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Crystallization Technology to Enhance Productivity and Quality of Salt by
Microcrystals Addition and Shear Force

Summary

Hiroshi Takiyama
Project Leader

Professor, Tokyo University of Agriculture and Technology (TUAT), Institute of Engineering

Due to the unstable energy situation and international competition, the domestic salt manufacturing industry is facing a
difficult environment. Therefore, it is desirable to restructure salt manufacturing technology and increase production
efficiency. In order to increase the production rate and quality of salt, the salt crystallization process should be operated
under high suspension conditions. Under high suspension conditions, there are several challenges. For example, how to
ensure the number density to keep high suspension, how to prevent agglomeration under high suspension, and how to ensure
the purity under high suspension conditions. There are few studies on these issues in the “presence of admixture ions” such
as Mg?*, Ca?*,and K*. Considering the use of by-products, changes in the feed composition in the salt crystallization process
are expected. Therefore, it is important to study the effect of admixture ions on the growth rate and purity.

Conventionally, when crystal growth is enhanced, the method of increasing supersaturation has been chosen. In such
cases, agglomeration occurs. However, there is a possibility that the crystal growth rate can be enhanced without increasing
the degree of supersaturation by improving the mass transfer through the addition of microcrystals and agitation. In particular,
effective use of the method of microcrystals addition immediately after nucleation may improve productivity without quality
deterioration. In the salt crystallization process, admixture ion species and concentrations change as the brine is concentrated.
These changes affect the nucleation and growth of crystals and the distribution coefficients of ions. Therefore, it is also
necessary to quantitatively study the effects of admixture ion species and concentrations on crystallization phenomena. In
this project, the salt production crystallization technique using microcrystals and shear force addition is proposed by using
crystallization data in the “presence of admixture ions”. This project has the following five sub-themes.

(1) Growth enhancement by microcrystals addition in the presence of admixture ions

The growth rate is enhanced by the addition of microcrystals. However, this phenomenon has not been quantitatively
evaluated in the presence of admixture ions. Therefore, we verified the growth enhancement by microcrystals in the presence
of admixture ions.  As a result, the growth enhancement phenomenon by microcrystals was observed even in the presence of
admixture ions. It was found that salt can be produced from concentrated seawater with high efficiency depending on the
microcrystal characteristics and admixture ion species.

(2) Salt agglomeration and purity drop under high suspension and presence of admixture ions

Agglomeration is one of the causes of purity drop and is a function of the suspension density and the degree of

supersaturation. Therefore, the effect of admixture ions on the agglomeration phenomenon was investigated. The results



showed that Mg?" ions in the brine affected the agglomeration of microcrystals. This effect was reduced by K* ions. These
studies clarified the existence of admixture ion species to reduce the agglomeration and purity drop.

(3-1) Relationships between particle size and purity of crystalline particles obtained by continuous
crystallization

Admixture ions suppress the growth rate. Therefore, the relationship between the particle size and purity was evaluated
by distribution coefficient of the admixture ions. As the results, it was found that the mother liquor content could be reduced
under high suspension and high agitation conditions. In addition, from the viewpoint of the balance between nucleation rate
and growth rate, NaCl crystals with low mother liquor content and high purity could be produced by reducing the nucleation
size.

(3-2) X-ray analysis of the distribution of admixture ions near the solid-liquid interface

It is known that the purity drop of salt crystals is caused by the incorporation of admixture ions into the crystal lattice.
Therefore, the possibility of incorporation of admixture ion as a solid solution was investigated. ~As a result, it was confirmed
that Br™ is more easily incorporated into the NaCl crystal lattice as a solid solution. In addition, since the amount of Br-
incorporated into the NaCl crystal lattice increased depending on the concentration of the admixture ion Br™ in the brine, it was
found that controlling the Br~ concentration was more important than K* for the production of high purity NaCl.

(4) Effect of fluid shear force on crystallization phenomena in a salt evaporation crystallizer

Although agitation is necessary to enhance mass transfer, excessive agitation leads to an increase in nucleation rate, which
is one factor in agglomeration phenomena. Therefore, the effects of shear force on nucleation, growth, and agglomeration
were quantitatively evaluated. ~As a result, model parameters for particle size distribution could be estimated even under high
suspension conditions by using an performance index to determine whether nucleation or agglomeration dominates.

(5) Design and operation of continuous crystallizer under high suspension conditions

Considering the next generation salt manufacturing, it is necessary to optimize the operating conditions of crystallizers
that can achieve high growth rates under suspension conditions. Therefore, the production rate by growth enhancement by
microcrystals addition was estimated. As a result, it was found that the production rate could be increased by a factor of 5.
The rate of microcrystals addition could also be estimated, and it was found that a higher production rate per unit volume could
be achieved with the new operation technology.

To summarize the above results. In the conventional method, supersaturation increasement was necessary for highly
efficient salt production. However, under high supersaturation conditions, the apparent crystal growth rate increases due to
agglomeration, resulting in purity drop. Therefore, a new method that is independent of supersaturation was proposed to
increase productivity by using growth enhancement by microcrystals addition. In addition, purity improvement method by
reducing the apparent growth rate through high shear was proposed under the conditions of admixture ions presence. As the
results, it was found that Br- forms solid solution with NaCl, and that K* has the effect of reducing agglomeration. Although
the effects on the crystallization phenomenon differ depending on the admixture ion species and concentration, it was found

that the addition of microcrystals or high shear force enables high purity and high efficiency production.
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circulator

Figure 1. Schematic illustration of the experimental instrument used as semi-batch evaporative crystallization for investigating
the GRE phenomena when multiple seed crystals were suspended.
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[

Table 1. Experimental conditions of the TC crystallizer for preparing microcrystals with various characteristics.

Run Temperature of feed solution [°C] Pipe length [mm] Flow rate [g/s] Residence time [s]

1 60
2 30
3 30

50 20 9.0
50 20 9.0
50 40 4.5

Taylor-Couette crystallizer

Feed solutions

Mechanical stirre

Thermostatic Bath

Evaporate water

33-34°C
Water OUT

"]

,,,,, | Camera

Crystallizer

Figure 2. Schematic illustration of the crystallizer for investigating the effect of impurity on the GRE phenomena using a seed

crystal.
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Table 2. Theoretical values of concentration of impurity and ion composition for each feed solution.

Concentration of

Ion composition [mol/mol]

Impurity impurity [wt%] Na* Cation without Na* Cr
None 0 0.50 0 0.50
KC1 10 0.37 0.11 0.50
MgCl, 10 0.37 0.09 0.54
CaCl, 10 0.39 0.07 0.54
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Figure 3. Size distribution and SEM images of each microcrystal prepared using TC crystallizer under each experimental

condition. (a) Run 1, (b) Run 2, and (c) Run 3.

(a) 400 - 100 (b) 400 - 3 100 (c) 400 - 100
® Size ] L | ®Size ] ® Size ]
350 H mcn 1 50 350 F| meowy b 1 50 350 | mow ; 1 50
300 F ) ] 300 F |/ ] 300 % } ¢
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o I z E 3 ] z r K ] z
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m N 1 20 [ ® 20 5 20
100 | L ] 100 T " af= ? 100 Tl (N L TR ?
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Figure 4. Sizes and CVx values as a function of time when microcrystals with sizes of (a) 19.7, (b) 12.3, and (c) 7.5 pm
prepared using the TC crystallizer were added to the semi-batch evaporative crystallizer.
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Figure 5. Size distribution of the obtained crystalline particles as a function of time when microcrystals of (a) 19.7, (b) 12.3,

and (c) 7.5 pm were added.
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Figure 6. The influence of the size of microcrystals on the #.
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Figure 7. The influence of the size of microcrystals on the €.
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Figure 9. The effect of each impurity on the GRE ratio.

Figure 10. Pictures of the solution containing (a) none (blank), (b) KCI, (c) MgCly, and (d) CaCl, in the crystallizer
immediately after the microcrystals were added using the TC crystallizer.
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Figure 11. The effect of concentration of impurity
(KCI and MgCl,) on the ¢.



Figure 12. Pictures and SEM images of a seed crystal in the NaCl saturated solution (a-c) without impurity and with 10wt%
(d-f) KClI and (g-1) MgCl; (a, d, g) before and (b, c, ¢, f, h, i) after microcrystals were added.
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Figure 13. The effect of impurity (KCl) on the size and CVx value of the crystalline particles obtained from the suspension
as a function of time when microcrystals were added from the TC crystallizer.
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Figure 14. Size distribution of the obtained crystalline particles as a function of time when microcrystals were added in
the NaCl saturated solution (a) without impurity and (b) with 1wt% KCIL
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Analysis of Growth Enhancement Phenomena by Addition of Microcrystals

Under the Presence of Impurities

Shuntaro Amari, Hiroshi Takiyama
Tokyo University of Agriculture and Technology
Summary

Recently, desalination has been widely used to produce drinking water since ensuring the water resource is
serious a global issue due to the rapid population growth and increased life expectancy. In desalination, a large
volume of brine is simultaneously generated as an inevitable by-product. Disposing of untreated brine negatively
impacts the ecosystem and marine environment because of its high salt concentration. Thus, the development of a
brine treatment method is strongly desired.

This study focuses on the growth rate enhancement (GRE) phenomena to increase the growth rate of a salt
crystalline particles. Previous studies have mainly reported the effect of microcrystals on the GRE using a single
seed crystal.  On the other hand, crystallization is usually performed using the suspension containing multiple seed
crystals with impurities. Therefore, this study investigated the effects of the characteristics of microcrystals and
impurities on the GRE phenomena and the product properties using suspension during evaporative crystallization.

Through the experiments, it was found that the GRE was promoted by adding microcrystals, which were
prepared using Taylor-Couette crystallizer, to the suspension. Furthermore, the size distribution of the crystalline
particles in the suspension depended on the size of the microcrystals. Quantitative evaluation indicates that GRE
could be promoted several ten times without deteriorating the size distribution by adding the microcrystals with a
single micron in size. Moreover, it was found that the GRE was promoted about four times in the presence of
impurities. Additionally, the concentration of impurity affects the GRE by adding microcrystals.

Consequently, controlling the characteristics of the microcrystals and impurities is significantly important to
improve the productivity of salt crystallization with keeping the quality of the obtained crystalline particles using

GRE phenomena by microcrystals.
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BEEE AL DRI Lo IIMERL T 2 — WKL+ DEUTIG L TE
{EL, — KRB DD RKRELI2DE L 1TKRELRD, £ZT,
EHES 1 AT D n 80— YKL 1 DR EE R
Ly D-EPRIFE% Ly, mean [um] 12X T5 L D LA ERE DR
FEDFREE Agg. Ratio (Rage) EL CTEFRT D,

s (Eqn. 3)

Lp,mean.

Agg.ratio =

ZOFERETIE, BEEL TWVRWEE IS Agg. ratio =1 &
720, BEEMEEIIISC TRELARD,

]|

Feed (NaCl sat.aq.)

Thermometer

/
/

Draft tube

Impeller

Thermostat

300mL Crystallizer

Temp.-controlled water

Fig. 1 Schematic diagram of the apparatus for the crystallization experiment
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Fig.2 Definition of sizes of primary and secondary particles (agglomerates) considering actual observation of salt crystals.
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L7 a—vbk 5:2 OERREHTIRA LI 0%, f2IiR
LT AT 7T e CGE 5 ml 2 E i AL, 1.0~
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AT EBR CHRONAERE R T, Ko T, K5
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Fig. 3 Photographs of obtained crystals by crystallization experiments.
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X0, MgZ A A UAFE F T, M@ A4 BFELRNW
A0 150 pm FRE DRI DELHRHNDTEN 50D,
Fig. 4 DIEEIEHEDORIFE3AA LY, 100 pm LA FORLF-D
DI M> A AL D ET R DT L5373 D, Mg> A A
Y7RUTIE 100 pm LU F ORI DEED LAY, Mg> A
AUAFAE FTIE 100 pm LA F ORL 1 OIEE A D72\ il e
Llpot-,

Fig. 5 [Z& S THEONZ 5DV H 212~300 pum &
O 300~500 pm DRI FAZHOUNT, — UKL F D FHRIFE
Ly, mean EVEEEFE B\ Agg. ratio (Rage.) LD BIRE RO 77
Rz 50 EFRE ST a2 E R T, BIFRE, Lo mean
D 2 FDEA DT LT Fe/N R IEIZIDR Ol AR
IZTHRTLDOTHD,

Rpgg, cale. = @ exp(=b Ly mean) + 1
(Eqn. 4)

a, b ITEETHD, a 1T—URLTFE Ly, mean 23 0 DIFD
BEREERE T, FMECIDBEESVOREDENWE
BOTIEERDZ L%, bIX Ly, men EEBIT Agg. ratio 3
LTI T 2 E COFEREL /2D L& /IR LT, Table 1 |Z
TAvT AV TREREFED TORTERY, W NOBEE
JETH MgCl A 1.7 g/100 g-H,0 DOFFIZ a, b 13K
Lipolz, Fo, 5DV H 212~300 um ORLFIZOVWT,
Ly, mean = 200 um O#EPHTT 107 427 RUTxkE32 5
TEDFEEN Mg A A ARIE D 57 L L IT/NEL e D)
DD EW s3I T2,

Table 2 |2, &M THOLNIZS5DVE 106~150 um
DFAPHORLF DZNZ N —IRBLTFE Ly, mean, BERES
VN Agg. ratio, FIE LU TRIIRDFELEZELD TRT,
72, [FERIZ, 212~300 um OFiFH ORI 112DV T
Table 3 (27~ 7", Table2 LY, KZ7/HmEL T, WT o
BRI ETH M2 AV REARESTDE, — KRR+

27-
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Roivieiolz, Mg A4 ARED ER-LEBITKIHIT
R P CHE L 72,
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RIFTEE

KA T2 DY 3 L OB R 4 A T LT 4 S0 fk
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UNEEREIR ST,
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DORIEHFIPAIT Ly, mean = 200 pm FEEEDRIF-23 b7
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BIRETHD, MgZ A2 DEAEDOIET ORI A b TR
[F]1Z, Fig.7 3350 Table4 10 K' A4 DFAFOEFE TIE
RO hyo77, Table 5 |2, £5&4TEONT-5DVH
106~150 um OEFHDRL1-DZIZ 30— YR 118 Ly, means
BHEEBVN Agg. ratio, FEEL TR V-EEE FL80
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Agg. ratio, Rg, [-]

Mass based frequency [%o/mm]

Mass based frequency [%o/mm]

Mass based frequency [%o/mm]

Fig. 4 Crystal size distribution of obtained crystals for each condition (under the presence of Mg?* ion): (a) Mass based size
distribution; and (b) Number based size distribution. Number based distribution was estimated from the mass based
distribution.
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Fig. 5 Scatter plots of Agg. ratio, Rage against Ly, mean for the crystals of the sieves class between 212 mm and 300 mm (O),
and between 300 mm and 500 mm (/\) obtained under the presence of Mg?* ion.
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Table 1 Estimated parameters of the fitting curves for agglomeration ratio (the effect of Mg?* ion)

My Chgcta a b Average resicual error [-]
[0]  [2/100g-H,0] [-1 [pun-'] (L, mew—200 pum)
10 0 698 0.0119 0.67 (n=48)
10 0.52 6.09 0.00997 0.44 (n=49)
10 1.7 9.57 0.0158 0.27 (n=43)
20 0 7.11 0.0118 0.52 (n=51)
20 0.52 5.89 0.0108 0.49 (n=49)
20 1.7 5.07 0.0140 0.40 (n=26)
30 0 §.55 0.0123 0.60 (n=45)
30 0.52 6.36 0.0105 0.55 (n=1756)
30 1.7 9.30 0.0150 0.29 (n=23)

Table 2 The agglomeration ratio and water contents of the particles obtainedby the sieves 106 um and 150 um

(the effect of Mg?" ion).
A1 Cu oC2 Ly weanav  AZE. ratio,,  Water content
o] [g/100g-H,0]  [Wm] (-] [witoe]
10 0 837 2.44 0.13
10 0.82 g26.9 2.83 017
10 1.7 763 241 0.28
20 0 &6.4 2.50 012
20 0.82 82.0 2.82 0.19
20 1.7 75.9 2.59 0.25
30 0 784 2.32 0.17
30 0.82 76.0 3.10 0.21
30 1.7 £8.1 2776 0.27

Table 3 The agglomeration ratio and water contents of the particles obtained by the sieves between 212 um and 300 um

(the effect of Mg?* ion).
My Cha ot L mean o AEE rafic,,  Water content
[%]  [gn00g-H,0]  [Hm] [-] [wrte]
10 0 124 272 0.35
10 0.82 110 308 0.43
10 1.7 133 259 0.35
20 0 128 273 023
20 0.82 102 3.03 034
20 1.7 200 1.94 0.37
30 0 137 2.83 017
30 0.82 112 1.03 022
30 1.7 223 173 0.27
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Fig. 6 Crystal size distribution of obtained crystals for each condition (under the presence of K* ion):
(a) Mass based size distribution; and (b) Number based size distribution.
Number based distribution was estimated from the mass based distribution.
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Fig. 7 Scatter plots of Agg. ratio, Raee against Ly, mean for the crystals of the sieves class between 212 pm and 300 um (O),
between 300 um and 500 pm (A), and between 106 pm and 212 pm (<) obtained under the presence of K ion.
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Table 4 Estimated parameters of the fitting curves for agglomeration ratio (the effect of K* ion)

My Ciey a b Average residual error [-]
[%4q] [¢/100g-H,0] [ [m1] (L, mean = 200 pum)
10 0 8.83 0.0154 0.27 (n=48)
10 0.93 6.08 0.0115 0.34 (n=47)
10 1.6 14.65 0.0204 0.48 (n=39)
20 0 5.51 0.0099 0.40 (n=48)
20 093 13.15 0.0186 027 (n=35)
20 1.6 8.11 0.0153 0.31 (n=31)
30 0 874 0.0163 0.31 (n=26)
30 0.93 14.65 0.0202 021 (n=10)
30 1.6 (5.76)*  (0.0101)* (0.4 (n=31)*

#212~300 pm OKIEHIIH O HUT Ly mean =200 pm D > 7L B{ELE LRV D T,
106~155 um OREFFA ORI 2 L CHE L7251

Table 5 The agglomeration ratio and water contents of the particles obtained by the sieves 106 pm and 150 pm

(the effect of K" ion).
Ay Ckol Ly mwm e ABE ratio,  Water content
%] [gf100g-H,0] (prm] (-] (o]
10 0 84.6 2.06 n.17
10 0.93 894 236 n.na
10 1.6 855 1.95 n.na
20 0 6.1 2.37 0.17
20 0.93 Tz 246 n.17
20 1.6 792 2.44 n.1a
K]l 0 T4 241 n.14
30 0.93 730 242 0.1z
k1] 1.6 al1.1 2.30 0.14

Table 6 The agglomeration ratio and water contents of the particles obtained by the sieves between 212 um and 300 um

(the effect of K* ion).

My Ckel Ly wew ow 488 rafio,  Water content
%3 [googH0]  [wm] (-] [wis]
10 0 122 2.53 040
10 0.93 127 2.56 031
10 1.6 282 2.37 027
20 o 147 2.31 nsz
20 0.93 210 1.08 01
20 16 178 2.08 027
30 0 217 1.79 0z
30 0.93 276 1.43 0.1%
30 186 311 1.02 018

3.3 Mg#(#A >, K1F2DHBFESIUVNEABRELTE FEME DRI 3 A0 3 LOMEEIEHE DRI R /34 % Fig. 8 I
NRESIUVHEICRIZTHE 7~RT, Figure 8 10, JREREDROLNDH, Mg> A4,

Mg> A4, KIAA L DEEBIOMBEELZLAFEL K A4 o E F T, HESMIZELLNENIE
AR ORRELT, ET ST THLNZERE  Mg¥ AU 1FE F 7 Fig. 3 (S04 Thod, Lo
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FNELHDNDIEN53D3D, Figure 3 DR TH#
BHE, KA & M Al 5 MFEET DM T D8
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Fig. 8 Crystal size distribution of obtained crystals for each condition (under the presence of Mg?" ion and K* ion):
(a) Mass based size distribution; and (b) Number based size distribution.
Number based distribution was estimated from the mass based distribution.
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Fig. 9 Scatter plots of Agg. ratio, Rage against Ly mean for the crystals of the sieves class between 212 mm and 300 mm (O),
and between 300 mm and 500 mm (/\) obtained under the presence of Mg?* ion and K* ion.

Table 7 Estimated parameters of the fitting curves for agglomeration ratio (the effect of Mg?* and K* ion)

My Chtgena Cre a h Average residual error [-]
[®o]  [g/100g-H,0] [g/100g-H,0] [1 [um] (L, moan— 200 fum))

10 0 0 511 0.00945 0.41 n=45)

10 3.3 1.1 3.36 0.00583 0.55m="71)

20 0 0 5.50 0.01013 0.34 (n=45)

20 3.3 1.1 438 0.00753 0.77 (n="71)

30 0 0 7.05  0.01026 0.59 (n=133)

30 3.3 1.1 6.36  0.00835 0.68 (n=70)

Table 8 The agglomeration ratio of the particles obtained by the sieves between 106 um and 150 um
(the effect of Mg?* ion and K™ ion).

e CngClﬁ Ce Lo meanav  AgE ratio g
[%0] [g/100g-H,0] [g/100g-H,0] [1m] [-]
10 0 0 79.5 2.72
10 33 1.1 71.4 3.18
20 0 0 77.2 2.89
20 33 1.1 72.4 3.16
30 0 0 90.2 2.23
30 33 1.1 68.8 2.87
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Table 9 The agglomeration ratio and water contents of the particles obtained by the sieves between 212 pm and 300 pm

(the effect of Mg?* ion and K* ion).

My Chagene Cral L

Water content

Agg' ratio av. [_]

[®] [2/100¢-H,0]  [2/100g-H,0] I:ﬁ:ﬁ " [wt%]
10 0 0 168 2.56 0.37
10 33 1.1 110 3.58 0.59
20 0 0 156 2.37 0.31
20 33 1.1 103 3.26 0.54
30 0 0 128 2.63 0.21
30 33 1.1 114 2.71 0.63
4. EE 4) DN FHBHZEDHEI S D, Mg A A FE D HE N

4.1 Mg (AU BLUVMHBRAZENBIEDESE
BEVHEIZRIFTHE

FT, M A A DB DOEE DRI HONTELR
T D, M2 A A2 72 L TIE 100 um LA F ORLF-OfE ¥k 03 %
WS, Mg A A AFE FCIiE 100 um LA F OREF-OfE$x
DDIRNFE RIS, Me¥ A4 FE FCIE, BLFDOZEN
Exbhb,

D) B OB AENHESND

2) B OGO B MEES D

3) BHEOW N ok SR L OEEMEES LD

Mg A DIRFELEBIZA R T HRIEOEERD

IR/

MgCl, X NaCl OfEdhpl R E AL E T DV WRE
BIHEDDH, —J5TC, MgClL F#+E T TR dh O &I LD
B OEHE R EOWEFNDHD, mREEE T O
TR N TS SR 7[R L 22, BEFES XD Kk
BAEDRELTVIRILUICHDZ LA B FT DL, 1) Io0
THEBENZRERAEOREITEINWEEZLNS, &
LT, 2IZ2WTE, Mg¥ A AR EDHEINEEHITE &
FEMERIEZE AT D 600 um OFEFE OB EEEINIL THZ
CERERD L, R L TAL T RS D I 7o ks
fm DN B O R ERFE R I B LT FTREME D D D,
ZORER, D OISR ZTWDAREENRDD, £,
200 pm fFUTOFE S OBFEEN Mg A A4 IR EDOHEMEL
WZEEANL TDZE, 200 um A5 OfE i OEEEFE 5D
T4y T 47 RRDIEEDFRFED Mg A A YR O N
EEBITNS T TNDIEEBETHE, 2)1I2MAT3),
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Quantitative Evaluation of the Salt Agglomeration and Purity Decrease Under the

Condition of High Suspension Density and Presence of Coexisting lons

Shoji Kudo, Runa Arai, Ryo Miyashita, Shunsuke Yoshimura
Chiba Institute of Technology
Summary

As a part of the project research, in this study, the quantitative evaluation of agglomeration and purity loss caused by
agglomeration in salt crystallization under high suspension density was investigated. The effects of coexisting ions in brine,
the raw material for salt production, were also considered in the investigation.

The objective of the entire research period (3 years) was to quantitatively analyze and evaluate the loss of purity caused by
agglomeration under high-suspension conditions while varying the type and concentration of coexisting ions and the
suspension density, and to provide guidelines for highly efficient salt crystallization under high-suspension density while
suppressing the loss of purity caused by agglomeration in terms of raw brine composition.

In the first year, the effects of suspension density and Mg?* ion concentration on the agglomeration and the water content as
the purity of the salt. It was mainly found that agglomeration tends to occur between crystals of 0.15 mm or smaller in
diameter under any condition.

In the second year, direct observation of agglomeration in the slurry implied that the degree of agglomeration can change in
the process up to the observation.  The definition of the index indicating the degree of agglomeration was suggested originally.

In the third year, focusing on the suspension density and Mg?* and K ions as coexisting ions, the semi-batch crystallization
experiments were carried out varying the initial suspension density, and the concentration of coexisting ions. For the
recovered crystals, the degree of agglomeration and the purity were evaluated by measuring the water content. The effects
of alone of Mg?* and K* ions, the coexistence of them on the agglomeration and water content at the given suspension densities
were found to be different. Mg?* ions contributed more to the agglomeration of microcrystals rather than K* ions, but the
effect became weaker when K* ions coexist, and the concentration of Mg?" ions mainly lead to an increase in water content of
the crystals. The effects of existence of Mg?*, K* ions and the coexistence of both ions on the agglomeration and purity of
salt at the given suspension density were clarified. The Mg?" ion concentration of the raw brine seems to be important in

terms of agglomeration and purity as a crystallization operation.
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23
1 Crystallizer 2 Solution Tank 3 Agitator for crystallizer
4 Agitator for solution tank 5 Feed pump 6 Slurry pump
7 Water circulation pump 8 Thermostat 9 Cooler
10 Centrifugal filtration 11 Chiller 12-17 Temperature sensor
18-19 Flow sensor 20 Evaporating port ~ 21Pressure gauge with valve
22 Condenser 23 Vacuum pump
Fig. 1 Experimental apparatus for batch and continuous evaporative crystallization.
Table. 1 Experimental conditions
Run 1 2 | 3 4
Impurity MgCl: - 6H=0
Impurity conc. [wt %] 5
Temperature [K] 333
Suspension density [wt%] 15 30 30 30
Agitation speed [rpm] 700 700 700 1200
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IZEDIZ, 5wit% D MgCl6H0 Rl % & Toffn
NaCl KIFROE5y 2K OSEFEAZE AT ZERIZC,
W% 15wt%E 30wt% CA LS H - L&D ERELMED
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Crystal size, L/mm

Fig. 2 CSD of NaCl Crystals on batch crystallization at two
different suspension densities (Impure MgCl = Swt%,
agitation speed = 700 rpm, T =333 K, P =10 kPa)
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Fig. 3 CSD of NaCl Crystals on continuous crystallization at
two different suspension densities (Impure MgCl. =
Swt%, agitation speed = 700 rpm, T = 333 K, P =
10 kPa)
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Fig. 4 Inclusion ratio of mother liquor of NaCl crystals under
high density by batch (Impure MgCl. = S5wt%, agitation
speed =700 rpm, T =333 K, P =10 kPa)
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Fig. 5 Inclusion ratio of mother liquor of NaCl under high
density by Continuous (Impure MgClL = Swt%,
agitation speed = 700 rpm, T =333 K, P =10 kPa)
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Continuous 15 wt%
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Fig. 6 Crystals’ conditions of NaCl on batch and continuous crystallization at two different suspension densities 15% or 30%
(Impure MgCl> = 5wt%, agitation speed = 700 rpm, T =333 K, P = 10 kPa)
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KiFE > 4% Fig. 7, Fig. 8 (T~ 7, NTNEB 2 HND,
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Fig. 7 CSD of NaCl Crystals on batch crystallization at three Fig. 8 CSD of NaCl Crystals on continuous crystallization at
different agitation speeds (Impure MgCl = Swt%, three different agitation speeds (Impure MgCl, = Swt%,
suspension densities = 30%, T =333 K, P =10 kPa) suspension densities = 30%, T =333 K, P =10 kPa)
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Fig. 9 Inclusion ration mother liquor of NaCl under high Fig. 10 Inclusion ration mother liquor of NaCl under high
rotation conditions by batch (Impure MgCl, = Swt%, rotation conditions by continuous (Impure MgCl, =

suspension densities =30%, T =333 K, P =10 kPa)

Swt%, suspension densities = 30%, T =333 K, P =
10 kPa)
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Fig. 11 Crystals’ conditions of NaCl on batch and continuous crystallization at three different agitation speeds 700 pm vs 1200 pm
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Fig. 12 CSD of NaCl Crystals on batch crystallization at three
different agitation speeds (Impure MgCl. = 5wt%,
suspension densities = 30%, T =333 K, P =10 kPa)
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Fig. 13 Mother liquor inclusion model of NaCl crystals under

different suspension densities (Impure MgCl> = Swt%,
agitation speed = 700 rpm, T =333 K, P =10 kPa)

Table. 2 Parameters for population density and inclusion ratio of mother liquor of NaCl crystals at different suspension
densities (Impure MgCl. = 5wt%, agitation speed = 700 rpm, T =333 K, P =10 kPa)

G[mnvh] [B [No/m®/s]|Lo [mm] | ko [-] | ko []
Continuous (15 wt%) 0.1 5.00 x 10| 0.08 0.5 0.01
Continuous (30 wt%) 0.09 | 5.00x10"| 0009 | 0.5 | 0.0007
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Table. 3 Parameters for population density and inclusion ratio of mother liquor of NaCl crystals at different agitation speeds
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Fig. 14 CSD and population balance model of NaCl crystals

under different agitation speeds (Impure MgCl. =
Swt%, suspension densities = 30%, T = 333 K, P =

10 kPa)
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Fig. 15 Mother liquor inclusion model of NaCl crystals under
different agitation speeds (Impure MgCl. = Swt%,
suspension densities = 30%, T =333 K, P =10 kPa)

Crystal size,L/mm

(Impure MgCl. = 5wt%, suspension densities = 30%, T =333 K, P =10 kPa)

G[mmv/h] | B [No/m’/s] | Lo[mm] | kol[-] ke [-]
Continuous (700 rpm) 0.09 5.00 x 10*° 0.009 0.5 0.0007
Continuous (1200 rpm) 0.04 1.50 10" 0.001 0.5 0.0004
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The Relationship between CSD and Inclusion Ratio of the Mother Liquor on
NaCl Industrial Evaporative Crystallization

Kouji Maeda
Department of Chemical Engineering & Materials Science, University of Hyogo
Summary

In order to improve the efficiency of continuous industrial crystallization of NaCl, we performed special
experiments at high suspension densities and high agitation speeds. As the suspension density increased, the
average crystals’ size became smaller, and the inclusion ratio of mother liquor also decreased. As the agitation
speed increased, the average crystals’ size decreased, and the inclusion ratio of mother liquor also decreased.

The CSD of NaCl crystals and the inclusion ratio of mother liquor were correlated by the simple population
balance model by an apparent nucleation size.

At high suspension density and high agitation speed, the average size of NaCl crystals changes to small size,
and the inclusion ratio of mother also decreases overall. When the size of crystal increases, the inclusion ratio of
mother also tends to increase. Therefore, it was suggested that if the apparent nucleation size could be reduced, it
would be possible to obtain small-sized NaCl crystals with low inclusion ratio of mother liquor even at high

efficiency productions.
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Table 1. Mixing ratio of NaCl, NaBr and water and heating
temperature in crystallization experiments. The amount of
water used was 100 g.

NaBr/NaCl
NaCl NaBr
No. Mass Substance

() (8 . .
ratio ratio

1 10.0 0 0 0
2 10.0 2.5 0.25 0.14
3 10.0 5.0 0.50 0.28
4 10.0 7.5 0.75 043
5 10.0 10.0 1.00 0.57
6 10.0 12.5 1.25 0.71
7 10.0 15.0 1.50 0.85
8 10.0 17.5 1.75 0.99
9 10.0 20.0 2.00 1.14
10 10.0 22.5 2.25 1.28
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¥ NaBr= NaBr/NaCl
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Fig.1 XRD patterns of salt crystallized from mixed aqueous
solutions containing NaBr and NaCl in mass ratio of 0 to 2.0.
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Fig.2 Lattice constants of salts crystallized under atmospheric
pressure in relation to Br molar fraction.
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Fig.3 Relationship between solid solubility x and lattice
constant a of NaCl1-xBrx plotted based on the literature value
of the lattice constants ©.
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Fig.4 Solid solubility x of NaCll-xBrx salt crystallized under
atmospheric and reduced pressure in relation to Br molar
fraction.
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Fig.5 Relationship between solid solubility x and lattice strain.
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Fig.6 Optical micrographs of crystals precipitated under
atmospheric pressure and reduced pressure.
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Fig.7 Optical microscopy and X-ray transmission images of
NaCl crystals in a mixed solution of NaCl and NaBr:

(a) NaCl crystals in the process of growth,

(b) 20 hours after (a).
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IUFE RETAe (AR E fLD L ORI 3d BT
FENRENTNDZEDDODD I, Br 1T E M OB
DR INE 3d EF5H T 2720 ThD), NaBr 135
MR TE DR RA A AR I BT ED A A DF
HEDETHD,

Table 3 (1, MLk dh & BALRS O =211
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NaCl |Z KCI, NaBr DWW T EVBIEF TR/ F—R K&
SETETHY, NaCl DI FWNIZITE S 21T K< Bridit
DIAENRNEEZBND, 7272 NaBr & KCl LD T
X, AV ERBIUOH =X —DME OB T
NaBr iZIVWZEE R EL, Lo TBrix K LW NaCl #+-
WCBRIAEN R T WVEE 2 HID,

Fineman 5 9% NaCl—NaBr BEE AR DA il EE T~ T
Y, NaCl—KCl R EFRBRICHEARE ThHHZ LR L
TWDHH, ZENHOEZ LT %L NaCl—NaBr < NaCl
—KCl THY, ZoZlinbh, KE-LT BrolEin
NaCl #&-FNASEIAENLCT NI e 0h D,

Table 2. lonic radius at coordination number 6 (A)” and cation-anion radius ratio (+'/r").

Li*(0.76) Na'(1.02) | K*(1.38) Ca?* (1.00) Mg?* (0.72)
CI(1.81) 0.42 0.56 0.76 0.55 0.40
Br (1.96) 0.39 0.52 0.70 0.51 0.37

*Filled cells are ion combinations that fit within the cation-anionic radius ratio (0.41-0.73) of a rock salt-type structure.
* The thick frames are combinations of ions that actually have a rock salt type structure.

Table 3. Lattice energy U of NaCl and ionic crystals (298.15 K).

Tonic crystal U (kJ*mol™") Tonic crystal U (kJ*mol™")
LiCl 839(2) LiBr 793(2)
NaCl 771(2) NaBr 733(2)
KCl 701(2) KBr 670(2)
CsCl 646(5) CsBr 611(6)
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Fig.8 Concentrations of contaminant ions in NaCl crystals. (a) K" and (b) Br".'D
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No. 21A3, 22A3, 23A3

X-Ray Analysis of Salt Morphology and Contamination Ion Distribution near the
Solid-Liquid Interface during the Salt Crystallization Process

Hiromi Eba', Sakurai Kenji’
'"Tokyo City University, 2 Imaging Physics Laboratory
Summary

In order to efficiently produce high quality salt, it is necessary to understand the effect of impurity ions in
saltwater on the growth rate and purity of salt.  In this study, in order to observe the conditions under which impurity
ions are incorporated into the crystal lattice of salt, i.e., form solid solution, we measured the lattice constants by X-
ray diffraction (XRD), calculated the degree of solid solution, and estimated the lattice distortion of crystals
crystallized from a salt solution containing impurity ions, K" and Br. For Br, it was confirmed that Br was
incorporated into the crystal lattice of NaCl as a solid solution in proportion to the concentration of Br™ in the aqueous
solution, while K* could not be confirmed as a solid solution with good reproducibility. Therefore, it is necessary
to pay attention to the Br™ concentration in the saltwater, because if crystallization is performed under conditions of
high Br" concentration, Br- will be included in the salt product in a form that cannot be easily removed as an impurity,
thus reducing the purity of the product. K* has a larger ionic radius than Na" and a smaller lattice energy for chloride
formation, which is unfavorable for solid solution formation. On the other hand, the difference in ionic radius
between Br and Cl" is small, the lattice energy of NaBr is smaller than that of NaCl but larger than that of KCl, and
the endothermic heat of solid solution formation is NaCl-NaBr < NaCl -KCl, indicating that the incorporation of Br’
into the NaCl lattice is more likely than that of K*. The lattice distortion was estimated, and it was found that the
distortion tends to increase with the solid solubility, and the quality of the salt is reduced not only in terms of chemical
purity, but also in terms of the regularity of atomic arrangement due to the inclusion of impurity ions. When
crystallized under reduced pressure, the lattice distortion was less than at atmospheric pressure, which was thought
to be due to isotropic crystal growth. The distribution of impurity ions in the crystallization process from a salt
solution was also observed by transmission X-ray imaging. As a result of observing the crystal growth process
from a salt solution containing Br™ as an impurity ion, NaBr crystals were observed to grow over the surface of NaCl

seed crystals.
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(1) Propeller impeller (6) Sampling tube

(2) Draft-tube (7) Observation cell

(3) Sheath coil heater (8) High-speed video camera head
(4) Motor (9) NaCl saturated aqueous solution
(5) Power supply
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W DOAE 20 Dap=1.59 X 10° m2s! (2725 K91
oap=2.4737 LLT-, THRAF —HhRe [m¥S T
# I HEOX Eq. (12)Y TREND,

_ NepyN3D

M (12)

Np [-]I3E 15 CHVE) JHIE BRI SX 1.3 198
U7=, po [kgmPNITHRAR O FE, N [s)1EEH55, M [kg]
IENDOAT)—E'&EZRT,

BRI DX mERIRREL Eq. (13) 1287,

Eng\ [Cine(d,) = Cone]’
G(dp)=kg'exp<— At M

R

RT
crys
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kg [m/s) I LG L BRI, Eag [J/mol]iXiE PR
THLF —, R [J/mol KIITKUKESL, Cou [mol/m’]iLfi
TOREE, g [[NILBASFE O_EEE R, 728, A%
Brcixih SR ELOIREFTELENIEDND
exp (~Eay/RT) =1 LL THWIR -7,
2.4 ZREHKE(BER)ETIL
TREEIE (BEEE) B 7 VITIE Eq. (14) 1257 Power
law kinetics E7 /L 19 ZfH LT,
Ean

, )£a§0b

RT

Jree = expni) [ exp (- (s
Ps
Jeo [HI(m® $)]IT UKL R A TRE, ky [#(m® )] 13A% %
AR ER, n [ITREFNE ORI, a [IT= X
—HORRDREE, ¢ [kgmPNIATYV—FHE, b [-NTATY
—BEDOREEAEFKT, 22T, AC (= Cyin(dp) [keg/m’]—
Cysae [kg/m®]) (XHEXHBEAFIE CTH D, 7283, Z&F AT T
W RIRELNLIREXIELLLZ NI END
exp (Ean/RT)=1 LU, [EHEEITFEESIFEELIZZ LD
a=0%&L7,
TUNESAERE Jeo 13, Eq. (15) DX, EUNE Ad,
THIHZLIZE->T PBE N “REEFAE (BEFE) DIH
Ok aer ENY TV T END,

Jsec [#/(m3 *s)]

=R

(p%—,attr [#/(m* - m (15)

2.5 BREETI

BHEET /VIZIX Eq. (16) (2779 Mumtaz €7 /L 2D
M LT,

Poge [MP/SITHEREEHEEIL, dso [m]lE 3.0 F-EPRIEE,
Aso [N/m]IE7E 22 L7z 2l OfG AL ORE A ER O BHREE
ETHE DR DB L MAB DT R T A= —%
T, PagelZOWVTH, Eq. (17) 12X > T PBE NO#E
%@Iﬁ<pf_aggl[#/(m3 ‘m-s)]|Eh TV TEND,

(45 G)/(SpL&BZ’.O)
1+ (AsoG)/(SPLCg_o)

8me 3
15VL

(16)

3.0

(17)

Z 2T N, [#Hm |\ IR OfE B 2,



2. 6 fRITEH
MIMIGMEEL T, WIRIRE XU EROIRE CTHD

110°C, ¥R EIE 2132.5 g, IR O NaCl OB &5y
1% 0.265 (faktiBfafiE AC = 8.61 kg/m?-solution) L1
72, Mk dg% 200, 300 um, FRGHEM%Z 50, 100,
150, 200 g &8 WS TEMNT 24T o 7o, iR AT I 1
1200 W T 180 /\(%%ZODFH%%?%?&%W 13K 35~
40vol%) , 800 W T 260 4y, 400 W T 450 sy LL7=, fhr
1Z1% gPROMS Formulated Products 2.3.1 (SIEMENS) %
AW THaZ2tED 7z, PBM (ZBIT58 8% 0.1~
1000 pm ORIELEPHT 10 pm FIBRC 100 £L, =22 E=
— X —|ZiZa 7 %% 8 @ Intel Xeon Silver 4110 2.1 GHz x 2
CPU % H\ iz,

2.7 INSA—L—HH
AT, REEEET VO k', g, “IRERE
ETIND Inks, n, b, BEETT LD As IZDONT,
gPROMS D7 17 7 Hfea AW TSI A—2 —HEH
AT ol NTA—L—HERIL, BT NVEBRELTHW
EEREMORE SLE & EMRITRILE dio, dso, dsoDFEHRIELIZ
HESNWTET o7,
2.8 REEHERLEIAL—aVDBREDE
FERE LB DFEFEIT Eq. (18) t%ﬁﬁu\f%ﬁﬂjw_o
N VTRERFZ DE 2R L, dTBRIATRD 10 Zpk&
DRERER N, K IFRFBRIBOEZRL, dio, dso, doo
A3 LU, ERIEICOWTIL, ERiE et
DY S —Z N THEER D 1/3 T RILIZO 2 TIEE
DRFRN DA d exp, 5 5 L THUNZ,

[0 Nm K J(dstmnk expfttnk)
Ea A) = Z

n1k1

3. BRERELUER
3.1 BEXBAFICTEBLI/N\SA—SF—FREFIED
BEt

Hala] 2y AT 7 T AN ORI bR KBTS
BU K - DR SO R i S R IS Ko T LT 2280305,
ZIT, Iopp \ZHEEASWTHERE + BB AN L7025
T LA SR BRSNS R 72 (R 72 X BI L, BEPERIIZ 3T A
— B —HHEE T D FINEIC O W TR L7, J0EGH B
1200 W 2% 12, &4 1, 2, 5, 6 ZETVERELT,
(@) R, ZWREFAE, BEET T L% R R IS HEH
() Iopz <1 OSME(L, 2) THREE ZIREREZHERL
72 BT, Ipa >1 OS5, 6) TEETT VEHER, D2
SOFIEALLE LT, Table 2 (2/37 A—F —HEF S B4
Y,

FNED) T, BEAMAAETITHEE ZRET A
ETIDIRT A= B — R AT T 7o DI R L B
E TR AETT IV DIRTA—=E— PN RIGICREHER
SNDAEREIRST, BHNTNTA=F—Z HNTET
IVEBREITRRDEM 3 AMREEFEREL T PBM T4
TV, EBRT —HLORGEEE T o7, Fig. 2 ([TRERIRE

x 100 (18)

exp,flt,n,k

DFRRFEAL D FEHTHE RA FHR T, FERIEEMHR TR,
FRMTAE & BRI DR ZED @)L 8.9%, (DL 5.6%E, Lo
(ZIHESWTHIG KRR Tl 7o T A2 —HEE 5
ETHHOYD ST BRI THLZEN DT, K+
TR AL BHE T T L DT A — R A 45T AT
ST ZETHRAICRR B EBOREEED M EL, RRAIZ
REPRKELS TSN DTHLHEE ZBID,

Table 2. /3T A—X—HEHHER (a, b)
HE a b
£ )L EEE 1.2.5.6 1.2 5.6
—_ k. 3.91 %102 1.25%10%
g 1 0.97
Ink, 272 36.1
R 7 1.85 3.66
b () 0.944 2.03
R Asg 0.00172 0.00141
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= [min]
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=
—=300

o=
200
100

0] 30 60 90 1200 150 180

Fr fEl [min]

Fig. 2 {RFRIAE DRI (5214 3)

3.2 BREHIZEIVEETILERDETE

AITEO 1200 W CTHIGTL7Z ZACHRSRIZHE B L= TIEE
TNENHFE D Fa72 D5 ZHEAR 375, Table 1 12733 £91Z,
AR + RS AR DS SRR T S A S D12 (c) MBS
(25T M =100 g, ds =300 um D54 (2, 10, 16),
(d) MBGEFEZ 2T Iopn D —F/ NSNS (1, 9, 17),
(e) INEASLA:Z LICHE S B8 50, 10, 150 g L5 AD 50
(1, 10, 17) D 3 DITHE T LT,

BEEE N IR ST OV TR, (D) MBS )
PET M =150 g, d =200 um DA (5, 13, 19),
() MNERGREZ LT Lopr D—FREWELE(6, 14, 19),
(1) (I)DFEHEMND [, = 2 LA EAEFRSEEHEZ N2 7250 (6,
14, 18) D 3 DITHA DT LIZ4 9 r—ADET )VERD
MAGDORICESERTA—F—HR ATV, FEZ T
L7z, Table 3 iZ(c)~(¢), Table 4 {Z(I)~ )P/ T A—
A —HEERE R A R T, HER ()X IR AT T ADAT
V— B JEREH D DFFICREL IR TNDTEN DD,
CAUTHFE S B R D ERAE T TV ERICHNWZZ LN
b D REFE LTIz EEZ LD, BHETT V3T A—
Z—1X(1) — () - (I)DNEIZKEL RS TWDHZ LD DO
B8, ZAUE, HEFLID) CTIIMBGRE Z L2 Loy MR &
WEEE 272D IR &L 720, HEFL(I) Tl Lopp = 2 BA
EERRWEZETANEV NS a7t E X BID,

Table 5 (24> 9 7r—ADET /L FEFRO FEERE L fEHTE
DRAFERRT, 2D, (e)-(I) DREZEN—F/NSL/eD
ZERDLD T, ZIREEFRETT M ONWTIE, INEGE
FEZ LI EORRDEM A NDZETATY — K
AREE D DOBYREIEE A L, BEHEET I OWT,
TNENHFE Z LT Topa MRZWVGAE DL T 450 DI
JEEREEE N LT D03, Lopo 3 2 LA EERFRIRZNGAFIE
ETVEREL THEHY)ITRWIER D) T,

Table 3. /\TA—Z—HERRER (R + REZRAEET L)

HE (©) (d) (e)
FFIVEE 210,16 1.9.17 1,10,17
e k' [m/s] 5.0 10¢ 5.0 10 5.0 10*
RREE ; <[] 0.9 0.9 0.9
I, [In(%/(m* £))] 25.9 25.6 20.7
— Rz 7 [-] 2.04 1.87 2.09
b(o) [-] 1.14 0916 213
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Table 4. /3T A—5 —HEFHER (BEEET L)

wE | erER =
(© (d) (e)
M 5.13.19 0.000976 0.000857 0.00107
(D) 6.14.19 0.00135 0.00125 0.00145
(III) 6.14.18 0.00103 0.00891 0.00107
Table 5. /X7 A—4—HERFE R (£7 /L FBR D FEERAE AT IE DA )
R s 1200W 800W 100W —
e ot | e | e | asie | T
c 1(?19) 13.9 6.30 16.6 123
(©) ) , - , .
e | T 52 148 985
. (IT)IS) 6.03 527 77 6.34
@ @ 143 641 165 124
Ao (I 957 535 146 086
oL (1) 583 563 753 633
i 15.0 523 154 119
i 1(8)17) (I 954 512 136 S¥E
otob (1) 5.66 1.94 7.29 5.96

3. 3 #REIEERE PBM fEATHER

Table 3, 4 (2R3 (e)-(I) TFHNTZ/ T A—2—% ]
WT4E 16 S:44C PBM fif#T 41T o72, Table 6 (Z#-5514
DA L EBRIEOREZE, Fig. 3(a)l2FEBR 9 (Ip2=0.43),
Fig. 3(b)IZFBR 13 (Lo = 1.59) DRFERIR I LUKy
A DFENTHE R 2T, 7eds, FRNTIEZ SZAR, FEBRIEAAK

TR,

BERONHIEFET 11.4%E720, EROSEIT-DOWT
X Lopr MRZVNEERRZED /NS DH DD ED D

Table 6. 4= 16 S:{4H0D EBRIELEITIEDIRFE

M7z, Lopr MRESHMEM: DRI 34 72 5(b) CTldii 22
6.4% CEERAE A RAFHCHBLT HZEN TEID, Lpa N
INSS TRBEFR AT LD TIEME DRI AR LT D (a) DRE
ZEIE 13.5%EREL DT EN DT,

THEVEL IR DRI OV TR E R IS0z,
WEZTHRAELIMILF O EEZRETIHEET L, B
F OB IC I T HfE dh R OBRAGE  TOWEOHE %
ZELCGRAFEDORA 2 FBL CEHEEET L O/
DU THLHEZZHND,

fasfirElunl | &zl 1200W 800W 400W

50 109 (1) 13.5 (9)

800 100 248 (2) 483 (10) 11.1(16)
150 8.02(11) 9.34(17)

200 50 95.4(3)

300 200 782(12) 8.01(18)
100 123 (4)

<Ly 150 13.4(5) 640 (13) 16.3(19)
200 468 (6) 6.03 (14)

oty 114
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(b) H=800 W, di=200 um, M= 150 g, Iopo = 1.59

Fig.3 (CFRIBR LR AR ORI,

4. $EELSHROEE

AR LR 35vol% ETRESTHIETEHL
Z BRI ERE NIRRT e 2 et R e LT
PBM fENTIZH51T %, FhfAakdR, “IKIEZHAE, BEET L
D/3T A= — DB BRI DOV TR L2
R, U TOMAEZGEZ, TRDL, Ipx IZHKSNT
Iopa < 1 DFETIVEBRSEICHR E _REF A HERL
T2HZT, Ipp > 1 OFMUTEETT VEHE T HTFIAE
V2D B SELR f- Tl o/ T A— 2 —HE R 71k
DRI THDZ LN Do To, IEGEEE N R 2555
BUHAE, SOITHKE + ZRERAET VITMEGE
LIS RO RRDET NVERE, BEET VM
B Z LT Lopp DD BRZNVER (2720 L =2 LA E
R EBETNVEBRELTHOWAZER R THHZE
Wbhnolo, HHIVTZIREE A W TRERSEMNT
PBM MM 24T o Tl A, BEATIE & FEBRAE D RFRIES (dio,

dso, doo) DIFRFEALDFREN IR T 11%E720, {ER] D
ZAETONTUT, Ly DPREWVIZEFRZEDNEL A2 DAH )
WHTE, FHZHIEME DRI A LI D RN THE
BRifs A RAFICHBLCE L2 biroTe,

EHES

Asg : BEEE /T A= — [N/m], a: = R/LX —HORBO A~ [-],
b: AT —EREDREH [-], C IR [kg/kg-solution], Chu:
WBIREE [mol/m3], Ciny: A ERFRIED DVEHIRE [mol/m?], Coqy:
AR [mol/m?®], D: 3R [m], Dag: VEEUARER [m?s], dsy:
3.0 EEIRIFR [m], dp WE O THE [m], dg: ¥ [m], dy:
P2 [m], Epg IEMELT R — [Jmol], G: il REE [ms],
g BB E O RERL [-], Jsec: IIEFEAEFE [#/md s], kA
N TER VK], kg ERBINREL [ns), kg R EERE
BRI [mvs], ky AR TERL [#m® s], k, (KRR R
[, LoRiEE [m], M AN O2ERE [m¥], Mi: ELVE
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& [kg/mol], myi & & [kg], N:[F#55% [s1], Np: B %R [-], n
RFEOERE [#/md m], R:ARESL [J/mol K], THREE [K], ¢t
WREf [s], V: AZU—1KFE [m?], ap: PEAEREEREL O IE £
B[], Pagg: BEEHEERL [mYs], &: T 1/LF —HURE [m¥s?],
N AEFAOEREEE [Pa s], viEPREEE [m%s], perys i OE /L
FE [mol/m’], p: % [kg/m?], o™: FxFEAIFIEE [-], @ : ATV
— L [k/mP], @i BB BT [ke/s], @por : AHIAIE
JVHRH [mol/s], ¢y, - 508 EE AR FGREE [#/m3 m s]

NSO R ORSy, LA, S: [EAE
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No. 21A2,22A2,23A2

Effects of Shearing Force on Crystallization Phenomenon in Evaporative Salt

Crystallizer

Ryuta Misumi, Tsubaki Ikeda
National University Corporation Yokohama National University
Summary

In an industrial crystallization process, it is the important to predict and control the crystal size distribution in a
vessel. Population balance model (PBM) analysis of the number of crystal particles is an effective tool for
predicting and controlling the number of crystals particles in the vessel. It is also important to construct model
parameters that can be broadly applied to various operating conditions such as seed crystal addition conditions and
heating rate in PBM analysis. Therefore, this study aimed to investigate an effective parameter estimation method
for PBM to predict the particle size distribution in the semi-batch evaporative crystallization process of salt.

The equipment and analysis conditions were set according to the experimental results obtained from the Salt
Science Research Foundation Grant Research (Nos. 0711, 0813), a total of 15 experimental conditions were used;
heating rate of 1200, 800, 400 W, seed mass of 50~200 g, seed size of 200, 300 um. Furthermore, we used an
seeding condition index called as /op2, which indicates the degree of nucleation and aggregation. Conditions where
Iop2 is less than 1 indicate excessive nucleation, and conditions where Iop» is greater than 1 indicate excessive
aggregation. In PBM, Mersmann's two-step model expressed by mass transfer and surface integration steps is used
for the crystal growth model, the power law model is used for secondary nucleation (attrition), and the Mumtaz
model is used for agglomeration. The parameters of each model were estimated based on the experimental values.
gPROMS Formulated Products 2.3.1 (SIEMENS) was used for analysis.

From parameter estimation based on the experiments with 1200 W, it was found to be effective to estimate the
parameters of the growth and secondary nucleation model under the condition that 7y, is less than 1, and the
aggregation model under the condition that I, is greater than 1. Next, using the experimental of all heating rate
conditions, the parameters were estimated based on nine conditions with different combinations of model
experiments. As a result, under the parameter estimation conditions, for the growth and secondary nucleation
model was based on model experiments with small /., at each heating rate and different seed mass, and the
agglomeration model was based on model experiment with the largest /> at each heating rate, except for special
conditions where /o2 is 2 or more, it was found that the error from the experimental value was the smallest at about
6%. As aresult of PBM analysis under all experimental conditions using the obtained parameters, the overall error
was 11%, and the experimental results could be reproduced well, especially under the experimental conditions where

the particle size distribution was unimodal.
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BRkE S 21A6, 22A6, 23A6

RN TR I T Dot An T 21 D el AR R TS L UM AR

Shii A —RR

TR KRR TSR L TR

B B SEOSITEEIIREOLONRLND, BRACHREEEEZ KRESTEIUTTL I MERATREEVZ D, RS
DI AR A R E T DT ZIINT D72E D HIER DD, T, RO L > T AR T&5Hz s
DIRSHVTZ, SHIT, i DR B2 @mKRBI PR TT IS B2 A 3228 T, R s DMK IMFEAE KL, 2EE 2
TROFEFAT HEEDHER T D, ABFZETIE, ZNODRETEMN T 2L &> TAEERENEIUIE R T D021
L—a Nl Lo THLNCT A2 HELT,

HIIRDERAGS FE727% 2 FEO BB R db AT S E 2 ) 1T, fdb R B KO AR B A R TE Db D LUEL T
it e AR 36 L OB N D ZE B D& AR ORHT R BE I BT T B A T LT, 2 CTHY B 7 fibriE o 1 i
SERIRAI Ok H D E N MSMPR (Mixed Suspension Mixed Product Removal) B! D, D TH 5, HH— 1, FTED K
EZFETHE LI A D HDBEIRANZ T RN TIREHSNDIELIZET IV ThHD, FRITORE R, BRSO TR, 22/
NG 2HNDE, WHEDEPEREN BT DHLEVIRRBFOIN, e, MR, BB, R AR 2
FTHILENTEIITAPEREE 10 (FFREH R TE D ATREMED RS,

it B SR TR A K S D72 D IS B ek S DI EEIZ DWW TE R LT, f s DO RIREIZ L > THHES A
fEma D BB 2 5 TURNZEDD, iR T Hfm 1 lH720, 1 I 1 OGRS ETHE T2V IMREDHET,
VB SNDIAE S DU FEIC DWW TE LR LTz, ZORER, HALIRRE - BAZRFRY 72D OIRIEREE IR 7T 24— —
ThDHIEN o7z, | EETDOTEEEEPBED 1000 5 Tho7z& L Th LB IRINHRE T E B FTREZLH#IFE ThD
LNz D,

AR S C O AT IR E DL E IS DUV TR LT, B &, 2RI EE WS TED A IRA L 7 LRI T2
LIEL TR E OB A S o b —ar Uic, ZORER, SMELDS KRE N EZERERK0IE R BE 3 A A] REZR HPH 2 1
gD AHEMEDR B DD, E DI RESOINELAE 52 THEEEDOFIMP R L E T D LT a0 o7z,

1. HREM Tt VSV ST T SRR E DS OB TS,
1.1 ZREMEEDOINIMEADEATF BARTIIAA R T m AL TRiREDORIES

MK T ORERIESK 3wt% Tho, BIEREITRE SR THINAKBRIESN TS,
MHEDK 33 [FOEBEOKEHHET 57 A THLHE AR DI 17~ 20Wt%FEE THY, 723 AT T2
25, B OVEMRE IXIRERFEN NS N0, B ICBW RS ELKOBRITZD 5~6 FIRETHDH, =
DEGENIAFE AT BT S A TOD, "G EHEAE ORI K Z BN T 555 12BN TRIRIZ/NEN,
Y TICARIESEDREKOBEENS T 720, ZBREHT SDICEFEOTLD DOWE =X —EEHI T2 T RkE
DOETEFEE L THEKDIAETOND, 2O TUTHEKRD LT, ZEIATnEAL, 3 OAFE AR OERIEE )N
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BRINTE, BARORUEFERE CTIIA A IR LD
AKEGET me AL, ZEGH T v AR RS,
B RLR— LA ST,

UL ED I/ RE BT DIE T =¥ — & Hl
WT 272D DEE IR WIIChTco T TEle—
5T, mATEE OO FIZIESTRUE XD
ARG BRI AR B DM DAL TR, IR B IR
HIEVOREEATERE, T ebbAERITIFEAEEL
LTWauy, BIEOZARIE AT EE DN DM EHT, &
ROBEAKICH 2 526D TR THD, LR D%
PEVEZ ) EXB DT DA RE A kT D E Ao
VI METE, FEEOBN, AT AR ARICE S
L% A CE L LW TED,

1. 2 BITEEDRICEM

B T BTl e AL eV HF —T —R T
Tl AT B E ORI 22 ERE M B2 B LR ZeiR 83
JEBIEI TS, 7 22 i Tl e R A CIR E 2 b
BIEERTHIETRIGCHKAELZHEZM L T&b~ A7)
TIER, BOGE A A DED LT S &
A BN R B S8 2 BUG R B HAN X2 DR EHITh
Do AT DB NTUIT AT —7 Ty Nt 117 A
YR Y, BRSOV T A A% T L8 AR
WE T 25 YRR HLI-HIROM R T T oo, %
B DAL 7 MERLE G O E i EALDOBFE A E D Hi T
W2,

TAZ =7y MildEO RICEE S ZEME
ONHERE T Z RS2 ET, ZUT T A OFIRIC
SRV AW ZEIINT 2IE RO E ThH D, AW HEK
ETED2, BRARED RIS TG, B
AL NAIEZEAS | mm FEE OB BRI L IR 2 E AL
=B AECDREITERED 1 D THY, RIKLRAENENE
NENET AR L CREICHNDIREE R T, &
ETRYIHNTE 1 D 1 DORENZIRIZ L THLITS
NDIRBEL 72D T, KB L OV S O ERER 23—
0, IRE) A R L7z s AT 25 1 COBC
(Continuous oscillatory baffled crystallizer) &FEIEILD, &
MUTETLO BT EE THY, BEREELFA—NLOF
FAC S DR BENR A T Dk L 7> Tnd, A7V —I%
HBIEAR A8 D7 NTHE/ N B K OWE KL, ZhicLk> TR
BREITT D, SHITTMNEZ AT ICIRBI ST 5720 DB R
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FoMEAHTHNTEY, ZIUTLS TAZY — 3R
FRIBIAELBIRTAZ LR, REN—REEbIhb,
BIEO G 7T mERAZB N THINLOH M A H T
HZEICE > T EZ L NI METE D ATREME RN 5, L
ML, BZ AN COBC TIHLHEEE2 K& TH2EN
WEETHY, BIHDO IO R AEERDO KREN T mERIC
FESARNEEZOND, TR RiTicB 57 1
B AR D FES B EEBAT OB E BT 22 E OF 13
DT, BRI T2 D HIF OB R IZ oW T,
A7V ML CRILGIZESTTFA 7 —/ v MNii &
59T 2B AT O TODIENNTEZ O HDHIRY
fFAELTR W,
1. 3 BIE&MIERIE~DT7TO—F

ST E OVERE AR LS Tl E AT N
MET 272121, KO I EE A ) ESH 5 0 503
b5, TS 2RI LI D TN EE 2D
(XAEB I DI E LR R Ch D, TNHDEEZ K EL
T HTENTEAUTHE S DO R EE S K ELRY, EE 4
I RIMETDHIENRETH D,

it e R A R S A IR Al & &< 3752
EMBZLNDN, WAL N E T EDE—REDKEIC
AL, FRmAHEL TLEIRNNHD, wEFI X
—REEFE A ETIRWVEIPHE L, VIR DR RE A HEZE E 18
WUZER D LE DD, AWFTETIEEfb R R AR
HLPIEEL TR SIRINEIZE B Lz, 2o TR
FFIE DO REZIDDOOLTRIATELFETHLIEN
1 CThD, WHEREIINT DI LI Lo TRIEDORS S
EMEESNDBGUT T TICERIND ORLERMS Mck-
THLDNI 2> TS, SLICIRINEZE LS EHIETH
Tl EAHECELZELHLMNIT > TN,

i i PR TR A 2 D3 i D ELER DS K3 ek
THD, HTEEBENICIIZL OB AFELTEY, Th
ZRBEEL TREL RS20, HE ORE A FEH I,
18l 22 O i D R BE S SR IR DRI AR AT 2, T772
b, TSRO A FEM AR ESE DI, fEsh R R
FEA RS H DDA T, EENICTFEEL TV DG
DEAEIRSELZLEBRRICA R THD, ZDZL1T, B
W A L0 U IRBE IR > TR E 2 iR A2 b
THOHTHEEZ K& TEDIEEZBRLTW5, 72721,
BRI FE DR &L Tp o TEEE N O E R OFIE D3R



HEAT)—DWREIMENME T T 58035, ZDT=8
HT 4L OO TR W] RE 7o RV FE DI B IR DY D,

BN ORI AIECT HERD 1 DELT, 5%
WEA KRS EHIENBEZDND, TAT—7 v Ml
HrHEE O L7t AT IR RE W EEEZ VDL, A
HEARESTE, fEmB b7 55 bt Tnd, 20
FOTMRE A AL, [MEEEIC > TRAW D& HIET R
B R AR E AL 22 DI K CEDEHIRFTED,
1.4 KMRDBEH

AW OIE R, B S O TN 2 C e SR i 2
GBI L TR E A S U3 R A — e
RELTE, mEEEZaL I METELAREMN B D,
AMFFETIL, ZIHDOFTHEEER BN 23 BT S B O FHT
KAE TR E RTINS T A EE BIE LT,

2. BARAE
2.1 BIEEDETIL

AHFFETIX, EATNICE T DiEMm O E &R B
A2l —a NTU AR SR 28U T, Fil
RIS BT EE 1 D AEFEME I RIE TR E I O
292, 22T, ETREFOXNBLETIMITEE LT
DO—EHI R ET AT DN TR RS,

RIERE 7 0 A CIIE R AL AT 2 B A O TR
BT AT O TS, ARBFZE TG BR i &0 K&
<, WEIDNZERIEEREBLALREDLbDEL, F2T74—F
IR mAE EN T RNEDELTZ, 20 Lx TS E
W DOFERDORE 2L —3 a3 " Z 2T (DD XS
725,

oV (t)n(t,x)
ot
—F,(O)n,(t,x)

ZZT, n, omp [#m*] 1FEENE BRI G AT —
DFERDORE 2 —2a BESMATHDH, G [m/s] X
% OFES OB, V [m’] 12 E AR, F, [m%s]
TR AT — DR E THD, £, ¢ [s] & x [m] 1X
RIS ORI %, AC [kg/m?] (BRI E A2, B
AZY—HDRE 2L — L a B ny 1ML
DENLT RIS TND, EDEWITHRE L OBED55%
BERE IR AT 5, R 2L —au 50 2% V- fig
Hrick WX, ORI h(x) [-] EFFITND

V() oG (x, Aai)n(t, X)

(M
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RO A TNT, ZNHORE 2L — a8 45T
DEMRERQ)D IO HBEIND,

n,(t,x) = h(x)n(z, x)

ARFIE T, kB L T2 @ EMEL, 1 ik
HrEEE D 52 2IRE7 D MSMPR (Mixed Suspension Mixed
Product Removal) M EAEE L7555 T, h(x)=1 THD,
THVUFHREH LRI E W& &> Tind,
HITOFR T ORIRANY Y x, PLEICEELIZFE SO
BT _RTHEHINDELIZHO T, KB)DIHIT x 2
FTEDLLFT 0, ZHLL ETol W IR THS, 1hH
(ZERWTIE, LRSS IR x, THHN 0 L7257,
ABFFEIZ BN TIL, BAHRZR R SRS ZEIZT 2,

h(x) ={

i it B R T X M LV A D SR PRI T D
R 2l —a N\F U AROMHTIZIB VT, B8
RAFMEZ A T 25603 2<, @)D L7t C
B3 2 CRISNDZEN S,

@)

0 x<Xx,

)

00 >
X_Xp

G(x,AC) =G(AC) =k,AC 4)

ZORUTHIND kJIERETHD,

R 1Tk 2 IR Ik > TEASND, B34
DAH = AP —IRERE L IR AT 5
EMRTED, — IR AT A Sk TS B AR T8 4R
THHGTHLN, ZIUIKEOREMESHAELTLE
78, FEEMDHAIMEL, Tk RO AR O AR 23
HRTHEVHMBEE LTS, — 7O ZIREER AT E
WHEZAFE T Db db ST~ 570 L L TA N Th
0, AL - IRZELOL/ NSV, 207280, e T
LB Tl IR AN KB S22 50 EIRI NS, —
AL, BEICIFEL QOISR DAEFNIE THh DT,
D AEHE B{) [#mdes] 1ZATV— D MRIEETE
Mi(t) [kg/m’] ITIERAFTHEZZHILTEY, X(GS)DOHRD

RUZE > TREENDHENE L,
B(t) = k,M"AC" (5)

ETC, KHDORE 2L —var R_"T o AR EfBERITIE
BEREMNSLIETHD, R()DGE TS RL TR A



TG OEENSF SN DR 2L — T a B
n(0) [#m*] NEERGEMEEL THYITHY, st
W B [#/ms] ZfE->TR@O)DIIITEHEIND,

n(0) = —2®

= 6
G(0,AC) ©

FTo, FEEAT HOHELE 7] L7 B8 B D BE DA LA KB
THRPMETHD, WAL ITEEDIREETHY,
W BFNEE D A Bl L RAC LDV IR DT AT
Lo TESD, ZNERDDHITIE, R(TDDIHIREEIN K
KON OEERE Clkgm’] Z:Re, A Fnie iz
Cs [kg/m’] DFEELD,

d(VeC)

- = F,6,C, ~F,2,C,=3¢p.| Gx’ndx (1)

K(DITBNT, Fm¥s], e[-] ATV —Dift & 22/
R RRDUWIE Y F) 2R T, THED £, p 1ITENENT
4 —RBIOGEHEHER T, O[], pc [kg/m?] ITFEHD
BRI E Th D, 0% 3 T, fishOE
IZX DB DIHE EITH Y T2,

2B, AHFZETHWEZET I TEE OB BT X
TV, K7 ey 7hOREICIY, #1EE T RT5
L TCRMEAFERM CE DI EDIRIBSILTND, ZDTHOAR
e CIIBEE DN E R WG A I CED IR D A&
ICEBRTHZEELT,

2. 2 BIEEHBWOTER ARG E EIRE OB

RO B AN R0 w5 R 25 P2 SRR 2 R L TR 2 3 1
DA e O A P FE OFENTIY, MATIEE NS EHIREEICHD
LOELT, et bzt LT, RIMKFOEITZE
PEZ R DBCE B2 503, Z2 TR 520k
T 5, ZOREDHLLETIH, R 2l —iar T2
K(®)E7eD,
0D __F h(omx) ®

Ox b

WE b —al B OAT, B3 AR B A5 DA 2R 4
O A OBRZEEFLL 7252 T, MiEmmial 25 EL
T, BILSRIFICB T HEBEORRERTET L ELD
THEHTBZEELT,

VG(AC)

2.3 BRABESHICIE T ELOEE

AIFIECTIIAFEEE A RESELHED 1 2Ll T
R VB T VR W SR TR AR E L CUD, RiTIR L
2B DR FE N <720 3R HEAT Y — OB AMK
T U ER O FE 4R 23 K & 70> T s R a] a2 IR B I
LHRND DD, FT-, EEHEZRKIEL7-OITET5
TR HRE A KRETDRLEN DD, AP 130 A
FELZARTHHOTHY, bR LK DI EHE D
IRT U ADSER LAV B D B S BT R L TL IR
nnbhs,

FEBR O BT HE B TR 2 RN ELDO A Z T, WD
REEMZ 2 L L TWD, &2 CTARWFIE TIL A #EH
JERBERSE TR TOERIZBW T, SMELAGI &R
T EEHOBAE AT I 2L — T a T dk o TR
3527,

ZZTIEAAATEEE X MSMPR B AAREL -, (7))
WENZOXTHLN, SrEELHAVTHAT)—
D& Fy, Fy BEEATHLL IR TEXTHD,
I ELD B Z T R D7D DB 2L —a it
T, ZRHEEEZBEL CRHT A7) —Ofit &% K
HHZEELT, AT HEBFERE T E20bDET S
&, ETEEE R O RE B OICSITR(9) e D,
d(V[sp +(1-6)p.]) _

dt ©)
F‘fp] _Fp I:gppl +(1_gp)pc:|_F;vappv
NOD pi, pe 1FFENE NI I L OGHE b O B
[kg/m®] TV, Foup lT/KDIRFEHE [kg/s] THD,
EBIT, AT B L OWE DI IE(10), 2(11)
LD,

d(Vja-op.])

dt (10)
~F, [(1 —£,)P. } +3dp, J:O Gx’ndx

d(V[eC+(1-2)p,]) _

dt (1D
F,C,—F,[&,C,+(1-¢,)p,]

R(D)DOKRE 2L —a R_T AT, 2B
HWIERalb—arw217o8, ATV —i&E Fy, F, BX



OFRIERE Fogp & 52 12 E ORGSR BB IOV
HrEEBENEDOAZ)—IKFE V OELERODHZENTED,
ARRRTCIE, AZV— KRN —EDEEeDIHHIET5
T2 AT =D EH U R F, M ESICLDELT, il
HEROHEELIIATY)—IKFE V, BAFEEI IR E LG
B F,THY, HIfE7T 2R LE LTI FIE EE =,
P32l —ar Db DT s T AT python SiETIE
RL7z, 2R, R()DOBEBURIIT IR ESEE AW,
3. HIR#ER
3.1 BREBEEHICEWTERAIRE A EEE
3. 1.1 ETIBEDHBINEER
A)~(DIZBND FERZEBOMOBIRER 1 12RT,
X 17500355902, R OUAFRIRZ R REIN AL
TV =T H /N TS, (D)~ (D) DRI RN T D fif %
RO LG AN HGTERLETHHZ AR TWDET
T, TR O E FIRAEA R E T 2 ER DM EHE A A
TERL CWAZEERLTVD,
AHIFIECIIAE i O VRN K OVE R i C O #RAE,
AWM T LD AR HE ) SR DS AT 2 1 DR TR0 IE
HRIZ R T AL THIEEHIEL TS, 1%
FEEB WL, 7 dh R E A H ) CE 2 FIETHD,

i

Fiz, FAM N BEIRICEIINLTZY, B ICL> Tl
B Z VRN T B2 & TR A 3 B 2l CE D2 3 HfF
SNTWD, ZNHDORNREE O AR OBRER 2
VIR, AT AR Al RIS B 23T 72l o 28k e L C
Mo7-28C, HRRASROHBEN 2 ST 5,

T O EAT IR TIEE @ A DIND IO HE b pk F R
FEDNE BTN EE D B OB THY, LEITHIE T HZ L1
TERV, — T, B O RMZTTOBRIZITZ O BN
W Lo Tl ik R AR SR cx 5, 25
DI EARAEBMROBLR CTE LT DL, bbb Rl Lk
BRI EE DR A Z T CEE T 50, ThEiT BT L0
RS S ORI EZ R T 528 T, MO
— RS AR CE D, IR AW I ko TR AR
HEA P CTELHI AT DL, R ABEFEVIZH,
DILEE DA T — T R A fifE &5, K2 T,
AW )ROSR SIS Yo TR CTE D5 o BAfR
Z R CRL TS, X2 DERRRENTETICHEE 3580
MBI, HAW ) EWHE RTINS BTG 4528 C,
FTRCON—TREENHEBL, BRFHE IO THIY
KEHRA VLT DL ffEROHIENTED,

Suspension density .
[ Suspension density distibution

MAt)

H

7(fx)

Population density

of product crystals.

(5)

A

Population density distribution }

@ (1)

Nucleation rate
B(#

Solute concentration
()

1

Crystal growth rate (4)
G

Supersaturation
AC(H

[X] 1 Relationship among variables described by Egs. (1)-(7).
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~
Suspension density
M)
J

Population density

distribution
1(t.x)

of product crystals.
Hp( fx)

31
(5)y

Nucleation rate
B()

v

~

(5) s,

( Shearr

Population density distribution J

Solute concentration
C(@)

-

[ Addition of fines }

G

.

Crystal growth rate

Supersaturation
AC(r)

[X] 2 Effects of shear and addition of fines on the relationship among variables.

3. 1. 2 MSMPR 7 JUICE S

AR TIEET o &b HMiZE R AT IEE THD
MSMPR (Mixed suspension mixed product removal) {22\
T, O A D HZLL LT, MSMPR 1%, LA
TERIREG THY, WEOAZ) =3O FERMEL TR
HSNDEITEEIE Ch D, ZDEERREREL h(x)IThIEE x
bbb T 1 EeD,

it i PR B VR T BRI AT T — B THDHLL,
it n AN E IS Ko T E DI IR FF S TOD ERE
T 5, ZOLE, EHEIREBIZBITHEBENTORE 21—
Tal B ESARITA(12) DB 7D,

X
n(x)=n, exp(—aj (®)

ZIT o lIEDORE 2L —a BETHD, © [s)IEh
EBTHY, EEREEEEH LR REZME > THA3)D L
INTEFRSIND,

(13)

RO THEAOLNAHRE 2L —La BRI OV T 2 K
N5 4 RE—AMNIAN0)DERBYTHD,
m, = j: nx’dx = 2n,(Gr)’
my = J.: nx’dx = 6n,(Gr)* (14)

m, = J:O nx*dx = 24n,(Gr)’

s AT ER I I W IR R OB S FTE DAL 72 5T
EMRDOEND, FHBITITVLOMDEBENRDH LN, 5
DOV R DR ORIEFRERNOF R LTV EE
BBRITIER A28 5, B— AU MAE) L E RS
EEVIR) PRGN 3=y (VN

P s,

X, — =4 =4Gr (15)
pg[, (nx)dx
HEEPBOZEERITR DI RBLEND,
£ =1—¢I:nx3dx =1-¢m,
(16)

3 _
=1-6¢n,(Gr)* =1 —ﬁ¢n0x;

K(16)ZXANDINERT 2L, BELT L=/
ERERLT DIZDICMBEIREDORE 2L —a BE xR, &
7= R8N HIE R AR FE A SR D DT LN TE D,

l—¢  128(1-6)G
hy = 4= —4 (a7
64(GT1) 3¢x,
l—s  128(1-8)G
B=Gn, = = 18
TG T 3y (1%

SHIZEEE AL AT H -0 OFTHEHEE P [kg/m?-s] 13,
e AR A LD E DB E LA T Th o728, H(19)
DINTET B,
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P=3 ,0¢J:0 Gx’ndx

= 3p¢Gm2 (19)
_pG(l-¢) 4pG(1-e¢)
Gr X

»
R(19) LV ZEMI=R, FEmEEEL B hICHHii c&be

L7 &, LEORE T A L T& D, £-Z Dk

BTG R AR EE 1 (18) Bk D B D,

FEREO AT E OBE T — X &N LD, Bk B Esn
B OERE 5 P S T OERE AN PR S I M F 5
BERELT, B¥ET —ZORIELT, BEDL YD EN
DI LR IE ST — 2 2R 1 IR T,

R LRSS O B R SLMERI B8 0.5 [mm] &L, ZERIK ¢
ERE R AL S E TR DG EFEHRE P Off
ROz, FERER2CELDD, R 1VITRT AT —RE
15%(%, FEIRLOF S VGO THE 5 L 28 [# =R
0.903 [ZAH Y35, 2[5 0.900, %A A30.004 [um/s]
DEEMTHIEEE I 0.006 [kg/m®+s] L7220, F1DOT —HE
FE—HL TN,

£ 2 EHDHE, ERIFAK TSR0, iR EEEL
RS0 T DL L THT B E A KELTEDIE
DR TED, 22 % 0.7 FREETIR S, kR
HWEE 0.012 [um/s] BREICETRELTDHE, PHEND
BRI 0.006 [kg/m?+s] DIBLEZ 10 FEOEICRDHZ
EBRPBNETR ST,

#2 1 Operation condition of a salt crystallizer

2SR OIK T B N O B R ORI K, $72b
HIRBEE DM R 2B RL TD, R K TS89
XDHEATY— DR FERB L ONAMNITREE DK, JEKER
WCHERE T DR 1RO K, HEEOTa—T g HEOH
RV [EEZE L, BUEORAT X E FIREEHEL
TWDDS, FEEEOMEHRCITZE MR AR LI
%, REEOERIZIBITHZEMEO FRMEITZALOR T
EEEL TRDDMNENR DD,

ES DOT —Z TIIMHE ORI L > TR da kR
HEZR) 15 (FICHK TEDIEMNMHERIN TS, kil
DBLTIIE MR R 3 5 I KRS58 480E
L7c ZORO 70 B ITAS s DU DIED>, B Fn D
R LA BN ANDZE TR TED ATRENMEN
b, FHE, £ 1ITRTINOBEDOEELET —2 TIIRE
IR E DB TG, 72720, iREEE OB K
XFRECME 2R PSRN HD, EMS DOEFRD
HPH CIIRE A RN CRE AR R EE S 1.5 fi5127e-
THFUE DR T AL TR, FlLE DMK T LR
P CORRIEED EIREAHALNIL TELERH D,

e R T L ZE RIS L C, MBSO A
WEARIICEEDD, X(17), KA DHob I, fl
SOOI G- 2 Hid e, MBI R Ik R
JE LIRS SR O BIfRE R T,

Slurry concentration

10~25%

Mean diameter

0.5~0.8 mm

Growth rate

0.015~0.045 mm/h = 4~12 x 10° m/s

Production rate per unit crystallizer xolume

Approx. 30 kg/m3-h = 8.3 x 103 kg/m>+s
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3% 2 Effect of crystal growth rate and void fraction on the crystal deposition rate P [kg/m?+s] (x,= 0.5 mm)

Crystal growth rate [um/s]

0.003 0.004 0.005 0.006 0.007 0008 0.009 0.010 0.011 0.012

0.96 0.002 0.003 0.003 0.004 0005 0006 0.006 0007 0008 0.008

0.94 0.003  0.004 0.005 0006 0007 0008 0.009 0010 0.011 0.012

— 092 0.004  0.006  0.007 0008 0010 0.011 0.012 0014 0015 0.017
? 0.90 0.005 0.007 0.009 0.010 0.012 0014 0.016 0017 0019 0.021
.g 0.88 0.006 0.008 0010 0012 0015 0017 0.019 0.021 0.023  0.025
S 086 0.007 0.010 0.012 0.015 0.017 0019 0.022 0.024 0027 0.029
= 0.84 0.008  0.011 0.014 0,017 0.019 0.022 0.025 0.028 0.030 0.033
-_g 0.82 0.009 0.012 0016 0.019 0.022 0025 0.028 0.031 0.034  0.037
= 080 0.010 0.014 0.017 0.021 0.024 0028 0.031 0035 0038 0.041
0.78 0.011  0.015 0.019 0.023 0.027 0030 0.034 0.038 0.042 0.046

0.76 0.012 0017 0021 0.025 0.029 0033 0.037 0.041 0.046  0.050

0.74 0.013 0.018 0.022 0.027 0.031 0.036  0.040  0.045 0.049  0.054

0.72 0.015 0.019 0.024 0029 0.034 0039 0.044 0048 0053 0.058

0.70 0.016  0.021 0.026  0.031 0.036  0.041 0.047 0.052  0.057 0.062

ect of crystal growth rate and void fraction on the required nucleation rate B [x 'm?+s] for crystallizer
3 3 Effect of crystal growth d void fracti h ired nucleati B [x 10° #/m?3-5] for crystalli

without classified crystal removal (x,= 0.6 mm)

Crystal growth rate [um/s]

0.003 0.004 0.005 0.006 0.007

0.008 0.009 0.010 0.011 0.012

0.960 0.40 0.53 0.66 0.79 0.92
0.940 0.59 0.79 0.99 1.19 1.38
0.920 0.79 1.05 1.32 1.58 1.84
0.900 0.99 1.32 1.65 1.98 2.30
0.880) 1.19 1.58 1.98 2.37 2.77
0.360) 1.38 1.84 2.30 2.77 3.23
0.840 1.58 2.11 2.63 3.16 3.69
0.820 1.78 2.37 2.96 3.56 4.15
0.800 1.98 2.63 3.29 3.95 4.61
0.780 2.17 2.90 3.62 4.35 5.07
0.760 2.37 3.16 3.95 474 5.53
0.740 2.57 3.42 4.28 5.14 5.99
0.720 207 3.69 4.61 5.53 6.45
0.700 2.96 3.95 4.94 593 6.91

Void fraction [-]

3. 1. 3 @M EEMICHIRE SN SI5HE DT

i i O AR PE R 1T, Bl & D3R i D Rl 3 EE & i D
BUZ K- TRIES D, 2 DFEAHIZE B 35&, R £8
DRERAE AL, REFEDKENTZD, BALRER M 720
WA E OB BN LY REV, MSMPR Tix(12)
DHDONDINT, FERORE 2 —a I D
KR&EL, R FEEDH T AIZ >N THEEI R+

1.05 1.19 1.32 1.45 1.58
1.58 1.78 1.98 217 2.37
2.11 2.37 2.63 2.90 3.16
2.63 2.96 3.29 3.62 3.95
3.16 3.56 3.95 4.35 4.74
3.69 4.15 4.61 5.07 5.53
4.21 474 5.27 5.79 6.32
4.74 5.33 5.93 6.52 7.11
5.27 5.93 6.58 7.24 7.90
5.79 6.52 7.24 7.97 8.69
6.32 7.11 7.90 8.69 9.48

6.85 7.70 8.56 9.42 10.27
7.37 8.30 9.22 10.14 11.06
7.90 8.89 9.88 10.86 11.85

Do B 2 b—3ra B BE AT OO Z O A FE M D8R
bn%&i%ib@eu\&%i%héo B NI O R E TR 1
DEZEREEHT20D121E, MSMPR D XA 2§ TR
%%&%Hﬂ“@ﬂifx FTEDREEL IR E LR
b DI KB E M T IO GREATIZEDAZTH
LHETHRIND, T, BEAMNR I THOILEE D
ERHTEEE I Z DN, FEROAFERE A2 5287,
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Z DN I A BRI AT O IV E DRI 715 xp [m]
FCRELIEAERD T R THREHEINLERE LT, ZD
RrDHEB N DORE 2L — 2 a L B Ai13E20) T4
26D,

"o

ZIUTEEKE 2 R, B3 E—AMNIKQRDE 2D,

O<x£xp
(20)
x, <x

3
nyX

m, =I0 nxzdx=nojopx2dx= -
) )
o x n,x
m, =I nxsdxznoj ' xXldx =2
0 0 4

ZERR ¢ BLOGMH AT T 720D ORE 21—
A ng A E B I3 (22)D IS D,

4
g=1—¢m3:1—f%?ﬁ
4(1-¢) 4(1-¢) @)
0= 4 B=G 4

BB RE RO R P 23Rk 5 EX(23) %155,

P= 3p¢.|‘: Gx’ndx

41-¢ (23)
= 3pgGm, = pgGn,x) = pG0—2)

xp

ZORX T MSMPR A EL CEH L= R —ThH D,
L7205 T, ZOBAICBWTHE 2 ([ORSAE R
HRIEETH D,

MSMPR  EERARA72 50 4k A3 2 Al AT 2 8 & C A= PR Y
DR —ETHZ L, FHIREBBEELE 521256
V2o DA TR IAE S AT s | B 5.2 7D E AR
L CUND, 7233, 13HALDAE R DRI AL # TRE
SEIpoTND, FARRY R R E TS AT x, 1T
R LR T R TikEHEn D728, T X ToORM
R D RES D x, ThD, —J77T, MSMPR TIFEEE IS
DFEHPRESIZDP DL T RIS EHESN D LREL
TWDDT, JRWRIRS A EDH D,

e R R LA RIS K LT, MBSO AE
HWEAF 4 12FLDD, KQ2)NEPODDHINNT, TGO
KRN G ZbNDE, MBI A BT RR IR s &
OZE =R M O BfRE T,

RILRAZET DL, 53D L5E TN
FEAEE D INSSTHE LN DD, BABBIZR M T
DI TODEEITHERT, MSMPR DA X7k
FTNELEENDH LTI DT0, fEREBNZ W, 207
D, JVZLDOAMENLEETHD,

3% 4 Effect of crystal growth rate and void fraction on the required nucleation rate B [x 10° #/m?+s] for crystallizer with

ideally classified crystal removal (x,= 0.6 mm)

Crystal growth rate [um/s]

0.003 0.004 0.006 0.006 0.007 0.008 0.009 0.010 0.011 0.012

0.960 0.04 0.05 0.06 0.07 0.09 0.10 0.11 0.12 0.14 0.15
0.940 0.06 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.20 0.22
— 0.920 0.07 0.10 0.12 0.15 0.17 0.20 0.22 0.25 0.27 0.30
Z' 0.900 0.09 0.12 0.15 0.19 0.22 0.25 0.28 0.31 0.34 0.37
.g 0.880) 0.11 0.15 0.19 0.22 0.26 0.30 0.33 0.37 0.41 0.44
(QU 0.860) 0.13 0.17 0.22 0.26 0.30 0.35 0.39 0.43 0.48 0.52
< 0.84( 0.15 0.20 0.25 0.30 0.35 0.40 0.44 0.49 0.54 0.59
-_g 0.820 0.17 0.22 0.28 0.33 0.39 0.44 0.50 0.56 0.61 0.67
= 0.800 0.19 0.25 0.31 0.37 0.43 0.49 0.56 0.62 0.68 0.74
0.780 0.20 0.27 0.34 0.41 0.48 0.54 0.61 0.68 0.75 0.81
0.760 0.22 0.30 0.37 0.44 0.52 0.59 0.67 0.74 0.81 0.89
0.740 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.88 0.96
0.720 0.26 0.35 0.43 0.52 0.60 0.69 0.78 0.86 0.95 1.04
0.700 0.28 0.37 0.46 0.56 0.65 0.74 0.83 0.93 1.02 1.11
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3.2 NELARIFTEEDIIaL—3Y

SNELOFEAEDVIRRE B 5 2 DBV LA RAE LT, &
a2l —vaATTHW T A—ZDfiER 5 ITEEDD,
IR COAFERETY, TERDSEMFITH LT 5 1%
LT, HAMTZFRIA LT R R AR, ISR &2
iR R ARHE D N R ML, B8 AR ks L ONRE i
RO, AERAIDEE DS K& MEE LT,

SMNELETRDI DI E L T 41— Rt i, 74— R ELZE
HEEZ Y BT, SMNELO R BEE 21T HETIT AT
EIXEFREBIZHHEL, Bl 10 REEREEZ I
DOBEEINAIRA L 7OV ARIZEAL T HEE LT,

TR FE DI R & LB I = B ITA §75, ABFZET
IRZERI RN 0.7 UL A TEfR AT RE AR i SR E LTz, A2
NWADEREREZELSE, 2/FRN 0.7 1THR-=1D
SRMFERR LT,

Ral—rarfERO—FIEL T, MBS T T, 7
S—RFEN 1 B2 725T 10% LTZBR 04 2%
DEALER 3 TR, 74— R LTz E 5 L
BRI S EH L TR, 2 74— R REBFITHH
ZERT =N EITH T DR HE N KR EL /D2 EDFIA
Thd, D%, A7V—DKRFEEL —EIR DOk
B L, NSO B 2 5, ZhucZoiEss Ak
FEDRHRL, ZZRZIME T2, fidmEOMEKRICE->T

F 5 Parameters used in dynamic simulation

FE B OR R AL 2 Gl fafn B E SN TR, K
FEHENMETL TV, 74—RRESDEDHEIZHE ST
OB, MIRIZTTOEFHRBIZE > T\, ZORFDZE
MZROF/IMIENIL 0.71 Thotz, EHELLTZ0.7 % Flal->T
IEWR2WE DD, ZONELEZNLL ERELST 5 ETEIRA
AIHEIC/R D EE 2 BILD,

[FREDRI R A ELO RS ERESE LS TEBLT,
74— R EDORD EAR-20%DEE, SELORSH 0.5 K
M CZEM RO E/IMIED 0.71 L7p o7, WD EA-30%,
I3 0.5 R DA CIFZEM=IL 0.67 FTIK N LIz,

74— RNIREZEINELE LTS B DR REIT o7, dhir L
BIZBIT D74 —RNIAF o R T a2 TROIDH)
AIKTHY, BELL TR T2 —ADHNBE 2 B
Do V32l —ar Ok, 74— NRENED 582
MRIFELARDHEA LR, REIPREIZEISETHZE
M3 0.7 2 FREIZBIGII RN oTe,

ARFEHE N — R KT 25 A2 EL T3 R A
1ol ZRISHED 1 BRI oT 10%H KLIZ5E
2, 0.5 BEICHT72-oT 20% 88 KL= A IS 22/ R
0.71 FREEICETIR N L7z, Zods, ZEFHEME T 25
ATz MR T2 NS T 5720, EHEAR A
BRI DN eE 2 b5,

Intensified condition

Conventional condition

Suspension volume, ¥ 120.0 m?
Feed flow rate, Fr 0.067 m%/s 0.0134 m*/s
Feed concentration, C 2290 kg/m?
Saturation concentration, Cy 336.0 kg/m?
Crystal density, pc 2164.0 kg/m?
Liquid density p,, 1166.0 kg/m?
Removal flow rate, Fp 0.02010 m*/s 0.005718 m*/s
Evaporation rate, Mevap 50.0 kg/s 8.333 kg/s
Paramter, kg 8.81x10° 7.26x10°
Parameter, kg 8.9x10* 3.0x103

Parameter, b,

1.07
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[X] 3 Simulated effect of temporal reduction in the feed flow rate on the behavior of crystallizer at high suspension density.

The flow rate was reduced by 10% for one hour.

4. EE
4.1 MEROFMERMNE

PAE E OWIEE 2OV TEER LT, s SmRnick
2t R R DR EZD ROV T DT,

min DRI FE LR R L D BRI RSN TND— T,

PR FRARHME L LD i DT B B (T E S TRy,
PORE B I TRE R AT B L THLTRRAT v 7 %
T HZETIEOHT A RET H5LEZLENTND,
DT, WG L O B B IR R EE DS 7 Kb I
[NSWETHY, REREENOHER 52 Lb AR ThE
%,

LLE oD SOV b AR W FED RS it Y el B 23 R

HCTHHDT, AR T A2 % VTG R AR AT,

PAEmOEEIREL Ny [#miET 5, fEfmietElc LD
BOHPEDS, SRS NAZHHITHEE 25, 5k
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PRS2 WAL, N SR ORUHES TR 975
EEZBILD,

dN,

= —k,m,N,

(22)

ZIT, k3R Ch D,

S M B N OFE R IE ST 10°~10" [#/m®] DA —F
— 725, FIZIERMD N LAUTHE SRR E I L EE 72
HOREEIY 1~3x 10° [#/ke-FHR] THY, Zhidbsd® 1
~3x 108 [#/m’] ITHYS T 552615, 22T, ISR
HTHEE PR3~ TORG b0 U TR LB Of0RE A
FHETHLEEZD, DM MR NE OB IE 0.01
~0.1[s] DA —F —TIHEINHZ LTS, K(22)LY,
NyDNBD 3288 AR ¢ [s] 1%, IROTEL2D,

1

kfm

7

(23)
2



ZERERMN 0.9 DEE, “IRE—AMIBILFE 200 [m¥m?]
ThHD, EFEEZ 001 [s] £T5&, EE k1L 0.5 [1/m?-s]
L%,

Z D TEE A FHND & BANLAARFE Y 720 O it DT B R L
FT7bOLITEMAEE F, [kg/m’+s] 1%, IRDIDIT/D,

F, =pvk,mN, (24)

ZIT, v 3okt dn 1 EOEFECTHD, MmO REY
AR% 5 um ELTRDTZ, Fr 2R 6 [T, ik O
FE% 1~3 x 108 [#/m®] FREEICHERF T D7 1T B2 fihfs
B, 1R 72012 10~100 V7T DA —X —Thb,
PAEAL 1 ES 720D E &N 1018 kg DA —F —THDHD
ZHRILC, AT EEE N OREREY 1010 THL LMD,
10° s OIEFARF DT IZHAG T2 EHRE OB &I/ NS
WEEZ BID, UL RITRR T 2858 LE M 7208 1 {E
DOWFERDPTEBEEINDEVHIREDHETOELETHD,
THESNDOMAE RO 4 HIFRERELAeo>Th 1 FEfH
WMIDDOEEEIL 1 kg DA —F —THHDT, +3IE
BLATRE CHDHEE 2D
4.2 BXMBOIARNEE

AEPETRFE 2 RS DITIT K O FEHE A RSED
WERDD, ZHUFATY) —~DREGEHE A RET D0
FNBHDN, BYHTHHAT — LRZ B DO AT — DR
JEERBEFEFTDHILTHEN TR, 20720, A EROH
RITIEC TR Higm DR BRI 2 KESEZDEG720,
% ZC, Ulrich 1245 Factored estimation {4 9%/~ T,
BASHARR D AT HE N HOWTRE LT, ik Y23
B, BUROAFERE A LR T DT80 DB HERDIEEN
% 1050 m? SEL, BEE 4 5L 10 FOIRE
HEZLOEALGbE T, SAANG R L, HHE
DIEREEBITE AT ARG R T 260D, HALHEFEY
72O DAL T BDEE BB HID,

4. 3 NELICKHT D@RITEE D ENHIZEE)

ARFFETIL, SMELEL TT 44— R, 74— RRE, 7%
FERPED 3 FEDOEEINHRRA L 7 IV ARIZE T D56
IZOWTDRRFEAT T2, TOFER, 74— R &DORD
RARFEEE DR E VST AVELA B E LT EH R T, 4b
ELAAKEZ WG AR RN SR VIERR A R #2705
AIREMEN B DT LA RIRE T,
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DX YREN DA U5 & B S B O SRR ORI 7
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EEDSEAL T 570 E, EiR BERACIREL 252 b
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LaL, ARAFFRIZIBVTHE 2 28 ELA AR E L ChabTEE
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T ORISR S o Tz, —EH D7 —ATIX, FhEL
\Z KD IR 2D T [0 23 I D 234 D T5 TRy i1 2 7
HMIRE DR RALNT-H DD, BTria—ixie—
WENRDAT Y T IEEIEWEB RN BRI D 7 — A
NIFEALE ThHoT,

SRELICKRT DR EDIREN T 52872, —IRENDIS
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ELTWDEATEENARENCZE ThDHEE 2 DD,
ZHUIAISE T MSMPR 218 E LT Z LR ThHEF
25, WFMATEEIZBW T, BEOR 2L — v a BE
DEERTDE, ROBEERBOOHIC, HfERORE 2L —
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SlEEIT, ZORBEZ T TEORE 2L — a B
IR DM L7222, AT EEE O FHIRENIZ D L7
EDT 4—R R8BI L > THELDBRGE THHEEZD
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P EIR L TS &, B ISR T2 Mok
HEN/NSWZ, HfERORE 2L — a BT RE
SHERL, IEOQOT74—R Ay 7D BT IR NH LS
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3R 6 Feed rate of fine crystals for different operating conditions [x 10~ kg/m3-h] (x,= 0.6 mm)

Concentration of fine crystals [ x 108 #/m?3]

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.960 2.2 3.2 4.3 5.4 6.5 7.6 8.6 9.7 10.8 11.9
0.940) 3.2 4.9 6.5 8.1 9.7 11.3 13.0 14.6 16.2 17.8
—  0.920 4.3 6.5 8.6 10.8 13.0 151 17.3 19.4 21.6 23.8
? 0.900 5.4 8.1 10.8 13.5 16.2 18.9 21.6 24.3 27.0 29.7
.g 0.880) 6.5 9.7 13.0 16.2 19.4 22.7 259 29.2 32.4 35.6
S 0.86() 7.6 11.3 15.1 18.9 22.7 26.5 30.2 34.0 37.8 41.6
= 0.840 8.6 13.0 17.3 21.6 25.9 30.2 34.6 38.9 43.2 47.5
'_g 0.820) 9.7 14.6 19.4 24.3 29.2 34.0 38.9 43.7 48.6 53.5
= 0.800 10.8 16.2 216 27.0 32.4 37.8 43.2 48.6 54.0 59.4
0.780) 11.9 17.8 23.8 29.7 35.6 41.6 47.5 53.5 59.4 65.3
0.760 13.0 19.4 259 324 389 45.4 51.8 58.3 64.8 71.3
0.740) 14.0 21.1 28.1 361 42.1 49.1 56.2 63.2 70.2 7.2
0.720) 15.1 22.7 30.2 37.8 45.4 52.9 60.5 68.0 75.6 83.2
0.700 16.2 243 324 405 48.6 56.7 64.8 72.9 81.0 89.1

5 SRORE ThDH, AT TEHEBENRTWPITOR TGS

ARHFTETIE, WhE R OTMCE AW ZMZ DL
STRERREEEBIOERAEERELTEOGEET
RESTEDEE LTz, 2D DN FIT IR IR S
NTRY, KFFETITZNOEE £X Tl fb kR E %
R SHE DO B2 fE i OIIEREEIZ DWW TE 4
L7z, LinL, EBEOREREREE CO L BRI
B SCHENED T IEICOWTIR R F Th 5, AHFZE T
W S OE BT B LB 825 1T o703, FERRITITA
IR AT — MG T DT/ D 720, [T KO &
XTI E OF B KT T B OV TR
TLOMERHD, TAM R LTI ARt T 58
TEIZHOWTH, BEAITEE TROONDODAT—L D
EEOFRFEZED TV ERNDHD,

HMELIZ KD F AT 25 B OB R S BN DV TR FT L7223
ABFFE DO TIZIMSMPR 7217 2% G L LT 2729,
LSRIIHRDB D56 DRF N ULETHD, KB T
XFTE DK ESLL EORE L O A P & H 3 B4R 7257
W AR E U CAEPENE N OB F 1T o7, 0k DA
BT TOHE —ERMEELTC, RO REMBEL-HR
FETTOLILITZY ThHD, TDHIZ T, EEOMIT
EECTOMBEHICBT 0RO REERETET VA
RAWIRFTO LB Th D, B RE LI 55 ki
re AT E OFHR IR 20| SR Z T Rt 5, £ D
B aIIESBHIZ 2 2OMFRROLND, 1 I
DIDIREYDO RESEZEL T, EEEORFTZITOZE
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Optimal Design and Operation of a Continuous Crystallizer Under High

Suspension Concentration Conditions

Ken-Ichiro Sotowa
Kyoto University

Summary

Although crystallizers used in the salt production industry are large, it is possible to make them more compact
when a higher nucleation and growth rates are achieved. Recent studies have shown that the addition of fine
crystals can enhance the apparent growth rate of salt crystals. Moreover, operating a crystallizer under high
suspension density conditions increases the total surface area of the crystals, thereby boosting the overall
crystallization rate.  This study aims to clarify through simulations how much the production rate can be increased
by leveraging these effects.

Two types of ideal crystallizers with different classification modes were considered. ~Assuming that the crystal
growth and nucleation rates could be directly controlled, we analyzed the impact of crystal growth rate and the
suspension concentration on the overall crystallization rate. One of the crystallizer types considered was an
MSMPR (Mixed Suspension Mixed Product Removal) type with complete mixing and no classification at product
removal. The other is a model in which only particles that have grown to a certain size are selectively extracted to
the product stream. The analysis showed that if the average product crystal size and the suspension concentration
are given, the production rates of both types are the same. It was also suggested that the production rate could be
increased by approximately ten times if the crystal growth rate, suspension density, and nucleation rate can be
adjusted.

We considered the necessary fine crystal addition rate to increase the crystal growth rate. Since the amount of
fine crystals needed for promotion of crystal growth was not clarified, we assumed that one fine crystal is consumed
per second per growing crystal.  As a result, we found that the required addition rate per unit volume and unit time
is on the order of milligrams. Even if the consumption rate per crystal was assumed to be 1000 times higher, the
required addition rate would still be within a feasible range.

We examined the stability of the crystallizer under high suspension density conditions. The dynamic
characteristics of the crystallizer were simulated assuming that values such as feed flow rate and evaporation rate
changed in a finite impulse manner. Although large disturbances could cause the void fraction and supersaturation
to exceed the operable range, the behavior of the apparatus did not become unstable regardless of the magnitude of

the disturbances.
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