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FUNDAMENTAL STUDY FOR DESIGN OF OPTIMUM
CONDITIONS CRYSTALLIZER AND OPERATION FOR
SODIUM CHLORIDE CRYSTAL

Waseda University Ken Toyokura,
Izumi Hirasawa

Fukuyama University Yoshio Harano,
Eiji Yamamoio

Osaka City University Mototake Yano
Iwate University Noriaki Kubotia,

Kenji Shimizu

The theory of industrial crystallization has been rapidly developed,
recently and makes clear crystallization in chemical plants which is not turned
out by scientific crystallization theory. This rescarch project was started (o
make crystallization technique ol sodium chloride developed on industrial
crystallization theory. The recent studics ol these theories were discussed on
initial step of this project, and crystallization ol sodium chloride and
fundamental researches for devclopment of industrial crystallizers and
operations were studied on industrial crystallization theory. A method for
development of a new crystallization technique of sodium chloride was

proposed. The outline of them are summarized as followings;

The first chapter discusses on the corrclation between this research
project and industrial crystallization theory for understanding of back ground
of this project, and industrial crystallization thcory is summarized in the

second chapter.

The third chapter studies on the corrclation between a concentration and a
density of aqueous solution of sodium chloride. The corrclation proposes a
convenient method for determination of saturated concentration of an aqueous

solution of sodium chloride.

In the fourth and lifth chapters, crystal growth of sodium chloride are

studied by observation of stationary [luidized sced in supersaturated solution.



On tests of fluidized seed, suspended crystals arc considered nol (o be affected
one another by the reason of a few suspended crystals. Crysial growth
mechanism is discussed on the two steps of diffusion and surface reaction and
crystal growth rate is proposcd to be estimated rom the rate of both different
steps. In the six chapter, nucleation and crystal growth rates of sodium
chloride are experimentally studied in threc well stirred vessels of different
size in which an agitator of diffecrent material is used. In this study, a few
crystals are suspended on which suspended sced are supposed not to alfect

nucleation contacted by onc another.

In the seventh chapter, a semi-batch crystallizer which seed crystal is
suspended on batchwise in and supersaturated solution with a constant
concentration is continuously passed through, is set up and secondary
nucleation rate by and crystal growth rate of suspended sodium chloride
crystals are observed under high density of suspended crystal almost same to
those in industrial cryslall'izcrs. Thesc rates are much different from those
obtained by a few suspended sced. They are supposed Lo be come [rom effect
of high suspension density, and almost same to those in industrial

crystallization.

In the eighth chapter, continuous crystallizers for sodium chloride are
operated, and crystallization rate and crystal sizc distributlion are observed on
steady state operations. From these data, operating points shown by
productivity and crystal size arc plotied in a design chart and are compared
with those from industrial crystallizers. From these discussions, crystal size
and productivities of indusirial plants might be concluded to be estimated from
laboratory data. And ncw development methods for design of continuous

crystallizers and their operating conditions were proposed in the ninth chapter.

The research project's resulls arc summarized to be applied for
development of general continuous crystallization technique not only for

crystallization of sodium chloride in the tenth chapter.
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Fig. 2-2 The model of crystallization phenomena
in the industrial crystallizers
HoloW, FLETOMEAETH L VT D, 70 A0 &> TEIFH L S4BT
U, HReBHEET258 060 RITEENLCEERTRA VLN B LS A>TED
MAROZECHDLDE5CHE>T 0D, SITEFETBAMBMR. Kb, RECOLCTHE
FH R R ELS ST S

2e1+a IBIE B & U BETI AR O Ik RE
I DIRARNE . Fig. 2-3I07R$ & S (S - BIERE % HMEC LT3 DOREBIC ST
TEZDo $abb, BRBENBERELVEOKRBTKE 20 L0 E0iB

1B a0 .
@ — D RHRS DL AREED
thy LRICH/ N R ESERE
oK

te of soluti
—> C. R So—SankE O lon

(CRE. &894 X) &
B & U BiK{ER

—® B! HHEHO—EEARKE
(RE. £874X) &
=% Lzl

A MRS ESTFIRE

—  Eg Fig. 2-3 The state of solution
fafid, X 5ICC OBEaMME KLY BT IAREREFFELEDIR C 5 A WIER FHIC
FFHNB.

ChoSORBIE., BIRMICHFES BT RIOREBEFOLETROLSICEZSN B,
PIZERERTOERE L D RIFICEDACHENTO 2BEORBATIE. Chb0BEH
AFIEHES FRICEBEL TS, LAAL. TORBENELZDICOAT (REB) Chb
DR FO—HMEIEXETHLSIECAHV, BRTICEZALEZLDNEFEEL TS, COLE0D
REEFEUCBEICHL TOLFLE —EES. ZORBICHEFERE,S TIF0EELE D



O, Do VEZLLLDONA L. BROBEZOMOZL ORFOEEELXZIT 5, &
SICEEDSVC,DORETIE. 2ESFORBELPKEIGENLT 5o DL S ITHTHM
ANLEAELTHLDIER. " PTHEOHmEOREN - GEORE" ICESVWTEZ HLH
BL 2+, bbb, TOBEBOEBEICE> TRE ZHEREMEL LV KRE X OMG
U EEL. 2O KX SL T O T MRS 2 MM RTA. ZOHBRT 2 LIS fihD 5
FOBENHHEFORREELTCHENBAT DI ENHD. SORBEFig. 241X T

A
‘r—:{l /—-—— 28HOMR
o ©° X[ o (A BoMIm)

o o
6 0 © ° / (RO L)
o © o 4— 12./ 7 2LThD
09 9o 0 °%’/' BRIMIEE 0 £
o B (i8i7%) f#=
(3% 77 T) (i4i7%)
HEED = HIE2
wagpy HHATOWRLL LI y—23 - O
(7-_;7 Jhigy AFORB(EEMOER) ~ (o LT3
(#$i%¢)

Fig. 2-4 Modeling of the behavior of solute

during the course of primary nucleation
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Table 2-1 Correlation between

article size and solubilit

Non-Electrolyte solution

C* RTpr
Electrolyte solution
InCL - 2M (1-a+na)
C* RTpr

-C* a_b
C,=C exp(—r- r4)
a = 28M/RTp
b = Q°M/8xKRTp

Electrolytically charged
spherical particle

C*:Solubility of large crystals R : Gas constant
C,: Solubility of spherical particle with radius r
K : Inductivity of solid T : Absolute temperature
M : Molecular weight o : Density
Q : Electric charge of particles 0 :Surface energy
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Fig. 2-5 Ostwald ripening
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Fig. 2-6 The change of solution concentration in the cooling operation
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Table 2-2 Classification of ncleation phenomena

homogeneous nucleation
three-dimensional

nucleation{ Nucleation secondary nucleation primary nucleation
two-dimensional heterogeneous nucleation
Nucleation (nucleation on the surface of same substance )

(nucleation on the surface of foreign substance)
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Fig. 2-8 The phenomena of two-dimensional nucleation
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Table 2-4 Classification of crystallizer depending on the hydrodynamic

conditions of the liquid phase.

perfect DTB, DP (with classified product

piston

mixed removal)
perfect perfect well stirred tank type
mixed mixed
piston piston Krystal Oslo, CEC type
Improved CEC type
) perfect (A C=constant)
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mixed
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Fig. 2-18 Crystal size distribution of the product crystals in the continuous
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Fig. 2-20 The model of the mixed-bed crystallizer with classified product removal
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Table 3-1 Solubility of NaCl in HyO

%
calc. values

** surface energy calc. from solubility data by Nakai's method.

- = - -23
(MW=584, o4 =216, V= 4.49x107%7)

28.0

(g/100g-soln.]

27.0

Conc.

0 50 100
Temp. [°C]
Fig. 3-1 Solubility curve
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Amg'30.2 g/100g-soln. (2mgTIF0.03 mol/kg-HyO. MEIRTTMB TS (m/mg)-1
T120.005) EfBBHT/IHhE . LA ->T, BIEHEEELL T, IREL0.1°C. BELO0.01
g/100g-soln. UL DHEIDLETH D, COLSnEmBERE LRETHRTIIABMER
AR A" ORUMEALIE LIEMBEL LS. £ BEOEGHMENLETH DS
ERENSEBBEORMEEARIT LA

BREEEICLA2BEMNTE I LZOBE AT I LIEEFS T Vo Fig. 32217 Xa—
FHEFHC LB Ey~BEm’ OBRBEMIAROKEO EEL * v¥—L L T18
[kJ/mol) % R¥. /o, WEREMOTHEL, ~m’ OBFELAGEL 2.

2.0 — ! 2:0
_O_,o—-—O"‘" Fig. 3-2 Viscosity vs. Conc.
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50, BICERECHT HEMBELR (Co~C - 0.2wt%) ORSEFED M L& 5
510, BERBHFREELES (HBET TE (K DA-210.FE £1x109g/cm )
FRWTEE~BEOMMEZRME L,

3.1 RRREE L Fik

BROBEOMEICZEERE F NEES (RWMET L¥ (k) DA-210. B E
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o ko REAThRMABMEMEANOHEETH S Flaii EDRE & HE ORFIC R
I EHTCHEEOH TV B2 ODEEYHO.454m A>T LY 7 44— THRBLIL
BAEHKELBERES ORBA LA SRS £ b FEhENRMAMLE
EXMOARBH BN TH 5. HEFOFRMR LG 001 CICHIEL 2.

KB KA OB 1L120°C, 24h rE LABHRIEL TP Y L (7Y 7 8) &2RE
EHELEGKCARTS LTI, EORERECE THELMEL 2 ARD
BEIREEOBMEREMEOLOE L. 1o, EBRFESLM%Table 3-217 L 2.
ML -RABOBEORT X, BEEMFRTITo 2, ARES miEEM L. EEICL Y >
FUMCANERSEEMLNOT 70> >—L &L, BREMELL. £TOK, 778 Y
Yo wEEFL, ke FFL—bF (REBEKBE AL 4 1100 V. 130 W) O ET24 hr
L., METH LTI,

Table 3-2 Conditions of density measurements

* setting condition

32 MREEE

Fig. 3-31Cf « QiR E (0=20~60 C) B THS h@MREML: AC=C-Cg
=0.2~0.7 wi%. (C-Cg)/Cg =0.007~0.2. DK o [g/cm & BEC[w1%]DM R %
Fo oy kb U2 20~35°CTIXEq. 3-11C. 35~60 C TIIEq. 3-2ICEDFEE0.01 wi%
UFCTEBST A ENTE L

pr = Cexp(- 37762 - - 6.007) + 0.9309 + 0.01105 1n® 3-1)
+273.15

pr=C exp(_-J] 327%21? - 6.007) + 0.723824+0.193810 1n0+0.053697 (1n6)'+0.005253(1n6)’  (3-2)
0=35-60°C
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Fig. 3-3 Density vs. concentration
BT P Y LOBELBEOMFIFChen > ICE »TC =0.001~1.5 mol/kg-soln ®D
FAT. /2. Scrutonb ML > THFEFECHIFSEE L TEq. 3-324 B 5N T W5,
A& OBRXIIEREMETIIbAALZLDOTH Bh . KPFREREIZ. C=C s TO .Eq.
3-31C & Bpp gfHIFEq. 3-1£Eq. 3210 & Bffi& . NYUALUT 3 COBET—H L.

Pre = 1209 - 4.301x1070 [g/em?] (3-3)
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BEEOBMIFTORBEEREE. .C=—FOEH KM T, HAHEERES 5 &3,
i EFLICbE I<Eq 5-1THAZSN B ERELL.

dm/de = keAACY (5-1)

T, miiES—ERTFOEE T, B SRTHECHAEINCERRTHOTFHETSS.
kGd%%ﬁﬁﬁEEEﬁﬁ\A@ﬁ%ﬂ@@ﬁﬁ%?%6npc%ﬁ&Q%E\¢V&¢S
*FrhFhEEs SUmRERER.L2AEKEEFH L.

m = pg.L’ (5-2)
A= gL =p P om* (5-3)
= o/0) (5-4)

AC kg—E&*#ERTHE. Eq 5-2VEq. 5-4 &0,

(17 - m)/0 = (1/3)kap“ p(ACY (5-5)

»50iE
(L - Lo)/0 = (1/3)kapi 0.0/ (ACY" (5-6)
_ p.cu;d);w}(ml.a - mi)/e 5-7)

ST T mgide (REBME) S0 QLX0M#MIAOTRTSH S, Eq. 5513 ADR
BEEREO BN ICHET 5.

Bq. 5-5% A VB Em3mgl/3y o s m/3mgldyeesc el BaBy s
CEIC Lo TRITENES L UREREREZRH 2Kk 12,

Eq. 5-1@A LEAIA BRI+ 5 &L BECHECHRRGEATES. L L—&m
11 kgl B2 OREEHT. . WEBHENCEEShsoH . RECKEFL
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SHTTE. RTFEEDL 1/ L XHRepldF3~222T. Allen® IR (Rep=1~500) ™
LB B® . HT OFRWERGEE GRRERL u l3Eq. 5-8TH X 5N %o

(1/3)

_ 4 (os-p0'E
u=-o- 2Pe y L 5-8
225 t Prir } ¢o

u [cm/sec], p [g/em”] , w[g/emsec| g [cm/sec’], L [cm]

LiAoT. HMEEIR - ETRLOAOMET. MEAHM - B YL TOLHELOH
Tz s A D LR e B vid FIBICBITT 204 Ty u (&R ER T TH 5 i RIS
BETHD (Fig. 5-3) o —F. kdFodL- P pl2»7, B - RBETIE. (a,b) &

L T(0.5,0.5) (0.659,0.34). (0.66,0.34). (0.532,0.468). (0.488,0.512)% & AR 1
XhTHY. Bq. 5-80MFEsM 2L, ShTHBU, Bq. 5-80BFEMHL. TNT
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Fig. 5-6 Photograps of appearance of growing crystals
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Fig. 5-7 Growth ratc vs. AC
Table 5-1 Growth r

3.46
1.74 4.54 2.82 38.0
3.53 5.81 9.00 60.8
418 6.61 11.37 63.2
7.27 8.33 56.1 87.2
9.73 10.36 161.3 94.0
12.38 12.73 455.2 97.3
13.78 14.05 723.8 98.1

*1) [g/cm2°min-wl%], #2) [mm/hewt %), *3) [%],
*4) calculated values by Eqs.(5-15), (5-16) and (5-18), excepl k., al 60°C
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dL/dt =ksAC (5-9)

5e2¢c BERERBEREEE

Fig.5-810. IAMEBRMER L VESNARREIC B2 my3ml/3y0 L4 C MR
ERT. CORL VABRELI L CICD2OT - KTHHIENMB. Lich >T. AR
BEIFEQ. 5—5B L VEq. 5—6 (WFhbn=1) & 5UICEQ5-9T. kg kg kg'™
kjigh HDC— - ACKE |2 LHEALATERYES .
OB &Y RS A SN E Rk g Jg/ecmZminw %) |0 T L= 278y k& Fig. 5-91C
R o Fig. 5-9& V. AROEMILT XL ¥ —& L C20.72[kJ/mol (4.95kcal /mol1)] % & .
BMEBREX ELTRANES AL

-dL/dt = 1.477x10%exp(-2492/T)AC [mm/h] (5-10)
Kuis = 1.477x10'exp(-2492/T) [mm/hwt%] (5-11)
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Fig. 5-8 Dissolution rate vs. A C
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Fig. 5-9 Arrhenius plots ol k y

kgig MIEWEEK g (mm/(hew (%)) 5 & CHE BB FREK glem/min] (=
kgj X100/ 0 pv 0 - VA IRHEE) % Table 5-21C7R o
Table 5-2 Values of kdis’ kdis| and kd

6.23 8.17 9.30 1.9 15.0
3.46 4.54 5.16 6.61 8.33
(0.42) 0.52 0.69 0.78 1.00 1.27
0.51 0.60 0.74 0.82 0.99 1.19
(0.44) 0.50 0.62 0.79 0.94

*1) [g/cmz'min-wl%], *2) [mm/h*w1%; defined by, - dL/dt = ky;s' 4 C'
*3) [cm/min], *4) [cm/min); estimated by Eq. (5-12), *5) [cm/min}; data of Scruton, et al. (1981).

Parentheses mean calculated values.



KgEDFMICEEL . op& L TRMEEOWILop g n’. ZOBREE0.2 %LT
ERES Nz, Table 5-21C(F D 728 (ZScruton " ORI SEE 5 & U Ranz-Marshal 15
5-12IC & BIEEBEE L RRL 2.
Sh = 2.0 + bSc"Re¥* (5-12)
Sh=kii/D @ ¥ v+ — NI
Sc=pepD 1 L4 3w M
Rep=plv/we  : L () L ¥
Eq. 5-12DE HH[-1IF0.6~1.00HAICH 2 ENMd N TS, (FlzIE; 0.76%,

0.92V) ERLOHEFEICIEL TROMEB L O LHfEAMA V42", b=0.8: L =0.06 cm :
op s Eq 3-1&Eq. 32 (2L, C=Cg) | B&U

pr = 2.87752x10™ - 5.7703x107°0 + 5.3523x1070" - 1.8456x10°6° (5-13)
D = 1.3562x10"exp(-2027/T) (5-14)

5. 18 COKYEE L TWilhelm®) 5130.5 cm/min% 8T 5

5.3 B

5¢3.a AERBEBRICE Z5WEBHIER

5:2:bTIE, BERERBn BLURARGREr 2 1ICELLWIEERVWAELE, 7
hp 2, BERERERKEL NS NTO 8%, PIZEEKERERLTETERET
5z6h3%,

1/Kks = 1/kg + 1/kn (5-15)
Kais = 1.477x10'exp(-2492/T) [mm/hr/wi%] (5-16)
SIT ok, L BEU K @ NE R R ERITIE B & U WEB 5 0® 5

[mm/(h=wt%)]TH V. &&HE kg (Bg. 5-16) &FL WL ERETE S, BEq. 5-15.Eq.
5-16'B&L U5.2. TR kg'fE (Table 5-1) # A5 &, kg' BLXURKXTERHL - B
FEANOMEBBERADS 5 R,

€ = (1/km)/(1/ka) (5-17)
ERDDHIENTED. ZOHR £Table 5S-1DHAHRD FEICKT LA, Fig. 5-100 kg
km' (Fkgs ) BLU kg 7L =2 Toy hARLELDTH 5. £ Ok
R, ROEFBR OB =X V¥ - & L T102.3 kI/mol (24.4kcal/mol) % . % 7= kg’
DX EKRE LTEQ.5-18% 18 12,
kg = 5.952x10°exp(-12300/T) [mm/hr/wi%)] (5-18)

Table 5- 1D RMTMOREEZTH S L U ¢ MEFFABMTHS. —MIC. WEYB HBRE
ERECBIE & Ve 2FEKOBROEFEE+ DA EBE TIERIEIC &> T, + 5 2 ER KT
BEBEICELE > THESIN S, Table 5-10 ¢ ffiid. KL+ ~V v 4 0SB ORE EfEHBERIC
Lo TREBINDZPMEN FPEACIEVERERICDE > TVEIEATRLT WS,
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Fig. 5-10 Arrhrenius plots of k', kg', and k'

5.3.p BIREEST — 2ICESCRBIREHRICO L TORE

B £ IO BAMEES 4. Eq. 5-15. Eq. 5-16 £Eq. 5.18% & UF22ebeiv) TIRLI
Fig. 2292\, 4 v F @& mrT. thbb, ER-ELME L UL BEEH
ODEEEBBTED, LEh>T ZIREFEECHEKT AERER BB TE HPEENAK
gaptTTo. BESHBRAITBODREA AL, Z01HlELUTIZRY

(R5E : 0=85 °C. dL/dt=13.8..C mm/hr i .2 Cpy =0.2 Wi%: r.=2.16x10
kg/md; 6, =1 BBEE (1 ¢)=0.017 m3/m3 1k g P =(2/9)r ky F V'L 3 (5
éﬁ%%ﬁ%:Fv’:Wmﬁﬁum&mylm:ﬁﬁﬁ%)o::f\(1—e)d%
EBREERE %10 mmEREL TRE- L.

FERE : L_=10"7 m: Rosin-Rammler#i[X FoRCFH S RERO HRE=5 5

@R LD P/r, +V=0.156 m3/m?ehr i Fy'ly = 1.75%x10" /m3 *hr

G p =840 kg/hr. V' =2.49 m3. WE=337 kg/m7ehr

CEC3#Krystal OsloMERR & ML FINOT - 412 EDHE. 0=87C, 4 Ci =035
wi%. AC,_,=0.11 wi% (.C,, ~0.23 wi%) .V -6.8m 3D KT, P =2170
kym\Lm:LMMU3m(ﬂﬁ%¢)\RMRHWRQMI%“ﬁ@%hfbéobt
B o T MBI kg/hremd TH B, COfiE Ly s L. Lo i Bl TRERE R



ETlEhWEEZ NS,

5°3ec MEIZ &2 RIFBOMRD HEE

52T, BREREE2S CTHICI0NEEOMEBHIRANICEEIATHLD I EHES
Nico CORMOFHEBMELHLELICANILADELEZS MDA, HFICHEDBERK
FHEMBRT, RERFIAT THS. 2 Tid. BF0ORBEORERBFEOFICA S » T,
KEETDIO~B0TCE WS BREH TEWHEBH (H) mHEECH 5 LREL THRE
BEAMEL A LFARBHRETOEFTLERON I EROR £ 25 8 RKs Mo iftEs
AR W

(1) REERE (70~807)

REXRTOREEBEOTHEMEIF. 25 CTDk g =4.64 mm/irxEEL T, KA TH
ZohBE LT,

- ?j': = 3.91x10%xp(- 2..0T00 YAC (5-19)

dL (mmyhr], T K], AC [g/100g-soln]
dt

B DEBBHRBOBREMRIFE 2. BHED. #4 kcal/mol& L 7=, Table 5-31CF B {E
R,

Table 5-3 Predicted value of dL/dt [mm/h]

(2) (1-¢)
m.&wuﬁm%@mﬁgﬁﬁmﬁﬁwvwamm%R%T?®?$@?%égé%
faAFig. S-1DMMBREMCFEREL TV AERTETIE. OB R —e) lEEm A

0.024%THB. LAL. BRI, #idRiEd 245 0 MHEMBIC#S., BELFEL
5. EBEVTI~T mmOMHERENICHHETHE, ZOFEV=3.1ml. &&ITTH
550em 25,1050 pm ETHREST S &4 5 & 2HE&H OREMTH AE0.051 ml. LAy
STHEHD (1 - ¢) filF0.017& RN S

(3) MEIC & 5 Mt
UEkofEzAv, BERICE 521 LEARBEHETICBI 2 RIREDRAHEL-, -



UL BISEEE=85 C. . C 0.2 g/100g-soln. o, =2 16x10% kg/m>. £,=1. iz,
EBEREP =2/9) 0 fyFy' 1,° [(HE/WEM] GeeRaE OBkEM VL.
Case At 1 =500 #m=5x107* m. m =1
P o, V022707 L F D 8x 109 [m3hr !
Ch&U. P -479 [kg/hr]. V =0.98 [m?]
Case B: | ,=1000 s m 103 m. m 1
P ooV 0117 (Wl By Ty 6.5x105 [m3nrt)
ShEO. P 300 [kg/hr]. V123 [m7)
Case C: | ,=1000 zm 0% m. m. 5
P o, V=0.163 [hrl]. F fy=1.85x10% [m3nrl)

ch&U. P =888 [kg/hr]. V =2.52 [m3)
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Fig. 6-4 Stirred tank used for scale-up experiments of collision and contact nucleation



Table 6-1 Dimension ol stirred tanks and impellers

42 97"
136 30 i
160 50
260 100

4 mm(polyethylene)
0p = 1.22 g/CC

7 Geometically similar

2) 7V A3 VERIC & D BEEEE ORIE

WER (4 - PR LR T O, Takahashi SPOMFELE 7L 3 viks Al
foo POMMBMICELS 7L 2 v 2&HLAE 24— PR AEAOT - EF BT SBIE 4 51
THE. BBHNFAEHETIEIC 7L a vECEHRBEA DL £ TEOHEE O+ E
BRICEAXDEHREBEEN DD, O Hkx, WHiThrh EREIHERE LS . 1.
BREFOEOND LEOSF EAH D EBRIZ. 40 C(COREOREICADE LI v
BEATZSH L. WREAKNELAVHZE ) O KIS, R4 mmOK ) TF Lok
F (FE =122 g/cm™) # BB ¢ T2 AVZFLoH FOFEAFig 6-510% L
o B, 7L3LEA-ECHR (4 HH0E6HOITD B OMRICETL. b
JUEMOBEAFANSN B LS (CL 1.



Fig. 6-5 Polyethylene particles used for collision experiments (1 division of scale = 1mm)
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L7 IR BB AE &y B R mm) &AL 22 BRI B ATENC AR KTV,
FZOEFMIABL nMEREBRELL. BREBRALZBAL S, TREOBE L 2EK
ARIEGIE (58 8%10) SemdFoF v 70y 7L, ZOHO ZREOBER L. =
WiGE. B> 7)Y SEBRCEMNTED £ F CEBZCCVD T, HEHE RUREC K
BFLTREIETrS>ZOMER /2,
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B E o7 £+ 5 &L JRBICH 20 WA WECL A S R TR RN o T B &
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N = nf30 + nfrfexp(-0/t) - 1] (6-1)
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Fig. 6-7 Photograph of secondary nuclei
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Fig. 6-8 Cumulative number of nuclei of sodium chloride versus time at lower supercoolings
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Fig. 6-9 Cumulative number of nuclei of sodium chloride versus time at higher supercoolings
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Fig. 6-11 Secondary nucleation rate versus supersaturation at different temperatures
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Fig. 6-12 Pictures of scratches on the crayon film on turbine blades
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n = 1.46x107'S)” (6-4)
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Fig. 6-13 Target efficiency versus stokes number
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Fc = f x n x (volume sweeping rate) x (suspension density) = kifDeu(ny/V) (6-5)

THz2H5N %,
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