Particle Size Breakup Apparatus

BACKGROUND
Technical Field

[0001] The present invention relates to the mixers of the so-called
rotor-stator type, and more specifically to the mixer that includes a stator
having a plurality of openings (holes) and a rotor that is disposed on the
inner side of the stator and spaced by a particular gap away from the stator.
Description of the Prior Art

[0002) As shown in Fig. 1, it is general that the mixer of the so-called
rotor-stator type comprises a mixer unit 4 that includes a stator 2 having a
plurality of openings (holes) 1 and a rotor 3 disposed on the inner side of the
stator 2 and spaced by a particular gap § from the stator 2. Such mixer of
the rotor-stator type is provided for subjecting a fluid or fluid or liquid being
processed to the emulsificatit;n, dispersion, particle size breakup, mixing or
any other similar process, by taking advantage of the fact that a high shear
stress may be produced in the neighborhood of the gap between the stator 3
capable of rotating at high-speeds and the stator 2 being fixed in position.
This mixer is used for mixing or preparing the fluid or fluid or liquid being
processed, and has a wide variety of applications in which the foods,
pharmaceutical medicines, chemical products and the like can be
manufactured.

[00038] The mixers of the rotor-stator type may be classed according to the
type of the circulation mode for the fluid or liquid being processed, that is,
one type being the externally circulated mixer in which the fluid or liquid
being processed may be circulated in the direction indicated by the arrow 5a
in Fig. 2, and the other type being the internally circulated mixer in which
the fluid or liquid being processed may be circulated in the direction

indicated by the arrow 5b in Fig. 2.



[0004]For the mixer of the rotor-stator type, many different configurations
and circulation modes or systems have been proposed. For example, the
Japanese patent application No. 2006-506174, which describes the rotor
and stator apparatus and method for forming the particle sizes, proposes
the particle size breakup apparatus and method for forming those particle
sizes in which the mixer that includes the stator having a plurality of
openings (holes) and the rotor disposed on the inner side of the stator and
spaced by a particular gap away from the stator can be used widely in the
manufacturing fields, such as the pharmaceutical medicines, nutrition
supplement foods, other foods, chemical products, cosmetics and the like.
Using the apparatus and method described above, the mixers can be scaled
up in the efficient, simple and easy manners..

[0005] In addition, for those past years, several indices (theories) have
been reported as the performance estimation method for the mixers having
the different configurations. |

[0006] When the liquid-to-liquid operation is considered not only for the
mixer of the rotor-stator type as described above but also for all other type
mixers, for example, there are several reports in which the resulting drop
diameter sizes can be discussed in terms of the magnitude (smallness or
greatness) of the values that can be obtained by calculating the average
energy dissipation rate (publications 1 and 2). In those publications 1 and 2,
however, the method for calculating the average energy dissipation rates is
not disclosed specifically.

[0007] The publications 3 to 6 report several study cases that may be
applied to each individual mixer and in which the results obtained by the
respective experiments have been arranged or organized systematically into
the graphical chart. In those study cases (Publications 3 to 6), however, it is
considered that the mixer’s particle size breakup effect is only affected by

the gap between the rotor and stator and by the openings (holes) on the
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stator. It is only described that this information differs for each different
type mixer.

[0008] Several study cases are also reported (Publications 7 and 8), in
which the particle size breakup mechanism for the mixer of the rotor-stator
type was considered and discussed. In those publications 7 and 8, it is
suggested that the energy dissipation rate of the turbulent flow will
contribute to the particle size breakup effect, and the particle size breakup
effect may be affected by the frequency (shear frequency) of the turbulent
flow with which the particle size breakup effect is placed under the shear
stress of the fluid or liquid being processed.

[0009] For the scale-up method for the mixer of the rotor-stator type, there
are several reports (Publication 9) in which the final resulting drop
diameter (maximum stable diameter) can be obtained during the long-time
mixer running period. This, however, is not practical in the actual
production sites and is of no utility. Specifically, there are no reports
regarding the study cases in which the processing (agitation and mixing)
time of the mixer is the object for consideration, and those study cases are
not useful enough to estimate the resulting drop diameters that can be
obtained during the particular mixer running period. Although it is
reported that the resulting drop diameters may be estimated by considering
the mixer processing time, yet it is only reported that the phenomenon
(factual action) is based on the actual measured values (experimental
values). In those study cases, such phenomenon is not analyzed
theoretically.

[0010] In the patent application cited above, the superiority (performance)
of the particular mixer and the value range of the design on which the mixer
is based are disclosed, but the theoretical grounds on which the value range
of the high-performance mixer design is based are not described. The types

and configurations of the high performance mixers are not described
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specifically.

[0011] It may be appreciated from the above description that, for those
past years, several indices (theories) have been reported as the performance
estimation method for the mixers having the different configurations. In
most cases, however, those indices can only be applied to each of the
individual mixers having the same configuration. In the actual cases,
however, they cannot be applied to the mixers of the various types having
the different configurations. Although there are the indices that can only be
applied to those mixers in which the gap between the rotor and stator will
largely affect the particle size breakup effect or there are the indices that
can only be applied to those mixers in which the opening portion (hole) of
the stator will affect the particle size breakup effect. The indices that can be
applied to those mixers that have all possible configurations are not
discussed specifically. That is, there are no indices that can be applied to the
mixers having all possible configurations. ’

[0012] As noted above, there are almost no study cases in which the
performance estimation method and scale-up method for those mixers of the
rotor-stator type have been defined. There are also no study cases in which
those methods can be applied to the mixers of the various types having the
different configurations, and the data on the results obtained by the
experiments on such study cases have not been arranged or organized
systematically into the graphical chart.

[0018]For the performance estimation method and scale-up method for the
mixers of the rotor-stator type according to the prior art, in most cases, the
final resulting drop diameters (maximum stable drop diameters) were
obtained by using the small scale device for each individual mixer and
permitting the device to run for the long time period, and were then
estimated. More specifically, in the prior art, there is no estimation method

that can be used to estimate the resulting drop diameters that would be
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obtained by using the large-scale devices (actual production installation) for
the mixers of the various types and permitting such large-scale devices to
run during the particular time period, or there is no estimation method that
can be used to estimate the particular resulting drop diameters obtained
during the particular running time or the processing or agitating time
required until such particular resulting drop diameters can be obtained.

[0014] Although there are indices that can only be applied to the mixer in
which the size of the gap between the rotor and stator may largely affect the
particle size breakup effect or emulsification effec or although there are the
indices that can only be applied to the mixer in which the size or
configuration of the opening (hole) of the stator may largely affect the
particle size breakup effect or emulsification effect. Foxr example, there are
no comprehensive indices that can be applied to the mixers having the
various configurations {(the theories on which the various types of mixers
can be compared or estimated comprehensively) were not discussed, and
there are no indices that take the above discussion into consideration.

[0015] The performance of the mixer was actually estimated on the error
and trial basis using the actual fluid or liquid being processed, therefore,
and the mixers ware then designed, developed and fabricated accordingly.

[0016] The following publication, which is the document related to the
patent application, is cited herein for reference:

Japanese Patent Application No. 2005—506174

[0017] The following publications, which are not related to the patent
application, are cited herein for reference:
(1) David, J. T.; “Drop Sizes of Emulsions Related to Turbulent Energy
Dissipation Rates”, Chem. Eng. Sci., 40, 839-842 (1985) and David J. T.; “A
Physical Interpretation of Drop Sizes in Homogenizers;
(2) Davies, J. T.; “A Physical Interpretation of Drop Sizes in Homogenizers

and Agitated Tanks, Including the Dispersion of Viscous Qils”, Chem. Eng.
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Sci., 42, 1671-1676 (1987);
(3) Calabrese, R. V., M. K. Francis, V. P. Mishra and S. Phongikaroon;
“Measurement and Analysis of Drop Size in Batch Rotor-Stator Mixer”, Proc.
10th European Conference on Mixing, pp. 149-156, Delft, the Netherlands
(2000);
(4) Calabrese, R. V., M. K. Francis, V. P. Mishra, G. A. Padron and S.
Phongikaroon; “Fluid Dynamic and Emulsification in High Shear Mixers”,
Proc. 3rd World Congress on Emulsion, pp. 1-10, Lyon, France (2002);
(5) Maa, Y. F,, and C. Hsu, and C. Hsw “Liquid-Liquid Emulsification by
Rotor/Stator Homogenization”, J. Controlled. Release, 38, 219-228 (1996);
(6) Barailler, F.,, M. Heniche and P. A. Tanguy; “CFD Analysis of a
Rotor-Stator Mixer with Viscous Fluids”, Chem. Eng. Sci., 61, 2888-2894
(2006);
(7) Utomo, A. T., M. Baker and A. W. Pacek; “Flow Pattern, Periodicity and
Energy Dissipation in a Batch Rotor-Stator Mixer”, Chem. El.lg. Res. Des,,
86, 1397-1409 (2008);
(8) Porcelli, J.; “The Science of Rotor-Stator Mixers”, Food Process, 63, 60-66
(2002);
(9) Urban, K.: “Rotor-Stator and Disc System for Emulsification Processes”,
Chem. Eng. Technol., 29, 24-31(2006)
SUMMARY OF THE INVENTION

[0018] One object of the present invention is to provide a mixer of the
rotor-stator type that includes a stator having a plurality of openings and
rotor that is located on the inner side of said stator and spaced away from
said stator by a predetermined gap, wherein the present invention proposes
to provide the mixer of the above type that can provide the higher
performance by improving the shear stress applied to the liquid being
processed and by allowing the shear stress applied to the liquid being

processed to be changed and adjusted accordingly or by allowing the flow



rate of the liquid being processed to be changed and adjusted accordingly.

[ 0019 ] Another object of the present invention is to provide a
comprehensive performance estimation method that can be applied to
mixers having many different configurations and liquid circulation modes,
wherein such higher performance mixer of the rotor-stator type can be
designed by utilizing the comprehensive performance estimation method
and the design method that considers the running condition (processing
time) of the particular mixer.

[0020] Still another object of the present invention is to provide a
manufacturing method (particle size breakup method) whereby foods,
pharmaceutical medicines, chemical products and the like can be produced
by using the higher performance mixer of the rotor-stator type that can be
designed and provided by utilizing the performance estimation method and
the design method.

[0021] In a first aspect of the invention as defined in Claim 1, A mixer of
the rotoxr-stator type comprising a mixer unit that includes a stator having a
plurality of openings and a rotor disposed on the inner side of the stator and
spaced by a predetermined gap away from the stator, wherein said stator
includes a plurality of stators each having a different peripheral diameter
and said rotor is disposed in such a manner that it is spaced by the
predetermined gap away from said plurality of stators; and said stators and
said rotor are arranged so that they can be brought closer to or farther away
from each other in the direction in which the rotary shaft of said rotor
extends.

[0022] In a second aspect of the invention as defined in Claim 2, The mixer
as defined in Claim 1, wherein the liquid being processed is introduced into
the gap portion between said stators and said rotor which is located on the
inner side of each of said stators and is spaced by the predetermined gap

away from each of said stators.



[0023] In a third aspect of the invention as defined in Claim 3, The mixer
as defined in Claim 1, wherein said stators have an annular cover that
extends inwardly from the upper end edge thereof.

[0024] In a fourth aspect of the invention as defined in Claim 4, The mixer
as defined in any one of Claim 8, wherein said annular cover that is located
on the radial inner side of the stator that has the smallest diameter among
said plurality of stators has an inlet hole through which a fluid being
processed is introduced downwardly.

[0025] In a fifth aspect of the invention as defined in Claim 5, The mixer as
defined in any one of Claims 1 through 4, being characterized by the fact
that the opening provided on each of said stators has a round shape.

[0026] In a sixth aspect of the invention as defined in Claim 6, The mixer
as defined in any one of Claims 1 through 5, wherein the openings on said
plurality of stators are provided around the peripheral wall of each of said
stators, and represent more than 20% of the total opening area. ’

[0027] In a seventh aspect of the invention as defined in Claim 7, The
mixer as defined in any one of Claims 1 through 6, wherein said rotor has a
plurality of agitating blades extending radially from its center of rotation.

[0028] In a eighth aspect of the invention as defined in Claim 8, A mixer
having the construction of the mixer as defined in any one of Claims 1
through 7, wherein the mixer is so designed by using the Equation 1 below
to estimate the running time of said mixer and the resulting liquid drop
diameters of the fluid being processed that can be obtained during the
mixer’s running time that the liquid drop diameters of the fluid being
processed can be obtained during the particular mixer running time when
said mixer is used to subject the fluid being processed to the emulsification,

dispersion, particle size breakup or any other mixing processing:



g,=&, +&,

- B 2), 3 Db 7 d*(d + 4¢) N*t
._[(Np N7 )n,j{D {(5(D+5)]+4qu[n,-d2+46(D+6)J =

=[(N,,—qufr’)-"r]'[Ds(Ks*K’)]'(N;tm]

N*-t
':Kc'( V MJ ¢ o 3 & s e » Equationl

[0029] In the Equation 1,
¢ a - Total energy dissipation rate (m2/s3)
¢ , - Local shear stress in the gap between the rotor and stator (m?2/s3)
¢ s - Local energy dissipation rate in the stator (m2/s3)
N, : Number of powers (-)
Nqd : Number of flow rates (-)
n; : Number of rotor blades (-)
D : Diameter of rotor (m)
b : Thickness of rotor blade tip (m)
§ :Gap between rotor and stator (m)
ns : Number of stator holes (+)
d : Diameter of stator hole (m)
1 : Thickness of stator (m)
N : Number of rotations (I/s)
tm : Mixing time (s)
V : Flow rate (m3)
K : Configuration dependent term (m2)
Ks Configuration dependent term in stator (m?2)
K. : Configuration dependent term for the entire mixer

[0030] In a ninth aspect of the invention as defined in Claim 9, The mixer



as defined in any one of Claims 1 through 7, wherein the mixer can be
scaled up or scaled down by calculating the Equation 1 below to estimate
the particular mixer running time and the resulting liquid drop diameters
for the fluid being processed thus obtained during the particular mixer

running time:
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[0031] In the Equation 1,

¢ a - Total energy dissipation rate (m2/s3)

e . - Local shear stress in the gap between the rotor and stator (m?2/s8)
€ s - Local energy dissipation rate in the stator (m?2/s8)

N, : Number of powers (-)

Ngqd : Number of flow rates (-)

n: : Number of rotor blades ()

D : Diameter of rotor (m)

b : Thickness of rotor blade tip (m)

§ : Gap between rotor and stator (m)

ns : Number of stator holes (-)

d : Diameter of stator hole (m)

1 : Thickness of stator (m)

N : Number of rotations (I/s)

tm : Mixing time (s)
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V : Flow rate (m3)
Kg : Configuration dependent term (m?2)
Ks Configuration dependent term in stator (m?2)
K. : Configuration dependent term for the entire mixer

[0032] In a ninth aspect of the invention as defined in Claim 10, A method
for manufacturing the foods, pharmaceutical medicines or chemical
products by using the mixer as defined in any one of Claims 1 through 7 to
subject the fluid being processed to the emulsification, dispersion, particle
size breakup or mixing processing, being characterized by the fact that the
foods, pharmaceutical medicines or chemical products are manufactured by
using the Equation 1 below to estimate the particular mixer running time
and the resulting drop diameters for the fluid being processed thus obtained

during the particular mixer running time:
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{0083] In the Equation 1,

¢ a - Total energy dissipation rate (m?2/s8)

£ . - Local shear stress in the gap between the rotor and stator (m?2/s3)
¢ s - Local energy dissipation rate in the stator (m2/s?)

Np : Number of powers (-)

Ngd : Number of flow rates (-)

1y : Number of rotor blades ()
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D : Diameter of rotor (m)
b : Thickness of rotor blade tip (m)

§ :Gap between rotor and stator (m)
ns : Number of stator holes (-)

d : Diameter of stator hole (m)

I : Thickness of stator (m)

N : Number of rotations (I/s)

tm : Mixing time (s)

V : Flow rate (m3)

K; : Configuration dependent term (m2)

K Configuration dependent term in stator (m2)

K. : Configuration dependent term for the entire mixer

[0034] In a eleventh aspect of the invention as defined in Claim 11, Foods,
pharmaceutical medicines or chemical products manufactured by using the
method as defined in Claim 10.

[0035] Asone of the advantages, the present invention provides the mixer
of the rotor-stator type that includes the stator having the plurality of
openings and the rotor that is located on the inner side of the stator and
spaced away from the stator by the predetermined gap, wherein the shear
stress applied to the liquid being processed is improved so that the mixer
can provide the higher performance, and the shear stress applied to the
liquid being processed can be changed and adjusted accordingly or the flow
rate of the liquid being processed can also be changed and adjusted
accordingly.

[ 0036] As another advantage, the present invention provides the
comprehensive performance estimation method that can be applied to any
one of the various mixers having many different configurations and liquid
circulation modes, wherein the mixer of the rotor-stator type that provides

the higher performance can be designed by utilizing the comprehensive
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performance estimation method and the design method that considers the
running condition {processing time) of the particular mixer.

[0087] As a further advantage, the present invention provides the
manufacturing method (particle size breakup method) whereby foods,
pharmaceutical medicines, chemical products and the like can be produced
by using the higher performance mixer of the rotor-stator type that can be
designed and provided by utilizing the performance method and the design
method.

[0038] In the present invention, the index that may be referred to as the
total energy dissipation rate ¢ ais applied. The total energy dissipation rate
¢ a for the mixers of the various types which are offered by each of the
mixer’s companies and each of which has the many different configurations
and is capable of running in the particular circulation mode may be
calculated individually from the values measured on the geometrical sizes
and running powers and flow rates for the rotor and stator in each
individual mixer. Then, the total energy dissipation rate ¢ » may be
expressed separately from the configuration dependent term and running
condition depending term for each of those mixers.

[0039] By using the index that may referred to as the total energy
dissipation rate ¢ 5, the values (magnitude) measured on the configuration
depending terms can be used when the performance for each of the mixers is
estimated or when the performance is estimated by the particle size
breakup trend for the resulting drop diameters, for example.

[0040] When each individual mixer is to be scaled up or scaled down, the
total energy dissipation rat ¢ » may be calculated as coupled with the
configuration dependent term and running condition dependent term. Thus,
the mixer may be designed by using those calculated values so that the total
energy dissipation rate £ » can agree with those calculated values.

[0041] Based upon the above discoveries described above, it is found that
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the mixer that provides the higher particle size breakup effect and
emulsification effect than the conventional mixers both theoretically and
experimentally (the high performance mixers) can be designed, developed
and manufactured.

[0042] According to the present invention, the value range for the high
performance mixer can be specified in terms of the values measured on the
configuration dependent terms (factors) that may be applied to the
performance estimation method for each individual mixer. More specifically,
the value range that was not covered by the conventional mixers can now be
specified in terms of the values for the configuration dependent term
(factor) by using the index called as the total energy dissipation rate ¢ _, or
the value range that could not be calculated easily by using the
conventional index (theory) or would be difficult to be calculated unless it is
measured actually can now be specified in terms of the values for the
configuration term (factor) by using the index called as the total energy
dissipation rate ¢ ,.

[ 0043 ] According to the method for manufacturing the foods,
pharmaceutical medicines, chemical products or the like by subjecting the
fluid or liquid being processed to the emulsification, dispersion, particle size
breakup, mixing or any other similar process that occurs by using the mixer
of the rotor-stator type, the particular mixer running time and the resulting
drop diameters thus obtained during the particular running time can be
estimated by the total energy dissipation rate ¢ ,, and the foods (such as the
dairy goods, beverage, etc.), pharmaceutical medicines (such as the
non-medical goods, etc.), chemical products (such as the cosmetic articles,
etc.) or the like having the desired resulting drop diameters can thus be
manufactured.

[0044] Note, however, that when the nutritious compositions (which are

equivalent to the compositions of the liquid foods, the powdered milks
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conditioned for babies and the like) are manufactured by using the present
invention, they will have the good flavors, tastes, physical properties,
qualities, etc., and the present invention can be performed in the hygienic
or workable environment. Preferably, the present invention can be applied
to the manufacture of the foods or pharmaceutical medicines. More
preferably, the present invention can be applied to the manufacture of the
foods in particular. Much more preferably, the present invention can be
applied to the manufacture of the nutritious compositions or dairy milks.
Most preferably, the present invention can be applied to the manufacture of
the nutritious compositions or dairy milks that contain the highly
concentrated composition.
BRIEF DESCRIPTION OF THE DRAWINGS

[0045] Fig. 1 is a perspective view illustrating the mixer unit which is
included in the mixer of the rotor-stator type;

Fig. 2 is a diagram illustrating the mixer of the rotor-stator type that runs
in the external circulation mode (externally circulated mixer) and the mixer
of the rotor-stator type that runs in the internal circulation mode
(internally circulated mixer);

Fig. 3 illustrates the system in which the particle size breakup trend for
the resulting drop diameters can be investigated;

Fig. 4 illustrates the system in which the experimental results on the
mixer of the rotor-stator type that runs in the external circulation mode (the
externally circulated mixer) may be used to estimate the performance of the
mixer of the rotor-stator-type that runs in the internal circulation mode
(internal circulated mixer);

Fig. 5 represents the relationship (particle size breakup trend) between
the processing (mixing) time and the resulting drop diameters for the mixer
of the rotor-stator type;

Fig. 6 represents the relationship (particle size breakup trend) between
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the total energy dissipation rate ¢ 5 and the resulting drop diameters for the
mixer of the rotor-stator type, in which the relationship (particle size
breakup trend) between the processing (mixing) time and the resulting drop
diameters is represented in Fig. 5;

Fig. 7 represents the relationship (particle size breakup trend) between
the total energy dissipation rate ¢ , and the resulting drop diameters for the
mixer of the rotor-stator type having the scale (size) different from that of
the mixer of the rotor-stator type, in which the relationship (particle size
breakup trend) between the processing (mixing) time and the resulting drop
diameters is represented in Fig. 5;

Fig. 8 represents the effect on the gap between the rotor and the stator;

Fig. 9 represents the effect on the hole diameter of the opening in the
stator;

Fig. 10 represents the effect on the number of holes (opening area ratio) in
the opening portion of the stator;

Fig. 11 represents the effect on the performance improvement effect for the
conventional mixer;

Fig. 12 represents the relationship between the processing (mixing) time
and the resulting liquid drop diameters for the particular small-size mixer
(particle size breakup trend) under the running condition as presented in
Table 5;

Fig. 13 represents the relationship between the total energy dissipation
rate: ¢ , and the resulting liquid drop diameters for the particular large-size
mixer {(particle size breakup trend) under the running condition as
presented in Table 5;

Fig. 14 represents the relationship between the total energy dissipation
rate: ¢ , and the resulting liquid drop diameters (particle size breakup
trend) for other large-size mixers as presented in Table 5;

Fig. 16 is an exploded perspective view illustrating one example of the
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multistage emulsification mechanism that may be employed in the mixer of
the rotor-stator type according to the present invention; and

Fig. 17 illustrates the direct injection system that may be employed in the
mixer of the rotor-stator type, in which (a) represents a plan view and (b)
represents a side view.

Fig. 18 is a perspective view of the mixer of the rotor-stator type in
accordance with another embodiment of the present invention;

Fig. 19 is an exploded perspective view of the mixer as it is viewed
obliquely and downwardly as shown in Fig. 15 although some parts are
omitted;

Fig. 20 illustrates the results obtained by the testing in which the mixer of
the prior art and the mixer of the present invention were compared in order
to represent the respective relationships between the mixing time and the
resulting average liquid drop diameters;

Fig. 21 illustrates the results obtained by the testing in which the mixer of
the prior art and the mixer of the present invention were compared in order
to vrepresent the respective relationships between the mixing time and the
standard deviation;

Fig. 22 illustrates the results obtained by the testing in which the mixer of
the prior art and the mixer of the present invention were compared in order
to represent the respective relationships between the rotor’s number of
rotations and the resulting average liquid drop diameters;

Fig. 23 i1llustrates the results obtained by the testing in which the mixer of
the prior art and the mixer of the present invention were compared in order
to represent the respective relationships between the rotor’s number of
rotations and the standard deviation;

Fig. 24 illustrates the results obtained by the testing in which the mixer of
the prior art and the mixer of the present invention were compared in order

to represent (a) the respective relationships between the rotor’s number of
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rotations and the flow rate, (b) the respective relationships between the
rotor’s nwmber of rotations and the power and (c) the respective
relationships between the rotor’s number of rotations and the power
contributing to the emulsification;

Fig. 25 presents the estimation results obtained by analyzing the enexrgy
dissipation rate numerically for the mixer of the present invention versus
the mixer of the prior art;

BEST MODE OF EMBODYING THE INVENTION

[0046] According to the present invention, the total energy dissipation rate
¢ a which can be derived from the Equation 1 given below is used to discuss
(compare and estimate) the particle size breakup effect (particle size

breakup trend) for the mixer of the rotor-stator type:
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[0047] In the Equation 1,
¢ a :Total energy dissipation rate (m2/s8)
¢ , - Local shear stress in the gap between the rotor and stator (m?/s8)
¢ s : Local energy dissipation rate in the stator (m?/s?)
N; : Number of powers (-)
Nqd : Number of flow rates (-)
n; : Number of rotor blades (-)

D : Diameter of rotor (m)
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b : Thickness of rotor blade tip (m)

§ : Gap between rotor and stator (m)

ns - Number of stator holes (-)

d : Diameter of stator hole (m)

1 : Thickness of stator (m)

N : Number of rotations (I/s)

tm : Mixing time (s)

V i Flow rate (m3)

K; : Configuration dependent term (m2)

Ks Configuration dependent term in stator (m?2)

K. : Configuration dependent term for the entire mixer

[0048] Using the total energy dissipation rate € » described above, the
particle size breakup effect (particle size breakup trend) for the mixer of the
rotor-stator type can be discussed (compared or estimated) in the
comprehensive and consistent manner, although there may be differences in
the mixer configuration, stator configuration, mixer running condition
(processing time such as the mixing time), scale (size) and the like.

[0049] As described above, the total energy dissipation rate ¢ » may be
expressed in terms of the total (sum) of the local shear stress ¢ ¢in the gap
between the rotor and stator and local energy dissipation rate ¢ s for the
stator.

[0050] According to the present invention, the mixer performance is
estimated by estimating the magnitude of the values for the configuration
dependent term K of the entire mixer which are specific to each mixer and
can be obtained by measuring the sizes of the rotor and stator and mixer
running powers and flow rates, which are components of the Equation 1
from which the total energy dissipation rate ¢ » can be derived.

[0051] As it is clear from the Equation 1 of the present invention for

deriving the total energy dissipation rate ¢ a, the configuration depending
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term Kg (m2) is the value that is specific to each mixer and is based on the
gap 0 (m) between the rotor and stator, the diameter D (m) of the rotor, and
the thickness b (m) of the blade tip of the rotor.

[0052] In addition, the configuration depending term Ks{(m2) for the rotor
is the value that is specific to each mixer, and is based on the number of flow
rates Ngd (), the number of stator holes ns, the hole diameter of the stator
d(m), the thickness of the stator 1 (m), the gap between the rotor and stator
§ (m) and the diameter of the rotor D (m).

[0053] The configuration dependent term K. (ﬁ15) for the entire mixer is the
value that is specific to each mixer and is based on the number of powers Np
(-), the number of flow rates Nga (-), the number of rotor blades ny (-), the
diameter of the rotor D {(m) and the configuration depending term Kg (m2)
for the stator.

[0054) Note that the number of powers: NP[-] and the number of flow
rates: Nga [] are the dimensionless quantities that are generally used in the
chemical engineering field and are defined as follows.

[0055] Q= Nga * N - D3 (Q: flow rate, N: number of rotations, D: mixer
diameter)

P=N, * o * N3 D5(p :density, N: number of rotations, D: mixer diameter)

Namely, the number of flow rates and the number of powers are the
dimensionless quantities that can be derived from the flow rates and powers
measured on the experimental basis.

[0056] Specifically, the configuration depending term K. for the entire
mixer is the value that is specific to each mixer and can be obtained by
measuring the sizes of the rotor and stator and the power and flow rate
during the mixer running time.

[0057] By comparing (estimating) the magnitude of those values, then, the
performances of the various mixers can be estimated, and the high

performance mixer can also be designed (developed and fabricated).
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[0058] According to the present invention, the mixer can be designed,
based upon the Equation 1 that may be used to derive the total energy
dissipation rate ¢ a as described above.

[0059] <Change in the total energy dissipation rate ¢ » versus the resulting
change (particle size breakup trend for the resulting drop diameter) in the
resulting drop diameter>

Assuming that a dairy product is used to estimate its particle size breakup
trend, a liquid that simulates the dairy product has been provided. The
liquid that is provided to simulate the dairy product contains the milk
protein concentration (MPC, TMP (total milk protein)), rapeseed oil and

water. Its composition and ratio are presented in Table 1.

Table I Composition Ratio of Simulated Liquid for Milk Product

Composition ~ Milk Produet Concentrate (MPC) 8.0%
Rape Seed Oil 4.5%

_ Water 87.5%

Total, 100%

Ratio Protein/Water 9.1%
Oil/Protein 56.3%

Oil/Water 5.1%

Properties  Density 1028 kg/m’®
Viscosity 15 mPa-s

[0060] The mixer performance was estimated by checking the particle size
breakup trend for the resulting drop diameters on the experimental basis.
The unit that employs the external circulation system as shown in Fig. 3
was provided, and the resulting drop diameters was measured on the
middle way of the liquid path by using the laser diffraction-type particle
size analyzer (SALD-2000 as offered by Shimazu Manufacturing Company).

[0061] In the present invention, however, it is found that as far as the

internally circulated mixer in particular is concerned, it is difficult to grasp
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the particle size breakup trend for the resulting drop diameters when the
particle size breakup trend for the resulting drop diameters is examined on
the experimental basis and the mixer performance is then estimated. For
the internally circulated mixer, however, they are common in that either of
those mixers comprises the mixer unit 4 which includes the stator 2 having
the plurality of openings (holes) 1 and the stator which is disposed on the
inner side of the status 2 and spaced by the particular gap § away from the
stator 2, as shown in Fig. 1. When the performance of the internally
circulated mixer was then to be estimated, this was done by using the
results obtained by estimating the externally circulated mixer, under the
assumption that the internally circulated mixer comprises the same mixer
unit as the externally circulated mixer which included the rotor and stator
each having the same dimension (size), configuration and structure as the
externally circulated mixer as shown in Fig. 4.

f0062] Then, the respective performances of those three mixers were
compared. The specifications of those mixers which were used for the

purpose of this comparison are given in Table 2.

Table2 Summary of Mixer

MixerA-1 MixerA-2 Mixer B
15L 15 L 9L
Stator No. 8 (i 7

Rotor Diameter {mm] 30 30 67
Maximum Number of Rotations  Lxpm] 26000 26000 8400
Maximum Motor Driviog Power (kW] nax 0.9 0.9 1.5
Number of Openings (-1 3 ] 5
Size of Gap [mm] ¢.15 0.25 0.25
Volume of Gap [m?) 3.56x10°8 5.96%10" 2.70%10~7

Number of Rotor's Blades it 4

[0063] The mixers A-1 and A-2 are offered from the same manufacturer,
and have the same capacity of 1.5 although they have the different sizes.
[0064] In Table 2, the gap volume v gcorresponds to the volume of the part
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of the gap ¢ in Fig. 1.

[0065] The number of the agitating blades for the rotor 3 that is included
in each of the mixers A-1 and A-2 (each having the capacity of 1.5 liters and
B (having the capacity of 9 liters) is four for the mixer A-1, four for the
mixer A-2 and four for the mixer B.

[0066] The experimental conditions and the calculated values of the total

energy dissipation rate ¢ ; are given in Table 3.
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Table 3 Experimental Conditions and Calculated Values

Stator No. MixerA-1 Mixer A-2 Mixer B
Speed of Rotation N [rpm] 17000 17000 8400
13600 13600 6720
8400 8400
Speed of Rotor's Tip - u (m/s] 26.8 26.6 26.1
214 213 20.0
13.2 13.2
Ratio of Configuration Dependent Term Ko/ (K, +Kp (-3 0.86 0.81 0.94
0.87 0.79 0.94
0.87 (.83
"Total Energy Dissipation Rate & [m®:/8%] 14.8x10" 9.03%10° 7.62x10°
4.81%10° 2.07x10° 1.25%10°

0.92x10° 0.34%10°




[0067] In Table 3, since the value of Ky / (Kg+Ks) is equal to more than 0.5,
Kg that is the configuration dependent term for the gap is greater than the
configuration dependent term K for the stator. When the particle size
breakup effects for the gap and opening (hole) portion 1 in the stator 2 are
then compared, it is found that the particle size breakup effect for the mixer
gap 0 is greater and dominating.

[0068] From the values of the total energy dissipation rate ¢ , presented in
Table 3, it was estimated that the particle size breakup effect would become
higher as the gap 0 in the mixer is narrower and as the number of rotations
for the stator is greater.

[0069] For the mixer A-1 and mixer A-2 in Table 2, the relationship (the
particle size breakup trend) between the processing (mixing) time under the
mixer’s particular running conditions and the resulting drop diameters is
then presented in Fig. 5.

[0070] It is also found that the particle size breakup effect (particle size
breakup performance) will become higher if it shows the same trend as the
estimated values (theoretical values) obtained by the total energy
dissipation rate ¢ , is shown and if the gap § in the mixer is small for the
number of all rotations.

[0071) Note, however, that when the experimental results are arranged or
organized into the graphical chart with the processing (mixing) time being
plotted along the horizontal (X) coordinate axis, it is found that the change
in the resulting drop diameter (particle size breakup trend) cannot be
expressed (estimated) in the consistent manner.

[0072] Now, for the mixers A-1 and A-2, the relationship (particle size
breakup trend) between the total energy dissipation rate ¢ , as proposed by
the present invention and the resulting drop diameters is presented in Fig.
6. When the experimental results are arranged or organized into the

graphical chart with the total energy dissipation rate ¢ ,being plotted along
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the horizontal (X) coordinate axis, however, it may be found that the change
in the resulting drop diameter (the particle size breakup trend) can be
expressed (estimated) in the comprehensive manner.

[0073] Specifically, it is found that the resulting drop diameter exhibits the
similar trend, that is, the resulting drop diameter will become smaller,
regardless of whether there may be any differences in the running condition
(the number of rotations and the mixing time) and the mixer configuration
(the gap § and the diameter of the rotor 3).

[0074] That is, it is confirmed that the total energy dissipation rate ¢ , can
serve as the index for estimating the mixer performance when the
differences in the running condition and configuration for the mixer of the
rotor-stator type are taken into account consistently.

[0075] For the mixer B in Table 2, the relationship (particle size breakup
trend) between the total energy dissipation rate ¢ , proposed by the present
invention and .the resulting drop diameters is presented in Fig. 7. From
this relationship, it is found that the resulting drop diameter depends
largely upon the values (magnitude) of the total energy dissipation rate ¢ ,
regardless of the difference in the mixer’s scale (size).

[0076] )From Fig. 6 and Fig. 7, it may also be found that the particle size
breakup effect will exhibit the similar trend regardless of the difference in
the mixer’s scale.

[0077] <The estimation of mixers using the total energy dissipation rate
£ > |

Now, the estimation of the mixer of the rotor-stator type using the
Equation 1 of the present invention for deriving the total energy dissipation
rate ¢ _, or more particularly the estimation of such mixers with the particle
size breakup effect (the particle size breakup trend) being used as the index
will be described below.

[0078] In the case where there are any differences in the size of the gap
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between the rotor and stator, the size (hole diameter) or configuration (hole
number) of the opening (hole) of the stator or the like, the effect that each
respective factor (each item) may have upon the performance of the stator of
the mixer has been verified (estimated). The information regarding the
mixer using that verification (estimation) is summarized in Table 4.

[0079] Note, however, that in estimating the performance of the actual
mixer, the value of K. / K¢ sa that may be obtained by normalizing the
configuration dependent term K. with XK. of Stator No. 3 {the standard
stator) was used. This means that the particle size breakup effect will
become higher (that is, the high performance mixer will be achieved) as this

value for K¢ / Kc_sted 1s greater.

Table4 Summary of Stator

No | fGpening [FatiookOpenivg] _Clap
[mm] [%] [rom]

1 1.5

2
z ! 24 i
4 6
5 12

4 1
6 35
7 4 24 0.5
8 2

Diameter of Rotor : 198mm
Number of Rotor’s Blades : 6

[0080]) (Effect of the Gap between Rotor and Stator)

The effect of the gap between the rotor and stator has been verified
(estimated), the results of which are shown in Fig. 8.

[0081] When the particle size breakup effect (the particle size breakup
trend) was calculated by using the Equation 1 of the present invention for

deriving the total energy dissipation rate K. / K¢ sta, it was found that it
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could be estimated that the value for K. / Kc_aa (theoretical value) would
become greater as the gap between the rotor and stator was smaller.

[0082] When the particle size breakup effect of the mixer was calculated on
the basis of the actual experimental results, on the other hand, it is found
that the value of K. / K¢_sta (actual measured value) would become greater as
the gap was smaller.

[0083] For the relat.ionship between the gap between the rotor and stator,
it has been confirmed that the actual measured value and theoretical value
of K¢ / Kesta would exhibit the similar trend. Then, it was proved
theoretically and experimentally that the performance of the mixer would
become higher as the gap was smaller.

[0084] (Effect of Hole Diameter of Opening of Stator)

The effect of the hole diameter of the stator was verified, the results of
which are shown in Fig. 9.

[0085] When the particle size breakup effect (particle size breakup trend)
was calculated by using the Equation 1 of the present invention for deriving
the total energy dissipation rate ¢ , it could be estimated that the value of
Ke/ Kesta (theoretical value) would become greateras the hole diameter of
the stator was smaller.

[0086] When the particle size breakup effect of the mixer was calculated on
the basis of the actual experimental results, on the other hand, it was found
that the value of K. / Ke_std (actual measured value) would become greater as
the hole diameter of the stator was smaller.

[0087] For the relationship between the gap between the rotor and stator,
it was confirmed that the actual measured value and theoretical value of K.
/ K¢ sta would exhibit the similar trend. Then, it was proved both and
theoretically and experimentally that the performance of the mixer would
become higher as the hole diameter of the stator was smaller.

[0088] It is found that the effect of the hole diameter of the stator is
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greater than the effect of the gap between the rotor and stator.
[0089] (Effect of Hole Number of Stator’s Opening (Opening Area Ratio))
The effect of the hole number of the stator (the opening area ratio) has
been verified, the results of which are shown in Fig. 10.

[0090] When the particle size breakup effect (particle size breakup trend)
of the mixer was calculated on the basis of the Equation 1 of the present
invention for deriving the total energy dissipation rate ¢ 5, it was found that
it could be estimated that the value of K. / Kc_sta (theoretical value) would
become greater as the hole number of the stator was greater.

[0091] When the particle size breakup effect was calculated on the basis of
the actual experimental results, on the other hand, it was found that the
value of K¢ / Ke_sta (actual measured value) would become greater as the hole
number of the stator was greater.

[0092] For the relationship between the hole number and particle size
bréakup effect for the stator, it was confirmed that the actual measured
value and the theoretical value would exhibit the similar trend. Then, it
was proved theoretically and experimentally that the performance of the
mixer would become higher as the hole number (opening area ratio) of the
stator was greater.

[0098] It is found that the effect of the hole number of the stator was
greater than the effect of the gap between the rotor and stator.

[0094] (Effect of Improved Performance of the existing (commercially
available) Mixer)

The performances of the mixers that are commercially available from
Company S and from Company A were compared on the basis of the
Equation 1 of the present invention for deriving the total energy dissipation
rate ¢ », the results of which are shown in Fig. 11. The estimated values
obtained by estimating the performance that can be expected to be improved

when the configuration of the mixer of the present invention is modified on
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the basis of the design policy (design philosophy) of the mixer are also
presented in Fig. 11. For the mixers offered by Company S and Company A,
it is found that the performances can be estimated by applying the same
index for those respective mixers although those mixers may have the
diameters that are different from each other.

[0095] For the mixer of Company S (having the rotor diameter D of 400
mm), for example, it can be thought that the particle size breakup effect or
emulsification effect (performance) can be expected to be improved by about
3.5 times by reducing the gap d between the rotor and stator from 2 mm to
0,5 mm, increasing the hole number (opening area ratio) ns of the stator
from 12 % to 40 %, and reducing the stator’s hole diameter d form 4 mm to 3
mm. This means that the processing (running) time can be reduced
remarkably by about 30 % of the currently availale time.

[0096] For the mixer of Company A (having the rotor diameter D of 350
mm), on the other h;md, it can be thought that the particle size breakup
effect or emulsification effect (performance) can be expected to be improved
by about 2.0 times by reducing the gap 6 between the rotor and stator from
0.7 mm to 0,5 mm, increasing the hole number (opening area ratio) nsof the
stator from 25 % to 40 %, and reducing the stator’s hole diameter d form 4
mm to 3 mm. This means that the processing (running) time can be reduced
remarkably by half the currently available time.

[0097] (Configuration and Design of High Performance Mixer)

For the high performance mixer of the present invention, there is a
mixing section that will be formed as the rotor is driven for rotation. The
mixing section consists of several mixing stages (at least one or more mixing
stages) such as one mixing stage located on the radially inner side and
another mixing stage located on the radially outer side. The mixing section
such as the one described here can provide the high performahce mixer by

improving the shear stress applied to the liquid being processed.
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[ 0098 ] For the high performance mixer of the presemt invention,
furthermore, the stators and the rotor are provided so that they can be
moved relative to each other in the direction in which the rotary shaft of the
rotor extends. Thus, the gap between the stators and the rotor can be
changed and adjusted accordingly while the rotor is being rotated. This
permits the shear stress applied to the liquid being processed to be changed
and adjusted accordingly, and also permits the flow rate of the liquid being
processed to be changed and adjusted accordingly.

[0099] In addition, the high performance mixer of the present invention
includes a mechanism that allows the liquid being processed to be delivered
(added) directly into the multi-stage mixing section described above. Thus,
the high performance mixer can be provided by allowing this mechanism to
cooperate with the multi-stage mixing section.

[0100] The configuration and structure of the high performance mixer
proposed By the present invention as described above may be defined by
using the mixer’s performance estimation based on the total enexrgy
dissipation rate: ¢ a derived from the Equation of the present invention as
the index and by referencing the estimation results that may be obtained by
mixer’s performance estimation. The summary of the high performance
mixer that may be designed by using the above definition is presented in
Figs. 12 through 16.

[0101] (Moving Stator (Movable Fixed Stator))

When the emulsified products are manufactured by dissolving (mixing) the
powdery raw material or ligquid raw material with the mixer of the
rotor-stator type, and if the powdery raw material is processed by the mixer
as the air that has been drawn with the powdery raw material remains not
separated from the powdery raw material, fine air bubbles will be mixed
(produced) into the mixed liquid. If the mixed liquid is emulsified as it

contains those fine air bubbles, it has been known that the particle size
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breakup or emulsification performance (effect) will become worse as
compared with the case where the mixed liquid that contains no such fine
air bubbles is emulsified.

[0102] In order to prevent the fine air bubbles being produced at the initial
stage of dissolving the powdery raw material, it is desirable that the mixer
should be equipped with a moving stator mechanism. When the emulsified
product that is easy to produce the fine air bubbles in particular, it is
desirable that the mixer should be equipped with the moving stator
mechanism. By moving the stator away from the rotor at the initial stage of
dissolving the powdery raw material, the powdery raw material can be
diffused into the mixed liquid quickly without causing the high energy to be
dissipated. By bringing the stator closer to the rotor after then, the
dissolving, particle size breaking up and emulsifying process can occur
smoothly.

[0108] (Multistage Hom&genizer (Multistage Emulsifying Mechanism)

As described above, it is confirmed that the particle size breakup or
emulsifying performance (effect) can become better as the value of the total
energy dissipation rate ¢ a derived from the Equation 1 of the present
invention is greater.

[0104] Here, the total energy dissipation rate ¢ a can be expressed in terms
of the product of the local energy dissipation rate ¢ 1 and shear frequency f
s,h. In order to enhance the shear frequency f o, it can be thought that it is
effective that the stator has the multistage configuration when the paxrticle
size breakup or emulsification occurs. Specifically, the high performance
mixer can be implemented when the two-stage or multistage stator is
provided.

[0105] Specifically, the local energy dissipation rate ¢ 1 and the shear
frequency f sn are defined as follows:

[0108] Local energy dissipation rate ¢ 1: ¢ 1[m%/s3] =F,U/p va
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F,: Average Power [N]
U: Blade Tip Speed [m/s]
o : Density [kg/m?]
Va: Emulsification Contributory Volume [m3]
Average Power: Fa [NI= z,.8a
t ; Average Shear Power [N/m?2]
Sa: Shear Area [m?]
Average Shear Power: 7 ,= Pn/Q
Pr: Emulsification Contributory Power [kW]
Q: Flow Rate [m3/h]
Emulsification Power Dissipation: Pn [kW] =P, - P
Pn: Net Power [kW]
Pp: Pump Power [kW]
Shear Frequency fs [1/s] = na nr N/n,
ns’ Number of S:tator's Holes
n ,: Number of Rotor’s Blades [Blades)
N: Number of Rotations [1/s]
nv: Volume of Stator’s Hole [m3]
Shear Area: Sa [m2] = 84+ S;
Sa: Hole Cross Section
S1: Hole Side Area [m?]
Hole Cross Section: Sq¢ [m2?] = = /4 d2
d: Stator’s Hole Diameter
Hole Side Area: S1 [m2]= =d 1
1: Stator Thickness [m]
(Direct Injection (Adding Mechanism for Direction Injection Type))
From the mixer’s performance estimation that occurs by using the total
energy dissipation rate ¢ . derived from the Equation of the present

invention as the index and from the results obtained by verifying that
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performance estimation, it has been found that the paxrticle size breakup
effect or emulsification performance may be affected mainly by the hole
diameter or number of holes (opening area ratio) of the stator’s opening
portion (hole).

[0107]

Thus, the emulsification or dispersion can be performed more effectively by
injecting (adding) fats, insoluble components, trace components or the like
directly into the mixing section (mixer portion). Particularly, the
emulsification or dispersion may be performed preliminarily by injecting
those components directly into the first-stage stator (the stator which is
located inwardly radially), and then the emulsification or dispersion may be
performed on the full scale basis on the second-stage stator (the stator
which is located outwardly.

[0108] (Configuration of High Performance Stator)

From the performance estimatioﬁ of the mixer in which the total energy
dissipation rate ¢ , is used as the index and from the results that are
obtained by verifying the above performance estimation, it is found that the
mixer’s performance will be enhanced when the hole diameter of the
opening portion (hole) of the stator is as small as possible, the number of
holes is as many as possible, and the gap between the rotor and stator is as
small as possible. It is also found that the shear frequency will become
higher as the number of the rotor’s blades is greater.

[0109] Although it has been described above that the particle size breakup
or emulsification performance (effect) will be enhanced as the gap between
the rotor and stator is smaller, it is found from the current verification test
that the particle size breakup or emulsification performance (effect) will be
affected less by the hole diameter or hole number of the stator.

[0110] Rather, it is also found that there is the risk that the rotor and the

stator will engage each other if the gap is smaller. When the moving stator
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mechanism is employed, 1t can cause the stator to be moved along the rotary
shaft of the rotor while the mixer is running (operating). Thus, the gap
(clearance) between the rotor and stator that is equal to about 0.5 mm to 1
mm is sufficient. To avoid the risk that the rotor and stator will engage each
other, the gap should not be less than 0.5 mm.

[0111] In the current verification test, it is found that there is the risk that
the powdery raw material or the like will cause clogging if the hole diameter
of the stator is less than 2 mm. When the powdery raw material or the like
is to be emulsified while it is to be dissolved, it is better that the hole
diameter of the stator is about 2 mm to 4 mm.

[0112] Although the shearing frequency will become higher as the hole
number (opening area ratio) of the stator is greater, the problem is the
strength of the opening portion of the stator. In the prior art, the opening
area ratio in most cases is generally 18 % to 36 %. In the current
verification test, howeve.;c, it is found that the opening area ratio should be
equal to above 156%, preferably above 20 %, more preferably above 30 %,
much more preferably above 40 % or most preferably 40 % to 50 %.

[0113] (Optimal Hole Configuration of Stator as Compared in respect to
Same Diameter and Same Opening Area Ratio)

It is better that the stator’s hole should have the round configuration
rather than the saw teeth configuration. It is known that the local energy
dissipation rate ¢ 5 is in proportion to the shear area S,. Given the identical
sectional area, therefore, the shear sectional arxea Sa for the round
configuration becomes the greatest. It can be thought that the particle size
breakup effect or emulsification performance will be performed more
effectively for the round configuration than for the saw teeth configuration.

[0114] The total energy dissipation rate ¢ , has been calculated for the
mixer in which the opening formed in the stator has the different

configurations such as the round, square and rectangular with the other

.35-



parameters being the same, the results of which are presented in Table 5.
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[0115] More specifically, the number of holes will become greater and the

shear cross sectional area will also become larger for the round or square

configuration than for the saw teeth configuration (rectangular cross
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sectional area), provided that those configurations have the same hole
diameter and opening portion area. Thus, the total energy dissipation rate
¢ a will also become higher, and the particle size breakup or emulsification
performance for the mixer will become better for the round or square
configuration of the opening portion.

[0116] From the comparison of the configuration factors in Table 5, it is
clear that the performance is equal both for the square and round
configurations. For the square configuration, however, more time and labor
would be involved when it is worked. Thus, it may be thought that the
round configuration will provide the optimal particle size breakup or
emulsification performance and workability.

[0117] (Number of Rotor’s Agitating Blades)

From the aspect of the higher shear frequency, the rotor’s agitating blades
will become better as its number is greater. If the outlet flow rate is
decreased, however, the numbel} of flow circulations through the tank will
be reduced. As a result, the particle size breakup effect or emulsification
performance can become lower. From the theoretical equation as defined
previously, it may be understood that the total energy dissipation rate ¢ 4
will become higher as the number of the rotor’s blades is greater. Generally,
the rotor includes six blades, but it is clear that the particle size breakup or
emulsification performance (effect) may be increased by about 1.3 times
simply by providing eight blades for the rotor.

[0118] (Scaling up the Mixer)

The scale up method may be utilized by performing the verification test
while using the index (theory) as proposed by the present invention.
Particularly, the scale up method will be useful if the processing (mixing)
time is taken into consideration.

[0119] (Comparison between the existing mixer and the inventive novel

mixer)
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The results obtained by comparing the existing typical mixer with the

novel mixer proposed by the present invention regarding their respective

features are presented in Table 6.
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{0120] At present, the mixer that includes the features of “the moving
stator” feature, “the multistage homogenizer” and/or “the direct injection” is
not available. It may be appreciated that the mixer that has the optimal
stator configuration (gap, hole diameter, opening area ratio, and hole shape)
and the optimal rotor configuration (blades and blade width) provides the
improved emulsification and particle size breakup performance (effect).

[0121) The results that were obtained by examining the relationship
between the total energy dissipation rate: ¢ , derived from the Equation of
the present invention as described above and the resulting liquid drop
diameters (the particle size breakup trend) are given below.

[0122] In this examination, the three types of the mixer were compared in
respect of their respective performances. For each of the three types of the
mixer, the gap § between the rotor 3 and the stator 2 is great (§ > 1mm, such
as 0= 2 to 10mm, for example), and the stator 2 has a great number of
openings (holes) 1 (the number of openings : nsg> 20, such as ns = 50 to 500,
for example).

[0123] In the examination described above, it should be noted that the
liquid that simulates a dairy product and has the composition ratio in Table
1 was used as an object of estimating the resulting particle size breakup. As
shown in Fig. 3, the device that employs the externally circulated mode was
prepared for use for this purpose, and the liquid drop diameters that would
result on the middle way of the flow path were measured by using the laser
diffraction type particle size analyzer (SALD-2000 offered by Shimazu
Manufacturing Corporation), and the particle size breakup trend for the
resulting liquid drop diameters was examined in order to estimate the
trend.

[0124] The mixer C (having the capacity of 100 liters), the mixer D (having
the capacity of 500 liters), and the mixer E (having the capacity of 10

kiloliters) ware used in this embodiment, and the summary for those three
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mixers is presented in Table 7. Those three mixers are offered from the
same manufacturers, and are available on the commercial market. For the
mixer C, five mixers (Stator No. 1 to Stator No. 5), each of which is different

in the size of the gap § and the number of openings 1, were examined.
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Table 7 Summaxry of Mixers

Mixer C MixerD Mixer E
100 L 600 L 10 kL
Stator No. L 2 3 4 b 6 7
Rotor’s Diameter {mm] D 198 198 198 198 198 198 396
Stator’s Opening Diameter  [mm] d 4 4 4 4 1 4 4
Ratio of Opening -1 A 0.11 0.20 0.31 0.26 0.12 0.26 0.18
Number of Openings (-] T, 173 316 500 411 3090 414 1020
Size of Gap [mm] § 2 2 2 1 1 1 2

Number of Rotor Bladesn. * 6



[0125] In Table 7, it is noted that the opening aria ratio A is the
dimensionless quantity that is measured in terms of the “all opening area
ratios (= one hole area x number of holes) / stator’s surface area”.

[0126] The experimental conditions and the values calculated for the total
energy dissipation rate ¢ , under the running condition are presented in

Table 8.
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Table 8 Experimental Conditions and Caleulated Values

Stator No. (Mixer C) 1 2 3 4 ;]
Conﬁmﬁonﬁebendent’lblm K. ("] 3.52x107%  8.51x107? 1.43x107%  1.64%107%  3.14x1072
Ratio of Configuration Dependent Term Ko/ K, a4 [-] 0.23 0.56 0.93 1.00 2.04
Total Energy Dissipation Rate &, [mn%/4"] 6.67x10° 19.8x10° 33.1x10° 36.6x10° 73.0x10%

N = 1317 [cpm] , V=0.1 [m]



[0127] Since the values for Kg / (K; + Ks) range between 0.1 and 0.3 as
seen from Table 8, the configuration dependent term K for the stator will be
greater than the configuration dependent term K; for the gap. For the mixer
C in Table 7, therefore, it is found that the particle size breakup effect for
the opening portion 1 on the stator 2 is greater and more dominating.

[0128] As it is clear from the value for K/ K _sta which is normalized by K-
for the stator No. 4 in Table 8, it can be estimated that the particle size
breakup effect will become higher as the number of the stator is greater.

[0129] For the mixer C (Stator No. 1 — Stator No. 5), the relationship
(particle size breakup trend) between the processing (mixing) time and the
resulting drop diameters under the mixer running condition in Table 8 is
shown in Fig. 12.

[0130] It is found that the particle size breakup effect (particle size
breakup performance) exhibits the same trend as the values to be estimated
by K./ Kc_stqin Table 8 and the particle size breakup effect, and is highe1: for
any of Stator No. 1 to Stator No. 5 when the values for K. / Kc_stqa are large.
When the processing (mixing) time under mixer’s running conditions is
thought to be adequate, it is found that the area ratio of the opening is good
when it is above 0. 15 (15%), preferably above 0.2 (20%), more preferably
above 0.3 (80%), much more preferably 0.4 (40%), or most preferably 0.4 to
0.5 (40 to 50%). Thus, it is better to consider the strength of the opening for
the stator.

[0131] For the Stator No. 3 and Stator No. 4 that have the equivalent
values for K./ Kc sta, they show the equivalent particle size breakup trend.
When the mixer’s performance is estimated by the values for K. / Kc_sa and
the values for the total energy dissipation rate ¢ , that can obtained by the
Equation 1 of the present invention, therefore, it is found that the trend can
be explained not only quantitatively but also qualitatively.

[0182] When the experimental results are arranged into the graphical
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chart with the processing (mixing) time being plotted along the X coordinate
axis, it is found that the change in the drop diameters (particle size breakup
trend for the drop diameters) cannot be expressed (estimated) consistently.

[0133)] Now, for the mixer C (Stator No. 1 to Stator No. 5) in Table 7, the
relationship (particle size breakup trend) between the total energy
dissipation rate ¢ , to be obtained by the Equationl and the resulting drop
diameters is presented in Fig. 13.

[0134] When the experimental results are arranged or organized into the
graphical chart with the processing (mixing) time being plotted along the X
coordinate axis, it is found that the change in the drop diameters (particle
size breakup trend for the drop diameters) can be represented (estimated)
consistently. As this is explained specifically, it is found that the drop
diameter follows the similar trend and is decreasing, even though there are
differences in the mixer’s running condition (the number of rotations,
mixing time) and the configuration of the mixer (gap, stator’s ‘hole diameter,
stator’s opening area ratio).

[0135] That is, it has been confirmed that the total energy dissipation rate
e a that can be obtained by the Equation 1 of the present invention may
serve as the index that can be used to estimate the mixer of the rotor-stator
type in particular, when the differences in the mixer’s running condition
and configuration are considered consistently.

[01386] For the mixers D and E in Table 7, the relationship (particle size
breakup trend) between the total energy dissipation rate ¢ » that can be
obtained by the Equation of the present invention and the resulting drop
diameters is presented in Fig. 14. It is found that the drop diameter
depends on the value (magnitude) for the total energy dissipation rate ¢ a
even though the scale (size) of the mixer may have the different capacity
such as 200 to 700 liters. The drop diameter has the similar trend even

though the scale (size) of the mixer is different.
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[0137] For the mixers of the rotor-stator type in which the gap § between
the rotor 3 and stator 2 is larger (§ > 1mm, e.g. §= 2 to 10mm), and the
number of openings (holes) 1 for the stator 2 is larger (ns > 20, e.g. ns= 50 to
5000), it can be thought from the above that those mixers can be scaled up
by agreeing with the values (magnitudes) of the total energy dissipation
rate € o that can be obtained by the Equation 1 of the present invention and
by considering that there are the differences in the mixer’s running
condition and configuration consistently.

[0138] It may be appreciated from the above description that the changes
in the relationship between the total energy dissipation rate: ¢ , to be
derived from the Equation of the present invention and the resulting liquid
drop diameters (particle size breakup trend) can be described (evaluated)
collectively with the total energy dissipation rate: ¢ , being plotted along the
horizontal axis.

[0139] By the above examination conducted by the inventor of the present
application, it has been recognized that there is a nearly linear relationship
between the total energy dissipation rate: e , that can be obtained by the
Equation of the present invention as described and the resulting liquid drop
diameters.

[0140] Because it is difficult to derive the experimental equation that can
be trusted statistically, the estimation of the liquid drop diameters has been
made by using the relationship between the liquid drop diameters obtained
experimentally and the total energy dissipation rate:¢ , obtained by the
Equation of the present invention.

[0141]As described above, the total energy dissipation rate: ¢ ; obtained by
the Equation of the present invention may be divided into the configuration
dependent terms and other manufacturing conditions (including the time).
The total energy dissipation rate: ¢ » will become larger as the configuration

dependent term (time) with the manufacturing condition term being fixed is
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larger. The result is that the liquid drop diameters will be smaller under the
same manufacturing condition (time).

[0142] As this is described specifically, the particle size diameters can
actually be measured under certain manufacturing condition, and the value
for ¢ a can then be calculated. By this experiment, the value for ¢ » that is
required for obtaining the particular liquid drop diameters can be
determined.

[ 0143] By comparing the value for ¢ , obtained when the mixer’s
configuration has been changed and the magnitude for ¢ , before the mixer’s
configuration will be changed, the trend of decreasing the liquid drop
diameter after the mixer’s configuration has been changed will be able to be
estimated.

[0144] Although the equation described before and the experimental
equation that can be highly trusted statistically are not available, it will be
possible to estimate the trend of decreasing the liquid drop diame.ters by
considering the effect of the mixer’s configuration on the liquid drop
diameters.

EMBODIMENTS

[0145] Several preferred embodiments of the present invention and some
of the examples thereof will now be described with the particular reference
to the accompanying drawings. It should be understood that the present
invention is not restricted to those embodiments and examples, but the
preferred embodiments may be modified in numerous ways without
departing from the technical scope defined in the appended claims.

[0146] Now, the high performance mixer will be described in general terms
by using Figs. 15 to 19, wherein the total energy dissipation rate ¢ 5, that
may be derived from the Equation 1 as proposed by the present invention is
may be used as the index, the performance estimation may be made by

using the value ¢ ; as the index, the high-performance mixer’s configuration
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may be defined by the verification results of the performance estimation,
and the high-performance mixer may be designed on the basis of that
definition.

[0147] The mixer of the rotor-stator type as proposed by the present
invention may be characterized by the fact that it comprises a mixer unit 14
that includes a stator having a plurality of opening portions (holes) and a
rotor disposed on the inner side of the stator and spaced by a particular gap
away from the stator. The other components are the same as those included
in the conventional mixer of the rotor-stator type. In the following
description, one typical example of the mixer unit 14 of the mixer according
to the present invention is provided.

[0148] The mixer unit 14 in the mixer of the rotor-stator type according to
the present invention includes the rotor 13 and stators 12, 22 each having
the construction as shown in Fig. 15 and Fig. 16.

[0149] Each of the stators 12, 22 has a plurality of round-shape opening
portions 11a, 11b like the stator 2 in the conventional mixer unit 14.

[0150] The stators 12, 22, the stator 22 of which is diametrically greater
then the stator 22, may be arranged co-centrically around the mixer unit 14
as shown in Fig. 17 (a).

[0151] The rotor 13 which is disposed on the inner side of the stators 12, 22
and spaced by the particular gap away from the stators 12, 22 has a
plurality of agitating blades extending radially from the rotary shaft 17
around which the rotor 13 rotates. In the embodiment shown, eight
agitating blades 13a, 13b, 13¢c, 13d, 13e, 13f, 13g, 13h are provided.

[0152] Each of the agitating blades 13a to 13h has a longitudinal groove 15
that has the same diameter between the center and the outermost end 16 in
the radial direction thereof.

[0153] When the mixer unit 14 is to be formed as shown in Figs. 17 (a) and

(b), the stator may be fitted into the longitudinal groove 15 on each of the

.48-



agitating blades 13a to 13h. Then, the gap § 2 may be formed between the
wall surface 16a on the radially outermost end 16 of each of the agitating
blades 13a to 13h and the inner peripheral wall surface 22a of the stator 22.
Gaps may also be formed between the outer circumferential surface 15a in
the longitudinal groove 15 of each of the agitating blades 13a to 18h and the
inner peripheral wall surface 12a of the stator, and between the inner
circumferential surface 15b in the longitudinal groove 15 of each of the
agitating blades 13a to 13h and the outer peripheral wall surface 12b of the
stator 12.

[0154] It may be understood from the above that the mixer unit 14 in the
mixer of the rotor-stator type according to the present invention has the
construction in which the rotor is disposed on the inner side of each of the
plurality of stators each having a different diameter and spaced by the
particular gap from each of the stators.

[0155] When the rotor 13 is rotated about the center of the rotary shaft 17 ‘
as indicated by the arrow 20, the two - stage mixing sections including the
mixing section located inwardly radially and the mixing section located
outwardly radially. This multistage mixing structure can provide the high
performance mixer. More specifically, the shear stress that is applied to the
liquid being processed can be improved by providing the multi-stage mixing
section as described above.

[0156] In the embodiment shown, the mixing portion located inwardly
radially may be formed between the outer circumferential surface 152 in the
longitudinal groove on each of the agitating blades 13a to 13b and the inner
peripheral wall surface 12a of the stator 12 and between the inner
circumferential surface 15b in the longitudinal groove 15 of each of the
agitating blades 13a to 13h and the outer circumferential water surface 12b
of the stator 12, while the mixing section located outwardly radially may be

formed between the wall surface 16a on the radially outward end 16 of each
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of the agitating bla'ldes 13a to 18h and the inner peripheral wall surface 22a
of the stator 22. Similarly, the mixing stage that is located on the radially
outer side will be formed between the wall surface 16a located on the
radially outer end 16 of each of the stirring blades 13a to 13h and the inner
circumferential wall surface 22a of the stator 22.

[0157] In the mixer of the present invention, the stators 12, 22 and the
rotor 13 are arranged so that they can be moved closer to each other or away
from each other in the direction in which the rotary shaft 17 of the rotor 13
extends. In the embodiment shown, they can be moved relatively to each
other as indicated by the arrows 22, 23 in Fig. 17 (b) in the direction in
which the rotary shaft 17 of the rotor 13 extends.

[{0158] In the mixer of the present invention, the rotor 13 may be moved in
the direction of the arrow 22 in Fig. 17(b), and then the mixer unit 14 may
be formed by having the stator 12 fitted into the longitudinal groove 15 on
each of the agitating blades 13a to 138h as described previously, and the
rotor 13 may be moved away from the stators 12, 22 as shown by the
imaginary line in Fig. 17 (b).

{0159] At the initial stage in which the powdery raw material is dissolved
by the mixer, the powdery raw material may be dispersed quickly into the
mixed liquid by causing the rotor 13 to be moved away from the stators 12,
22 as indicated by the arrow 23 in Fig. 17 (b) without causing the high
energy to be dissipated.

[0160] After the above step, the two-stage mixing section including the
mixing portion located inwardly radially and the mixing portion located
outwardly radially may be formed by causing the rotor 13 to be moved as
indicated by the arrow 22 in Fig. 17 (b), and the dissolution, particle size
breakup and emulsification steps may be performed on the full scale basis
by causing the rotor 13 to be rotated in the direction of the arrow 20 in Fig.

17 ().
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[0161] Asitis apparent from the above description, the stators 12, 22 and
the rotor 13 are capable of rotating in the direction in which the rotary shaft
17 of the rotor 13 extends, and therefore the gap between the stators and
the rotor can be changed and adjusted accordingly while the rotor 13 is
being rotated. Similarly, the shear stress applied to the liquid being
processed can be changed or adjusted accordingly, and the flow rate of the
liquid being processed can also be changed or adjusted accordingly.

[0162] In the mixer of the present invention, a nozzle 18 is provided such
that it extends radially toward the center along the upper ends of the
stators 12, 22 forming the mixer unit 14, and the fluid or liquid being
processed may be delivered directly into the mixing section as shown by the
arrow 21 in Fig. 17 (b) through the outlet 19 of the nozzle 18.

[0163] More specifically, the fluid or liquid being processed can be
delivered directly through the nozzle outlet 19 into the inward mixing
portion as indicated by the arrow 21, that is, between the outer
circumferential surface 15a in the longitudinal groove 15 on each of the
agitating blades 13a to 13h and the inner peripheral wall surface 12a of the
stator 12, where the mixing (preliminary mixing) process may occur in the
first-stage mixing portion. Following this, the mixing process may occur on
the full scale basis in the outward mixing portion, that is, between the wall
surface 16a of the radially outward end 16 of each of the agitating blades
13a to 13h and the inner peripheral wall surface 22a of the stator 22a.

[0164] The emulsification or dispersion can be performed more effectively
by permitting the fluid or liguid being processed to be delivered (added)
directly into the mixing section (mixer portion) in the above described way.

[0165] Fig. 18 and Fig. 19 represent another embodiment of the present
invention. The embodiment shown in Fig. 18 and Fig. 19 differs from the
previously described embodiment shown in Figs. 15 through 17 in that the

stators 12, 22 have an annular cover 30 extending radially inwardly from
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the upper end edge. Now, this difference is mainly described below.

[0166] It is noted that for the embodiment shown in Fig. 18 and Fig. 19,
the stirring blade that extends radially from the rotary shaft 17 includes
twelve (12) blades 13a to 13l.

[0167] In the current embodiment, the annular cover 30 is constructed
such that it is attached to the upper end edge of the stator 22 and to the
upper end edge of the stator 12.

[0168] In the embodiment shown in Fig. 18 and Fig. 19, the annular cover
30 that extends radially inwardly from the respective upper end edges of the
stators 12 and 22 prevents the liquid being processed from being leaked
toward the upper side as shown in Fig. 17 (b) through the gap between the
stators 12, 22.

[0169] For the embodiment in which the annular cover 30 is provided, the
mechanism that allows for the direct delivery (adding) as described in Fig.
17 (a) and (b) may be replaced by making use of the annular cover 30.

[0170] There are inlet conduits 31 that are disposed on the outer
circumference of the stator 22 so that each of the inlet conduits 31 extends
toward the direction in which the rotary shaft 17 extends, and each of the
inlet conduits 30 includes a conduit 32 that is communitively connected to
the top end thereof and extends radially inwardly inside the annular cover
30. Each of the inlet conduit 30 has an inlet hole 33 formed on the part of
the annular cover 30 located radially inwardly of the stator 12 having the
smallest diameter among the plurality of stators 12, 22 and through which
the liquid being processed can be introduced toward the bottom as shown in
Fig. 17 (b). Each of the conduits 32 that extend radially inwardly inside the
annular cover 30 is communicatively connected to the corresponding inlet
hole 33. In this way, the liquid being processed can be introduced (added)
through the inlet conduits 31, conduits 32 and inlet holes 33 as indicated by
arrows 34, 35, 36.
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[0171] The presence of the annular cover 30 can prevent the liguid being
processed from being leaked through the gap between the rotor 13 and the
stators 12, 22 and toward the top end in Fig. 17 (b), allowing the liquid
being processed to pass through the openings 11a, 11b of the two stators 12,
22 and then to be guided from the radially inner side toward the outer side.
In this way, the liquid being processed can pass through the mixing section
that consists of three mixing stages each of which is formed between the
outer peripheral surface 15a on the longitudinal groove 15 of each of the
stirring blades 13a, etc and the inner peripheral wall face 12a of the stator
12, between the inner peripheral surface on the longitudinal groove 15 of
each of the stirring blades 13a, etc and the outer peripheral wall face 12b of
the stator 12, and between the wall face 16a on the radial outer end 16b of
each of the stirring blades 18, etc and the inner peripheral wall face 22a of
the stator 22 where the liquid being processed can be subjected to the high
shear stress a total of three times.

[0172] Like the mixer in the embodiment shown in Fig. 15 through 17, the
mixer in the embodiment of the present invention shown in Fig. 18 and Fig.
19 allows the gap between the stators 12, 22 and the rotor 13 to be adjusted
and controlled accordingly while the rotor 13 is being rotated. Thus, the
shear stress applied to the liquid being processed can be changed and
adjusted accordingly, and the flow rate of the liquid being processed can also
be changed and adjusted accordingly.

[0173] (Testing for Comparison and Examination)

For the testing purpose, the prior art mixer described in Fig. 1 and
the mixer of the present invention described in Fig. 18 and Fig. 19 were
compared. During this testing, the unit of the externally circulated mode
was provided for use as shown in Fig. 3, and the liquid drop diameters on
the middle way of the flow path were measured by using the linear

diffraction type particle size analyzer (SALD-2000 offered by Shimazu
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Manufacturing Corporation), and the particle size breakup trend of the
resulting liquid drop diameters was examined.

[0174] As used for the testing purpose, the diameter of the stator 2
included in the prior art mixer and the diameter of the stators 22 included
in the mixer of the present invention are both 197mm. The testing occurred
by using the butter emulsified liquid having the composition ratio shown in

Table 9 below.

(Compositon s | Canmsioe | FAT SNF is
Butter 5.99 2995 4.95 0.07 5.02
RS 516 2580 0.05 4,93 498
Water; 88.85 44425 -
Total 100 50000 5.00 5.00 10.00

[0175] The results obtained by the testing are presented in Tables 10 and
11, and in Figs. 20 through 25. It may be appreciated from Fig. 20 that the
particle size breakup trend provided by the mixer of the present invention is
equivalent to that provided by the prior art mixer but can be achieved in the
time as half as the prior art mixer. It may also be appreciated from Fig. 21
that the mixer of the present invention provides the liquid drop diameters
that have less variations than the prior art mixer, and it may also be
appreciated from Fig. 24 (¢) that the mixer of the present invention provides
the rotor’s rotations that contribute to the emulsifying power as compared

with the prior art mixzer.

Particle Size (nm) . Time

PaSS  |'\Moan Particle Size] Suntord Drestin | Median Diamelor | Mk Diner|  [sec]

5 5.880 0.334 71421 9218 198

Butier | Priorart :[ 10 5,148 0.329 6.3141 7486 | 39.6
E‘(ﬁ“;;";;” | 15 4677 0.316 5784 |:  7486] 593
15 4.370 0.322 5218 | 7486 | 288

Invention! [ 70 3.921 0.312 4533 60781 577

T 15 3657 0.304 4114|  6078| 865
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Prior Art
Frequeney Nwi:ulgtqf Flowrlp  CurentVale'  Tomue  Shaft Deive Puwer Pomp Power  Emubsify Contribution Diser

) Dpml  [wi/h) (Al [N'm]  [kW) (w] Bl Noles
10 360 7 5.04 12 0.5 0.0 04
20 720 14.6 6.01 19 1.4 D.2 1.2
30 1080 22 8.1 2% 33 0.8 2.5
40 1440 28,5 11.6 47 7.1 1.8 5.3
50 1800 35 16.6 §7 12.6 3.4 9.2 10min Temperatwe sising 1.5C .

65 2340 45.5

pass[sec/pass]
1 5 10 15
40 19.8 39,6 593

Troquoney  Dumborel —paoc e CuentValse  Thrque  Shuft DeivePower Pomplower @ Bmolsifi Contribution Power

2] [oml  [wi/m] A [N'm] kW] kW] kW] Notes
10 360 .45 53 13 0.5 0.0 05
20 720 95 8.9 12 0.9 0.1 0.8
30 1080 14 104 41 4.6 0.5 41
40 1440 198 i58 65 9.8 1.2 8.6
50 1800 25 228 95 17.9 24 155 10min Fempurature rising 3.2°C.

65 2340 32.5

pass[sec/pass]
1 5 10 15
5.5 277 55.4 83.1

[0176] Fig. 25 represents the estimated results obtained by analyzing the
energy dissipation rate numerically. It may be appreciated from the
estimated results in Fig. 26 that the mixer of the present invention provides
the higher energy dissipation that is equal to as two times as the prior art
mixer. More specifically, the mixer of the present invention has the
capability that is equal to as two times as the prior art mixer. It may then be
estimated from the above that the mixer of the present invention provides
the particle size breakup effect that can be achieved in the time as half as
the prior art mixer. It may be appreciated from Fig. 20 that the actual
particle size breakup trend provided by the mixer of the present invention is
the same as the results obtained by analyzing the trend numerically.

[0177] As the present invention provides the excellent effects and
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functionalities that will be described below, functions, it can be utilized in
the various industrial fields in which the emulsification, dispersion and
particle size breakup processes occur. For example, the present invention
may be utilized in the manufacturing fields, such as for manufacturing the
foods, pharmaceutical medicines, chemical products and the like.

[0178] (1) The high performance mixer of the rotor-stator-type provided
by the present invention can provide the higher particle size breakup or
emulsification effect and allows the higher quality products to be
manufactured than the conventional typical high performance (high
shearing type) mixer of the rotor-stator type.

[0179] (2) The mixer of the rotor-stator type according to the present
invention allows the products having the quality that is equivalent to or
higher than the conventional mixer of the same type to be manufactured at
less time than the conventional mixer.

[0180] (8) In accordance with the present invention, the scale up or scale
down can be performed for the various mixers of the rotor-stator type
ranging from the small size mixers to the large size mixers by considering
the processing (manufacturing) time for those mixers.

[0181] (4) The particle size breakup effect (the resulting drop diameter)
that meets the needs of each individual user can be provided, and the
processing (agitating) time that is required for this purpose can be
estimated. Thus, it is sufficient that the mixer is to be run (or process) for as
small time as required for the above estimated time. The running time of
the mixer of the rotor-stator type can be reduced accordingly, and the

energy required for this purpose can be saved.
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1 Openings (holes)

2 Stator

3 Rotox

4 Mixer unit

1la, 11b Opening portions
12,22 Stator

13 Rotor

13a, 18b, 13¢, 134, 13e, 13f, 13¢g, 13f, 13g, 13h, -, 13j, 18k Agitating blade
14 Mixer unit

15 Longitudinal groove
17 Rotary shaft

18 Nozzle

19 Outlet of nozzle

30 Annulay cover

31 Inlet conduit

33 Inlet hole
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CLAIMS

1. A mixer of a rotor-stator type comprising a mixer unit that includes
a stator having a plurality of openings and a rotor disposed on an inner side
of the stator and spaced by a predetermined gap away from the stator,
wherein

said stator includes a plurality of stators each having a different
peripheral diameter and said rotor is disposed in such a manner that it is
spaced by predetermined gaps away from said plurality of stators,

said rotor has a plurality of agitating blades extending radially from its
center of rotation, said gaps being formed between wall surfaces on radially
outer ends of each of said agitating blades and inner peripheral wall surfaces
of said stators, and

said stators and said rotor are arranged so that they can be brought
closer to or farther away from each other in the direction in which a rotary
shaft of said rotor extends.

2. The mixer as defined in claim 1, wherein a fluid being processed is
introduced into a gap portion between said stators and said rotor which is
disposed on the inner side of the stator and spaced by the predetermined gap
away from the stator.

3. The mixer as defined in claim 1, wherein said stator has an annular
cover that extends inwardly from an upper end edge thereof.

4. The mixer as defined in claim 3, wherein said annular cover has an
inlet hole through which a fluid being processed is introduced downwardly,
the inlet hole being located on a radial inner side of the stator that has the
smallest diameter among said plurality of stators.

5. The mixer as defined in any one of claims 1 through 4, wherein that
the openings provided on each of said stators have a round shape.

6. The mixer as defined in any one of claims 1 through 5, wherein the
openings on said plurality of stators are provided around a peripheral wall of

each of said stators, and represent more than 20% of the total opening area.
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7. A method for designing the mixer as defined in any one of claims
1 through 6, wherein a construction of the mixer is so designed by using
Equation 1 below to calculate a running time of said mixer and resulting
liquid drop diameters of a fluid being processed which can be obtained
during the running time that particular liquid drop diameters of the fluid
being processed can be obtained during a particular mixer running time
when said mixer is used to subject the fluid being processed to the

emulsification, dispersion, particle size breakup or mixing processing:

E,=E, +E&,

T L[ (LR L 4 22
S(D+68)) 4N 4in, -d* +45(D+5)] ”

=[w, - ¥,.2*) 5} D (k, +K,)]-(N4V"- J

In Equation 1,

£,: Total energy dissipation rate (m?2/s3)

f,: Local shear stress in the gap between the rotor and stator (m?2/s3)
7,;: Local energy dissipation rate in the stator (m?2/s3)
Np: Number of powers (-)

Nga: Number of flow rates (-)

n:: Number of rotor blades (-)

D : Diameter of rotor (m)

b : Thickness of rotor blade tip (m)

i . Gap between rotor and stator (m)

ns: Number of stator holes (-)

d : Diameter of stator hole (m)

I: Thickness of stator (m)
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N : Number of rotations (1/s)
tm: Mixing time (s)
V : Flow rate (ms3)
Kg: Configuration dependent term (m?2)
Ks: Configuration dependent term in stator (m?2)
Kc: Configuration dependent term for the entire mixer (m?).

8. A method for scaling up or scaling down the mixer as defined in any
one of claims 1 through 6, wherein

when the mixer is scaled up or scaled down, a total energy dissipation
rate [m2/s3] obtained by using Equation 1 below is agreed, so that
predetermined liquid drop diameters of a fluid being processed can be obtained
during a particular mixer running time when said mixer is used to subject the
fluid being processed for emulsification, dispersion, particle size breakup or
mixing processing by calculating a particular mixer running time and

resulting liquid drop diameters for the fluid being processed thus obtained

during the particular mixer running time using Equation 1 below:

E,=E, +¢&,

[, - ¥ 2?)n, D’( D’b ],, wind(d+40) [N«,,,
5(D+8)) 4N ln,-d* +45(D+5)||[\ ¥

In Equation 1,

t,: Total energy dissipation rate (m2/s3)

£,: Local shear stress in the gap between the rotor and stator (m2/s3)
£,;: Local energy dissipation rate in the stator (m2/s3)

Np: Number of powers (-)

Nga: Number of flow rates (-)
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n:: Number of rotor blades (-)

D : Diameter of rotor (m)

b : Thickness of rotor blade tip (m)

¢ : Gap between rotor and stator (m)
ns: Number of stator holes (-)

d : Diameter of stator hole (m)

I: Thickness of stator (m)

N : Number of rotations (1/s)

tm: Mixing time (s)

V : Flow rate (ms3)

Kg: Configuration dependent term (m?2)
Ks: Configuration dependent term in stator (m?2)

K.: Configuration dependent term for the entire mixer (mS9).

9. A method for manufacturing the foods, pharmaceutical medicines
or chemical products by using the mixer as defined in any one of claims 1
through 7 to subject a fluid being processed to the emulsification,
dispersion, particle size breakup or mixing processing, wherein the foods,
pharmaceutical medicines or chemical products having desired resulting drop
diameters are manufactured by using Equation 1 below to calculate a
particular mixer running time and the resulting drop diameters for the fluid

being processed thus obtained during the particular mixer running time:

E,=&, +&,
= [(N = quzz‘z). n, D} D’b % ﬂzn‘r)dl (d+ 45) N? L,
,, 5(D+6)) 4Nyln,-d* +45(D+3)||[( ¥

=, -w ) n LDk, £, )]'(M > J

v

-61-



In Equation 1,
£,: Total energy dissipation rate (m2/s3)

£4: Local shear stress in the gap between the rotor and
stator (m2/s3)

ts: Local energy dissipation rate in the stator (m?2/s3)
Np: Number of powers (-)

Ngd : Number of flow rates (-)

n;: Number of rotor blades (-)

D : Diameter of rotor (m)

b : Thickness of rotor blade tip (m)

b . Gap between rotor and stator (m)

ns: Number of stator holes (-)

d : Diameter of stator hole (m)

I: Thickness of stator (m)

N : Number of rotations (1/s)

tm: Mixing time (s)

V : Flow rate (m3)

Kg: Configuration dependent term (m2)

Ks: Configuration dependent term in stator (m2)

K.: Configuration dependent term for the entire mixer (m5).
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