assenbly. 2. The batch m xing systemof claim1,
wherein said assenbly is a stator and said blades are statlonary 3. The
batch m xing systemof claim1, wherein gas is. Id and a
sparging ring is disposed on said

F{EPLACE‘W&N T SHEET
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so long as the ratio RSdA/Rt does not exceed a value of 0.35.

- Referring now to FIG. 2, there is depicted a cross-sectional
view of a down-flow batch mixing system (100) .The embodiment of the
mixing system shown in FIG. 2 differs from that of FIG. 1 in the
mounting of a stator 130, and in the attachment of a drive shaft
122 to an impeller hub 120, as well as in the use of a unitary
memper 170 which serves both as a' 'shroud and a sparging ring in -
this embodiment.

The stator 130 is shown as: pOSItloned below an impeller 124,
the stator 130 fixedly attached to the inner walls of a portion of -
a cylindrical neck port:.on 115 of a mixing tank 112. Fixedly
attached to a radial periphery of the stator 130 is the unitary
member 170 which has at an upper portlon thereof an 1ntegra11y
formed gas sparging- ring having apertures 172'. Disposed above the
stator 130 and adjacent an upper surface 118 of an end face of the
neck portion 115 is the impeller hub 120 which is radially
coextensive with the upper surface 118. An impeller 124 is
rotatably driven by the drive shaft 122, the drive shaft haVing a.
fairing 160 shown as smoothly contoured between the shaft and the
impeller hub 120 and radlally coextensive with the hub at the upper
surface thereof. The bladlng pitches of the impeller 124 and
stator 130 are such that the flow leaves the stator with
substantially no swirl.

Features and functions not described with respect to the batch
mixing system 100 of FIG. 2 are identical to features and functions
of the batch mixing system described in conjunction with FIG. 1.

Réferring now to FIG. 3, there is shown in cross-sectional
view a down-flow batch mixing system. 200 which depicts a -thixrd
embodiment having a' different arrangement with respect to a drive
shaft 222 and a tank cylindrical neck 215 which also serves to
suppéft7a35tét0r 23b, a shroud 240, and a sparging ring 250.



-18 - shroud and radially coextensive therewith, said sparging ring
prOV|d|ng said gas to be mxed with said |liquid suspension —The batch
m xi ng system of claim 3, wherein said stator =4 :

i npel l er and said sparging ring is disposed o
stator. 5. The batch m xi ng system of claim 3,{|whe Aoy :

di sposed above said inpeller and said sparglng' g g fh sai d
shroud bel ow said inpeller. '

In the batch mixing system 200, the drive shaft 222 is shown
as extending axially through an end face 218 of a cylindrically
shaped neck portion 215 of a mixing tank 212 through a bushing 219
attached to the end face 218, the bushing 219 having a fluid seal
(not shown). Rotatable drive shaft 222 is attached to an impeller
225 having a hub 220 which :'_.s' shown to be radially coextensive with
the cylindrical neck portion 215 as viewed from inside the tank
212. The stator 230 is supported by the tank cylindrical neck 215
which extends axially upwardly. through the stator. A conoidal
fairing 253 is provided to. str'eamline the upper face of the
impeller hub. Fixedly attached.to the radial periphery of the
stator 230 is a shroud 240, and “the sparging ring 250 is attached
to an upper end portion of the shroud 240.

It is to be understood thatf; a magnetic driwve. could function to

" drive the impeller through the tank neck wall and thus, to obviate
.the need for a seal. _ '

All other features and funct:.ons of the batch mixing system
200 of FIG. 3 not specifically described, are identical to the
features and functions of the embodiment shown in FIG. 1.

Referring now to FIG. 4, there is shown a functional
relationship between a -n.j'éss transfer coefficient kLa and the power
applied to a drive shaft of a batch mixing system. The mass
transfer coefficient is a measure of the effectiveness of mixing
components (for example, a gas and a liquid suspension) in a batch
mixing system, i.e., a higher value of - the mass transfer
coefficient at a given input power to an impeller drive shaft of a
mixing system indicates a higher mi:;ing effectiveness for that
system under specified conditi;ms—. {such: as, for example, the
diameter of a mixing tank, the level of the liquid sﬁsp_ension in
the tank, the impeller diameter, and the gas .flow rate).

' In FIG. 4, an upper set of data points denoted by solid
squares is associated with a mixing-s?stem.in accordarice with an



6. The batch m xing systemof claim3, wherein said stator is disposed

bel ow sai d inpeller and said sparging ring and said shroud being a unitary
menber. 7. The batch m xing systemof claiml, wherein said stator S
fixedly attached to a stationary cylindrical suppati—tube-g¢

said dri've shaft, said tube having an outer di arreqﬁgﬁ@@e@.hémsﬂﬁst ::sive
wth said irrpeller hub. 8. The batch m xi ng syst_e of claim?7, where

drive shaft extends coaxially wthin sard2support
hub.

embodiment of the invention, shown as an inset adjacent to that set

of data points for an impeller diameter of 7.5 inches and for a gas

flow rate of 24 liters per minute through a liquid suspension

contained in a tank. The inset- schematically depicts the mixing

tank of the invention as having an inside diameter of. 24 inches and.
being filled with a liquid suspension to a level of 24 inches as

measured from the lowest point of the hemi-toroidal tank bottom.

For purposes of clair:ity of presentation, the major components of

the mixing system are denoted here by letters, wherein TK denotes

a tank, SH denotes _ai'.dfivé" shaft, TB denotes a cylindrical’ support

tube supporting a stator STAT and a shroud SHD, a sparging ring SPG

shown attached to a lower end face of the shroud SHD, and ‘the shaft

rotatably driving an impeller IMP. Thus, the mixing system in

accordance with the _imfention depicted in the upper portion of FIG.
4 differs from the embodiments shown in FIGS. 1 - 3 in that the

spargiﬁg ring SPG is disposed below the impeller IMP.

In FIG. 4, a lower set of data points denoted. by open squares
shows the functional relationship between the mass transfer
.coefficient kLa and the power applied to a drive shaft SH for a
mixing system associated with that set of measured data and shown
in the lower right-handf"'portion of FIG. 4. This mixing system also
uses an impeller of a diameter of 7.5 inches and a gas flow rate of
24 liters per minute emanating from a sparging ring SPG disposed
below an impeller IMP. Here the tank TK is identical to the tank of
the mixing system of the invention, and the level of the liquid
suspension is again held at 24 inches as measured from the lowest
point of the toroidally coritonired tank bottom. However, in contrast
to the m:.x:l.ng system of the invention, the mixing system associated
with the open square data.set has disposed around the inside wall.
of the tank TK'a series of four conventional baffles BAF (only two
are shown) and that system neither has a shroud nor a stator. A
drive shaft SH ‘rotatably drives an impeller IMP. An axill distance



9. The batch mixing systemof claim7, wherein said stator is fixedly
attached to said cylindrically shaped neck portion, said unitary nenber is
fixedly attached at the radial periphery of said stator and said drive
shaft having a contoured fairing ternmnating at said |npeller hub and
radially coextensive therewith. 10. The batch m
wherein said drive

between a lower impeller surface and the hemi-toroidal bottom of
the tank is. indicated to be identical to the impeller diameter D
(7.5 inches). .

It is evident from FIG. 4 that the mixing effectiveness of the
mixing system in accordance with an embodiment of the invention is
measurably higher throughout the range of power applied to the
drive shaft SH than the mixing effectiveness of the baffled system
having only an impeller and a sparging ring. Thus, while both batch
mixing systems shown in FIG. 4 use an identical tank TK having the
hemi-toroidal tank bottom in accordance with the invention, it is
apparent that the mixing effectiveness of the mixing system having
an assembl& including a stator, a shroud, an impeller, and a sparge
ring arranged within the tank in accordance with the invention
provides for any imi:_roved mixing effectiveness in a mixing process
in which a gas is mixed with a liquid suspension.

Referring now to FIG. 5, there are shown functional
relationships between a mass transfer coefficient klLa and the power
applied to a drive shaft SH of two distinctly different mixing
systems. '

In FIG. 5, an upper trace indicates the measured functional
relationship between tl‘i.é mass transfer coefficient and the power
applied to a drive shaft SH for the down-flow batch mixing system
in accordance with an embodiment of the invention which is
indicated as an inset on the upper left-hand side of FIG. 5, and
which is identical to the mixing system shown on the upper
left-hand side of FIG. 4. As in FIG. 4, the impeller diameter is
7.5 inches, and all data in FIG. 5 are shown for a gas flow.rate of
30 liters per minute (as compared to 24 liters per minute in FIG.
4} . — .

In a lower portion of FIG. 5, there are shown three functional
relationships between the mass transfer coefficient kLa.and the
power (in horsepower units) applied to a drive shaft 'SH of a



- 19 - shaft extends-axially through said sparging ring and said stator to
said inpeller hub. 11. The batch m xing systemof claiml, wherein said '
drive shaft extends axially through said end face of said neck portion to
said inpeller hub. 12. The batch m xing systemof claim1, wherein said
upper portion of said tank wall has a radial di sta%&gr_r] bet ween a
radial l'y inwardly facing surface of said wall and fap CENLra = !
radial ly inwardly facing surface of saidl4%hroud haf a ERGR

.
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corwentional flat-bottomed mixing tank FTK. The conventional
flat-bottomed tank FTK has an arrangement of four conventional
baffles BAF (only two are shown) disposed in equally spaced-
intervals radially around the inside of the tank walls. An impeller
IMP having a diameter D is disposed on a drive shaft SH such that
a lower surface of the impeller IMP is spaced from the flat tank
bottom by a distance equal to the impeller diameter. A sparging
‘ring SPG is depicted as disposed below the impeller IMP. The
flat-bottom tank has an inside diameter of 24 inches and is filled
to a level of 24 inches from the flat tank bottom with a liquid
suspension schematically indicated by a dashed outline.

Assod_iated with the experiinental results obtained from the
mixing system using the flat-bottomed tank FTK are the three
functional relationships between the mass transfer coefficient and
the power applied to the drive shaft , where each functional
relationship is for a different impeller diameter, the diameter
values being 6.0, 6.5, and 7.5 inches, 'respectively. For each of
these impeller diameters the spacing between the lower surface of
the impeller and the flat tank bottom was 'a.djusted accordingly. It
is noted from FIG. 5 that the smallest diameter impeller (6 inches)
provides a slightly hijﬁer mixing effectiveness than the mid-size
diameter impeller (6.5 inches) and the largest impeller diameter
(7.5 inches). -

From a compariéon of the functional relationship between the
mass transfer coefficient and the powei' applied to a drive shaft SH
for the 7.5 inch diameter impeller, it is evident from. the results
shown in FIG. 5 that  the down-flow batch mixing . system in
accordance with an embodiment of the if_xventién (inset on the upper
left portion of the figure), and associated with the upper trace,
exhibits an improved mixing efféctiveness compared ta the mixing

system having the flat-bottomed tank FTK (lower right- portion of
FIG. 5). '



radi al di stance of [efr] to said central axis, and the conditions of
substantially swirl-free amnar flow of said |liquid suspensi on prevail
at aratio Rs/Rt not exceeding a value of 0.35.
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Comparing now the functional relationship between the mass
transfer coefficient and the power applied to the drive shafts of
the data sets of FIGS. 4 and 5 for the mixing system in accordance
with an embodiment of the invention (insets on the upper left side
of the FIGS.) it appears that the mixing effectiveness at a gas
flow_ rate of 24 liters per minute (FIG. 4) is slightly higher at a
range of lower power inputs to the impeller drive shaft than the
relationship observed at a gas flow rate of 30 liters per minute
(FIG. 5). That slight difference méy be due to saturation effects
of the gas in the liquid suspension at the higher gas flow rate.

Comparing now the functional relationships between the mass
transfer cbefficient and the povier- imi)arted to the drive shafts SH
between the hemi-toroidal tank bottom of the tank TK having the
conventional baffles BAF (lower right portion of FIG. 4) to the
functional relationship obtained from the flat-bottomed tank FTK
for one and the same impeller diameter of 7.5 inches (lower right
portion of FIG. 5), it is apparent that the hemi-toroidal Eank' _
(FIG. 4) provides for a significantly improved mixing effectiveness
relative to the mixing effectiveness obtained from the
flat-bottomed tank (FIG. 5). Accordingly, although the gas flow
rate of 24 liters per mi:ﬁute (in FIG. 4) is lower than the gas flow
rate of 30 liters 'per minute (FIG. S), it appears that a
substantially enhanced or improved mixing effectiveness can be
obtained by selecting a mixing tank having the hemi-toroidal tank
bottom of the invention and conventional baffles, as compared to
the results obtained from the flat-bottomed tank having the same
baffles. However, as was described above, the arrangement of the
complete down-flow mixing system of the invention provides a still
further improvement of the mixing effectiveness at either one of
the =wo gas flow rates used here.

Thus, the highest mixing effectiveness, as indicated by the
func-ional relationship between the mass transfer coefficient kLa

~
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and the power applied to the drive shaft of a mixing system, is
obtained with a down-flow batch mixing system in accordance with an
einbédiment of the invention, in which the arrangement of an
impeller on an impeller hub, a stator, a shroud, and a sparging
ring is such as to provide substaritially swirl-free laminar flow of
a liquid suspension in a mixing tank having a hemi-toroidal tank
bottom of a particular hemi-toroidal profile.

From the foregoing description of the embodiments, it will be
apparent that a down-flow batch mixing system has been provided in
which an improved mixing effectiveness is obtained between a gas.
and a . liquid suspension by an arrangement in a mixing tank having
a hemi-toroidal tank bottom of .a particular profile, and an
assembly including an axial flow impeller, a stai‘:or, a shroud, and
a sparging ring so that substantially swirl-free laminar flow is
directed downwardly by the impeller. Various modifications to the
arrangement of these components can be contemplated. For example,
the unitary shroud-sparging ring member depicted in the embodiment
of FIG. 2 can be incorporated in the embodiment shown in FIG. 1.
Alternatively, a suitably designed sparging means may be used to
introduce the gas at a position between the two opposing surfaces
of the impeller and the stator. Additional means of mounting these
components within the mixing chamber of the invention will
undoubtedly suggest themselves to those skilled in this art. The
system may be wmwodified by providing adjacent, coaxial
counter-rotating impellers to cancel swirl in the axially
down-flowing stream. Such modifications are within the spirit and
scope of the invention, as defined in the claims.
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What is Claimed is:

1. A down-flow batch mixing system for mixing a liquid under
conditions of substantially swirl-free laminar liquid flow, the
system comprising:

a mixing tank in which the liquid suspension is mixed, the
tank having about a central axis a hemi-toroidal tank bottom
extending with a monotonically increasing toroidal radius from a
cylindrically shaped neck portion formed by tank walls proximate
said central axis to a cylindriqally shaped and concentric upper
portion of a tank wall féfméa rédially outwardly from said neck
portion; .

- an impeller hub radially coextensive with an end face of
said neck portion and rotatably disposed adjacent thereto, said
hub rotatably driven by a drive shaft concentrid with said axis;:

an axial flow impeller mounted to said hub, said impeller
having pitched impeller blades extending radially outwardly from
said hub and directing said-substantially laminar flow of éaid._'
liquid suspension downwardly along said neck portion and along
said hemi-toroidal tank bottom; ' .

"another pitched blade assembly disposed adjacent to and
radially coextensive with said impeller, said assembly having
blades with a pitch relating to the pitch of said impeller
blades such that the flow leaving said impeller and assembly is
essentially axial; and

a shroud extending around the periphery of -said impeller and
said other pitched blade assembly.

2.  The batch mixing systeﬁ of claim 1, wherein said
assembly is a stator and said blades.are statiomary.

3. The batch mixing system of claim 1, wherein-gas is
mixed with said liquid and a sparging ring is disposed®on said
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shroud and radially coextensive therewith, said sparging ring
providing said gas to be mixed with said liquid suspension.

4, The batch mixing system of claim 3, wherein said stator
is disposed above said impeller and said sparging ring is
disposed on said shroud above said stator.

5. The batch mixing system of claim 3, wherein said stator
is disposed above gaid impeller and said sparging r1ng is
dlsposed on said shroud below said 1mpeller.

6. The batch mixing system of claim 3, wherein said stator
is disposed below said impeller and said sparging ring and said
shroud being'a unitary member. \

7. - The batch mixing system of claim 1, wherein said stator
is fixedly attached to a stationary cylindrical support tube
concentric with said drive shaft, said tube having an outer
diameter radially coextensive with said impeller hub.

8. The batch mixing system of claim 7, wherein said drive

shaft extends coaxially:within said support tube to said impeller
hub.

9. The batch mixing system of claim 7, wherein said stator
is fixedly attached to said cylindrically shaped neck portion,
said unitary wmember is fixedly attached at the radial periphery
of said stator and said drive shaft having a contoured fairing
terminating at said impeller hub and fadially coextensive
therewith. '

10. The batch mixing system of claim 3, wherein msaid drive
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shaft extends axially through said sparging ring and said stator
to said impeller hub.

11. The batch mixing system of claim 1, wherein said drive
shaft extends axially through said end face of said neck portion
to said impeller hub.

12. The batch mixing system of claim 1, wherein said upper
portion of said tank wall has a radial distance of R, between a
radially inwardly'facing surface of said wall and said central
axis, a radially inwardly facing surface of said shroud has a
radial distance of R, to said central axis, and the conditions of
'subétantiaily swirl-free laminar flow of said liquid suspension
prevail at a ratio Rs/Rt not exceeding a va%Pe-of 0.35.



DOWN-FLOW BATCH MIXING SYSTEM

Abstract of the Digclosure Z

Improved mixing effectiveness in the mixing of a gas with a
liquid suspension is achieved in a batch mixing system having a
-mixing tank with a hemi-toroidal tank bottom which extends between
a radially inner neck portion of the tank to a radially outer
cylindrical wall portion of the tank. The hemi-toroidal profile of
the tank bottom has a monotonically: increasing toroidal radius
between the neck and wall portions. Disposed within the tank is an
assembly including an axial flow impeller  with: pitched impellex
blades, a stator adjacent to the impeller. ‘and: hav:.ng stationary
stator blades of a pitch opposite to the pitch of the impeller
blades, a shroud surrounding the radial periphery of both the
impeller and the stator and a gas sparg:.ng means supported by the
shroud. The arrangement of the assembly prov;.des in conjunction
with the hemi-torcidal tank bottom a substant:.ally swirl-free
laminar flow of the liquid suspension directed downwardly along the
neck portion and along the tank bottom when. the impeller is
rotatably driven by a drive shaft.
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