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B1E FFig

1. 1 A=A ORBEOLEM

FrA LlE, sokTF — XEGERFICRIE T 5B DRIE TH 5, S0 DR
WEBIEC X D H B A v ORIERHCE A A LEIEIN TS, ZRbHERTAD
A T BEESCT — A OFFIC LV BT OERITH D ODKEZ Table 1-1 12
R XD CTH D (Kosikowski et al., 1999)

RTATIKRD D94 % L @ < R AELS B (BB M 70 OFRE 12~13 %) .
RSy (Rl 7~12 %) THDH-D, TOFEETIHAEMTITISA LIZ < IR
filkh, FLAERLE, Ao F— XHE EHEIER 54 1960 F0E TIEED£ <
[FFEFES AL, F— 1y TN OF YL EAERBEIC b e > T\, 3%
ke 92T — XORIERIX 1965 £ 4.0 H 7 b5 2010 D 16.8 5 5 b
e AENL B E L (Figure 1-1) (FAOSTAT, 2015) . AU WA= A FEA
BLHINL TV EHEESND,

INHDT ENG, AxA OFEMFIM, BREHYR) 2L E R O EE iR
700 BB, AR I ED N TE T, £, A=A 1E, ARLD
FERBETHLIBEL BB ITETM, RSO OBIBSLER VAT X /B
IYIZEE T 2 /e (BCAA) (Hambraeus, 1992) Z & A Tk Y (Table 1-2) A=A
DRBFHIMEDE S DA B THEE I TWD, S HICHRAYZ A nH
IZfE D BEEHA~DOBREN D bR OBEEMIIEE > T D,

Figure 1-2 [ = A ORI SN ERALFEMERT, 2D OFM OBFIL,
TN B, A AR v~ NI T T 4 — BREN e E O oS
IZHED EZANKEL, FATAELE, AW, IXTNVEFETEDL LD
12725 TCWn5, THHDORMOBRICELY ., Ao A ZHLAELCTF — X2 EDFL
RGP - BN RLw v 7 U T, BERNR ESEEH AN
~NEHT 52 ENAREL 7> T 5 (Table 1-3) (Clark et al., 2003; Gillies, 1974)

BRAIANZIE, A2 FREEE L TRIE SN ARIZESIT D70k~ 72 T
KNP ENTWD (Montagne et al., 2009), A DELAEHLZDOOEST, FRH
INVT DAL RESEBRL TS, HLOTCAE<EIL pHA6 TILERT 57
A Ul & ZNUSN DR A T2 AMELS - T bnb, AR TEIEAS
VAR A IS BEORRIIREE 4:6 THDHH (Hambraeus, 1992) . FH,
DENITIKEZ8:2THY (Figure 1-3) (Montagne et al., 2009) . D 7 A
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Vo RTA LI BIRIIRE SRR D, LAEERE LTHRALZAEL
HBEzHWTERAIN 28ET 256, WEA Y c ReA A< EREL
ANFLE AR EICTHET 270, LA B2 DR M ORANLETH
Do ZOWEIZEY, OF IV BHELOITE, O LRINEOSEEE XD Z &
MTEDH, OIZOWTIL, Table 1-2 IR L7 L DT, WAT IV BOVATA
VHERIIAA T ALK IR THATZAEKE TR, ATF4=207 2=
T T = AFUCHARTHATELS 2> T0WD, —h, AZATZAELEIR
VATA VHENEL, AFA =y, T2 AT T2 RNMERWED, RTA T
MELBZBET 5221k, BRAINAVZOT I 7 BB Z NFLIZEEIT
HIZENAREL D, ZOX DT I EBHROEE(kIcEY . BERAI LY
DIAELSEEEOEB G FREE 2 . ZORER, AIR~OAHE, KRB~
DEHZEHTH 2 LA TX % (Raiha et al., 2002; Turck et al., 2006), @IZ-D\»
T, A=A A< EIZHIROT O T THERIT LV 722 B & TRk LiH
{ERUPEIZEBEIL TV D &S d—T7, B BA T LB BN EEEY) % T AL
THIENHOLNTEY, IBA Y Ao AT AEERED AFALIZL Y,
FLIR ORI ~D B EZ BT 5 = LR AREL 72> T % (57, 1983; EifE,
2009), ZDfthh, A=A 72 X EITIR, EGLPHEE R OTHLE PRFE - et
TER. PIRIEER e Eax ERDRHE SN TEY . 2RO DIFEH B ILIEDIE
HWIRREBIZHE LI DAtk bR & Tnsd (434, 2009),

Fiko X, REAFERHAINAVZICERRAA AL B E S
ANTWD—FT, KB EL, ZOEFETIHERAIVZ ~OJSHIZIZE LT
W2, Figure 1-4 I AAB L ORZA O AESBES Y OFEHER IR T L
DEEERT, BRHAINI OFRTA = AELLE]RE AFLWIZED D2k
TATZAVELSERE LTHRA 2T 256, FEIXI L FiCH Mo
L (Na), #V oL (K, EHFE (CD)) oWnFab@E sy, ZhbIxIn
GRAEHESE D0 BNOHETRTA ZREAIT S Z ENMBETH D,

U EBEE L= X 512, oA ZREAHET 52 L2 0 20 ABIIRELA
WO PHEEIRIAER OB ST A2 OR - BEEIZ L > TH EERHITE 72
STWD, ZAl, FHHIIETE OB EM O U R 7 & o I it oo 58 J
BLOEND OHEAE L 72 2 HAfE - ICHFRORENHFHF SN TV D,



1. 2 HECRTIESHERO TENER

BUEFAZER CTEIZHOW LN TV DB & LT, BE Al (MF) 15, IR
A (UF) Y&, 77 A (NF) &, WigdE (RO) 1E, A 4 RHREEXZE
#r (ED) {EMZEIT B, EDELSMIZ FORE SIZLDEVETH Y | /0 EH
N X VRN B, BRI K > Tl AEDbE THEA SIS (Kumar et al.,
2013; HEM, 1992; /MK, 1998)

LSRR AN T2 AT B ORE e MBS LRI X 0 Ef, BEE %
T3 FPFEL TV D, IIEIC K DB ORMEIZIZ= AR L —F —L 9
LEEPPHSNTEBY @KL, 1992), E72. B DOEEHIITA A 280 <
Ligl D a~ 7T 7 0 —HNCERIZ X DI B e ENERE ST
W5 (JEH 5, 1992; J#H, 1992; FnH, 1992),

B BEE IR 1 Z 0 & O FAiT & b
O MBATERCCEMEOWMNARETH Y, ZHHIZ L D OEE DR &N

L
Q@ IO EBRLENAFARETH Y | OB ZEINT 5 2 &1 L0 KHEk

53 D53 BEDS AT RE
@ MF, UF, NF, RO #fiAEbEDZ &1L,

RIS S BifE . itte T e
@ [y OUHE OROSTEE) (M « JBIEIZ K 2 FHERH A P 72\ 2 3D HLi Y

RN T R L — YT
® B E A N TG 230 70 < BRE AN D 720 Te OIRSFE B A S
© MBEOHEERIC &0 BOE S RIT6IS ATRE
@D ALY A I X 2 BR BT AR T AE
IR EDRENRD %,

Figure 1-5 [Z4FLAY OFFEBEEICRB T 2B TE Dy L BB TE 720
OB R L, BLFIZE S BEE O E 2R3,

MF 1%, 0.lpm KV REWRLFR0mE 01 A3 S 2 ) BEEh O i3 B~
2R T, FHPITRA LTEMAEDSOITE 2 FE L T2 AR E M, Ao
IZHRAT L TV Dl e F— X — RSB 72 EOBE RMEDOREIZHW L
TW5b, T TIIMIEH N O I BA IV RS TEAESBEEDHT 55
EIZ B &3 (Saboya and Maubois, 2000) . &SR DEECREE I L D EEE/R E D
LA B DR WL AUE B4y ik e LTHER STV 5,

it

=

BRI &0 A5 HE RS 78
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UF 13, 0.1 ¢ m~2 nm OFEPH DKL F-R015 50 123 BHLAE S 4 2% 77 BIXE) D i3 i
7'ut 2T (Korosetal, 1996) . WD EDEAIEEY A X2 L H A, FEITHk
IMESEEZNUSNOWE (FLbE, IxT 1, B2 I AL RBER,
Bl L) ONEICHVC SN, RIEICE YD Az A 2 AE< EiEfiY (WPC) 23
fEINTWD, £, BT, LA ESEYOTEERT (7 Lr
ToMERT RS FIEAESEORE) 2SN TS (Guadix et al.,
2006; fHlf-#h 5, 1999),

NF {13, 2 nm & 0D/ SWRREE DR -0 201 23 LR S 4 2 7 BRE) D [543 i
7't AT (Korosetal., 1996), /K3 FHEZOEEL LT Na K, Cl 722 EDO—1f
DAF Y IRTINEZTNUINOYE & % FHEFRETH Y . EITHFTA LBAFAL
DR « TAEICHW G TWD (AR, 1998; 123k 5, 2000)

RO VEIFME A HIONNEIT L ViR 28 & W 5 0 ORI O BRIRB B8 23 5] & &
Z ENDIEFOEIIEREY BT 1 2 AT (Koros et al., 1996) . FLEIZBW T,
KEENLSOWE & ZBEARETH Y . FICHEGIROEMIZHW BT,
i AE I AE L O FLECART LA = A ORLEFTORMEIZISH ST, s
TIHEFMRTEIEIC LV ZOIRIT5~7 ABRETHD L OWENRH D (Henmi
etal., 2010),

ED VE1Z. =2 8REh /) &3 DO EiEE & e 0 BALEZERE ) & LT
HEZAT 5 HIETH Y (Korosetal., 1996) . B5A A 2 2SHAlE, [ A A o Rl A A8
AIZHAG DO T —E B S IR E S IRMEEAED | G & IR & AT iE
DEITHENWTEFRERZE LD Z LK BEZIT O HIETH D (RiED, 1973;
/AR, 1998; ‘& H 5, 1983), ED iEiE, A=A Ot LICHWHEATEY | &
ERME S RRECTH S (FEH5,1980), L L7 b, ED ixfiid, b askns
SHEFFEBRICZ KRR THMBMLETH LH, MA T, B CIIAHRESR (C) ¥
AN, MR CIIAKBTANRET L EVHIBELH D (BED, 1973; (EED,
1999), 4 EHIZEBWTH EDIEICHOW Tk LTV 5,

AFNTI G PO AR E . MRS 7 Sl FET D Snd R A oA
X<E, E7a7 ) Mk, 27 b7V, F7 PR—FFHX—F,
U F— A7 EREEI, MESCIRLERIZ X ZOAEBEENME T2 2 &2
BESnbd, Flo, MBI X 72 A E, FRCEMERE ORWFR T A 72 Al
SHEOREBMPETT5Z L bHIHILTE Y (Desrosiers and Savoie, 1991; Walstra
et al.,, 2006), 7=ANEL EEEMESE D Z L Bk, BEAET D EAN OB AR
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&b%ﬂéo

ZOE DI, MBACEWE & ] L 72 W BRI, BRI E Eh 545
TR DA DFERE 2 P L 7o & 0B - IR T Ze il & L TA Rk~ D%
AR ST D,

1. 3 F/ ABPUREFARORE

NF 2 BE9 2 513 1970 FE D5 TR Y, RO L I A CTRIR A3
D BTz, MKENF X, S EREE A5 ROFEICXT L, ik NU D
LOBRIEMEREMEN 28 [IL— X RO ] & BRI TV, £ D% 1985 )
b LELV-LTOERBICHT ERFEDAEIZED bz, BETIE, ~Y
NERAEREORIEME, B, RKWE. ARRTEA L W o TR EA
WEDREDRIE LT KOOI R RN 7L Sk 2 2 iR THOW B TW
Zaxs

LB T DEEMORMA X, F— X ERH 2 VI B A SR O FE
MTohDHAETA DWNEZ L LT UF B RO AR ST\ e, DR
1T & F U<, 1983 4EITIF UF RO E HifEIE 10 7 m* 22, RO R TA5 )5
M (22 LTV 5, Z 0%, NF 5N A S fu, BIE £ TS A EA TS (h
i, 1987), NFBEIL, kT R LD XS 72 —fliA A 2dm IS, AiA 4
RS T RO AW OFLIEPERE 1T E VKB TR T L WV ) Bl 2 > T\ A -
DIEICBWTCEEATA BLOFALOME - B2 SIS W5, 4
FHO NF I X AL X0 | MR DD 700 BAF 72 mBROIRFMEAL DG D 2 &
MBI TEY, TNaFEE e LIZHAERST A A7 U — LRI TW5D
(fhi, 1996; /A K, 1995),

NF 572 & ORI BEZ IV T, A A L e F o Bkt E - TEKBICT
PEOIRFETIHIRT D Z E BTV 5 (Suarez et al., 2009; Yunoki et al., 2002) ,
RTAHOERFBEA AL ThDHNaA A & KA ORIFTERFEEEA 4
THDHCl AL EHBRITHLEWVW) R A DFFEDT-, A=A D NF IZ
X DM gz & EF D 2 LA ST % (Minhalma et al., 2007;
Roman et al., 2009; Suarez et al., 2009) , NF DA L4 B2 B4 2 F%81%. Bk D
FLRLRGE TR S, 72 B ER LT F RO, RAGRRIERORE
Mg, AU THEOLE, VTV a2 —ADEM, b~ MY a— ZDORME R SRR
WABF TR AT TR (R, 1996), B NIRIEE T/ Ak L= o
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BEGRAIAENTIZ B3 2 A5 13, B (84, 1998) | A #%% (Plom and Szaniawsk, 2006)
JAEEL (e S, 2000), A=A (Suarezetal.,2009) 72 ENH DN, Wil
LRI RICET 2L ONIFEALETH Y, T/ ABEMOEITICHES F
WREE N E THT 2 6O TIEEN -T2, BAOT 7 AEEMRFCB T 251
MRZALD THNL, BB EESERERK CH D Z &, HERmEHFICAEL D
IR R ORBELCIRE I Lo THIER ZESND T 7 U U U T DB
THZ LR EOBHATRETH 72,

1. 4 AEOCEHLER

A B TILL, NFIREZ W, BRI IC B TH A< Hn B, &
TA OB, BEICBISH I TS, Lo L2 b ARHANICEE LEM L
ITLTITON, ZOHM L 70 5 R E FEoEREFRIZBE T 2 BRI B 203 +4 Tl
RUVRILEWZ D, Thb b, A OB, EMEICHHT 5 NF 3 E O
HEIEMEORE, BREKOIK T2 07203770 ) U TORERED T 7
SDOXPAL7R EIFBAE, e NORERANCA S & ZTANKE L, alffii e B
[ZHESWIZHISITIEE > TR, & Db, BREOREITICRE O Bl it Rk 21k
WZOWTIE, 1ZEAEREREN ST,

R EIXFAR EN S TF—XEGEDORRICEIAET AR TH D, FT—AOFH
OB R FLOEMIZR DI X0 EORGRCE IR pH 72 & OB LR
R SORE B 7 E B L AR 1T — T TIE RV AR A DSy B AR O PR
WIRENT DAFFEE4T 5 LT, 2D X D 72 =A OFEIZOWTH B A WIS 545
%,

BIOFEE L LT, NF SO AR TIIAR A OEERE (Frlo—ffif 4> (Na,
K) ZERTERNWEWISHENR DD, T7hbDE, A D NF EIZK D
WL, 2O LFRIME OO R RME LN EHRTETELT, 14
L L DA DEREIZL > TREMEZER L TWDRIZH D, Zh
SDHIEOHAEDETIE, AMREEBND THLAN Y T LR TR T L
R EDO MDA A BRIFFICKDNTLE I 2D, ZNHDOBA A&k L
DOEENE A LT D HIEERENLT D Z L, A ORGBEINT A5 E /M7
FEOOE DBz L, £lo, L0 MO 7 TR Cm B 2 2k 3
HZ bR A OHBIERIIZEETH S,

VL BB S AHZEIZB W TETRD 2 RICERZ L TTHIREZIT - 72,

6



@ A=A O NF OB, BEABEE HRIICHERT 5720, Rt R 5%
FEARTA e LT, BB R 7 CTh HEilii R LIZBE T 58
AR 5T 5,

@ HzA OBULFRRMEE B ST D Z ik D, BRI T & HH
e o BHEZ TINS5 2 LiIck b, ZMoBA 4 oK
O & AR A POFEERETH LD —MliA 4 (Na, K) OEENME &L %W
S U T HT IR OREEE AT 5,

HARMIZIE, 5 2 =TI, BEMAREDRNEE 7 VTR D AT A BitER o %
W 2 T C & 2 BERIIMENTIE O 21T o 7, ATIZS 720, QR A
DEE A %, NF 2 FZE 200 Ay (BIBEE - Na, K, Cl 2 ERERE o
THERL T DVRE) & NF IEZ % LRV sy Ar GEEIREE - 7 AE<E, AbE
RENERE RS THERRT 2WE) IZHTondbo e 5, OFEEEIT,
NF [z i el 2 KV IRBEEE AU D0, BESBEEZER LN E 0L
T 5., OIFFBMEEITRESMBEZKT 2D ET 5, L OFHIRELEA
L7,

B3 ECIL, B 2 BOOMEEE Lo EERAIARNTIE & T C ORISR L - FEER
N—T%HFTDH NF IEEIZBT D A=A PR OFE R 2 T35 2 BEa iz
MriflcR S, £, F 2w\ IFTR R LI A 2B LTHWD L3RIz,
TEEBR TR, BIEE 172 EDOEM 2 2 THEBRZINE L, LB aI T L DN
MO THE Lz, &5, 50 UDEmAz A ORI Z v CFiE
MR 2 FRIATREDNC OV T b ET 21T - 72,

94 BT, ERIETH DA A WG & B2 A A 2 28 HutiE 2 i a o
B TECBOWTIIREREIN D REFHIMED &AM 2 % 7 02 5%
LoD, Na, K 28— fli I R /VITEEICRETE 5, ERMEA 4 LKWk
& NF L 2 /2 G o T 8B e s EE B E O S 21T > 72,

%5 W I, 5 2 EOHE L /HEERIIENTIED, B 4 B ORG-SR
AT URZHILE L AR E S EHEENTZARTAZB W T H RS 50
BREE L7=, SZBGRMMRITIEICB W CIE, oA P ORE 2 BiRaE & Ik
WED 2 Db d ERET 208, HWHRAEA A QBRI L0 | FEFIEE
BlIZnEShLD 7 U, U omgn, ZBmEEICESND ClIZiah s,
ZO XD RIEHBEBRE., BRMEREOLNEE OFRTA LR o7 KD RIBAIC
BT HENLT DM OWTHREEETT - 7=,

7
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Table 1-1 The composition of different whey (Kosikowski et al., 1999)

Component Fluid _FlUid Co.ndensed Dried !Dried
Sweet Whey" Acid Whey” Acid Whey Sweet Whey Acid Whey
Total Solids 6.35 6.50 64.00 96.50 96.00
Moisture 93.70 93.50 33.50 3.50 4.00
Fat 0.50 0.04 0.60 0.80 0.60
Protein-Total 0.80 0.75 7.60 13.10 12.50
Lactose 4.85 4.90 34.90 75.00 67.40
Ash 0.50 0.80 8.20 7.30 11.80
Lactic Acid’ 0.05 0.40 12.00 0.20 4.20

'From Cheddar cheese
?From Cottage cheese

3Estimated true lactic acid after substituting basic acidity. Partly derived from Mavropoulou, 1. P. and
Kosikowski, F. V. 1973.J .Dairy Sci .56:1135.



Table 1-2 Amino acid composition of human milk, cow’s milk, casein and whey
protein (Hambraeus, 1992) .

Human Cow’s Cow’s milk protein

milk milk
Casein Whey
protein

Isoleucine lle 5.23 4.91 5.40 7.97
Leucine Leu 9.27 9.07 9.16 10.81
Lysine Lys 6.11 7.37 7.09 7.03
Methionine Met 1.85 2.30 2.93 2.09
Cysteine Cys 1.76 0.77 0.36 2.21
Phenylalanine Phe 3.90 4.30 4.88 3.45
Tyrosine Tyr 4.80 5.37 5.36 2.95
Threonine Thr 4.41 4.15 3.93 6.07
Tryptophan Try 1.92 1.41 1.46 2.32
Valine Val 6.85 6.30 6.57 4.67
Arginine Arg 4.78 2.76 3.05 2.89
Histidine His 2.41 2.46 2.50 1.54
Alanine Ala 4.17 3.22 2.95 4.71
Aspartic Acid Asp 8.73 7.99 6.73 11.57
Glutamic Acid Glu 16.65 21.50 19.89 16.47
Glycine Gly 2.62 1.84 1.76 1.92
Proline Pro 9.93 9.06 10.84 6.15
Serine Ser 4.61 5.22 5.16 5.16
Total 100 100 100 100

Essential amino acid 42 42 44 46

BCAA 21 20 21 23

%

10



Table 1-3 The application of whey to the food (Clark et al., 2003; Gillies, 1974) .

Function Functional Benefits Applications
Whipping, W Helps maintain foam stability. B Baked products, such as meringues and certain cakes
foaming W Helps improve whip volume. B Confectionery products, such as icings

and aeration

M Can be used to replace egg whites.

M Ice cream and other frozen desserts

H Can be used alone or in tandem with soy, wheat
and other proteins to improve the nutritional
content of products.

B Nutritional products, including infant formula
H Baked products
M Dairy products

Nutritional M Lactose increases calcium absorption and M Beverages
enrichment stimulates the growth of acid-forming lactobacilli in Il Meat and seafood products
the intestinal tract. M Sauces
M Provides vitamin enrichment. M Soups
W Provides mineral fortification. B Salad dressings
W Can provide toasted, bread-like or cracker-like B Baked goods
flavors.
M Can provide nutty flavors. M Confectionery products
H Can provide buttery flavor. B Snacks
Flavor ) i
M Bland, slightly sweet flavor allows other flavors to M Confectionery products
enhancement . H Beverages
develop to full potential. .
B Dry mixes and sauces
H Enhances the natural flavors B Processed meats
of meats, cheeses and other .
. B Dairy products
milk products.
W Offers nutritional and functional advantages of
. ; . . B Frozen desserts
Neutrality whey where mineral flavor is not desired.

M Eliminates salty flavor.

M Confections

11
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Whey powder

—s Concentration

& Drying Demineralised whey powder
Milk WPC —>  Whey protein hydrolysate
lﬁ Chli:ese —> (Ton exchange)—| WPl —  Whey protein hydrolysate
whe
Y Retentate a-La fraction, B-Lg fraction
Cheese o
Membrane filtration _BlO&CthG substance (LF, IgG, LPO)
%
MF-UF+-NF-RO 3
J Lactose —> Lactulose, GOS
Whey mineral
Permeate ]
Whey calcium
| Permeate powder

Fig. 1-2 Dairy ingredients derived from cheese whey.
WPC: Whey protein concnentrate, WPI: Whey protein isolate
a-LA: a-lactalbumin, B-LG: B-lactoglobulin, LF: lactoferrin, IgG: Immunoglobulin G,

LPO: lactoperoxidase, GOS:galactooligosaccharide
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Human milk

m Casein
Whey protein

Cow's milk

0% 20%  40% 60%  80%  100%

Fig. 1-3 The ratio of casein and whey protein in human milk and cow’s milk
(Hambraeus, 1992; Montagne et al., 2009) .
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= Human milk
—\\/hey
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Mg

Fig. 1-4 Mineral composition of whey comparison with human milk (per protein :

Human milk is 1 as standard) .
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MF UF

Amino acid
Peptide

NF RO

g R A A

Fig. 1-5 The membrane separation (MF, UF, NF and RO)
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FB2E FxA DT/ HBREROFERFTREMICET S
HRREET

2. 1 ¥

REA DF 7 A (NF) JEIZEI L TiE 1990 A0 HAFFEA Bt X7z (Guu
and Zall, 1992; Hoppe, 1991; Kelly et al., 1992), NF £, KoBRELE I 27V
ENRFFCHK D HETH Y (Kuroiwa et al., 2009; Yunoki et al., 2002) |, H&)A < 78
T A O - PRI ST 5, &I H . Cuartas-Uribe 523 F— AR A D
NF (Cuartas-Uribe et al., 2007) (Z-2\ T, Dec and Chojnowski (2007) <> Roman
5 (2009) AEEHRTA D NFIZHOWTIEL TS, LL, Wb iR
R OB BRI NTBRICER LY TREMETH Y | Sl m A
B 2 BLEmBOMENT I 35m U H v Tz,

ARl FHAST DR AiE (UF) 43BN RE3 2 B EmfElT (Sl 5, 1983) (2
BWTEHALLGE, bAoA FORE L, KA Zmd 50 Ay (BiEEE:
T U UL (Na), U DL (K, HE (C) REDFEKRE o> THEERT 2BE)
EBE AT L7 WA Ay GEEIRIEE: T2 AIESE, AR ER TR E 70> THE
T DWHE) O 2 bbb REL, RTA DOWEE 2 fire LT
DA% DS E NFIEIZIEH LTz,

ik O#EEIZIN 2 T, Kimura and Sourirajan (1967) & X 2 X—X(Z LTz [F
— AR — DR EEM O] (FEIE S, 1986) 23V TakE L 7ok A
WONZIRE A AEA L, F& L OEEmEEORMEE L TRV H-o72, A
L. ZEWEICHHERERRDH Y | NFIRZHEATIREZZR S22 &b, 2
LORBEELBRE LT,

AR TIE, RIS REAK N DD 2 WMERIREE, IRBMEEICB T R A
[ IRAE R 2TV Bl O AL Z AT U7, Bl il 2 fRtr 42 2 & 1,
—EBDRTA Z—E RO TS 5 RO LB O TN FRE & 72 0 |
TEMBETORR MG LOBHEME LTEHT2Z e TcE b, £,
RTA DEE7R 27 R mie EEIRIZEA L C, A &3 D ks & & i L 72
WERGT D 2 AT DING I8 D EARGET 2 MEMITIEIL. A=A LSO R SR
DFENTIZHISHAIREE & X D,
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2. 2 NF BiEER
2. 2. 1 #MEIEFHE
1) RS A

FEBRICERHLEZHRO =2 —Y—F v FEFRT A HAK (NZMP Whey
Powder-Fonterra Co-operative Group Limited) OFEAER)ZFHERIT, K53 2 %, fRAK
1t 76 %, 7= AIEX<'E 13%, AEE 1% LUK 8% (Na, K. Cl DAY
4.8% & -5 uh%‘:;ﬁ&bé) Th b,

_ODF*JML\D:%*}J?ES 5kg Z7/K 85.0 kg (ZIsfiE L, FEE LA A {Tﬁié‘*@ﬁn‘n
Z U TICRALT, mzz’»ﬁkm S 72\ 0.25 MPa DARHEREE /) THEER L |
ENOFRE K EL—ITRE Lz, oA OYiEES D £ LT Dy =
01t Tholz, fit nitn”:J@l}b/Ef”stk 13534 % Toholz, (LLTZEIEIKRZHE
U2 WEHEEE ) COPE BRI E 2 IRIETEER & 77T 2, )

FEERCMHE A U7z NF BE, Z0misy & 150~300 ¥V b CTH Y, —flidA 4
VEBBTDHESIN TS (GE Water& Process Technologles 2006), RTAITH

WX, =& LT Na, K, Cl 2 &% ‘@‘5%@ (ZEEE) IS L, Toh
X<HE, AR ENRZER LRV O FEZBEE) ITHYT 5, Az 1
1. Na, KBEOClDO 3D I 2T /1, HHEL Y 7.5 mol FREFLET 5 &
HeE S, BRAKAES) 76 %%?Lﬁﬁ‘ (CioH22011) ERET 2 & 12.1 mol B2, [F] U
KTAELBIZFRTA T AL BNy F&% 2 TTX LV o EGE LT 0.03
mol &Efﬁﬁtffé &?Eméihéo

2) NF &

NF iEiX, NF =L X h& LT, A1 71D GE Water& Process
Technologies 4% DL3840C-30D (fiaifE 7.4 m?) % F\ 7=, & OFE(EIE Table
2-1 D@ Tholo,

RBARTUL A MOEXE, 09843 m THY ., AL TAED Y —7 Kl
7.4/0.9843/2 =376 m Lt HEEIND, A=V —IE 076 mm BT L AL hDZE
BREBKTE RS X, 3.76x0.00076 = 0.00286 m? & 72 1) | ZALIZ#E R % FEEREF O LG
i 1.0 m¥h (0.000278 m®/s) T A 4~ & . H# £ 13 0.000278/0.00286 = 0.097 m/s
ERHEIND,
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3) EREE

FEEREEO 7 1 —% Figure 2-1 IR L7z L A R A2 AT U L ABDET)
ReslZHEHE L, Vv Ty Mg o7 @mERC T2 HAGDETHEH L,
FlomEat (F) . EDG (PO, REEE (T % Figure 2-1 (278 L 72 & FTIZ R &
Lhm1 Tt o 1o, EERE NI RS FEICHEET S 2 & T LT,

R ORE L, W L2 Bk 2 ef oz st & LT,

ﬂﬁ%‘/l_ﬂ/ﬂjﬂmgli F—x o AR SR O EBRGT ER FD-81 2R
EERICMAARENE LTz, BHEmERY 71T, XSt v o 3 BmH AT T
Ty —iR 7 RD-2HAL & vz, BGTRE T, ZE iR & e Y = — VI AR
BEOME UTe, BAEEORIEIL, e LERA S O MRIEE /)5 881-LAD
ZEYa— VOB ICRE LHE Lz, IBREOHERX, Y2 —/VHOICHK

B TRUIBRHCHA Pt-100-B-2-M Z 5% & L C % —x > AR S TF4-10 5 £ 7R
gl R RS THE L MR Z 70V 7y MTmEAKEZMIE L7 510 +
1 CxMERF LTz,

4) EBRFGIE
K Z R E D R E
FEBRE %@ﬁm&/&;méxmuhmm%amﬁm%iwlmﬁm@%ﬁf
IR 10 £ 1°C. #EE 0.2, 0.4, 0.6, 0.8 MPa CT/K DB o 2 & L TR 7=,
KOBOFBERIZIBNTIE, BEEEIREEIL 0 &7 5720, KREHE)HR
. KEBRREE L, BIEEDE AP L LT, RABBLT 2008 Lz (1
JED, 1986),
J=L,P (2:1)

ZORIZEY, JWE L FEERRR I & BIETE T AP X0 KFEEGRE L, BEHE
b,

R T A PR R & o Y o T VERIRUOTE
R = A & HATER 1.0 m¥h, #EIE 1.2 MPa, IR 10 £ 1'COSKMET T
NF%%%#ﬁi FRIR A WA S o 7 IR T MR AN TERIEL . B iR
E L7210 S5 R e C L iR & PRIFFIK 2[Rl — IR R o o 77 VRS 5 715 T
mwm#ﬁb%&m&/&i@ammL%%ﬁi@2mmhﬁﬁﬁ;@owm
D 3OV TNV ERFICERIL LT, ZO%BBRIKOYEH 2B L=, FiRik
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DOHEHIBAE 18.7 /314 DMK B i 25 kg A TG & v 7 K., 1%%«& iR
TNEN 03 kg V> 7 b LTEHILE, SOICEMERME L, Bl oOHE
1A %A 50 7312 OBk HE #7350 kg & 72 - 72K T @trﬁa& >R, PREr
R, FWR AR LT,

SIMT T

BRI L7V 7 id, LU OFIEICTOKEERE mol R, ERIRE., #E
ZOHT Uiz, KFSHEVRE mol J2FE C1%, Advanced Instruments Inc. 5 oD g [ 55
THEDOJFREICE S < IRZEEF The Advanced OSMOMETER MODEL 3D3 (2 kY
K 721235 7 OE[Mmosmol/Kg.waer] &« € D F FKFEUEEE mol 2 [mol/twater]
& LTe*, T OKEMELE mol AL, B (MiK) HEEM7ZV O mol IRETH
%, 2[EFEEIL CEM Corporation #  SMART System 5 /K43 312 & 0 EE[%]
T, BT, PHEERASHR EREELEAESEE DS-400 12X, K
SIETOKRDOEE (G,) % G,=0.9997 t/m® & LT 10CTHIE L7z, NF KFofi
FEBHEDTHFNIZ BV TIE, G = 1 UM aer & LTHRY Hao 7z, AL TIHAE
Ex G THRELEZHE G = 1 tUmaaer Z . G, THLLHA G, = 0.9997
/M arer 22 FAVN T2,
*KIEHERE mol JREEICOWTUIES v v o D) T2t B C'& W iz, IR IEER
E mol JEEEIC OV TIEFL S C Z AV, [molim® yhe,] 72 & DENLERFE & LTz,

2. 2. 2 EBRHER
HEAATEE 0.5 m¥h A TONT 1.0 m¥h THH L 72 4 =1 O NF ##FE 5B AT 10C T
D KB FEA OB E > & K BRI Ly 1Z. 9.25x10° m¥ (m? - MPa-s) &72
Sfc, TR EIC L2 BIIEH TX AR TH -T2, ¥ a T oKiER
mﬁmi\%C\QwM%Ti9ﬂMﬂMy?%5@T\1M%\M¥K@%L
BRI T 5 & 20.97x10° m¥ (m? - MPa-s) &7¢2%, 15COIREAENH 5
@TlC@L%TKL BEREDS 3% LA 2 LHEET D (RS, 1987) & 10C
TIX 135x10° m¥% (m® - MPa-s) L7220, AKFERITH ¥ o ZED 0.69 {5 Th -
2o EBRIKT . KB OKBIEBRE Ly 13, 9.04x10°m% (m*- MPa+s) TH Y,
FERAT & RS OMEE R Lz, AR XD AZEOERSEM FI2B W TR
TV TE ol b D L HEER LT,
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R A D NF Pt BRI OF b /O REE, 53 HTE TR L LT Enosy
Bz Table 2-2 |27~ L7z, @ik z HEH Lfoaw&}‘f)ﬁfg%ﬂ?% (7717 L0). NFOD
AB— e D EENERRE (U7 50Q), FilK T 25 kg PEHRER (73 7 L0Q)

ONTHE TIRED 50 kg PEHIRE AL (1 Z A@) ELTRLT, OFETC, B J
BE U“@L?ﬁi@ﬁ’%ﬂ DFREZAL % Figure 2-2 (28 LT,

W I 1Z. @ & EA BRI 0D 3.56x10° 7> 5@ D 50 kg HEH I 5 T, 1.26x10°
W/M11) IZE TR LTz, BREARMO T2, FHEO N (FiEHER OFE
WL E TR L Son-ave 2278 LT2 N RFIRAERF ORI BT IR L Spnaave & 13 18
a1 OO T — /N LTEE, B—IZ LIERICHNE L@@k o iR E
T D, A TLEIRIE Sonae & BamIC T — )V LEEBBROEREZ T H L
T, &7 7 LM CEBKICHH SN BB SEEZRDD Z EnAligL b, 7
7 LQOD IR IE T DOFUHE 25 kg HEHIFF AL TlE Soneave = 0.33 % TH Y, 7 7 2@
D Fe K&t INF 0D 12z 18 1K 50 kg 4214 D [E JEIR FE D E A I1E Spn-ave = 0.37 % T o 72,
R OETEIREE Sn 13 0.31 %705 0.51 %2, B O KFEHERE mol
JE Copn 13 65 MO/t water 75 80 MOl tater 12 I D HE Hon 13 1.0016 t/m perm
A5 1.0026 /P e 1 ZE1E L7z, BB O TSR = A OFEIZHE, RxA tho
IKFEMEVAE mol IRIER LKA OBEOEE R LT, BRSNS >
7 NI T A OFEFIRE Syl 5.43 %75 11.20 % L 72 0 | 7R = A OKIEYEAE mol
BECBIOERTA OBEHyb EH LT,

2. 3 HERRAVREYT
2. 3. 1 HERIOEITE

REAISZEEEI Ry 2 ET 2 LD NF BRI B1T 2 BRI I
WEETH o7, AFRTIZ, FoAHOBEE, A FBRT H0 Ay (FiRE
E:Na, K, dﬁk#f%kﬁof%ﬁ?é“a)&ﬁ%%mh&wﬁA . GF
FBBAE: T2 A, bR ERER L fe o TR T DIRE) O 2 )0 672
%)?B@EWJEL B KA B3 2 BRER AT 23T, A=A HOREIC
B9 A& % Figure 2-3 |2/~ L7z, B ix, KL o, B@RE2 I
f)tcrb)%@uﬁzwl 120 L NF I H I mol B &7 L3 b Lanb ok L,
FEFBWEE L, HREANIZEE Lo oL L (FEERAOREIZFIZ0), NF
%%$ ¢ %%Mﬁ mol 'H &7¢ KX WMLﬁmkﬁmLtoithFﬁ%
F, EREENIEEBIEEICELT D, EERRENBRRE AT D
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ST E Lz, IEEBIE BB OB RO IZ B W CHRED EH4
LD, 3L, RESWEEAER TS b0L Lz, UK LT, HREEI
NF iz A CIREZZFFHIRBIEELZAE L DM, BESBBIZERLZ2NH O
ERE LTz, Z OB % Figure 2-4 (a) & Figure 2-4 (b) 1Z/R L7z, BOAfs
IZB2MEOBEINERET DL 0L L CRESEAS —RNICHN NS,
BRI —RAIICIZ, R TEHREND,

(Cm —Cp)/(Co — Cp) = exp(J /K) (2-2)

Cm IXVAE OB IEREIEER T | Cy IXBRIR T OEE OVRIRIEERE, C,
X, PREFE T OWE OVRIRILMERREE | J IXE WA, Kk (XIEE T COWEBE)
ERT, o, WEBERE k 1X, W TER I, Das (FEE OIEBEREL, |
X, ERBORE S 2K T @R 5, 1999,

K = Dagl 2-3)

IEBEMEEITAE B LN (RN O IE B IREEE D 78 T A ISR AERR L 2 Con.
I AR ES MBI & Crone FERIEIE OWEBERE A ke & L. Zi&iii o
FFEEE mol JRIEA 0 & LA, BESHAZ AT Lk 4 x H
T ENHkD (RS, 1986)

Crmn/Cron = exp(J 7k;) (2-4)

ERE W TERMERZ I BH S Cone Con W Tk ZRD 2D Z

ETREL D, LU TICARHTEDFEM 2 1R~ 5,

FEGER I 1T, KEERE A Ly, BEES1E2 AP, BEE N LR EEELY A
ELT, WADRET 2D L L (fRED, 1986)

J=L, (AP~ Ar) (2-9)

AFHLTIX, FTA O NF TIHKIECEREENERTH EELTEY .,
J Ik EER I W TEEL LT,

RFETE r OFFTRIZEBWTIT, T AERAE R, MEHREZ T, BIRAEERE IR
% C & Lk T/Rd van’t Hoff . (van’t Hoff, 1887) NHWH LD Z L BZ ),

7 =RTC (2-6)

L2xL72 A5 van’t Hoff :Ud, MdRRICBW TR THbDE SN TS,
T P A SRR % O ABFSE TIE AU R 3 Morse and Frazer O (fRiE 5,
1986; Granik et al., 2002; Lewis, 1908; Morse et al., 1907) % & IZH W=,

7 =RTGC’ (2-7)
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Z 2T, CUE, R AR TE TR T K ELYEVRE mol SR E (Granik et al., 2002;
Grattoni et al., 2007; Kremann and Eitel, 1923) TH V. KOEEL G & L,

BEE Y 2 — VNRFFRBIA A (BLFEY 2 —VINFZA E35) ORMEE
ROWEEZLUL TR LTz, 22TV RMEERIT., WEEOZEINLERS
ND, 705, RMEANIAFE L2 OMER o OfkEEZ D; & L. NF
IEfls SIVTe AR = A RIR O EED Dy & o e RO HERAMEEN 2R TER L
7o

N = Dy/Dy (2-8)

LU, NFEY 22— VNIRFE SN TEHETERVBZBRKT 22 H D . £7-
BV a2 VNFZA ZEEY T Y S TERWEOEERMEGE N ZLLFO
X2l LTKRDDHZ L E LT,

R A DY DOFEEIRE A Sy & L, HERMEEE N ORFOFImROFER
TIE TR % Sonave & LT Y 22— VNG A OEFEEZLZ Sy & L, »oE
Va— VAR A DR OREEZREL TWND EB XD EWEIENBIR
ADRKNLT D,

D; S1/100 = (D1/N ) Sn/100+(D;1 — D1/N ) Spn-ave /100 (2-9)

Z ZTDyN X, B A OEFETH Y, Di— DN (X, ZREOEETH
20

Figure 2-5 IZAWEINZ DFE 2 %R~ LT,

Eq. (2:9)% D1/100 ThrL THEEIT 5 & EHERMEEEN Z RN LV EL 2 &
NTED,

N = (Sn — Spn-ave )/(S1 — Spn-ave ) (2-10)

TV 2= VAR ATIY TV 7T 52 ERRRARNWEZD, Y 22—V
R A DOETGIREE, KEEUE mol JREE, B EOREE I IE, £V 2— VL ABRD
HEMEEEY 2— VA OREEOFEEEE L TRAIZ LV KD D, Eg. (2-11)
TRDOIEEY 22— VINFB T A BETGHEE Sy & EQ. (2-10)I2fUA L CEERMEGEN
RO,

Characteristics of whey (i) = (characteristics of whey inlet to module (i)
+ characteristics of whey retentate (iou))/2 (2-11)

BONTRMEEENZHWT, LFTORUITE Y A A FHREE Dy, A=A %
B OER D ERE By, STAERTOKER Wy, WIRSTED OFRTA K& Zy
ZRODHZENHIKD,
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Dy = Dy/N (2-12)

BN = DN * SN/lOO (2‘ 13)
Wi = Dn - Bn (2-14)
ZN = DN/HN (2 ' 15)

Z I T, HyiE, FRMGERICBIT 2R, OEETHD,

R A 5> 6 S O K IEHE D IEF IS E IR Crmn 36 KOS I D 7R
AV T2 0 OIEFZEEEIRE Coon DRI Z LT OFNETIT o 72, N 5
DIRGIEZE A 1%, TR E DIREEZE Arpapn & IETRRE DIREIEZE Aram %
ME LKA TRDEIND,

A ZAnApN + Aran (2-16)

FRAE D23 75 Nrppn 13, BT A FEIR R OFEEE OKIEERE Con &
B R P O IEEE DK IEHERIE Coopn RO TEHAT D, ETHRMIC, A=A
VR DT IAE DK IEERE Con 23RO 5,

W OB ERE B A 25, NF BEREIC X 0 Bl L= L, oA miihic
AR 2 BB EED AN IC7R D | R AR OKERERDR, PO W, 726
WNIZ72 D & LT, AR A JEIRH OF B E O KEERE Con %, kA TRD
b,

C’on = Apn/Wiy (2-17)

ZIT, BWEEOEZRRE ZEXRT DH, KOFwEEZ 1 L L, ZREPO
FEAE DRIEERE Z Coon & LT, B EOFHEFRE 2R E L, KA TE
EFR LT,

E = Cpn/Copn (2-18)

N R RAERE A = A HUTFRAF S 2 B E B An 13, EH S (1983) DOFFIEICHE

U CKEED Wy 206 Wy £ TR T 2RO A IZIRATRD B s,
Aon = Apz (Wn/Wi)E (2-19)

Ko T, VOB HEEE Ap. B A WRFOYHIKERE Wi, N FFIRMERE
DIKERE Wy & ZREE OB E 2> DBIREE OKEERE CwERkHDH 2
&M D,

TR E OFEIEE E 1L, L FOFIETHRE LT,

TR DK FEE B IR L Coppn 1. ZIHFR E 2 AV T Egs. (2-17) & (2-18) 5
KR TERDIND,

C’opn = E Apn /Wy (2+20)
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BB CTHIE L7 B iR OV EIRE Con DIE & A A FERF O/KE R Wy
OEG, EHEG (1983) OHFIEIZ LV ZREEDOHZIRE E 2 kOHZ &L L
7o EQ. (2:20)I2 Eq. (2-19) &2 fRA L7=3UT, x (FIEMERE, y [5G O BB IR O
IKFEAEVEE mol IR Clppxn Clppys T A TR DK E 8 Wy, Wy & AL T Egs.
(2:21) & (2:22) & 1ERLT D,

C opx = E Ap1 (Wy /W1)E /W, (2-21)
C opy = E Ap1 (Wy /W1)E /Wy (2-22)
Eq. (2:22)% Eq. (2:21) TR L7212, MO HARKEZ YD E L2 DWW THEL & Eq.
(2:23)& 721, Eq. (2:23) 4B 5 & Eq. (2-24) 35 b5,
E = In(Cppy/ C ppx)/IN(Wy /Wy ) + 1 (2:23)
IN(C ppy /C "ppx) = (E — 1) IN(Wy /W) (2-24)

KREBRIZBWTIL, 3 DT —2 % 2 5T OflAadbe Tz 3L, #
LT IN(Wy/W) | FERIZ IN(Cppy/ Coop) B> T 7 7127 v kL Eq. (2-24)DfH
Z(E-DEKRDOZ, Eq. 2-24)DEZITFZHFTE 206 1 5[ W EIZ/2 5 DT,
EQ2-2)DHXIC 1 /& LN EBREE DM E/2 5, BRBEDBRED &
AR = P OYINE RIS & A & Egs. (2:19). (2:2000 555N D k% H
WSRO D Z kD,

Ap1 = (C opnWi /E )(Wi /W4)E (2-25)

Ap X, N FFRMERF DT — & OFTIZTFIRENBRO D Z ENARETH D, ARFE
BRICEBWTIX, T—H AN 3 HDED 32D A BROEND, ZD 3 HDT —
H OYLEZ A DTEE LTHWAZ & & LT,

LR = OPIHRWE & ALV IRERBR A=A OK Y72 0 %E mol IR C
ICKEBWNERTDHZETRODLZENRHERD,

Fo, AA T OIRGHEE & AL, FEEEEIDERRIZERT 5 2 L2378
WOTHEIZ—ETHD, T, oA O EREE A D, R
T A FOYIBBIAE R A 25 < KUK W Rz A FOIEEEEEE A 2K
HHILENTED,

A=A —Ay (2-26)

R A PR OFEE IR T DIRFEE mopn 1E. A=A IR OB IHEE

DIKFELUERRFE C )y & Morse and Frazer OFUZRA L7k TEE N D,
e = RTGC oy = RTGAGN Wy (2-27)
o, BT OFBEE DRIBGTE acpn lE. BIEIROKIEERERE C oo
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% Morse and Frazer DU A L72 IR TR SN D,
7ic pon = RTGC ’on = RTGEAGN Wiy (2-28)
1o T, LA L TCOZMBEEDORSEEZ Arapn (3. Eq. (2:27)225, Eq. (2
28)% = LWk THELND,

Aragn = RTGC'pn — RTGC "pony = RTG (1 — E)Apn /Wiy (2-29)
AT, FEH IR E DR %72 Aran & FEFEEE O K IEERE Crin &
BHT %,

BELTeATA NFREOFZRGR I 6, Eq. 2-5)2Z R LIk LY | &K

TAVEIREROREE 21X S AT REEE A 2R 5,
Ar=/P-JIL, (2-30)

WIZ, FIEFBMEE DR T D IRBITEZE Aran 1. EQ. (2-16)I/R L7Zi@ Y A=
A VR RO 213 & AEREIEZEN D, Eq. -2 R T BBREIC L 5=
BIEEZZ LWk THELND,

Aran= An— Arppn= AP =3Iy — Amapn (2-31)

Eq. (2:31)76 Aran PERFHND, BE LY . B O I Z ISR E Ok
FEIXFIZ0 Th DD T, IEFBIEE NS DIRFEIEE Aram (3. BT A EHRH
DT DK EEEIEF I EIRE Cron 2T B S LD T2 IRATRD 5
N5,

Cron = Aran/(RTG) (2:32)

R MRAUZIBN T, DI 2 IR EIXRIR A EILE IR EIRE Comn TH D72
O, WERE OKEHEIEF IR EIRE Cmn 2 IS EIE B IBIA E IR Cran (24
T DB B D, IRFFE A A O RS 1 O /K B EO IEFE W E IR Crmne
BREEREIL Con TH Y | FEFEHEEE O mol HIEE v, FHIEE O mol 25FE
ZVp, & DL HEEBEE AL BREE A DTN ENLOEKIEIL, Cranve B &
CConVp £72 5, (> TR DKIERED R T A KE 2701, KOBEZEZ G &
LIZKOERFEE ZNENOBEEOREEME LIboLT25 &, kA TERDS
N5,

Zmn = 1/G + C'rmn Vit Cpn Vp (2-33)

KA 1 m Y720 OIEFBRIEE OFIEFERE Comnn 13X, Clrmn & KIEHED 7
TARE 1oy CHRLEKRKTEDEND,

Crmn = CrmnZmn = Crmn /(UG + Cmn Ve + Cpn V) (2-34)
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FEEVEE O mol B & My X, Eq. (2-35) T, BRIEEE Y pp 1%, Eq. (2-36) Taf
HTHZE LT, RBEEREHRETIZ10COKDEEL LTG, 2\ G,=
0.9997 t/m° arer & L7720

Mp =1 * Spy * 1000/(100 — Spn)/C ppn (2-35)
o = 1000 * Spn /100/(1/Hon — (1 — Spn /100)/G,) (2-36)

Mp 9: pp (TR WEHMEIERIFICEE T D 2 E KD, My & pp ZFRHTIC IV 2 B

I, T EE RS Z L & L,

équ WE OWRIRIMERE 2R 5 Eq. (2-38) 2RI+ 51213, Bi#EEE D
mol &F8 vp. FEBEIEE D mol Bl v 2RO DHMENRH D, ZbiFERETNh
Egs. (2-37), (2-38) TR IND,

Vo =My /pp (2-37)
=M /p; (2-38)

I @%f@ mol %% v, 1% Eq. (2-37) & Dikéb%) ZEMTED, Eq (2:38) LY
FEFHIEIEE D mol RFE v, 23R 6D D DIz, FEFIBEE O mol B & M, & IEHRRE
BE p e RODMEND D, FHEHEEE D mol ’%EM %, IEEEE & AL &
AE E Ap B L OWIHIEEAR = OREEO mol E&% My & LT, EROK
HIIEDLRNDOTEQ. (2-39)236K L, Eq. (2-40) TRk 7,

(Ar +Ap1) My = A M + Ayt M, (2-39)
M, = My + (M1 — My) (Apr/A) (2-40)

7eB, PR A O mol B & My i, EIEMRERRFOMEEM 5, WU L DK
5,
M;=1+S; + 1000/(100 — Sl)/C’l (2-41)
HFTMIAE L pold. IEZIBEE B A B E & An B X OWHIHESE AR = o
DEWEDEEZ pr & LT KHEENLE DLW E LTEQ. (2-42) 35K L, Eq.
(2:43) TR DT,
(Ar My +A0 My )/ p1 = Ac M; lpe + Apt M, Ipp (2:42)
pr=Ar Me/((Ar Mr+ Apt Mp)/ p1— Apt My Ipy) (2-43)
7ok, MR A OWEEE pr 1, RoAWHOEE % Hy & LTRAED
RKdlz, T TIIKRDOEE L LT G,=0.9997 % 7z,
p1=1000 *+ S1/100/(1/Hu1 — (1 —S1/100)/G,) (2-44)
WERBENRE k1%, LT OFNRTHEVTIE LTz,
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N ERAERFO R T A OFE Zy 1, FZAERTOKERE Wy, FEEHEE
A O mol BREZ v, BEEE Apn D mol FFEZE v, & L TR TRD IS,

Con [TRFUZ L VBN D,
CrbN = Ar/ZN (2 * 46)

Eq. (2-34) T3 b V7= IEB IR E OV IEEIRE Comn &+ EQ. (2-46)128 LT FE
BIEWERE A BT A DR Zy TR LT Con V., IBESH Eq. (2-4) %22
LIz Tk &2GH LR TED,

ke = J /IN(Crmn/Cron) (2-47)

2. 3. 2 HEROMITER

BONTRMEGEELID, A=A OFEBEZLIF OICF A EIRTOKEREL
FEHRE L7z, 5% Table 2-3 128 L7c, BT RITIREMREERIFIC L5 TH D,
B EERERIF 1T, B2 B L 72B RN T Y = — /L OB BN N s 2 > 7
\ZR DB E N O ) - CEfEER LTV, Egs. (2-10), (2-11)&
DRDI-EY 2 — VNF = A OEERMGRIL, 1.07 55 L3R SN,

Table 2-3 |Z3BEEIEE O mol B & M, L IEEHEE p OrtEREREZ R LT,

Figure2-6 1 Y Eq. 2:24)DEZ(E-1)ITE-1=-0.263 &5 5. BERITE
=0.737 LG o Tz, AR S S FIESR T, 0.263 & 72V | NF D NaCl
FHIESR 40 % DL FO#H TH o7z,

ZIREWE OFEBFE = 0.737 & L CHIEMTRRER D Clpon & A=A EHEF D
IKE & Wy 22 5 3R D 7o iR = OB E & Ay DfE % Table 2-4 (2R L7z,
HEERA T A OBEEE & A 1 LW T ILORMEERICB WD T HIZIER UfEE 7R L,
EHIEIZ, 8.18 mol LR ENTZ, GO FEEmEEEIL, 221 HATHEAT
A DSHENSHEE L2 7.5mol L VK 9%E < o7,

AR = A P OREE mol £ Ay 1, IREEER B A OBE mol JREE C' = 221
MOl twarer & KB Wy 205 A; =20.92 mol ERDENDDTHRAL Y A=A D
IEFBIAE B A R,

A=A —Ap (2-26)

A =20.92-8.18=1274mol LRk BNz, HFoNTIEZBEEEEIT, 22131
TIHEER T A OSSN ENSHEE L7z 121 mol XV K 5%E < 72 o7z,

IO OFNTFER D | A=A OWE RIS 2 FREE & IEEREE
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@ mol Fix, F#£410.391, 0.609 &R 57,

Table 2-3 12, %S RMOFEIAE O mol HE ik My 35 L ONREHE pp &, %
WO DOYHEZ R LT, MITHERNOEDNT AT A OFEEOR R % Table
2-5 |k LTz, BHREE O mol E & My i, 54 g/mol & Na D15 23, K DJi
-5 39.1, Cl DJFFH 355 L 0L E MENE SN, £ HEBEE D mol
B ML, 384 g/mol L7 XK B EL G0l OOy T 342.3 LD 0
EVENF SN, EERAEOHEIE, 2523 kg/m® (at 10°C) & Hhiz,
{LEMERE (1984) @ 1% KCI L, 1 % NaCl i tb B2 Bk 4 5 &K od KCI
DFELL 2753 kg/m® (at 25°C) . NaCl DF 13 3404 kg/m® (at 25°C) LHEFL &h

(25°CDOKHEE % 0.997 My & LT2) . Z 2 THRLNBBIEE OBIEIX, =
no rXviEWETth o 72,

FEBRRE R OB U 7B & Apy FE IR E & AL 8 E mol 1A vy,
e E mol IFE v, A A TR O YK E E Wi, NF DK ZE RS Ly,
FRRE OBERE &, FBRRFOFMETH HEAETE AP, BAElEIHEE T, A
ER R W NIKEE G & vy THERIAENTIE ] (3R L7e FIEICHEV, Table 2-3
(R L2 KEE Wy &2 WD CTHRET 2 D 7= 55 3 % Table 2-6 2k L7z, ARFITHE:
A LTz Egs. W TIERER 21D 5 Z L2k v, IEHZBIEE OWEBEIRE
ke 1. BIEMERE RIS OT — & 225 4.65%x10° m/s, 4.20x10° m/s 5 & 1) 4.80x10°
mis 155, FDOFHMEIT. k= 4.55x10° m/is L7 o7,

2. 4 & £
2. 4. 1 MBEHEORRIE
1) BANEDEITIZH S BRFTRDOEIZDONT
Table 2-6 T/ L7z & 9 IZIFEBIAE OWEBEMRE k 1 ZRMEERIZED LT
FREOMEZ R L, kD —ETHDHEWVIRELWIZ LTINS L xR L, Z
NSNS R Z AV TR A WIRFP OKER Wy ORIZEE S Filfi w021k
BEE U7z, HEICY7ZY ., Can T Eq. 2:4) %2 L7z Eq. (2:48)IC kv, 7=
CrmniE. EQ. (2:34) A L7= Eq. (2-49)I2 L W R 7=,
Crmn = Cron exp(J/k;) (2-48)
C'rmn = (1/G + Cpn V) (L Crmn — Vi) (2-49)
fE RO —fl% Table 2-7 (2~ 7, ZiLHORBEL, FA EERHP OKEE Wy
MBEEE 35 L REFN J —oDHERE - TRY, ROFHRERE Y ZRIZ
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1T, FERRIE RO iR IEIC WP R 2 RO T2, 72k, FEERFFO/KE & Wy
(23X D i J 0)9%%1 m;%f“ Copn &8 PRI PFRE L 72,

A /KE & Wy 126 LT, Table 2-7 OFHE T/ LAV @Empk R I, I NS FE iR
T E O BREG A % /K B f Wy 2% 0.0881 t, 0.0653 t, 0.0400 t 050> FEERfE & ttiia L
7oo F7o. HENCEEEMAE N &2, iz WER J &2 &0, BEEiE
WAL OFFRE & FBi % Figure 2-7 [ZIX7R L/7io HEE & EREIZRW—8%
RLTEY ., TR RPHEES L, KEEWyDNESE D EFBRFARIEE R <K
DobEEZLND,

2) FBRFIR DO OKRFEFTR & WEABEBTRIZ OV T
KOBEEFRITERZ Jwa & U, BRI EAREZRITR Jy & 55 &, HEfi R J
X, walGp & I, DRI L T2 %, T DRFO B EIRIEIL, Cpon TH DD T Jp 13 Eq.
(2:50) THRbEND, ZZTiE, 10CTOKEE G, =0.9997 /M yaer 2 VN THE
BE{To 7,
Jp = Jwa CppN Vp = Jwa Vp E Apt (Wi /Wy )5/ Wiy (2-50)
ZZCHEE I, Eq. (2-51)TH DD T, KOFBEFEHR w1 Eq. (2:52) T
rKbahsd,
J=dwelGy + Jp = Jwa! Gp+ JuaVp E Apt (Wi /Wy )F/Wy (2-51)
Jwa = I(UG, + vp E Apr(Wn /W1)5/Wy) (2:52)
ZALHDEIZOWT, FHR L LRGSR, WEERTR Jp 1ZEit R J o
0.13~0.17% & DT NTH Y, J S & HART T L E LT

2. 4. 2 BREBEEOVIalL—Vvav
1) BEES I 21— g /2o T

R A PR OKEE Wy &iFRiiR J OBk E W T, A=A WK O E R
JE Sn. FEIBIEIAEIREE | FHEEBIE R & O NF MR O R (L 2 M LT,

FT. KERE Wy DZITKHIGT 2FRIEHR I DZE(LIZ OV T Table 2-7 (ZH#E
U C Wy Z B E Y | fiefhiz J Ofii%z > =~ b L Figure 2-8 1275 L 7=, Figure 2-8
L 0BEBHA I & Wy ORSR(f)ET5 &, kkTREND,

J =11 (Wy) =2.897x10° In(Wy)+1.055x107 (2-53)
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B J L 0EONDBREEEF CEOKNFIA LD THE L,
INOKRDOEEE G = 1 tUm® & LG A . A W O KE R Wy DZ1kix NF
TR ORGEIFI 2 t (time) [s]& L TR A U M9 5% Lk THRbEN 5,

dWy /dt = — UJ =— U f1(Wy ) = — U (2.897x10° In(Wy)+1.055x107°)
(2-54)
ZZTCTable2-1 LY U=74m*Th 5, Eq. (2-54)% . t(time) =0 DK, W;=
0.0947t THHDTI Z/nEH Wy =0.0400t L7258 FT (t(time) = 3041 s £T)
BUERNCFE ST 2 Z L2 K0 | RBRIFEARITPE O R = A FiR K E & Wy D2 b4 &
B2 ERnTE5, GHERREIZ, KIA van’t Hoff = & ik L 7= Figure 2-10 (2
R UTz,) BRI R D TR = A RO /K ERE Wy IZHIGT 2B R 2 R 5
Z & T AT A O NF EMEIZE T 2w R ORRFE 2 THIT 5 2 & A3 ATEE
2%,

— 7 NFBHEICHE D AR A RO BETEREE Syid, HBIBRE & B E O R
HERTARROBER TR LK TRDEND,

fti % Figure 2-9 (a) 1R Lz, A=A WIRT OKES Wy DEBRIFT — X %
o 72 Wy B2 L 72 A, Table 2-3 127k L7 Y 2 — VN IR A IR O [E 1
DT —5(m)xFRr LT,

R A TR O KE B Wy I NS BT R OEN S | fETRER OB A FIH L T,
Ti4¢@%%ngﬁfcmiEqQ4mf 5 O FEF IR E IR L Crmn
1% Eq. (2-48) T, LA M O /KFEAEIEF MBI L IESE Croon 1T EQ. (2:49) TRD B Z &
NHES, #EH % Figure 2-9 (b) (Z/kL7=, Z® Figure 2-9 (b) 7SS
LA A DX RERERROSGE . FEmEE ORI T Dk
HEJREE Crmn & KESHEIRFE Crn 1213, 8~10 %D ZENFAET 5,

MDA C D12 A 1%, FEBEEBENC X 212572 Aran & BV
BHORZEA TOREEEAiapn TNME L2 D TH D, AraniE. Eq. (2-32)
FORATHLNS,

Aan = RTGC v (2-56)

F 7o Amapn 13, Egs. (2:19), (2-29)%FIH L THD Z LK D, 1o TRE

JEZ2E Nr IFIRATHE LD,
A1 =RTG (Crmn + At (1 — E )(Wn /W1)5/Wy) (2-57)
Egs. (2:29). (2:56). (2:57) TR D 7= %1213 E D Ak 239 5 2 k% Figure
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2-9 (c) IZ/R LTz, BmEE H kD NF &2 #4025 F 713 0.053~0.067 MPa &
HEEIN, BERORBEEICHD DEEIL63~66%L/NEL ., BBEEDITL
A EIIFEBBIBEE R RDORIBIEETH D LA SN,

2) BFEERIT van’t Hoff &AW ZHAITHONT

T L TR DN WERBEMR e E RO E E HVC, Table 2-7 (2R L7239k
FEE OIFEF i ORI Ar & KFEERE D Crpn IR IEERRE D Crn
22 2. C van’t Hoff @ Eq. (2-6)&% W TRHA L7z, B EERE ORBIEIL, FE
H1Z/h& < van’t Hoff L& Morse and Frazer ;U ClE & A EZENRWOTEDE F
BAEZFIH Uiz, S A IR OKE R Wy & BEi R J ORE% % Kb T Eq. (2-
54) AR DBy R A AT, Wy =0.0400t 725 £ T (1=2729s £T) B
L7z, TORERE DL NT-/KERE Wy OFfRRFZ L% Figure 2-10 (a) (2. i@ HE
DFEIFZAL % Figure 2-10 (b) (ZRTEISROFH R & B L ORY, ekt h 2
NOTZ 7N AW T — 2 (m) xR LT,

KEE Wy DR & L TREEELE Y I 2 b— g > L, BITADRER & i L
7ok Z A van'tHoff KTOT I = L—1 3 > Tld, 9 10 %NF B2 E#E S b
TR & pole, RBEENTND 7, BRI LA THRK LD, KERE
Wy 725 0.0400 t Br D@ i, 1.52x10° m¥/(m? « s) & FHE S AL EBRE DFI 20 %
BWMERG LN, ZNOOREFERNSH LN X 1, BIEEORMLIRIK
O Bt DB EFHRICIIKIEERRE mol 2 % v 5 Eg. (2-7) Morse and
Frazer DB LAY & B 2 b,

2. 4. 3 FTRRIZOVTOELE
1) KEHEREE L BRIRE DBEIZ OV T

R A OEETIIEEEEE R A 2 50E L. N RRRMER R OIS i C ok
WEIEGIMAEIRE Cron 215, FEZEEE D mol B v, ZBEEIZOWTO
mol {755 vp 23RO T IWHRFEHE Crn 25 TR DRI L. BEERAOARAT I
BoT,

BWE O mol BFEZ1F 57280 D mol H& M., My, WEEE pr. pp 72 E1TIRE
R NF LD G35y 82 K > THEbT 2 ATReMEN & 5 23, AEBRIZI W T —
EMEE LTIROWMR T2 Z EPARIRITE AN SR 6E 2 b D,
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2) HREEDOREIBIZONTDELE

AL TIX, Figure 2-4 (b) (2739 & 512, BREEIZ OV TR E 1% A4
LWt ol LTHRY -T2, ZOZYBHEIZHONTELET S,

FERAE D mol 'E & My 2% 0.054 kg/mol, FHEBEHIAE O mol & M, 723 0.384
kg/mol & WFE D mol H&EIZ 7 FDENRD b DT, HbEE & IFERE
B OISR D EEHEE LT,

142 (MG AT T O, BRI O IEFB A E I 1T 339 mol/m®yney. 125 VA
FE1E 95 Mol/tater T 5, FEIHIRIRE O mol 'Z &3 0.384 kg/mol & > = BEdD 0
kg/mol (21T 28D, ¥ a BEDIERUR I 2 FLIc B LT,

KERHE T D> = BEIE . PR 100 mol/m® R D IEEURE T 0.49%10° m?/s (at 25°C)
T& 1 . 1000 mol/m® i T 0.24x10° m?/s (at 25°C) . 2000 mol/m?® i T 0.13%10™° m?/s

(at 25°C) Tdh 5 (HA(LF2Mm, 1993), Z 4L 5 OfE Z FAV THEEE 339 mol/m® ey
e D> o BEOILEUIR A . %9 0.41x10° m?/s (at 25°C) &HEE L=, &HIC, FF
BREE L a kD mol HEZEZ L TOHETHIE L, bHEE (AL
i, 1984) O =zt (mol E& 0.342) £ D- Z7/v=2—A (mol E= 0.180) ™
PEBREOEWE S TEEICEVHEE L, KXOBEFETERbED & LT,

PEHUREL o (mol B &) (2-58)

g BED mol B £ 0.342 L IEF B O mol B £ 0.384 Tl (0.384)°4/(0.342) %4
=095 L2 5 DT, ZOMK T HERE LR L TRISRD 72 339 mol/m® ey FED
> a PEDOPLEAREL 0.41x10° m¥s (at 25°C) (2 0.95 23 UC. HFEHE Oy
1255 % 0.39x10° m%s (at25°C) LHH L7=,

BBPE NSOV Tl NaCl <2 KCHIHERIT % & A 72 LT 3 100 mol/m? o
K NaCl 1%, FLEERE)S 1.483x10° m%/s (at 25°C) . KCI % 1.844x10° m?/s

(at 25°C) TH D, IRE 25 CTOHIITIWT, IEFZMEE & ZIHEE O m#
ITIEBEREL T A~S (O E R b oo b D EHEES NS,

W, B E OB IR EHEE LTz, JEBEINE OJLHI%E % Dasr &
T5E #@’%ﬁ%@b%i}ﬁz ke & OBIRIZ. IRESBBORELRZ I LT, kA TRDE
nNoHH0L93 5,

k = DABr/ I, (2-59)

[FIRR I BB IAE DYEEAREL Dap & MBS ENRE K, T b [FER 2T % &
?mﬁ\%E%@E@Eﬁ%bkbfﬁﬂfﬁbéméo

ko= Dagp/ I, (2-60)
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B E DOHEHFREL Dagp 23, BRI E O ILBERIL Daer D 4 15 EARE L, 13
WA O YRS RRIE DIE I 1, 23, FEFUIEE DY orhfE DIE A4 | L LW E
RET 5 & BBIRE OWEBEIREL Ky 13, 4x4.55x10° = 18.2x10° m/s & H#EiE &
i,

142 fFIRMERE AL D, V7 R OFREEIREE C'op = 95 MOl twater. ZIBIHR T D
VS IRIE Cpp = 70 MOl toater D toater 24720 % MPaarer 2720 & B/ LT, A
OB EISE Com DFFHZ A T2 (RSB E A J 13, BRI 5 J = 2.52x10°
m3(m? - s)& L7z,

(C’om — Cpp)/(Cpp — Cpp) = exp(J /kp) = 1.149 (2-61)

EQ. 2:61) X V. C'pm = 98.7 mol/m®yaer & FHH S 4L, 7L D 95 mol/m?. yater
FOKA%E < IeoTe, HBMEEE DIRBIEAIT, Eq. (2:29) & V. 0.059 MPa & &t
BENTNWD, ZZTO Cyn DIEEZZE L CRBEEZFHRT 5 L 0.068 MPa
& 72 %, Table 2-6 TlL, I ZIMEE DiRiBIE A% 0.869 MPa & #lH L TaAKDR
BEIE7£ 0.928 MPa #15 C\W\ %, LFLOBIEEE DIRE A BE LcHa L L2
WA DOIREIEZE 0.009 MPa iX, BRDIRIBIEAED 1 WIRED/NSRFZEL 20 |

BRI OV T, R CIRESWBSZ A A TRV, ] & OfUENHETIT
boleZ LR TE T,

3) BELBEDEALIZONT

ANRA FNVRE Y 2 — )V OWREDWBEBEREIZ OV TIXEE N R 2 &
DOEA . BEHEAREK 0.1 m/s (600 cm/min) Tix 6~20x10°m/s & S T35 (H
A2, 1985) o AMFFEIZIR WV TIRIEEBIAE O W EBERE ) 4.55%10° m/s

(BEmE AR 0.1 mis) &5 Dbi7z, FEHEAEE O mol B &%, 384 g/mol & NaCl
7 58.44 g/mol & b~ % & RE W2, WEBIMRED /N S < 72 DM A3
o,

Z DIEFBEIAE OILEARE E BITE T 0.39x10° m?s (at 25°C) &HERE L 7=,
LA (H AL, 1984) DY a HEF NS 7 a2 —AD 1°C & 25°CDYERL
FRBEE DN D, R ICIK T TR 33 WK T2 EHEE SN D, fE-> CTIHEBIRIR
B Oy EIE, 10°C TR, 0.24x10°m%s (at 10°C) &EHEE &5, WEBEIR
¥ 455%10° m/s & LT, %) mol B & 0.384 kg/mol D¥E > 10°C T DHEHfR
$ Dpgr & 0.24x10° mP/s & L7350 FEBIEBIE DOy 3 faE o )22 |, 1, Eq. (2
59)k ¥ I, = (0.24x10°m?%s) / (4.55x10° m/s) & 720 . 5.3x10° m FRJE & H#EE
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SN, ZHUIED ZAAL—H—1iF 0.76 mm OEEANCEE SMENH D & LT,
ME ORI 1A %R EESHRE & L ThHO LN TWS EHEE I,

4) BREERE L KOBEIZONT
FREE OFEIL, Eq. (2-36)2 AVTRO TS, &EIEERBIAEZ ERE DT
IR EEY%IE, Sy = 0.31, IR L Hon = 1.0016 72 H3R D 523, IKDOEEE G,
% 0.9997 t/m® yuter & U721 pp = 2576 kgim® & 720 (G =1 & L 7= p, = 2063 kg/m®
ERERDPRESERD, %@f:bﬁﬂ@?ﬁi” IZBWTIE, G=1Z2HW=2s, Fil
WEBE 2RO D RKHBIZB W TG, & Hv iz,

5) NF BMERMFIZBIT2FRWRDOL I 2 b— 3 ZDONT

Table 2-7 (235N T, KE & Wy I3 Dl s J 2 22 F O TERIIC
HHETEDLZEER LI, —FH, BRFIETIE/AR L, KERE Wy & ERIHR J
OBEAFRIZ, Egs. (2:5). (2:17). (2-19). (2-45). (2-46). (2-48). (2-49). (2-57)
XV, Eq 2:62) XN TERFTZLBARETH S,

J = Lp(AP = RT((L/G +Ap1Vp (Wn /W1)E/Wyy ) /(Wi /G +Ap1Vp(Wis /W1)E
+ AV ) 1(Acexp(d k) — Vi )+Api(1 — E ) (W /W)Wy )
(2-62)

Eq. (2-62)I3/KERE WyBFOBRTIR J 2RO TH D, AXTLEAmIIC
BT J 2 & e DT, KERE WyREOFZBBEEHR J 1%, AL JITANTEE L
WICEHHREMEE LTHOLND I OER—ET 5 £ TEET 5 IEIE H RO S
THLZENTE S, KEE Wy &R J LSO K E R Lp\ BAEES
AP, HAEH R, EBRIBE T, KEE G, YIHIEEBAEE An. FBAE mol
NHE vp. PIHDKEE W, ZREEZIRE E, IEZWEE & A, JEEEEE mol
B v, EFBEBEOMERBEIRE k 1X. AEEZMIRT EZRENIEIC
9.25x10°m% (m?- MPa-s). 1.2 MPa, 8.3144x10°° m*®- MPa/ (mol - K), 283 K.
1 t/m*.aters 8.18 mol., 21x107° m3/mol. 0.0947 t., 0.737. 12.74 mol. 232x10°® m*/mol.
455x10°m/s T %, Thbb, ORI A OBMEEH LA LORDTEX,
BESMHECKERE Wy EZIRET D LB R J % Eq. (2:62)— N TRdDHZ &
RHIRD

KERE Wy 12 NF BHZARFOKE R Wy 218 LT NF BAtAFRFOFEE TR J
m¥ (m?-s) ZRe>, KEBEORBDEL BB I NS LI L FiEiKEE)F
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CE LT, Kz U &9 2 & B t (time)[s]EDO/KEE Wy 1L, Wy =
Wi—UJt &7 %, T BEACKRER t (time)[s]fIC B K4+ Z Lick v, KE
7 Wy DRRRFZELZ ED D, ui@*tib oA = A DRI Z B 522U
RKDOTEE, Eq. (2-62)F WD Z & T, FEFR I ORRFELE TRT L Z &
DA[REL T2 D,

B 2L, AR = B3 10 5 &SR o oA 1, VISR E & A FIHIK
HiE W, EBEEEE A OES 10 512 L CRHAET 5, IEENE LIZ5E1T
U 2238, RoA BHOFEEO R AT/ 5 T2HE121E, A=A ORHEE
ZROETZ LIRS TEDEEZDND,

6) FBMKMAE v &2 2BIEESITONT

AR I=0 & 72 HBAEET AP 13, Eq. (2-62)IZBWT, KEEGE 1 &L
AW E T D,
/P = RT (A +Ap1 (1 — E )(Wn /W1)) /Wy (2:63)

NIV T Lﬁj’i/ﬂ SR OKE R Wy 25, IEREBR AR O Wy = W, D54 Eq.
(2:63) 1Tk L 720 | FRHH I N L7258 EET) AP 13 0.37 MPa & &HE
i,

/P =RT (Ar+Ap (L - E)) /W, (2-64)

2. 5 #S

AT A D NF EHE DTS {)luﬁwfh%ﬁﬂﬁﬁ‘é 24720 R FOWE %,
NF iZ2K & & bICEZmT D5 (BEEE) & NFIRAZZE LRV GFg

WE)’“TEM%%@&LT%%%ﬁﬁto

TR = A IR E VM L 7o e A A ik A4 NF o L 2 > h &2 24535 L72 NF
HEE |\ EK L, BRERE 10°C, #{EE ) 1.2 MPa TR A EHEL T 225 £ T
(] 53t LREAT 21T > 72,

Z DFERMEA R = A h OERE R ALIE 20.92 mol T, £ ? H 5 mol H 0.391 73
AL R, 0.609 NIEBRFEETH Y, BRAEEOBEEIL, KOFEEEE
1&L7T, 0737 L5607,

BRI CIRE AR E 2 T 5 D%, FEFBRBEEOHE L, HREEIL, NF
Rz A CTOREFIC ié&LF%i%of% %FAWE%%mL&w%@
& LTc, ZORER, RTA DT Al % IEZEEE O Wi EHIRNE & & 2T
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T 9% Z LN T E T, RiBEEZ KD BRI van't Hoff 2Tl 72 < . Morse and
Frazer DXZ W Z LI X0 TF—2 LRV E R LT,

fEr L2 BER i Bk, EBRIC K VS h oA O EEE VT, 20D
R ERLE L THELNLADFEMTIZBW T, Filii RO TRNICEN S
FENT LT D, RIFNTIEZ WD Z 8¢, TI[ITARTA 72 EOZ R E R
FER TR D NF 50 2 AL 2 BRIZ 2 70 IR R QN REARFf] 00 B H L &
LTEHTEHDEEZ D,
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Table 2-1 Specification of DL3840C-30D membrane.

Feed Spacer 0.76 mm
Water Flux 9.25 m°>/day
NaCl Rejection <40 %
MgSO, Rejection 96 %
Membrane active area 7.4 m?
Maximum operating pressure 4.13 MPa
Maximum operating temperature 50 C
Membrane type Composite membrane
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Table 2-2 Measured and analyzed data in nanofiltration concentration of whey.

©) @ ® @
Symbols Units Before Total circulation at During Last stage of
Y concentration operating pressure concentration concentration
t (time) min 0 18.7 50.0
Pn kg 0 25 50
J x10°® m/(m? - 5) 3.56 2.52 1.26
Dataof S pN-ave % 0.31 0.33 0.37
permeate g % 0.31 0.35 0.51
C’ppN MO/t water 65 70 80
Hon t/ms_perm 1.0016 1.0019 1.0026
Outlet of Outlet of Outlet of
In tank In tank retentate In tank retentate In tank retentate
SN % 5.34 5.43 5.96 7.21 7.66 11.20 11.57
D;"hae?f C'n moltuaer 21 21 241 280 29 409 430
Hn t/m3_Whey 1.0222 1.0225 1.0246 1.0299 1.0313 1.0469 1.0482

Operating conditions: Feed rate: 1.0 m*h, Operating pressure: 4P = 1.2 MPa, Temperature: 10 + 1°C
Pn: Weight of permeate

J: Flux

Spn-ave: Solid concentration in total permeate up to N of concentration factor

Spn: Solid concentration of permeate
C’pon: Molality of permeable solute per t-water in permeate
Hyn: Density of permeate

Sn: Solid concentration of whey

C’n: Molality of whey
Hy: Density of whey
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Table 2-3 Calculated results of weight concentration factors, whey weight, whey
solids, water in whey, whey volume, molar weight of permeable solute and solute

density of permeable solute.

® @ ® @
wivs ks e P oy D L
pressure
°°“f°aec’:gf“°” N Eq. (2-10) 1 1.07 1.42 2.22
S % Eq. (2-11) 5.34 5.70 7.44 11.39
Whey rﬁiz‘jf nNF ooy moltmer  EQ. (2-12) 21 231 288 420
Hy  Umiwey  EQ.(2-11) 1022 1.024 1.031 1.048
Dy t Eq.(2:12)  0.1000 0.0934 0.0705 0.0451
Calculted results of BN t Eq. (2-13)  0.0053 0.0053 0.0052 0.0051
whey Wy t Eq. (2:14)  0.0047 0.0881 0.0653 0.0400
Zy  Mlwey  Eq.(2:15)  0.0978 0.0913 0.0684 0.0431
Calculated resuts of M kg/mol Eq. (2-35) 0.048 0.050 0.064 0.054
permeable solute Po kg/m® Eq. (2- 36) 2576 2683 2310 2523

Water density G, = 0.9997 [t/m° ,ue]
N: Concentration factor by weight
Sn: Solid concentration of whey
C’N: Molality of whey

Hy: Density of whey

Dy: Weight of whey

By: Solid quantity of whey

Wy: Water quantity of whey

Zy: Volume of whey

M,: Molar mass of permeable solute
pp: Density of permeable solute
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Table 2-4  Analyzed quantities of permeable solute in feed whey.

Concentration
factor N 1.07 1.42 2.22 Average
Permeable solute
Ap 8.19 8.15 8.19 8.18
mol

A ;: Permeable solute quantity in whey at start

41



Table 2-5 Characteristic values of whey solute in feed whey.

Solute quantities Molar mass Solute density Molar volume
In feed whey of solute
mol kg/mol kg/m”® x10°® m*mol
Total solute A= 20.92 M= 0.255 p1= 1701 vi= 150

Permeable solute App= 818 Mp= 0054 p,= 2523 vp= 21
Non-permeable solute A, = 12.74 M,= 0.384 pr= 1652 ve= 232
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Table 2-6  Analyzed results of mass transfer coefficient of non-permeable solute.

Symbols Units Equations ® ©) @
Concentration factor N 1.07 1.42 2.22
Ar MPa Eq. (2-30) 0.815 0.928 1.064
An MPa Egs.(2-19), (2-29) 0.054 0.059 0.067
Calculation for C’ ;n ApN
Ar amn MPa Eq. (2-31) 0.761 0.869 0.997
C’ N MOVt yater Eq. (2-32) 323 369 424
C’on MOVt eter Egs. (2-17), (2:19) 88 95 108
Conversion for C ;N 3
Cmn moUM’ ey Eq. (2-34) 300 339 385
Volume of whey Zn M’ hey Egs. (2-19), (2-45)  0.0912 0.0684 0.0430
Calculation of C C N mon:‘B_Wney Eq. (2-46) 140 186 296
Mass transfer coefficient K, x107° m/s Eq. (2-47) 4.65 4.20 4.80

Average of mass transfer coefficient 4.55

A Osmotic pressure difference by means of both non-permeable and permeable solutes between membrane
Arapn: Osmotic pressure difference by permeable solute  between membrane

Aran: Osmotic pressure difference by non-permeable solute between membrane

C’rmn: Molality of non-permeable solute per t-water on the membrane surface

C’on: Molality of permeable solute per t-water in whey

Crmn: Molarity of non-permeable solute per m-whey on the membrane surface
Cun: Molarity of non-permeable solute per m*-whey
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Table 2-7

Calculated flux changes by decrease of water quantity in whey.

Symbols Units Equations ® ©) @
Wy t 0.0881  0.0653  0.0400
AN mol Eqg. (2-19) 7.76 6.22 4.33
VAN M whey Eq. (2-45) 0.0912  0.0684  0.0430
C oN mo|/m3_Whey Eq. (2-46) 140 186 296

Ja x10° m¥/(m? - s) Input values 3.51 2.66 1.21
Crmn mol/m.ney Eq. (2-48) 302 334 387
C’oN Mo/t yater Eq. (2-17) 88 95 108
C’ N MO/t yater Eq. (2-49) 326 363 426
C’ppN Mo/t ater = EC’,nfrom Eq. (2-18) 65 70 80

A7 ppN MPa Eqg. (2-29) 0.054 0.059 0.067

A7 an MPa = RTGC’ i 0.766 0.854 1.002
A MPa Eqg. (2-16) 0.820 0.913 1.069

J x10° m¥(m? - s) Eq. (2-5) 351 2.66 1.21

Goal seek =J. 1 1 1

J x10° m¥(m? - s) Data in experiment 3.56 2.52 1.26

C’ppN MO/t ater Data in experiment 65 70 80

Why: Water quantity of whey

Apn: Permeable solute quantity in whey

Zn: Volume of whey

Cron: Molarity of non-permeable solute per m*-whey

Ja: Input values of flux for Goal seek
Crmn: Molarity of non-permeable solute per m*-whey on the membrane surface

C’on: Molality of permeable solute per t-water in whey

C’rmn: Molality of non-permeable solute per t-water on the membrane surface

C’won: Molality of permeable solute per t-water in permeate

Arapn: Osmotic pressure difference by permeable solute between membrane
p! R .
Aran: Osmotic pressure difference by non-permeable solute between membrane

Ar: Osmotic pressure difference by means of both non-permeable and permeable solutes between

membrane
J: Flux

44



Retentate

l% PP

Feed ‘\ @

Whey \

(in tank) | @
S \

1.0 m3/h

Fig. 2-1 Flow diagram of the nanofiltration test facility.

FI: Flow indicator, PI: Pressure indicator, TI: Temperature indicator, PS: Platform scale.
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Fig. 2-2 Changes of permeate flux (a) and weight of permeate (b) during
nanofiltration.

(@) Total circulation at operating pressure, (3: During concentration, @): Last stage of
concentration, J: Flux, Py: Weight of permeate.
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@ T Molecular weight cut-off + 150300 |

Retentate

o 8.@
9@%'00

Non-permeable components Permeable components

®:Na (23), K (39), C1 (35)
Water

:Fat globule (0.1 — 20pum)
@ :Protein (10% - 107)

:Lactose (342)
O:Organic acid (100 — 200)
©:Ca (40), Mg (24)

NF membrane

(b)
Retentate Permeate

—

@ :Non-permeable solute 4, I @ :Permeable solute 4,

Water

Fig. 2-3 Conceptual diagram of nanofltration of actual (a) and hypothetical (b) whey.
A: Non-permeable solute, A,: Permeable solute.




(a) Non permeable solute (b) Permeable solute

NF membrane NF membrane
Flux J = Flux J >
AP | ————— AP WKiEs
Ary, G,

_______ A’[Ap

Mass transfer coefficient kr

Water permeability coefficient Lp Water permeability coefficient Lp

Fig. 2-4 Concentration polarization phenomena of non-permeable solute (a) and
permeable solute (b).

Cr: Molarity of non-permeable solute in bulk, C,n: Molarity of non-permeable solute
on the membrane surface, C,: Molarity of permeable solute in whey, C,p: Molarity of
permeable solute in permeate, Aza: Osmotic pressure difference by non-permeable
solute, Amap: Osmotic pressure difference by permeable solute, J: Flux, L,: Water

permeability coefficient, 4P: Operating pressure, k.: Mass transfer coefficient.
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—> D,/N X S,

Total solid weight

D1 X Sl —_— in whey solution
Total solid weight
in whey solution S _
(Dl DllN) X SpN-ave
Total solid weight
in permeate
Before separation After separation

Fig. 2-5 Material balance of NF separation.

N: Concentration factor, D;: Weight of whey at start, S;: Solid concentration of whey at
start, Sy: Solid concentration of whey at N, Syn-ave: Solid concentration in cumulativ
permeate up to N.
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0.25
1 0.20 =X
{1 015 %
{1010 ©
=

1 0.05

1 1 1 1 O
-1.0 -0.8 -0.6 -0.4 -0.2 0
In(W, /W, )

Fig. 2-6  Analyses of permeability coefficient of permeable solute.
W,: Weight of water at x of concentration factor, W,: Weight of water at y of
concentration factor, C’ypx: Molality in permeate at x of concentration factor, Cpy:

Molality in permeate at y of concentration factor.
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— .. @
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Concentration factor (N)

Fig. 2-7 Comparison of simulated with measured flux.
(2): Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, N: Concentration factor, J: Flux.
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> J=2.897 x 10%In(W,) + 1.055 x 10°
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E

S 2

—

X

’,_?

x LT

>
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0 0.02 0.04 0.06 0.08 0.10
Water quantity (W) [t]

Fig. 2-8 Relationship of water quantity (Wy) and flux (J).
@) Total circulation at operating pressure, (3: During concentration, @): Last stage of

concentration, Wy: Water quantity in whey, J: Flux at N of concentration factor.
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(@)

Solids in whey [%]

500

400
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Crbv Crm and C ’rm

100

©)

Osmotic pressure [MPa]
=
N
S
[}
[}

0 10 20 30 40 50 60

Time course of nanofiltration [min]

Fig. 2-9 Change of solids in whey (a), non-permeable solute concentration in bulk and
membrane surface in whey (b) and osmotic pressure (c) during nanofiltration.

(D: Before concentration, @: Total circulation at operating pressure, 3: During
concentration, @: Last stage of concentration, Cy,: Molarity of non-permeable solute in
bulk, C;m: Molarity of non-permeable solute on the membrane surface, C’,: Molality
of non-permeable solute on the membrane surface, 4z: Osmotic pressure difference
between membrane, Azan: Osmotic pressure difference by non-permeable solute at N,

Amppn: Osmotic pressure difference by permeable solute at N, 4P: Operating pressure.
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Water quantity (W) [t]

* )]

Flux (J) [ X 10- m¥/(m?

Time course of nanofiltration [min]

(@)
In the case of van't Hoff Equation
0 10 20 30 40 50 60
In the case of van't Hoff Equation (b)
®
@
0 10 20 30 40 50 60

Fig. 2-10 Comparison of calculated water quantity (a) and flux (b) changes in case of

van’t Hoff equation.

(2): Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, Wy: Water quantity in whey at N of concentration factor.
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1) A=A

FEBIHER Lcdilk” 7 o ApER T A K (EPI SWEET WHEY POWDER
LAITA #:8Y) OREYERY AR IX, K57 2 %, R 77 %, 7= AIE < E 13 %,
FEE 1B I OKDT T%THD, 2B, F2ECHALEHR=2—Y—F R
PEAR T A 3K (NZMP Whey Powder-Fonterra Co-operative Group Limited #-%) @
FEVER 200 IE. K93 2 %, IRAKIE®) 76 %, 72AIE</E 13 %, JEE 1% L
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B L 1V0.8 MPa T/KDiFE i o 2 1 E L7,

B, TNETNOEBRK TR LIEBENZ K THE - B L%, FECLT
7K D 1 A A I E LTz,

AT A NF EHEEER & oY 7 8RBT
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A D = [ EAEBR BRAARF I C B8R 0.3 kg OV U 7 A EEBET 5. REHED D
BRELL 7=V 7 VBT, EBR-1, FEBR-2 B X OER-3 OIHIZZENZE4 1.9kg, 1.5
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PTEMEIT Spn-ave = 0.25 % T o 72, BHEIEH OE IR AL 0.23 %7 5 0.28 %IZ,
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NF £ 2 —/V AR A DR iin Z L FOFNETRKR DI, ZZTi LIk
T A DEEDOKRFIZEET D RMAE 2 £ 3, AREIZIW T Figure 3-2 (2R T8 D |
REFEDINF £ Y 2 — VIR T DL — 7 2 E0 | ikl oo L I8BR - 2 AR
MIRAESNTNFEY 2— VARG SN D, £, HlE e s AR =
A W NRERE OB E Z N E g o & T 5 & BT EE Fmih, NFEY 2
— L AOWEZ Qmih & LTAMAD~SANT U ANS, HEF LT 7L
THIET D Z N TERVNFEY 22— /LA O ORMAE i, Z KR THE LT,
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lin = (F i+ (Q — F) iou)/Q (3-1)
NF £ 2 — /L AD DRI A OIREE Hin1X, Eq. (3:2)% AW Tk,
Hin = (F Hk + (Q — F) How)/Q (3-2)

NF €22 —/VARARTA OEIBIRE S ZLL TOFIETRD -, figRz A
DEIIRE % Sy B E % Hy TEERV— 7 % o> T L DRFERE O EEIRE % Sou
BHEA Hu & LT NFEY 2= VAADEEE Hip & 75 & AiitA TIIRO~
AINT VAR T A,

Sin Hin = (F S Hix + (Q - F) Sout Hout)/Q (3 : 3)
Eq. (3-3)k V. NFEY2— LV AODEFEE STk TROLND,
Sin = (F S Hi + (Q -F ) Sout Hout)/( F Hu+ (Q - F) Hout) (34)

NF & ¥ = — /L A AR A OKIEHE mol R Cix. LLFOFIATRD 7=, IR
DEGIREZ S &7 5 &, AR mol JREE C & FRILE mol JREE C OBIFRITIR
ATERbIN5,

C=H(1-S/100)C’ (3:5)

AR 7R A W QNSRRI OVATRFEYE mol IBE 2 TN FN Cy. Con & T 5 &
BV R DOEIIENE mol JEE Cin 13, ~ AT U ANMBIRAUZ L VKD D,

Cin=(F Cw +(Q—F) Cout)/Q (3-6)

KTz Cin & Egs. (3:2). (3:4)TROZ Hin BL O Sin Z HWIRA T Ci 23K

720
C’in= Cin/( Hin (1 — Sin /100)) (3:7)

FRICTRD I NF Y 2 — L AQ R T A OFEEZ AW T, 5 2 EOMNTIE
\ZHE U CLL N DT 21T > 7,

%2 mERRRIC, A=A T OREE A 2, NF EZ ST 55 mEE &
Ay & NF EZ % L2 WIEERRE & AT N5 b0 E0E L, ik hiE
X, RESA e &0 b IEEREE OMEBERE k K72, NFEY 2—/1
AODOFRTA Ofia, FetEE7e &2 fifilcR LI FIRTRO LML, & 2 =
LR CFNEZ 2,

3. 3. 2 HRMOMBITER

FENTIEIZEV R D 72 NF Y = — /L A AR T A OFFEME % Table 3-3 1278 L7,
F7o. NFEY 2 —/VADRE Cih, G2 7 WIRE Cu. REFERH DR Cou
DS Fdk L7,
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Table 3-4 12, EHEREMHEHE N, R A ERFPOKER Wy, AT A K& Iy,
T EEE O mol B & My & BB L pp 72 £ DRIRFERZ R Lz, ZIBEE O mol
B My EOVMEE, EBR-1, FEBR-2 38 XL OFEER-3 2B\ T, 21 0.049
kg/mol, 0.040 kg/mol, 0.040 kg/mol T&H V) | FHEE O FERERME TCH LA
v (K, #ER (CDH, 7 hU A (Na) OFNZ1O mol 'E & 0.039 kg/mol,
0.035 kg/mol, 0.023 kg/mol & ITVMET & o> 7=, IWEEE pp O FHIEIL, FEBR-1,
EER-2 B L OER-3 ICBWT, £, 2395 kg/m®, 3005 kg/m®, 3117 kg/m®
ThV ., &2 ETER LI HIEIZHEWERE LK o KCl, NaCl O£
DYEEE 2753 kg/m®, 3404 kg/m® (25°C) (TEVMETd - 7=,

Table 3-2 THOLN-FEBR-1, FEBR-2 BLOER-3 DL T L0, @, @ITRT
R R OB IR OKEEME mol JRE Clopon DI & A=A FIRP OKEE
Wn DAEN G V5 2 B & RARIC L CRMEE OFBERE k7= (EH 5, 1983),

FER-1, FEBR-2 B LOER-3 0 E-11%, HENDHENEI -0.243, -0.278,
—~0.215 G54, FEBr-1, ER-2 B X OER-3 OFBEBEEOFEREE X, Th
21 0.757, 0.722, 0.785 LRk B 7= (Figure 3-7),

FRE DB E OFEFN S, A oA P OW B EBIAE & A 2R,
FIRAE (R A O O I 2 45 KBRS BT D W B A E & Ay % Table 3-5
R LTz, A EDFESfEIE, ER-1, ER-2 B LOER-3 ITBWT, £hZEn
7.11 mol, 6.89mol, 7.21 mol & 72 >7-,

T A OEFERFPEE % Table 3-6 128 L7z, Ao FOIEFBIAE & AL, E
BR-1, FER-2 B L OVFER-3 128\ T, £ £ 13.78 mol, 13.88 mol, 13.93 mol
Epole, RTANOREEIZ LD D IEFBEE O AIA L, FERBAESME
12 L B 0.66~0.67 LT —EH AR LT,

FEBRAE LD O] U 7o B E & Ap . IR E & A BB E mol 4FE vp.
FEFEIRE mol IFE v, AT A IR O PR EE Wi, NF BEO K FIEBFREL Ly,
FREEOFEBFEE &, FREFOEMGThH DBAEE T AP, BAEMAHRE T, &
AEFR W RNTAKEE G 2 HWVEE 2 7 & [A] UfgtTiE 4 T, Table 3-4 IR L
ToKEE Wy & W TR 2 D 72 #5 %2 Table 3-7 (2o L7e, Bl 20X, F28k-1
TIFEAERE S AP = 1.2 MPa 1Tkt U CEEEE D= 72 Arapn 13 0.044~0.053
MPa, FEFEBIAE CTldAran 1% 0.666~0.983 MPa & #iF S/, FEFRIAE O
WEREENREL k1T KRB WD TN ORESICB W THIZIE B EZ /R L7270,
FRMTHRE B2 -l TR A IR P O K E R Wy OB D Bl RO & (L% &
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BT, TNETNOFERICE T D IEFBRIEE OMERBIRE k OFHEIT, FE
Br-1., EB-2 B LOER-3 TENEFN 12.26x10° m/s, 10.19x10° m/s L
5.83x10° m/s L EHI X7,

3. 4 EB&

3. 4. 1 BBRAL—TEAOERIZOWVNT

B2 BMIZBWTC, EERL— 7 A W EM R B ENEEIC T, RmA D4
WHE %7 NF R Z2 G 2 70 E (Na, K, Cl 72 &) L LanWIEgmng (/-
PAELE., ILBER L) 1T A Z LIk VBB R LA TRl T & D HERAIE
Frikziom Uiz, FERUERRH CIL, KIREOMEERFR VI L0 REFHRO—H %
PEER L — 7 %08 L CIRE ¥ =2 — VKRR 2 EER R R AE IR v b i
TWADR, ZiUL, FEFREEOREmREE EFoMmEl, 77 v U v 7 ORAM
fil, WEBEHOMRlL, BIOWHEZ L —DHIBZ BN E LT 5,

R 7 ORI FTES) W)L, E ¥ 2 — /I A B E[mes] & JE S[kgl/(m - 57)]
MBERDE I ITKDEND,
R 7 OEGHAFTEE) W] = £ 2 —/L AR E[mYs] - £ Ji[kg/(m « s%)]
(Zeman and Zydney, 1996)

BRI — T NS DGE DR EBROENTHEAR > 7 Tlfibiv (FiAR, 1999) .
Fo. AERZATIHENRENFER 7 TERESEDENTHAATHO/NE
WEBZONDTES, JEN=FR TN ERAIEDENERRTZENTE S,
INHDZ END, FIZIEFER-1 OMBRIER Y T ORE 1.0 mYh, JERA 7
DO 2.5 m¥h THE Y 2 — /WSS 5 DI B 22 AT Eh /)13, G F- A
TOHBTHE25mYh LT 55HED 1/25X100=40 % & 72 1 | fEER/L— 7 DRE
WLV EE RV —FHITE D ERAAEIND,

ARETIE, 20X I LENERAMEOEOIERRESEREEICBO TS %
A % TIC = D BERAIRITIE OREEE & AT,

3. 4. 2 FxADOEHEEIZONT

REETIL, BBV — 7 OFE, #EE I ONT NF £ Y 2 — VA D &REE
Bz T 3RMECTERR R 21T > T2, WTNOSRMICE W TH WEBENRERIT.
BfEH—ElEZ R Lz, £o, 2RETOBZREE., FEEREE O HRITIFIE
FE & 720 . DOEREEBED 94~96 %% 5 5 IEEBIAE D mol (A7
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218x10° m¥mol LIZIF—EDME AR L, #ESIEN (L LT b AL TR
LD A ORFEMEITZ(L L2 E B LT,

3. 4. 3 HEBRIIBITIFBREFROERMEIZOWNT

Tables 3-6.3-7 T O AT HTHRE B2 Tl T4 B EEMGER N (RO BB TR
J%\%2a®ﬁ%_%wy:1v~ya/ﬁﬁbko#&bB\TﬁEq@@)
Ki@\ﬁ:%%ﬁ¢@ﬁi%mmﬁ®E%%%@$N%@%ﬁm%E%Dﬁf
HAWTHEHT2 L &b, BiliE I 2 I OB L v Rdiz,

N = Dy/(Wy + Ay (WN/W1)E/1000 + M, A/1000) (3:8)

B % Table 3-8, Figure 3-8 {2/~ L7z, Table 3-8 |Zi%, KFEBRDOKT — X 4%
FEICFHE S KEE Wy, Bl HR J 7 & &7k L=, Figure 3-8 TiX, Al
HEERMEEEN Z, fIERmR J 2 &0, ERE, KRETHICERL
TRERN— T BB LT MIEIC LDV a2 b— g Vv ofER, NG~
VI NABTABNFEY 2 —/LADICHEFA TR 2.5 m¥h TE#EA D & RE LT
BLEMERL—72ZBE L2y Ialb—ra v OfRER LT,

FEBR-B BN — T R RWERRTH D20, 2 BOHFEIZLLH U
alb—varEFEEL, ERMEEBR —HTHZ L 2mkER Lz, EBR-1 (Figure
3-8 (a)) TlE, AREOHGHM L 2 FOHEIZ L HHERMEOWT IS EBRE
ERL—HELTWE2, EBr-2 (Figure 3-8 (b)) TiE, AREIZEDv I 2L
—2a VOFNERMBIZLVIEWVFERE o7, BRLV—TEBE LWk
TlE. NF £V 2=V AARTA ORMEEZ G2 > 7 WA= A OE TR L 72
FiuFZe b2, L, FEBR-2 TIEEERR-1 L0 @WEEEIC XY FEi

HPNEEIN L, ZOfEHRE L TIRFHIROERIREN EA LTc, OO NFEY =
—IVAORTZA LG H VN A DEFRIREDOZNKELS R, 5 2 BED
ﬁ%fi%%1k®ﬁ%ﬁk%<ﬁotk%i%hko

UEXY, RV —T 2R OREEICTHEMERKREZ Y I 2 b—a VT 058,
PE R w—7®%@%%ﬁbkﬁiﬁ%mﬁémﬁﬁﬂiprfwék%z%
o,

3. 4. 4 BEMEY I =2 L—va VEFORAEIZDOWNT
BB R LT %%% Mz 5 HmE & ERETR S —& Lz, —
ﬁ\@%*#(@WFﬁ BiMERY) 22382581t BWVWThH, Bl
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TR DZEALB TR FTRE T AU, H 4 OIS TEBREZITO 2 &< &
DGR AIRE & 72 Dy RIENTIENZ O X 5 7 RIS AlRED, L A=A O
R L T3 ERE VGO FIER EEZ N Ty I 2 b— g &5
B L. SEBRAE & O el & ATz,

Yz b—ya rOFNEFFTEICHE U CHEl LT, Ao oYIEIT,
FEErR-1, EBR-2 B X OER-3 OIEICEZ&IL, 531, 5.28, 529kg, fidA= 1
HEE(T, 0.0998, 0.0997, 0.1032t, AWHEIL, KT A DFEEEZ 2BWE
@ mol 'E & M; OFEEIfE TR LT 20.99, 20.87, 20.91 mol & HH Iz, B
R A ORI, 3 EBROVHEE HVZh i, NF o KEBERE L, &
11.4x10° m¥/(m? - MPa - ). ¥AE D mol B & M; % 0.253 kg/mol, EIAE DF i
WHE L% 0.338, BHIE'E OFRE E % 0.755, BHEE'E O mol 'E & M, % 0.043
kg/mol, # JE p, % 2839 kg/m®, mol &7 v, Z 15.2x10° m¥mol, FEEIEAE D mol
B M, % 0.360 kg/mol. 7 p, & 1649 kg/m®, mol 4% v, & 218x10° m¥mol &
L7=. IEFBRIRE OMBEBENREL K IO\ T, EY a2 — /LA OOV E% Qm¥h
ELT EERNLELN- K E QAW THEE LIEA M L (T2 5, 1982)
Q & k DEARIT k =5.83X10°XQ % mis & L Tkedi=,

3 [EIDFERD & RO TR T A FePEAE O FEIE 2 WD TR RO v < =
L—3a B A RN EHh S FEERE 2 B Y Figure 3-9 IZZE DFEREZ R LT, £
-1 & EBR-2 OBEFEAMES B ORI B W T, TEER» S OFE T O X LR
Ao, ik, ERRoimdZbiEz A L RO 72 IEFZRRE O ME B E%R
Bk & Table 3-7 IR LIzl # OF — X RUZEBIT D k EDZEICHKTH, Ll
RS, BEMEMEDO X VIELR KT 17.7 % TH Y, fHE I ZEFERXIT y =
0.976x. AHEAMRE R* 13 0.965 Tdb 5 Z & 05 #ESAED IRV VHIE T 0% 18 o
DOFEAMTRNIEZ B OND, HONEHRZA LD RS L O
BRiE Q L IEZBRE OWMEBEINEE k DGR E A2 TRITIE, HEFEAE
DWERBENMREL ke DRERFAIZEL LW &0 9 & FIcBW T, BEREROZE
EFRRARETH D LEZXOND, ARITIELZHND Z LT, DRVWERRIE
Thew 7B iR 2 R 2 ATREMEA RIS S 37z, Table 3-9 IZIEO RS, %
BREESRIE. DO U THER TH TBL REFoA B L OMERF A ]RD
VB ER E AR U, A LA A DNRR D8 2 BEOHGRME & ERE
H2EfME LCFigure3-9 1271y b LA, EithlaE @muWAB 2R L TR
D, BRTADBESTHEITBNTH, TR OGO N PR E & EBE o
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BARDNFIER T D Z & ZHEsB L 72,

3. 4. 5 FTADENIONT

F2ECHMA LeAA & FEE, MG TENRR DR A 2 AV CER -
T 21T o702, 86 2 M CHWE=a2a—Y—F V RERTA LARETHW -7 T
Vv AFER T A DAL A Table 3-10 (27”9, CHTBMARMEIEICELY . Fh
PIAD I % Z WIE ICP-MS 12 X VW JIE LTz, 7o AE S &L BBE. IR, KI5
Koy OEEITMARETH 7o, ERFBWEE ThHSH Na, K, Cl Ofp L
20, =a—U—TFV RERTADHEIXT TV AERTAD UL % THoT-, L
U D [Fl— SR8V TRl R o FEERE & BRERRIMATIC L U RD b1
LHEFREOWIX, =2—Y—F 2 RET0.95~1.04, 77 2 AFET0.97~0.98 &
20, ELLDRTA EAWVEEETHEZBROBRmMEIXERE L L<—%
L7co BEIZHWD AR A1, Tk SIC ) —EME DR T A % 7R
HTE 5 EEFRE20, REGRMBITIEIL, =2 —Y—F  NEEFRTZA, 77
VARPERTA O ST TN LT Z &G AR A — & CT7a W JER 2
X5 51372 OB A = A OEBGEICB W CH S FTRER LA OB WHIETH
HZEDIRINT,

3. 4. 6 EREIBITLIHEBHRBIIONT

ARFETIEL, NF RHE BT 2 HERAAATICBEA L, 7 MVEIR TR < SRER
MR Ch DR A 2 v, TEBBETORE - BRFEICHV DD BRIy
BAREE CORFIEZIT o7, 20X 5 RFEREITEW G TowEBEHEREIZ
THHEITD e BEREICBIT 2 DBEZWEEORESMEOREL], HE
BEMREOZEN] . Ty —T Y N 1220\ T, BLFBEETo 7,

F. ERR-1, FER-2 B L OFER-3 ORESIE DRI [ IOV THRETZ1T72
V. RREHE R A Table 3-11 12k Lz, £ OB, KRB CIRMEMEMN 1.4~15 % &
DT LQDOWEBEINEE k W THEE Lz, BB IR OW e I e
TEEE Comn 1 X EBRE D 55 L 7= Table 3-7 O & V=, FEBBIRE OYEEREK
Dagr 255 2 D FIEIZHEVWLL FOFNA TR D=, T L 0 Red 7= FEFBRIEE D
mol & & 360 |Z¥T\ >, mol E & 342 TH 5 > a BEDOILBAREL DM % Crmn THRE
MIEL7-1%., EBZERE LS a o mol EELZFIFHLEEL-, 7. {b%
% (H AL, 1984) O a fEIFNC 7L a2 — 2D 1C & 25 COHEHIREL
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DFEN D, 25°C DAE % EBRIF O E 10°CITHE L 728 %2 FEE B E OIL BRI
L L7,

Z 2 CRESE O 11X, FEFEREE OYLEAREL Dagr & WEBEMRE ke

nH, W TRDLINLHBDET D,
| = Dpgr /kr (3-9)

% FEBR T DV IEE I E OB EMRE ke & V) (Eg. 3-9)ICRA L T,
ZNENDEER T ORI E DR 2 KT,

NF & = —/L A A& 2.5 m¥h OERR-1, FEBR-2 Tk, Zh2hi 21, 23
pum. NF £ = —/L AW &2 1.0 m*h O FEBR-3 TR 42 pm & HEE ShT-,
F7o, FEBR-1. EBR-2 BLOFERR-3 O 1.4~1.5 [5G OB RS MRE N OIS
WA DL Coon 2> SIEMRE Con £ CTOZLZLLFTOHIEIC LI VEE L, B
JE 43 e 0D . A A RS U C AR AT Figure 3-10 128 LT, Z O EERIT,
Table 3-11 127 L 72 i 0 & O ILHBUER I Dagr & HV CIREE /3R D JE 7 |, DZE
I D WEBEMRE K D2 L% Eq. (3-9)IC L VR, Z Dk & Table 3-8 |27
L7 J B L Con & Eq. (2-48)IZfAA L TR 72, MEEREEOKEWE
BR-1, FEBR-2 CIIRESmENE L, ERIEEDO/N S W IEER-3 CTIXRE S 1)E
MEL 2o TEY , ZAUTEROERIHEDOBENEZ KB LIZ#ERTH L EE XD
N5, BREOMREZITFER-1, FEBR-3 LHFER2 TREL<2->TEY, =
MITFBRTEROBE NN DD EEZ NS,

KT, NF £ 2 —)L AR EDO BT X 2WEB IR OB oWV Tt
L7z, EBp-1 & 5EBR-3 1R UHEE I CERBR L TEB Y . FIEAIL NF £V 2 —
JVAOFE 25 méh & 1.0mYh Th 5, WEBEMREIT, ADitE 25 %T, 2.1
o THEY, 202 RORIVEEEELZHEHT 5 &, WEBIMRE k o
QM ENFEY 2 — /L AOWEDO08FIZHM LT L5 L7z, Lo LFEER-2 T,
BEE % 1.2 MPa 225 1.7 MPa lIC£ 2 7- 2 & TWEBENREGS 10.19X10° &
FEBR-1ICHE LT 17 IRV R & 2e o 72, ZHUE, EBR-2 T, Bk
LRV BESBIC L DR EREN EF325 2 EWONT NF £V 2 — /LT
TN, K1 LV /NS R D7 OFEREMENK T 578 EORENRE 2
bz,

BED 2— D v —7 v FEShIZOWT b RE &2 T -7, BRI TH D
Uy —U -y FESh %, WEBEIREL k. FEFIREE OYLHUREL Dagr & TEHE DR
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ZES dIcky, kA THRIND, REEZIIIMERTEOMYERE & 5,
THUTAY v MROAT R CIEREKE S 0.76 mm D 2 5 ThH 5,
Sh =d k;/Dagr (3-10)

Fio, V=T R Sh iZv A V2t Re &2 v b4k Sc & Sh =
a Re®®” Sc"® AR Z R Z L A5 TH Y (Taniguchi, 2002) . Re, Sc %
FWT, Shzke, D% Eq. 3-10)IZfCATHZE T, kERDDHZENT
x5,

RTEADEIBRERDNOIRDME L T Z D LD 7R IRSTREHT O #5113
Hipl . SRR 2R AT, Table 3-11 Dfii %z, Eq. (3-10)IZfXA LT, FEBr-1,
FER2BLOFER3I DOy —U v A ROI-F, LN T4, 67, 36 L7225
720 LA~15 (5 MR = A OREEE » =0.0016 Pa+s & o =1032 kg/m* WM
B AR u, FEFBEIAE OILERE R E b ZNE O FEBRO Re®™ S0 4%
iz &0 1535 7z Sh &2t & > T e v b LTRSS % Figure 3-1112~ L7z,
EHOAEIT 0066 7220, — IR STV S Deissler X Sh =
0.023 Re™®"® 5c%2 %% 0.023 (Nakao et al., 1979) DK 3% T 7=, Deissler
DR TIE, BRBELHEM R BRI E Y 2 — L TOIEREZEEL TWD ORK
5, 1993), —fRIZASRA FARPET L A > N TlE, B E % v M ICEZE UL
Wit R R SR OWRESREZ G2 2 2B E L TRy MROFEEKM 23
s Tcunsg (g, 2008) , 4 a0 ER TE S 7-425828 Deissler DD 2%k
FORELS o BB E LT ARBRIZHWZ NF =L 2 > MZfEbIL T b X%
v MROFEEEMC & 2 MBS SE RN T o2 En8B2oNnD (BB, %
v DA v a ki EOFEIE A — B —IEBR), FICX O, F v MROHE
EMBAEHINTWLIRVOWRERZE (RO) BEEY 2 —/L SU-820 B LT
SU-820BCM TODf#%L (Z 4241 Sh = 0.080 Re®®™ Sc®% . Sh = 0.087 Re®®™ 5c°%)
& ARFEBR TR BT 4225 0.066 | LTV M Td - 7= (Taniguchi et al., 2001) . NF Jix
TH RO JEE & ITVMRE S S 72 2 & 205 NF BRI BT 2 WE B E T RO
TEME TR &[RRI 2 D FTREME DS RIE S Tz,

I, ARWITHATIIIR ST FfE, ERFERZEIAToTEMFTTHY | 5
T— X DREHERDBMLETH D,

3. 5 #EE
PEER IV — 7 R A W 72 Al R ME R I B W TRNL L=, NFIZR T 5151
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TR OFRRIIFRNTIE 2 3R S8, RV — 7 &2 FE OB B E I BV T
b AR O SEOHTR IR ENTIEIC DWW TR &2 3 A 72,

PEER N — T H FRl I W HM 2 RICB W T, NFEY 2 — VAN DOKRTA &4
TV LRSS Z EMARETH D, L L, R — T &R
SIEBRAE S ENEETIE, NFEY 22—V AODRTA ZEEY 7Y 7T 5
ZEMHERRNTED, NFEY 22— /LI A D BT A ER O BETEIRIE 72 & O RePEfE
. PRI KOG 2 o 7 RO B FEERE, iE, v AT AR E R
%ﬁ#é%k&ﬁ%%%kbko%ﬁ’%t 1ﬁfz4¢®@gélwﬁ
T DR E & NFIR A ZE L 22 WIEEREEIC T o b b0 L REL,
7 0 R R T U &@F@&@%%f%%v~&@®@%*# (W Tk
RIS CHEERIIENT 21T - 72,

ZORER, IR D L, A A B EIT el E R L, T X
5N % TR OHEERE & RIS T D EZEREN X < ﬁbtoﬁﬁw~
%ﬁoﬁ%ﬁ@ FIRMEIZ BN T b Bl i R B3 2 BRER RV IE 2 #5815
CEMTELE, NFEV 22— VAODFRZA V7Y 7352 & &k
WA T TCE DA, Figure 3-1 128 L7z & 9 72 2B N2 @ it 1l
’Mﬁ®ﬁ%f%53o@%%ﬂ%%%ht$:4@%@ﬁ®$@@%%mt

BB TEH, ZEFROBmME & EREIIES —&H L &b, HH
Lb?')%ﬁ“;@%ﬁfﬁi% DR E2 B TR, F—Fh=A ZH\=, —
TV TTER RO 2 THIH K D TR 2 BT 5 Z LN TE T2,
ik\Eﬁ$i4@%§mukwfﬁﬁ@k®ﬁﬁZi@%ﬁ?éﬂ%@ﬁ%
LHIFEEAR A OFFICED LT, KEITEITIAZI Th o7,

FEBLERR N I VWEBR R R E 7 L CTROL L, A=A OFFED (kI
KIS T D AFENTIEIL, NF 3% 0 2 525 H3 2 B0l s Sk &2 28 9~ 5 Rl %Eﬁﬁ
i, ARG K OVl 7 E RS O EICHF G5 T2 D EE 2 D,
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Table 3-1 Experimental process conditions on input flow rates and pressures.

Feed flow Input flow rate to Operating Flow
rate inlet of NF module pressure diagram
Expﬁlr(i)r'mnt mh mh MPa Ciri)ucl)a;tion
1 1.0 2.5 1.2 Existence
2 1.0 2.5 1.7 Existence
3 1.0 1.0 1.2 Non-existence
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Table 3-2

Measured values of NF concentration.

) @ ® @
Symbols Units concB:;?rZion Is;;;:;u;;:)snuz During concentration Last stage of concentration
t (time) min 0 10.1 26.0
Pn kg 0 25 50
J x10° m¥/(n? -+ s) 5.97 4.86 2.00
Data of S pn-ave % 0.33 0.26 0.28
Ex-1 permeate S pN % 0.33 0.27 0.34
/P=12MPa Clppn MOl 60 61 71
F=10 m;/h Hpn UM’ e 1.0015 1.0013 1.0017
e In tank In tank Outlet of In tank Outlet of In tank Outlet of
retentate retentate retentate
SN % 5.32 5.24 6.20 7.10 7.87 10.87 11.55
ey CN o molte 221 218 251 282 310 416 443
Hn M’ ey 1.0218 1.0216  1.0255 1.0293  1.0325 1.0453 10482
t (time) min 0 7.9 18.4
PN kg 0 25 50
J x10°® m*/(m? - s) 1.77 6.55 4,17
Data of S pN-ave % 022 023 025
Ex-2 permeate S % 0.22 0.23 0.28
/P=17MPa c’ ppN MOt yater 55 60 67
F= 10 '/ Hon 1.0012 1.0013 1.0015
Q=25 m’h
In tank In tank Outlet of In tank Outlet of In tank Outket of
retentate retentate retentate
SN % 5.29 5.18 6.46 7.02 8.02 10.54 11.80
Dm;’f Cn MOl 220 216 259 2718 318 408 454
Hn UM’ ey 1.0218 1.0212  1.0267 1.0290 1.0332 1.0439 1.0493
t (time) min 0 15.2 38.1
Pn kg 0 25 50
J x10° m*/(n? -+ s) 4.23 3.20 1.58
Data of S pn-ave % 0.23 0.23 0.25
Ex-3 permeate S pN % 0.23 0.25 0.28
/P=12MPa Cpon MO e 59 62 69
F= 10 mh Hpn UM’ e 1.0012 1.0014 1.0017
Q=10 m’h
In tank In tank Outlet of In tank Outlet of In tank Outlet of
retentate retentate retentate
SN % 5.13 5.16 5.78 6.83 7.34 10.35 10.74
T Cn o molt, 216 26 235 271 291 39 410
Hn UM’ ey 1.0210 1.0212 1.0238 1.0281  1.0303 1.0430 1.0446
/JP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C

Py: Weight of permeate

J: Flux

Spn-ave: Solid concentration in total permeate up to N of concentration factor
Spn: Solid concentration of permeate
C’pon- Molality of permeable solute per t-water in permeate

Hyn: Density of permeate

Sn: Solid concentration of whey
C’n: Molality of whey

Hy: Density of whey
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Table 3-3 Calculated results of whey at inlet of NF module.
@ ) ® @
Total circulation at operating During concentration Last stage of concentration
pressure
Symbols Units Equations Inket of NF module Inket of NF module Inket of NF module

Sin % Eq. (3-4) 5.82 7.56 11.28
Ex-1 C'in Moltyaer  ECQ. (3°7) 238 299 432

4p=12 M;s Hin ey EQ. (3+2) 1.024 1.031 1.047

F=10m

0= 250 Cin m()l/m3_whey Eq. (3:6) 229 285 401
C« mo|/m3_Whey Eqg. (3:5) 211 270 388
Cout molm® ey EQ- (3-5) 241 295 411

Sin % Eq. (3-4) 5.95 7.62 11.30
Ex-2 C’in mol/tyaeer  EQ. (3:7) 242 302 436

4P=17 MSPa Hin ey EQ- (3°2) 1.024 1.032 1.047
QF: i‘; 23’/'; Cin  molmiune, EQ (3°6) 233 288 405
C tk m()|/m3_Whey Eq. (3' 5) 209 266 381
Cout mol/m’ whey  EQ- (3-5) 249 302 420

/IP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C

Sin: Solid concentration whey of NF module inlet
C’ir: Solute molality of whey of NF module inlet
H;,: Density of whey of NF module inlet

Cin: Solute molarity of whey of NF module inlet

Cy: Solute molarity of whey in feed tank

Cout: Solute molarity of whey of NF module outlet (retentate)
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Table 3-4 Calculated results of whey in NF module and permeable solute.

@ @ ©) @
Total
. . During  Last stage of
. . Before concentra-  circulation at
Items Symbols  Units Equations tion operating concentra-  concentra-  Average
pressure tion tion
Concentration
factor N Eq. (210) 1 1.14 1.47 221
Sy %  Eqg.(2-11) 5.32 6.01 772 1141
Ex-1 Wh:ﬁ; ffrtzgtjf Ny MOltueer Eq.(2-11) 221 244 304 438
Hy  Umlaney Eq.(2-11) 1.022 1.025 1.032 1.048
F=10mMh  calcuated resuts BN t  Eq (2-13) 0.0053 0.0053 0.0052 0.0052
Q= 25m’h of whey Wy t  Eq (2-14) 0.0945 0.0824 0.0625 0.0400
Zn m3_whey Eq. (2-15) 0.0977 0.0856 0.0656 0.0431
Calcuted results —\j - kg/mol  Eq. (2-35) 0.055  0.044 0.048  0.049
of permeable
solute Py kgm®  EQ. (2-36) 2255 2472 2457 2395
Congertraton N Eq. (2-10) 1 118 150 224
Su %  Eqg.(2-11) 5.29 6.20 782 1155
Whey retentate in , .
Ex-2 NE module C'y  Moltuaer Eg.(2-11) 220 250 310 445
Hy  tUmuney Eq. (2-12) 1.022 1.026  1.032  1.048
AP =1.7 MPa Dy t Eq. (2-12) 0.0997 0.0845 0.0665 0.0445
F = 1.0 mz/h Calculated resus BN t  Eq.(2:13) 0.0053 0.0052 0.0052 0.0051
Q= 25m of whey Wy t  Eq.(2:14) 00944 00792 0.0613 0.0393
Zy Meaney  EQ. (2-15) 0.0976 0.0824 0.0644 0.0424
Calculated resuits 0 kg/mol Eg. (2-35) 0.040 0.038 0.042 0.040
of permeable
solute Po kg/m®  Eq. (2-36) 2965 3141 2907 3005
Congentiaten N Eq. (2+10) 1 107 140 211
S %  Eq.(2-11) 5.13 5.47 709 1055
Whey retentate i s
Ex-3 e C'n MmOVt EQ.(2:11) 216 226 281 405
Hy  tUmuney Eq. (2-11) 1.021 1.022  1.029 1.044
AP=1.2MPa Dy t Eq. (2-12) 0.1032 0.0965 0.0737 0.0489
_ 3
F=L0mh o cuatedresits B t  Eq (2-13) 0.0053 0.0053 0.0052 0.0052
Q= 1O ot whey Wy t  Eq.(2'14) 00979 00912 0.0685 0.0437
Zy M’uhey EQ. (2-15) 0.1010 0.0943 0.0716 0.0468
Calculated results -/ kg/mol  Eq. (2-35) 0.039  0.040 0.041  0.040
of permeable
solute Do kgm®  Eq. (2-36) 3018 2933 3400 3117

/JP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C,
Water density G, = 0.9997 [t/m® ,ze]

N: Concentration factor by weight

Sn: Solid concentration of whey
C’n: Molality of whey

Hy: Density of whey

Dy: Weight of whey

By: Solid quantity of whey

Wy: Water quantity of whey
Zy: Volume of whey

M,: Molar mass of permeable solute

pp- Density of permeable solute
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Table 3-5 Analyzed quantities of permeable solute in feed whey.

Experiment-1 Cofr:(::fg:rztlon 1.14 1.47 2.21 Average
AP=1.2MPa
E=10mih Permeable solute
= 25wt Ap 725 689 719 711
Q=2 mol
. Concentration
Experiment-2 factor N 1.18 1.50 2.24  Average
AP =17 MPa
F=10mh Permeable solute
= o5 i Aps 685 69 687 689
Q=2 mol
. Concentration
Experiment-3 factor N 1.07 1.40 2.11  Average
AP=1.2MPa > o
F=10nmh ermeable solute
_ 3 Ap1 7.24 7.16 7.23 7.21
Q=10 m/h ol

/IP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C
A1 Permeable solute quantity in whey at start
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Table 3-6 Characteristic values of whey solute before concentration.

Solute quantities Molar mass Solute density Molar volume Ratio of non-
Infeed whey of solute permeable solute
mol kg/mol kg/m”® x10° m¥mol AlAy
Experiment-1 Total solute A= 20.88 M;= 0.254 p1= 1687 V= 151
AP=12MPa
F=10nmh Permeable solute Ap= 711 M, = 0.049 pp= 2395 v, = 21 0.660
Q= 25m*%h Non-permeablesote A, = 13.78  M,= 0360 p,= 1652 v,= 218
Experiment-2 Total solute Ai= 2078 Mi= 0254 p.= 1692 vi= 150
AP=1.7MPa
F=1.0mth Permeable solute Api= 6.89 Mp= 0040 p,= 3005 v,= 13 0.668
Q= 25m’h  Non-permeable solute A, = 13.88 M,= 0.360 pr= 1652 v, = 218
Experiment-3 Total solute A= 21.14 M,;= 0.250 p1= 1686 vi= 148
AP=12MPa
E=1.0mh Permeable solute Ap= 721 M, = 0.040 pp= 3117 v, = 13 0.659
Q= 1.0 m#h Non-permeable soute A, = 13.93 M,= 0.359 pr= 1643  v,= 219

/IP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C
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Table 3-7 Calculated results of mass transfer coefficient of non-permeable solute.

Symbols Units Equations ® [©) @
Concentration factor N 1.14 1.47 2.21
Ar MPa Eq. (2-30) 0.711 0.802 1.036
Ar ppn MPa Egs.(2-19), (2-29) 0.044 0.048 0.053
Ex-1 Caleulation for Crmn A7\ MPa Eq. (2-31) 0.666 0.754 0.983
C’oon MOVtyater Eq. (2:32) 283 320 418
AP=1.2MPa _ C’on mol/tyater Egs. (2-17), (2-19) 78 83 93
F=10mh Conversion for C iy 3
0= 25m'h Cinn  MolM’. ey Eq. (2-34) 266 299 382
Volume of whey ZN m3_Whey Egs. (2-19), (2-45)  0.0856 0.0656 0.0431
Calculationof C oy~ Crony MOUME ey Eq. (2-46) 161 210 320
Mass transfer coefficient Kr X 10 m/s Eq. (2-47) 11.86 13.73 11.17
Average of mass transfer coefficient 12.26
Concentration factor N 1.18 1.50 2.24
Ar MPa Eq. (2-30) 1.012 1.120 1.331
Caledlation for ¢ Ar apn MPa Egs.(2-19), (2-29) 0.050 0.054 0.061
Ex-2 ™ Ar am MPa Eg. (2-31) 0.962 1.067 1.270
C’ N Mo/t yater Eq. (2-32) 409 453 540
Ap=17 MPa _ C'on MOltuaer  Egs. (2-17), (2-19) 77 82 93
F =10mh Conversion for C ;n 3
o= 25 Con MOUME ey Eq. (2-34) 375 412 482
Volume of whey ZN m3_whey Egs. (2-19), (2-45)  0.0823 0.0644 0.0424
Calculation of C Cpy MO |/m3_Whey Eq. (2-46) 169 216 327
Mass transfer coefficient K, X 10 m/s Eq. (2-47) 9.72 10.12 10.75
Average of mass transfer coefficient 10.19
Concentration factor N 1.07 1.40 211
Ar MPa Eg. (2 30) 0.801 0.898 1.051
i : Ar apn MPa Eqgs.(2-19), (2-29) 0.038 0.040 0.044
Ex-3 Caleubtonfor Cenn - 4 v MPa Eq. (2-31) 0763 0858  1.007
C'on MOltyater Eqg. (2-32) 324 365 428
Ap=12 MPa _ C'on MOltyaer  Egs. (2:17), (2-19) 75 80 88
F=1.0 m/h Conversion for C 3
0= 10 nih Crn MOUM ey Eq. (2-34) 303 337 391
Volume of whey ZN m3_Whey Egs. (2-19), (2-45)  0.0943 0.0716 0.0468
Calculation of C iy Cin  molm® ey Eq. (2-46) 148 194 297
Mass transfer coefficient Kk, X 10 m/s Eq. (2-47) 5.90 5.81 5.78
Average of mass transfer coefficient 5.83

/IP: Operating pressure, F: Feed rate, Q: Recirculation flow rate to inlet of NF module, Temperature: 10 + 1°C

m: Osmotic pressure difference by means of both non-permeable and permeable solutes between
membrane

Aragn: Osmotic pressure difference by permeable solute  between membrane

Aran: Osmotic pressure difference by non-permeable solute between membrane

C’rmn: Molality of non-permeable solute per t-water on the membrane surface

C’on: Molality of permeable solute per t-water in whey

C:r mn: Molarity of non-permeable solute per m*-whey on the membrane surface

Cron: Molarity of non-permeable solute per m*-whey
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Table 3-8 Calculated flux changes by decrease of water quantity in whey.

@ ® @
Symbols Units Equations Ig:ar:;i:;ﬂ?s:;ra; During concentration C':)ai:nt‘?geﬁg:
Wi t 0.0824 0.0625 0.0400
Ao mol Eq. (2-19) 6.41 5.20 3.71
Zn M- hev Eq. (2-45) 0.0856 0.0656 0.0431
C N mol/ma,whev Eq. (2' 46) 161 210 320
Ja x10® m*/(né « s) Input values 6.05 4.63 2.10
Ex-1 Crmn MOl ey Eq. (2-48) 264 306 379
C'on MOVt yager Eq. (2:17) 78 83 93
AP =12 Mpa C’rmn MOl yater Eq. (2-49) 280 329 414
F=1.0m’h C7ppn MOV yeter =EC’pyfromEq. (2-18) 59 63 70
0=25mh  Amaen MPa Eq. (2-29) 0.044 0.048 0.053
A am MPa = RTGC’ 0.660 0.773 0.975
AN MPa Eq. (2-16) 0.704 0.821 1.028
J x10°® m¥/(né + s) Eq. (2-5) 6.05 4.63 2.10
Goal seek =J.1 1 1 1
J x10°° m/(n? - 5) Data in experiment 5.97 4.86 2.00
C’ppn MOV yeer Data in experiment 60 61 71
Wy t 0.0792 0.0613 0.0393
AN ol Eq. (2-19) 6.07 5.04 3.66
Zn M hey Eq. (2-45) 0.0823 0.0644 0.0424
Cion MoV’ ey Eq. (2-46) 169 216 327
Ja x10°® m¥/(ni -+ 5) Input values 7.97 6.58 4.04
Ex-2 Crn mollma_wﬂev Eq. (2-48) 369 411 486
C'on MOVt yter Eq. (2-17) 77 82 93
AP=1.7MPa C’ MOVt yeter Eq. (2-49) 401 452 545
F =10mh C’ppN MOVt water = EC’pnfromEq. (2-18) 55 59 67
Q=25mh Az apy MPa Eq. (2 29) 0.050 0.054 0.061
A am MPa = RTGC’ 0.944 1.064 1.282
N MPa Eq. (2-16) 0.994 1.118 1.343
J x10°® m¥/(ni - s) Eq. (2-5) 7.97 6.58 4.04
Goal seek =J.1 1 1 1
J x10°® m*/(m?’ - s) Data in experiment 7.77 6.55 4.17
C’ N MOVt water Data in experiment 55 60 67
Wi t 0.0912 0.0685 0.0437
Ao mol Eq. (2-19) 6.82 5.45 3.83
Zn M- hev Eq. (2-45) 0.0943 0.0716 0.0468
C N mol/ma,whev Eq. (2' 46) 148 194 297
Ja x10°° m¥/(? - 5) Input values 4.20 3.21 1.59
Ex-3 Crmn MoV’ ey Eq. (2-48) 304 337 391
C'on MOVt ygter Eq. (2:17) 75 80 88
AP=12MPa C’rmn MOVt yter Eq. (2-49) 325 364 427
F= 1.0 m’h C’ppN MoVt yater = EC’ py fromEq. (2-18) 59 62 69
Q=10mh  Azaon MPa Eq. (2:29) 0.038 0.040 0.044
A am MPa =RTGC’ N 0.766 0.857 1.006
Ar MPa Eq. (2-16) 0.804 0.897 1.050
J x10°® m¥/(né + s) Eq. (2-5) 4.20 3.21 1.59
Goal seek =J.1 1 1 1
J x10°° /(- 5) Data in experiment 4,23 3.20 1.58
C’ppn Mol yeter Data in experiment 59 62 69

Why: Water quantity of whey

Apn: Permeable solute quantity in whey

Zx: Volume of whey, Cyon: Molarity of non-permeable solute per m®-whey

Ja: Input values of flux for Goal seek

C:mn: Molarity of non-permeable solute per m-whey on the membrane surface
C’on: Molality of permeable solute per t-water in whey

C’rmn: Molality of non-permeable solute per t-water on the membrane surface

C i Molality of permeable solute per t-water in permeate

Aragn: Osmotic pressure difference by permeable solute  between membrane
Aran: Osmotic pressure difference by non-permeable solute between membrane
A Osmotic pressure difference by means of both non-permeable and permeable solutes between membrane

J: Flux
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Table 3-9  The necessary items for theoretical predictions of flux change in NF
concentration of whey:.

Caracteristic values of Membrane active area U
NF membrane Water permeability coefficient L,

Feed flow rate F

Input flow rate to inlet of NF module Q
Operating pressure /1P

Operating temperature T

Operating conditions

Molar mass of total solute M
Molar mass of permeable solute M ,
Density of permeable solute p,

Caracteristic values of Permeability coefficient of permeable solute E

whey that should be

obtained in advance Molar mass of non-permeable solute M,

Density of non-permeable solute p,
Ratio of non-permeable solute A /A,
Correlating equation between mass transfer coefficient k and flow rate Q

Weight of whey at start D ;

Initial values of whey ] ]
Solid concentration of whey at start S ;
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Table 3-10 Compositions of whey powder from New Zealand and France.

Units New Zealand France
Na mmol/100g 24.1 22.0
K mmol/100g 69.0 55.8
Ca mmol/100g 12.0 9.4
Mg mmol/100g 4.8 3.8
Cl mmol/100g 42.1 43.9
P mmol/100g 20.5 15.1
Na+ K+ Cl mmol/100g  135.2 121.7
Moisture % 2 2
Carbohydrate % 76 77
Protein % 13 13
Fat % 1
Ash % 8 7
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Table 3-11 Thickness of boundary layer of non-permeable solute on membrane
surface.

Ex1 Ex2 Ex3
® © 6

Symbols Units

Molarity of non-permeable solute on membrane surface Ciun  mol/m® 299 412 337
Diffusion coeficient of the non-permeable solute at 10°C Dagr X10° m¥s 0.252 0.233 0.245
Mass transfer coefficients of non-permeable solute Ki  %x10%m/s 12.26 10.19 5.83
Thickness of boundary layer of non-permeable solute on membrane surface |, x10%m 206 228 421
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Permeate
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O

:Membrane module @ :Feed pump

DX :Pressure control valve @ :Circulation pump

Fig. 3-1 Schematic diagram of multistage nanofiltration apparatus.
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|k Q-F \
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F=1.0m3h Q=2.5m?h

Fig. 3-2 Flow diagram of the nanofiltration test facility for experiment-1 and -2.

FI: Flow indicator, PI: Pressure indicator, TI: Temperature indicator, PS: Platform scale,
F: Feed flow rate, Q: Input flow rate to inlet of NF module, ii,: Characteristic value of
whey of NF module inlet, io: Characteristic value of whey of NF module outlet
(retentate), ix: Characteristic value of whey in tank.
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(in tank) @

F =1.0 m3/h

Fig. 3-3 Flow diagram of the nanofiltration test facility for experiment-3.
F: Feed flow rate.

FI: Flow indicator, PI: Pressure indicator, TI: Temperature indicator, PS: Platform scale,
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Fig. 3-4
nanofiltration in experiment-1.

@: Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, J: Flux, Pn: Weight of permeate.
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Fig. 3-5 Changes of permeate flux (a) and weight of permeate (b) during
nanofiltration in experiment-2.

@) Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, J: Flux, Pn: Weight of permeate.
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Fig. 3-6 Changes of permeate flux (a) and weight of permeate (b) during
nanofiltration in experiment-3.

@: Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, J: Flux, Pn: Weight of permeate.
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Fig. 3-7 Analyses of permeablility coefficient of permeable solute.

W,: Weight of water at x of concentration factor, W,: Weight of water at y of
concentration factor, C’yp: Molality in permeate at x of concentration factor, C’ppy:
Molality in permeate at y of concentration factor.
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Fig. 3-8 Comparison of simulated with measured flux in Experiment-1(a), -2(b) and
-3(c).

@ Total circulation at operating pressure, (3: During concentration, @: Last stage of
concentration, Simulation A: Flux is simulated under the actual condition when the
mixture of feed whey and a part of retentate from circulation loop is supplied to NF
module at 2.5 m*/h in the equipment shown in Fig.3-2, Simulation B: Flux is simulated
under the hypothetical condition when the feed whey is directly supplied to NF module
at 2.5 m*h in the equipment shown in Fig.3-3, J: Flux, N: Concentration factor.
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Fig. 3-9 Correlation between calculated flux and measured flux.

®: Experiment 1 (AP = 1.2 MPa, F = 1.0 m¥h, Q = 2.5 m%h), B: Experiment 2 (AP

= 1.7 MPa, F = 1.0 m¥h, Q = 2.5 m*h), A: Experiment 3 (AP = 1.2 MPa, F = 1.0 m*/h,
Q = 1.0 m¥h), O: Experiment (Chapter 2) (AP = 1.2 MPa, F = 1.0 m*h, Q = 1.0 m*/h),
AP: Operating pressure, F: Feed flow rate, Q: Input flow rate to inlet of NF module, J:
Flux.
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Fig. 3-10 Concentration of non-permeable solute in boundary layer on membrane
surface.

Crmn: Molarity of non-permeable solute in whey on the membrane surface at N of
concentration factor.
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Fig. 3-11  Correlation between Re®¥”® 5¢2° and Sh.
Sc: Schmidt number, Sh: Sherwood number, Re: Reynolds number
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HThHD, Bl LTHRTAD 4B 4 AR o 7 3B IC K ZANE S 2T A0
% Figure 4-2 (2~ L= (EH D, 1983), ED FEEITEMAEN L < HEiE OIS
ISEHETR T NF 2EE 72 BT TRA T F U ABNEMEC 2 D Z L 30,

IE {EIZ KD BRI VTR, @, 2 2 FEO A 4 2 &8ss 2 60
5, TOBRT, GA A ZHBRIL. H BURGA A o st ig i S 4, 2
A A AZHRNR 1L, OH AU A A L ARl e Mo 2 Z L 3%\, (1B H, 1992),
H BURG A A 2 2 Hfs IR & OH U A A 2 ZZ W 2 M A5 o D AT IRIE, @
Y 2 R T 2RI W TCIEN T2 FIETH D, LLRN G, KAGEITAF
UM EAE 2 BT O MERH Y . T CEMLEICHOW DG A ERENIEMETH
%o Fo. BIROBAR L LU THA A2 MBI IITEEE DS, B2A 42 A Huks
FEIZIIKEE(L T N Y O L7 EORMBMEDND Z & BHAEDOKTEZ: EIZKED
KENZELTHZ L BRICZEDOEMNBAT L2 LR EORENRH 5, HIT
BB 7 o AHSLER TIX R B PRI A M 20 L (Ca) R~ 7 2T L (Mg)
NBREISNDIEVIBEL DD,

—iRIZ, NF AR A OE RIS TS (Suédrez et al., 2006;
Minhalma et al., 2007; Roman et al., 2009) . NF f&4 %3 5 B, Wik OB A 4
v EREA F TR o T ERANCTHHEORIE TEIE T 5 (Sudrez et al., 2009;
Yunoki et al., 2002), &~TA HHIZERMNCHFETH D2, BEHEEMEDO EE 720
AFTHDHT I UL (Na) BEIOH U T LA (K) O mol EOEFIE, Bk

WEDEEREA AL THDH ClO mol IV L FilA A EEWVOBLET
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IGA A DL BAT o BDR0, EDH, BRIITHEEZRFFLIZEE
Na, K, Cl A A PEEFERT 5H L Na, KA A2 LR ClA 42 BEITHES
L. Ll ENa, KA F U izl LIc< <725, 2O b, NFFED
HTIEATA OFEEREITHELWEE X B D, Figure4-312, A=A ® NF JiL
HWIZBWT ClL A Ao Bised 2K %2R~ LT,

AISPDFEZIV A=A FOClEZ mol L LT Na & KOBFHEEEL
< TR, BERIUIC NF B EfE CEKMFHEEZ RO Z ENTE, —flif A O
EEMNENZERTE LD EEXLND, Cl &% BRI E55EE LT, #EHib
NN BROWFE 7 E OB EMERNT 5 HEREB 2 bbb, Bk
UAERMLUTESS, CaA A id, oA - AX<EEMAEER L, FRnEl
AR WTARZA CAESKEEALZENSEDL Z ERHREINTNDHZ LD

(Quetal.,, 1999), Ca A A OKIEREMTIGE LB LND, HEEO
BINEARTA O pH LEBE, BVLEMHRICHEST 5720, RITVIFELLI 2 Cl
WIEEE 25,

ARETIE, ERO XS 72z OYPECRBRICEREZ KT Z L @EIC
e T & D2 HFEICOWTIHRF 21T 272, 37206, Figure 4-4 IR 3L 51T, 7R
T A Z IR A A AW T T DB L, ASkBRET XE Cl &% Na, K
DEFELELL AL L IEmDI-% NF 425 &0 5 82w B 7151
DWTHIIEZIT o T2,

4. 2 AFURHE IO NF BiEER
4. 2. 1 MELEFHE
D FER=A

FHIFETHWELDOLREL, THlkT T AFEFRTA AR (EPI SWEET WHEY
POWDER-LAITA #1:8) % v 7z, RS = A ¥ K ORI K53 2.5 % BN 1.1 %,
T AELSE 122 %, JK53 6.7 Y. RIS 7T7.5 %, ARATA K 8 Wik D pH
1166 ThH-oTz,

2) A A URBIEE

Ve A o 23R IRA-402BL (2 — A7 o Ro— 2481 B hE R N=(CHs)s .
R E 125 Eq/L LA ) 7L A2 H T 2 (EE 120 mmxiE S 1000 mm (283 L,
EEAR T (MIT-VT-C, T 7% Rt E) % T 15 %NaCl /KK % i
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R, BIEZWEFERNC LBk LT, BRI A AV ) A —F&IC Xl
FEL. VEIS U TR B E T L7,

3) NFEE

NF L& OS2 Figure 4-5 (2R L7z, 552 &, 5 3 ®W L [AEE. NF EIE A
4 7 WA D GE Water & Process Technologies #1#4¢ DL3840C-30D (ffifE 7.4
m?) &Mz, NF LAY hEAT U L AROENRBCER L, Vv iy
Mixfitiax o7, FIERCT @E#AT 7 Vv —4R 7 RD-2HAL, #HA2
AU XR) A L7, £oiiEit (Fl SR ER FD-MH50A, ¥ —=x
v AR SR | 15 (PIL BRIEEECE /) FE 881-LAD., il FHas T3kl il) |
IREEEE (TI, HNRHCHLA Pt-100-B-2-M, #kEE LH) % Figure 4-5 (27~ L 72 (&P IC
iE L, fEnEZE Gt Al - 7o, EHESE )T R 2 FE) CHEIET 5 2 LTRSS
U 7=, BB R, BRI BT U 72 35088 2 AL 3 LTk (kgl (mP+h)) |
31.0 Z T (L (m?-h)) (B LT,

4) EBIFE
FEBR O

FZBR O % Figure 4-6 (ZAEAVITR L2, REIZBW T, RTE A 4%
BIFL DI AT 2R A 1A% |E A . ZDHBFEIZ NF (ZCTHUEALE L7
RTA K Z IE-NF Ao (BEETOb0 b ETy) WML, HEERE A A
VR EFTIHO TN NF UG L 72 oA AR &2 NF R=1 (BiEd b &)
EMEFR LT,

A F AT A (IEATA) OFHR

JEH R = A # K 6.0 kg & [ETEIEFEH) 8.0 %1272 5 K 9 . /K 67.6 kg I iM% L 10°C
LU EN U TR & SR R A A L A28 (&2 42 Lih Tk L7z, B L 72K
4 f, Figure 4-5 DG & 7 IZRA L, FEENOHKRED 100 kg,  [EIZHR A
F—RHRTA DEFERE LR E /2D LMK LTz, AR (IE A=A, EFE
J£5.4%) % NF i - JRidatiricft L7,

IE-NF A8 =1 OFREL & Vo 7 VR 1E
IE 7R A Z LA R 1.0 m¥h, #EE /) 1.2 MPa, 1R 10 + 1C O R C.
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TRAEIR ZK & BTG & o 7 IR T 20E5R 0T NF B2 Bl as L7z, IRAE
NETE LT 20 Zrfi e C, s & o 7k, FmmiR, IR O& o v &
%ﬁ@bto%@% TR 2 SRAMCHE L. Sy FROBIE ., IRHEEE 2 B
th LT, BERIAI DS 50 Kg & 7o 7o e (2 (514 i &%1ﬁ&y&
:ﬁfiﬁmﬁﬁ_bk% fits & v 7 W %%@%iU%Lm%m%m@%
YINWEBRR LT, 0%, @ﬁ5/7’4ﬁ/®@KﬂWg%mzﬁ*’
L7k, RIERICY T V28U, o 7 V., ﬁm@ﬁ%«@ﬁﬁ
B L, mja®%%%%%bkouﬁéuman@%mk4ﬁy®@m5o
kg DRI % . BHERE R 2 (ORI IR RBHEERAEZ§ 4 B T o7, &
%M&W@Wﬁﬂ®ﬁmﬁﬁ%lEﬁ\2EE\3@9\4Eﬁk%ﬁféo4ﬂ
HIRMERE TS T, IE AR A 100 kg (Z%F L. #IN7k &% 150 kg, @ik &
1% 200 kg TH U | Fc iR (59 50 kg) Z [ L 7=, NF 5 EZE OB % Figure
4-7T 2 r L7z,

NF A=A OFREL & V> 7 VAR I 1k

JFBEAR =1 F3 7R 5.5 kg & 7K 82.0 kg (2 f 4 fHda # o 7 12N L ik &75 100 kg,
BEEREN53%E D X IR L THREAIEREFR L2, ArzAEmRICS
W, BITEE E[REERD NF B - BfE,. o 7 VBRI Z TV, IE-NF A=A & P
Rt L7z,

SN

BB LY 7ok aE, Na. K, Ca. Mg, Cl &8, IBE&E. KO8
HEITHE (AOAC, 2012) (2> CHIE L7z, T7hbb, Ko&EEiT %@ﬁ%&
IZE V. Na, K, Ca, Mg & BITFERES T T X~ HIDmHiEIC T, ClE&
IXER MR 2 N2 AL 22 E RIS T, IBE & &1 Roese-Gottlieb 1412 Rﬁj\é\
BIXEEIRKAEIZ THE L, 72AX S E S &EIL SUMIGRAPH NC-220F (1L
I v H—8) R T o~ (Hakoda et al., 2011) (2 C, FLBEE &% HPLC
% (Wangetal., 2008) 2T, 7= @B IO U EEE &L HPLC & Blomotymol
blue IZ X AR A M4 T AMMERF (Wada et al., 1984) % #HAGHH 7= HiEICT
KA & BT 2 LS EEICTHIE LT,
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HEFE

BRI LA T O R E HW TR 72,

RTA PO T D Te M ERLHNER EOWEIEL NF 4 ZiEt4. NF
IR IR P O 2 G IEZHFEE O REIZZ LN D EB X b bHToD,
R A POLERS | OEILEF Y479 @ mol & [mmol/100 g of TS] TR7 =
EE LTz, T 7ebb i iy OER Y70 R i Bksr ORIEE [mg/100 g of feed]
& mol E& [g/mol] Lv., IFToOXICTHBREFERZEHELS L TSRO,

i R DOEE Y 720 [mmol/100 g of TS] =
i W5 OBIER [mg/100 g of feed] 100 [%] 4-1)

X
i %57 mol & & [g/mol] B [%]

RIA FOMEERRS | O NF BIZ L ARSI, i oy OFBIROBE Cp
[mg/100 g of permeate] I X ONRAEIK OHIZEME Cri [mg/100 g of retentate] 7> 5 ¥k

A2k Wk,
C

p24

Robs [%] = (1 -

) X100 4-2)
er

KV 7 d Cl/(Na+ K)i, Na, K. Cl OHI7EfE [mg/100 g of feed] F &
KA D mol E& [g/mol] 76, RAUTK VW kDT,

Cl ®HZEME [mg/100 g of feed]

Cl ® mol & # [g/mol]

Cli(Na + K) = — :
Na OHIZEfE [mg/100 g of feed] N K OHEME [mg/100 g of feed]
Na @ mol & & [g/mol] K @ mol & & [g/mol]
(4-3)

R A POEERS | O NF B X A EEERIZ. NF BERToba % o 7k
D i A DETE Y720 #EEE Co [mmol/100g of TS] & 4 [H] H OJEMEH T 1% OfLkG
K7D ST DB S T2 D IR EE Cyi [mmol/100g of TS) 7226, KIUZ L DK
7,

R (%] = ———— X100 (4-4)
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4. 3 EBHER

4. 3. 1 AFHBERER

Table 4-112, A A VU ZHFITE DR T A OFEEST-0 OfMEkE R LT, A4
RO ClL/ (Na+ K) 139 0.6 ThoT-, A A ZHALHEIZ LY | Cl & &idA
A HARTD 47.2 mmol/100 g of TS 75 91.3 mmol/100 g of TS EHIANL .
Cl/ (Na + K)thiZ#) 1.0 & 7o o7z, FEERGA A O RICKEREMITRO S
Nixhhole, —hH, 72 UiEe ) VIS EIIRIBICET Lz, JREHR=A K
6 kg IZIZ Cl 23 2.8 mol fFE L TWads, 7o lig, U Uil Eofal 4 v i
AF AT A (Cl#RE 8.75 mol LI L) @ ClA 42 2.2 mol &AZEi, A
A A HALIZTIZ CLIZ 5.0 mol (Z7e» 7= L tR SN D, £/, Table 4-1 TR L7z
AFt mol #xi%, A A 2 ASHREIE AT O 169 mmol/100g of TS Ik LT, A A 2 #fa
% X 199 mmol/100g of TS IZHIN L7z, F7o. pH XA A R HLRATD 6.57 >
SA U 6.42 ~ LTI T LT,

B RTAEIRRDA F 2 AZHFTO BRI 7.93 %, #KE&EIL 73.6 kg
Th T, A I AZHIBE % I XECIRE 7.36 %, KEFE 745kg ThH o7,

4. 3. 2 NFEBRRER

K M OB R OHERE & Figure 4-8 (Zs L7z, IE-NF A=A, NF "= A
E BT, BRWAITIEMEIC E 72V LIz, A4 F U ZHKOIKIZE Y I
DL~JUZEE L, IHE 4 BB £ CRBEOHER 278 L7z, IE-NF 78 = A O @i
X NF RxA L BRMEEGERITEHRWMETH > 72, (HL, FZHik
50 kg HEHICEE T 2 BRI IE W #H CHERFEIZETH - 7=,

IE-NF 78 =+ & NF A8 =+ O NF JEFERFOMLKG 2 > 7§D Na, K, CIREE, [@E
TR EE D2V % Figure 4-9 [Z7R L7z, A##iho> 1 st~4 th |X Figure 4-7 T/RL72i&
e 50 kg fFOEMERIE A R 9, NFART A IE-NF AT A & b I(CEFRE
T L EIL, MAKIZEY T LLITIR T L., s 4 BB £ CREED
Wea R Lz, BT A DOEWGTH DA G e E K & 2205 1
BEFF OO TIEINF L ZE L2V od, NF AR A | IE-NF AT A & I -
FAEC K AERBRECKTREZ oo bDEEZHND,

NF "=A% NF BIE L7846, 4 BIHBMHEEICIS W T, Na i 115
mmol/100g of feed. K % 2.86 mmol/100g of feed &£ T L 28/ L 225> 7223, IE-NF
BRTA O 4 B HEMEFRFICSVT, Na i 0.24 mmol/100g of feed, K & 0.65
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mmol/100g of feed % T L7z, —Ji, CHIZDWTIiX, NF A=A Tix, 3[HH
IRMERFIZ 3\ T, 0.11 mmol/100g of feed & 72 v | 4 [B1H IRMEIFICHB VLTI, HIE
FRSFAR (0.03 mmol/100g of feed i) T o7, ZALTH LT, IE-NF A=A
O 4 [a] H #&#&H5 ¢ 0.28 mmol/100g of feed T -~ 7=,

NF #E#El231F % CL/ (Na + K)Lt & BRIESR & D BEFRIZ W T Bigt L 7=, Figure
4-10 ITHfG & 7D Na, K OEFHE L Cl & & @ mol kb (CL/(Na+ K)kk) &
Na B3 XY K, Cl @ NF [BiZkITAFHIERE DR EZ R LT, a5 v 7D
Cl/(Na + K)thix, ClL/(Na + K)(EEAA @ WA, 7B Na + K Z &Ik LT
Cl EENZ WA ITIE N B XK O IEE IR % 7~ L7z, #5612 ClL/(Na + K)
EEMEWGS, 37206 Na+ K G &IZX LT Cl &NV WngEEIZiX, Nak
FOK OMIERIIEL 2o 72, Cl DPHIERITIATO ClL/ (Na + K) (L TADfE %
RL, CL/(Na+ K)EE2S LIZHVvMEE 0 IZIVMETH » 72,

Table 4-2 1 NF Ji=#5 BA 2AHTF L ORME 325k 4 [ FE itz O Hia & > 7 1K D 1E-NF
RTA . NFARTA DREEYT-D O Z R LT, NFARTZA O Na, K DIEJE=R
1% 59 %, 58 % Td > 7273, IE-NF AR A DZ 5 OIKHERIZ 92%.90 % L 72 V) |
NF JRAEATIC A A M EITH Z L1k D, Na, KBIX IR EENRKE KT
L7-, Ca, Mg DIEJ=RIL 65 %, 65 %L 720, 51 4 &l MEV V% R
L7z, IEsNF AR=A | NF RTA ONT BN TH T AE S EE & L O
BEICIIRE BT O o T,

4. 4 =%
4. 4. 1 AFUHNE
FEIR A& END Na & KDOAF mol . (Na+ K) & Cl mol 2t kbia,
Table 4-1 ("3 X 92 : 1 Tho7z, NFREIZEBWN T, FEIZT—liDBA
A (Na, K) &—fliDfzA 4> (Cl) Mxtz7e L CEEERT 5720, BEN
#Fe LA A D Na+K & Cl O mol )b D Z &i270 b, $705 NF i
DHEATE EBITNa AT RK A A Exta/e L THERTNE Cl A N2
THD . AR AFIINa A F KA T B HoEERFLEELTHL I —
flibG A 4 2 13 NF 4% Lic< <725 (Suarezetal., 2009),
FTADONa+KECIOmMollbzHHUH 1 LICHEL THIIE, NF i
AT L THZEO mol eix 1: 1 OF FRFFIN., @ERREZERTX 5 &
B, RTA OYHERRE R E~OFER DI CLININE S LT, EFEMEA
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DR R A et LTz,

Table 4-1 TR L7 L DIT, HEFEMEA A ZHEIZ LY | R A FoFExR
A A To 5 Na, K, Ca, Mg DE &, pH iZtZEb+ 252 L7 < Cl E &N
MU, Ao FOER—iA A ThHD NaA A & KA A OEGHE—flifz
AFTHDLCAF D mol bidifia 1:1 T2 ENTEX7, Cl 2 441
mol/100gTS #E/m L. U “ 73 5.5 mol/100gTS, 7 = 73 10.0 mol/100gTS Jk/
L7 EmRBOONTE, UV VBEA A OfiE A, 7 = WA 4 O %
SMERET D &L D OffiE A FHE 5.5%x2+10.0x3 = 41.0 L EE 4L, 1Ml
D Cl A A OHAIN L7z mol #44.1 LAV MEZ R LT, AIKICKIT S Y
&I = U OMEBORBITEFEIITAHATH 208, EZHhzAFDY VgL s
T UPRINA T U RBBIRICAES L TWA Cl ERaS b0 EE X LND, KR
A F U RBT O R 2 SN IR TR T,

Phosphate ion, Citrate ion+ i —N=(CHsz)3-ClI
«—— Cl” +#fl —N=(CHa)s-Phosphate, #i§ —N=(CHs)s-Citrate  (4-5)

U UEER 7 U RIIA A T I B OBRLZEMICTFE T 2 b T
W% (Fox, 1992), Ziig, faA Ao R LR A OJSHICBE L T, £
NENOR®BE, B L TR A XL EORLZENEE MR T D LEN H
Do

4. 4. 2 NF B - 1B

NF 7m & 2128 W T, R RITREEDENMST 7 U U o 72K 8%
ZTHEZEZOND, BIRMEBROFTIHIZIBN T, IE-NF AT A D@t Rl
NF FxA KO EFRWVEZ R L, £70, BHEERICS T 2 HBmER OB I
ENF$I4@ﬁﬂNF$I4i@ﬁW0ko—ﬁ TRARIZ 23 D RFRTIE IE-NF
AT A ENFERTALETIREFETH Y B RO Z TR AT 513
EREbDTIX7Z2 -7 (Figure 4-8),

NF (28T 2@ R IXEFE R of mol B EBRTHZ &ML TN D
(Luo and Wan, 2011)., [aA Ao A7 at 2 DOEFE T, A=A FOLMEA 4
v (VR 7 R 13 —MfEA A THDL A A ICEREINTZEEZD
. FEERE LT, EEIXT)L (Na, K, Cl. Mg) B (Vi 7
T UMW) O mol #RITPEA A4 AR HAEEET O 169 mmol/100 g TS 72> 5 199
mmol/100 g TS ~ L %7 18 %N L 7= (Table 4-1), Z D Z &3 IE-NF =1 & NF
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RTA OWEFZBRTEROEFENEZS| XL LN EZ o5, Ui
T AT O FESEEETRICBW T 7 7y v ) U B E R IT RN bR
THY (Riceetal., 2006), IE-NF =~ A [ZF 1T @@ R AR T OMEIL, U Mg
BEROKT GIWTET7 7y vV TOERERY 55 BT T AOKT)
ERHELTWDEE L,

NF IR 31T D EIE Sy, Na R, KiRE, CliREEZ{L% Figure 4-9 [Z/R L
7. NaB XK OREILNF AT A OWTHORMEFEIZI T HIRME IS
FER LN, IENF oA oz bidb T LR Uo7z, ZHud, NF
RTA LHARTIENF AT A DR LI Na, KPBFRETETWD Z L a0R
LTW5, CHZOWTIENF A=A | IE-NF 58T OV RO IEREEFLIZ BT
LA T TlEd 2 BREDIKR T2 Hiv, Na, K X0 2= NF B4 5HiR 9 5
ZENREINT,

Figure 4-10 |Z1% ClI/(Na + K)tt & Na, K. Cl @ NF &2 1) B BHIE=R & D RE4%
o LTz, NaB XK OFHIERIIfHG # 7 ko ClL/(Na+ K)ERICHEEI 35 2
kﬁméﬂtﬂm4m+mmﬂ IZE WA IZIE Na, K, Cl oW iz T
HEILIERITZ 0 IZITVMEE 220 . ZNOPERE L FERT D Z ENRBIND,
—7J7. Na+ K& &I L Cl D72 nigAicix, Na, K OBLIERIELS, 2hb
A AR LIZ WIRILTH D Z &L Cl OFFIEE T~ A T ADOfEE R LIES
I LT VIR TH D L BRI T X B,

NF A=A 1BV Tik, NF EHRERTO Na + K ¢ mol %% 89.3 mmol/100g of TS,
Cl @ mol %% 46.3 mmol/100g of TS %% Cl/(Na + K)tbi% 0.52 & #H# &, NF &
HABRAARED Na, K, Cl OFHIER TR~ 45%, 48%, —9% Th-o7-, 4[FIHD
AR T TIX CL/(Na+ K)EelE 0.01 i & 72 0 Kex OBHIESR1X 89 %, 90 %,
—200 %A T o7z, NF AT A TIHEMD S Na+ K EZ®EE A Cl FENE
< NF BfEEfe CEXTIEEZHERF T 57201 Na, KA AU B Cl A A XD
i LIZ< <720, ClL/(Na + K)LLOIK T, BEOZFNICHED Na, K OFEIESE
OEANGI &R &N, ZOHIERO EHBZFE25 ClL/(Na+ K) LD T, Na,
KFHIERD FREZB b0 EEZ BN D,

IE-NF 7R = A (23 TiE NF 24687 Na + K @ mol %% 88.2 mmol/100g of TS,
Cl @ mol % 91.3 mmol/100g of TS 75 CI,/(Na + K)tbiE 1.04 & #5 <41, NF &
HRBRAAEIRE D Na, K, Cl OFRIERIZFI~, 8 %, 11 %, 1 % Th-7=, NF JEiEE
FETClL/(Na+ KD T 23380 v 40 H O MR T# TIL032 FTIK T L,
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Z OFFD Na, K, Cl DFHIEHR TR ~53%, 57%, —80% ThHh-o7=, ZDHEET
D Na, K OEHRIZEBLHH 0%, EE2->TEY, ZOIERD EFIZEH
NSO E B b,

Na+ K & Cl 3% mol THh 256, BRI MHEOHERF D212 Na+ K & Cl X
1:1 CHEZ % L. ClL (Na+ K)ELiZ NF OB &L Lz o & b 5 723,
AEIOFERTIX CL/ (Na+ KO TRl s vz, Ao 1 Ca, Mg A 4>
XY ey ol b HHAEA L NF HA2BE LIS WIRIEETIEET D &
EBEZAONDLN, AFURHIZEID Y VR, 7= UomMERR L. (ClL IZER S
7o) fEH. Ca, Mg 7 VU —mCa, MgA A & LCHFETHIEIGNEZT-5
AL, TNHAF O NF EZ2FEmT 56, Cl £ A &xta72 LT
Zim L, fEFRE L TCL (Na + K)EME T, Na, KA A DFHIERNH N 72
HLDEEZEZ LD, ZOIEROEIMEIE /2 ClL/(Na+ K)LEDOIK T 25| X =
L. BHEMIZIE CL/ (Na+ K)k 0.32, Na, K OFLIE# 53 %, 57 %il/e->7-H D
EEZ LN,

Cl OFLIERIZIFIEETD CL (Na + K) L TRDEZ R Lz, BHLIERBNADfE
o) Z X, BRIEREZRO ALY BRERANZ X TEREA O Cl
RENENSTZZEZ2RT, RTAPHIEALO T /7 IEBIZHB N T, K& TBIE
ENT-oLFEEIC Cl PAOHIERZ RTHBEIHZFEINLTND
(Levevstein et al., 1996; #&#%& 5, 2004; Suarez et al., 2006; Suarez et al., 2009;
Yunoki et al., 2002), ZAUlE, EHEERANCTZ AELSERD VR, 7 U7 SR
ZiBmim L WA OEMYWE N EET D720 Donnan 2 I L Y EA Bl & 5
A A THDClLN, HBELIZEA A N8 RONDE TR EFZRT D EE X
53 TCHEY (Levevstein et al., 1996; Suarez et al., 2009) . AR 2 FE TOHE
EFFELRWVEERTH o2, 2B, IE-NF iR A & NF A=A @ Cl PHIER TR
eole N, ZHuE, CL/(Na+ K)EEOEZ KL= DO EE 2 HD,

FREORER L LT, NFIEHE 4 [0 TREO NF A=A 128\ L, NaB LK
DIERITZ N LI 59 %, 58 % TH 7278, IE-NF A=A Tix, Na, K DK
FIXZN 92 %,90 % & EfE A 8 L, 90 %Ll L& KA FIRETH - 72,
—JF. Ca. Mg I3f 35 WkFSEDLZ EMNARETH 7=, TmAIE<E, D
W 72K I IE-NF A=A, NF R A OWTIUTB W T HERD b7z,
INHDZ NG, WHRMEA A W L 7-1%12 NF iR 3 2 A5, AH
IRRBR D EFE L OO, RTADICHOREEL 2D LD —liA 4 &5
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JEICRETE DHHNIEIE L B2 5,

S, KIENF AT A DZDOBROUE T ut X Iz, =/ AR L—2 =g
BRI DB OWTHR PV ETH D, Flo, AFRIEIE DS 2 KT
Ll F—AEEIZHRT DR A 720 T FHICBEMATOEA
ZILET BRI DN DA T A 12 E~OEH O RTREMEIC OV T S RF 217 9
VEND D,

4. 5 =

BRI A D NF PHEIZIBWTIE, KEmiEd 5 —flilG( 4> Thod Na, KEE
[ L C—lifa A 4> ThH D Cl EEmMELS . BEXRHINT VAL DI E %
F 57 mEERE SRR, R A BRI A A AW T AITER
L ClE®EAZHMESE, ClL/(Na+ KA 112 725 X 9B L. NF G
BATo70, BA AR EITHOT NF RBELBL L 7oA =4 T, NaBLOK®D
IR 13 59 %.58 % T o 7= DIk L, A A 2 AZHSLBR A = A Tl 92 %, 90 %
ERE RPN L LT, Table 4-3 IZHERIEEARIEDOAY v b, T AU v K
BoR LT, RETHOR LB RIE A 4 0 BRI @i L, = D% NF Btz
ITH &0 ) BitEyEIT, NF BT ED IECHUE L7-t212. H BURGA 4 v 22 #ukét s
& OH BURE A A o MBI IR @ik 3 D 1EkIE & B2 5 K15 TH Y (Figure 4-11) |
Na, K Z&EICHE L>o% Ca, Mg 57 S5 & W 9 KA FF OBl 7 7k
A DOEENEETH D,
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Table 4-1 Composition of the whey before and after ion exchange treatment in a

column charged with chloride ions.

Before IE After IE Difference
(IE whey)
mmol/100 g of TS ?

Na 24.8 26.0 1.2
K 59.7 62.2 2.5
Cl 47.2 91.3 441
Ca 10.6 9.4 -1.2
Mg 4.2 3.1 -1.1
Phosphoric acid 12.1 6.6 -5.5
Citric acid 10.7 0.7 -10.0
Na + K 84.5 88.2 3.7
Total * 169 199 30
Cl/(Na + K) 0.56 1.04

pH 6.57 6.42

' Sum of Na, K, Cl, Ca, Mg, phosphoric acid and citric acid content

The TS content of the whey was 7.93 % before the anion-exchange (total weight = 73.6 kg)
and 7.36 % after the anion-exchange (total weight = 74.5 kg).
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Table 4-2 Composition of NF and IE-NF whey before and after 4-stage of two fold

concentration by nanofiltration.

NF whey* IE-NF whey
Before After Reduction Before After Reduction
1st NF 4th NF 1st NF 4th NF
concentration concentration concentration concentration
mmol/100g TS~ mmol/100 g TS % mmol/100gTS ~ mmol/100 g TS %
Na 26.0 10.7 58.8 26.0 2.2 915
K 63.3 26.7 57.8 62.2 6.0 90.4
Cl 46.3 < 0.3 >99.4 91.3 2.6 97.2
Ca 11.2 114 -1.8 94 3.3 64.9
Mg 4.5 4.6 -2.2 3.1 1.1 64.5
Phosphoric acid 11.4 9.7 14.9 6.6 4.8 27.3
Citric acid 104 10.7 -2.9 0.7 0.8 -14.3
g/100g TS g/100g TS % g/100g TS 9/100g TS %
Ash 7.0 3.4 51.4 6.6 1.6 75.8
Protein 13 13 0 13 13 0
Lactose 79 83 —4 75 86 -14

'NF whey: the whey without ion-exchange treatment.

“The CI content of the NF whey was below the limit of quantification.
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Table 4-3 Demineralisation techniques and its characteristics.

Demineralisation techniques Characteristics

= It can achieve high demineralisation.

lon exchange = The operation is complicated.

(Cation + Anion) - It is necessary to use large amount of regenerant such as acid and alkali.
= Calcium and magnesium ions, benificial nutritionally, are removed.

* It can simultaneously concentrate and demineralise.
Nanofiltration = The simple device.
- It is difficult to achieve high demineralisation.

- It can achieve high demineralisation.
Electrodialysis = The complicated device
= Toxic gas is generated.

* It can achieve high demineralisation.

New process * The simple device

(Anion exchange + Nanofiltration) - Calcium and magnesium ions, beneficial nutritionally, remain.
* The operation is complicated.
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Anode Cathode

@ e

Diluting stream (whey)

Anion-selective membrane

Cation-selective membrane o ______
Gasket for the diluting compartment

Gasket for the concentrating compartment

Spacer

Concentrating stream

SEERS NS

Fig. 4-1 Vertical flow by sheet-flow spacer and gasket ('E H ©, 1983) .
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Rinse water —

s
Anolyte

Ou“;t_f TTLTi e EHD 3 %ﬂid H;Cﬁi ; 15t
52 | "

Demineralized
whey

@9@@

Fig. 4-2 The flow of continuous ED system.
D: Diluting compartment, C: Concentrating compartment, Rec: Rectifier for DC current,
P: Pump, E: Electrode rinse soln, V: Volt meter, A: Current meter. (' H &, 1983)

107



The CI content is sufficient.

N

l&\\\\\\\\\\\\\\\\\\\\\'

AN

NF membrane

The CI content is deficient.

/
%
/
%
/
%
é

NF membarane

Fig. 4-3 Schematic diagram of deminarization of whey by NF (Nano Filtration).

Only NF can’t achieve highly demineralization, because of shortage of CI.
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(Na+K) : Cl =2:1 @ @o
0%

C——

Cl-form
Anion Exchange

— ]

U

(Na+K) : Cl = 1:1 @ @

NF membrane

Fig. 4-4 The purpose of anion exchage in Cl-form.
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Circulation

T T T T T T |
| (e |
i i
|E-Water — | % |
| | Retentate . |
v \ .
\ Permeate
\
Feed whey \ (Drain)
\
(in tank) \

>

1.0 m%h

Fig. 4-5 Diagram of the NF batch concentration system.
FI, flow indicator; PI, pressure indicator; TI, temperature indicator; PS, platform scale;
IE-water, ion-exchanged water; Circulation, permeate was returned to the tank during

total circulation.
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{ Whey powder solution 5% w/w }

Anion exchange
(IE whey)

[NF (x2) + Dia filtration] x4

! !

{ IE-NF whey ] { NF whey }

Fig. 4-6 Process of IE-NF whey and NF whey.
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Total circulate
and add 50 kg

Total circulate
and add 50 kg

Total circulate
and add 50 kg

of IE-water of IE-water of IE-water
|
Test 1st NF 2nd NF 3rd NF 4th NF Retentate
whey concentration concentration concentration concentration | (approx.
(100kg) cycle cycle cycle cycle 50kg)
1 l l l
Drain 50 kg of Drain 50 kg of Drain 50 kg of Drain 50 kg of

the permeate

the permeate

the permeate

Fig. 4-7 Experiment outline of NF concentration process.
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4.5
4.0
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3.0
2.5
2.0
1.5
1.0
0.5

Flux (J) [X10° m*/(m? - )]

1st 2nd 3rd 4th
concentration concentration concentration concentration
B |[E-NF whey 16
b, IE-water IE-water %, IE-water 1% A NFwhey 14
W 12
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8
5., 6
. 4
2
0
60 60 60 60
Time (min)

Fig. 4-8 Permeate flux during NF.
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Fig. 4-9 Composition changes during the NF process.
(@) TS, (b) Na, (c) K and (d) CI content.
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100
3) oNa (IE-NF whey)
80 é A K (IE-NF whey)
(é) O Na (NF whey)
60 (@h) AK (NF whey)
5 [4] (0)
— a
X 40
Bl a
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Cl/(Na+K)
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.
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=
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Fig. 4-10 Relationship between the Cl/(Na + K) ratio and the rejection during NF.

(@) the Cl/(Na + K) ratio versus the rejection of Na and K (b) the Cl/(Na + K) ratio
versus the rejection of Cl. Numbers in square and ordinary brackets are the number of

concentration cycles for the IE-NF and the NF whey, respectively.
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New process

Conventional process

Cl-form anion exchange

s

Nano filtration

b

High demineralised whey

Nano filtration or Electrodialysis

U

Cation exchange

Anion exchange

U

High demineralised whey

Loss of beneficial component such as
Ca and Mg

Fig. 4-11 New process and former process.
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BHE WAL VRN E LR A DF 7 ARBHEICEIT 5
BT IREAIZ B 5 EREI AT

5. 1 %5

F2EIZBWT, Ao AHOWEE T/ A (NF) BEEERT 580 Ay (5
WRE) & NFREZEE LRV D A GEBIREE) O2- 2023 Fbnsbo L
BRE L. RS & s R0 b IEE B E OMEBEREZ KDL Z &
T, A=A O NF Rk OF TR A b & T T & 2 EERARITE 2 LT,

%3 EIZEWTIEL, B 2 EORLEMEEL— 7 2R W B2 5] 73 6 72
T EREERMICBEHIND Z LN W ERLV— 7 2 R ORI R
MHEIZ B W TS AREHEDNF AR TH L Z L 2R LT,

—h, 4 FWIIT, Ao OEmENEEE LT, "= aiEHR (C) ApEAo
AU BRI L7 =k, U R EE CHICRT A Z LT, R A
WBHDOCIEEEFT M) UL (Na), B UL (K) ERIEEIZ LA A AR
T A L Liztk, NR%ﬁ%ﬁi_kfmf RS B HiEE R LT, R A RO
g, VU UERITEE L CHIROIEFZEEE I I, Cl [ TFEmEE Iy
HIDd, Lo T, WIEBMUEA 4 ZEBE~DEIRICE D A A DI
FREE DR L, BREEPENT 52 ENERXL 5, AREIZEBWTIEL, NF
TRAERTIC A A 2 ZZHALEE Uil SRS B2 D R = A28 W TH . REEERAE
HrEIZE D NF B o mﬁﬁM%%Mﬁé EDFREDE MR 5 &4t
2y AT AZHNT K DRSS RIS R AT TR B A M LTz,

5. 2 AZFURHB LV NF PEER
5. 2. 1 #EEFHE
1) EEtRA
FI3E, FA4ETHW A A KA (EPI SWEET WHEY POWDER-LAITA i
) ZHWT,

2) A A URBIEE

W4 LE UL S A Mg IRA-402BL (B — A7 > Ron—2tkdl) 7L
717 5 ([EAE 120 mmxpE & 1000 mm) (ZFEE L, NaCl KEsiK Z ik L,
RN L= D& v,
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3) NFEEE

NF%E@%%%meﬁlmﬁbko%2%\%4$kﬁE<\NHEMGE
Water & Process Technologies #:6¢> DL3840C-30D (A4 7.4 m?) % >,
TUL A NEAT UV AROIETNRFIHEE L, vy Miex s FJE
N TR Ulc, WEsRE (FD L =R (PO REERE (T A2&RiE L7z, Hik
JENFEEFRE FEICEET A2 2 E TSI L, BRI N—I A 2B
(PS) THHEL Tk,

4) EBRFGIE
AF AR A (IEFRTA) O

JFUERR A By 6.0 kg % FEF LK) 8.0 %272 5 L 5 /K 67.6 kg (¥ E L . 10°C
LU Al U T2 iR 2 Mg s@ R R A A o A AR B 22 [ 6 /h CisiR L7z, [\liY
L7284 T % Figure 5-1 O 2 7 1A L, EENOWKED 100 kg & 725
KoMK Uz, Rk (IE R A | BRI 543 %) % NF Bt - BRIt
L7,

KR DR E

s & v 71Tk E AL, JERE 1.0mYh, IR 10 £1°C, #{EE) 04 B X
0.8 MPa T/K Dt it a2 1 E L 7=,

TR TR B IEENZ K THS - B L72%., [FARIC L CROZEE iR 2 ]
E LT,

TR A PRE TR & AT Y VBRI 1A

52 3 L FEREOTFIET, |IE A=A 2467 1.0 m¥h, #AEE 1.2 MPa, &
FE 10 £ 1°CORM T, Bk 2 a7 IR T 28R 7 CF ik BE R &
M50 kg (2725 F T NF #HE L, KBS ERIE, B R 0 kg, 25 kg 35 £ U850 kg
RFIC AR & o 7 1R, RFFIRFS L OB IR 2 BRI L 7=,

IR

BE L=V o7 i, 3§ 3 BEOFIEIC COKEERE mol 1BE, ERIEE., &
EESH Lz, R 3xT7/0EE (Na, K, Ca, Mg B X Cl), 7= @Bl
VEREE., Ky, TmAEE., IS EIIEAELF U FEEZH VTR,
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5. 2. 2 EBRER

KBRS Ly, OIRMEESRATOWPE ML 10.9x10° m¥ (m? - MPa - s), A=
B - KV O AGEIRIREL Ly 13 10.9x10° m¥ (m* - MPa - s) Thol-, EBRAEI#H
DIENFZETH-T-Z D, EBRPOARH 7 70 o 73 ol b
D EHEER ST, BERRIIMRENTICIIAKERIREL L, OEE M LT,

JEBR T A | IE AR A OFEEMEFRTEE 100 g U2V DI XTI, U U,
J UG R KOk 2 Table 5-1 (2/Rk L7,

AFRZHIPRZ L0 U gl 7 = A 16 mmol/100 g of TS s L, CI 3
44 mmol/100 g of TSHEAMM L7223, Na, K72 E DA A G ®&IXFE A EEL L
minole, TORME, ERFEBRBEE TCHDH Na, K, Cl OEFHEN 132
mmol/100 g of TS 7>% 180mmol/100 g of TS (ZHEIN L 7=,

%4 TELRERIC, IE RIS NF AWEE L= A 2 et oWt & o T IE-NF
RTA LIRS, ENFTI%@NFﬁ%%%ﬁ@ﬁﬁﬁﬁ@WEﬁ SIMTIE TR
L7cZNENDO T E%Z Table5-2 (Zr L7z, & ﬁﬁz%i‘#ﬁj L7 WM ER R R &

7AC>NF®X&~%&@émFEmﬁ%w7A® K C 25 kg HEHIEF
E%ﬁ7A®ﬁU*%T%@SMgwmﬁE%w7A@kLfmbtoﬁﬁf

WPEAR J 3 X OE IR O R ORRFZ (L% Figure 5-2 1278 L7, NF JRHEIC
L0, FEAE I, 3.92x10° 225 1.46x10° m¥ (m?+s) ICETHA LT, &

WEFEHRA D T2, FEIE O N (FERMERE O E L E IR Son-ave 2R LT2,
7 L@ DN ¢@L % 25 kg BEHIF S CTlE Sonave =046 % TH Y . T 2D
D Fe A& P R OB IR 50 kg 2R O [E TR BE O JIE M IT Son-ave = 0.49 % TH > 72,
BRI O EIEIREE Son 13 0.41 %705 0.58 %2, BERIE T O KFEHERE mol
chNinwwmﬁ%mnmwwmv BT DR FE Hon 13 1.0024 t/m® perm
735 1.0032 M permn 12 ZEAL L 72, BB ISR = A OEBIRE, Ao Fo
IKFEMEVA'E mol IRIER LR A OBEOEE R LTz, BRI B RE
St 1 5.52 %5 10.99 % & 72 b . AR A OKIEHERE mol IRE C'B LR A
DEEHyH EH LTz,

5. 3 HEFRAVAENT

5. 3. 1 HREITIE

ﬁ?%%ﬁ%:o%f@*ZE@ﬁﬁ% B L. AR ORI O
BT R LD FHIEIT > T2,
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5. 3. 2 HRMETER

X UDIZEY 2 — VN A OBEERMEGEE N 2RO, 15572 RMEEE N
ZHAWT, A=A OfEE DyELI A=A WRY OKER Wy Bk EEk
WK% Table 5-3 1277 L7z, NF i 3 iRl (R D@~@) TRD-FE
WAL O mol BE M, L IEEBEE pp O F-HIME1E 0,047 kgimol 33 & Y 2702 kg/m®
Thol,

Table 5-3 T L iL- HEEMME R 1.06, 141, 2.15 {FRFOFHIEK OEE
C ppn DA & 7R = A P H O/K B Wy DfEZ Figure 5-3 (71 > b L, EARO
HEx (E-1) »MOFEREOBIEFEEZ E=0.823 Lkdiz, —EMICFIHEIND
FHIE=RC1X 0.177 TH -7z,

BRGNS L DA LIz 22 R 5 B TR = o9 iEiH
WHE R Ay ZR7- (Table 5-4), IE-NF KT A OF AL E Ay (X, FHIHE
11.03mol LR S NTZ, Z OMEIXA A 2 B & B[RS Tt S vz
%3 EIEER-3 O 7.21 mol LV bEi<, A FURHBMEIZ LY, IEFEETH D
g, U UBRNBIBIRE THD CLICEE DT Z AL TND L&
bz,

IE-NF A"t HOIEBBALE AT A=A - Ay TROBND, 2FAE mol 2
A ZARENEER AR =1 OFE mol 2 C’ = 245 mol/t-water & /KE & Wy 256 A =
2322 mol &3Red, T A=A — Ay =23.22-11.03=12.19 mol & HH L7,
B ONTIEBBRE &L, 58 3 FEDOFERR-3 TEHHE I 72 13.93 mol LY HK<,
FBMIAE R L AR, A AU ZHAEIC LY . ERBEE N BRI E X D
ST EaRKML T\, Zh6 DR RN, kR A ORE&EICED
% ZME L IEFIRTEE O mol Fhix, F4ZE41 0475, 0525 LR b7z,

B IR E DIRIRIEERIE Cron 23RO D 72011, FBBIAE O mol 5 vp.
FEFREE D mol BFE v & RO DVENH D, 557z BTA ORFEEORE R
% Table5-5 |2k L7~

FEFBMIRE OWERB IR kX, FIRMEERR R OT — 405 4.61x10° m/s,
4.26x10° m/s 35 £ 18 4.24x10° m/s &K SAIFEIE EMHE R L TR , Z D
1%, k =4.37x10°m/s TH -7- (Table 5-6),
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5. 4 &£
5. 4. 1 IE-NFATA AL ORHEMEIZONT

83 EICBNT, KRETHWE LD ERIL T T v RFERTA & A 453
% Z & 72 < [A USAFT NF #HE LBRRREIAET 21T > T %, Table 5-7 [IZAFE &
# 3 EORTA ORMEAEIZEE T DR R 2R Lc, A A 2ZH# LTV 7Rl
ORI A LI U IE-NF 7R o OIEHMEE OWERBERE kITIRVMETH
> 77,

R A P OREE Z IEFREE & B E 0T TR O REEATIEIZ BN T
X, FEFBEE L FBRBEEOFIFEERRN T TH D, AEHIEICL VRO
IE-NF ARz OIEFBIAL LR (A IA) 134 AV AL L TRk A &
HARfEZEZ R Lo, ZHuE, —RICHEZRREIC DI ND ) Ve 7 =
WA ALV BBIRE CThHEHBICEE b2 b, WIS, ARkBR
DEMFIZBNTHIEFGRMEEICHEIND U Uik, 7 = 0 NF A Fiw L 72
MolcZ B LR REZEZ NS, £2. IE-NF A=A OIFFIHEE O
mol B3 A A a3 L CWRWER T A LR TEMEER LT, 2k, 85
WE O DRI T DT LB, AR SITHA_XTHFEDO/NS WY P,
7 T U OIEFBBIRETITEDDEENEAD LizzdtEZ NS, 2O mol
B EOHEMIEWIEZREE OILHIREME T L, #iR & L THEBEMRE k
DL leoslc bbb s,

5. 4. 2 BRWROVI=2VL—vav

O AR T A R 72 & &2 O CTA B ERMEGEER N FRFOZmEHR J 4.
W2EDOFEIHENY 2 2 L— a3 VEE LTz, R A IR oK EE Wy o
HEEMGGREN 2 Aof BEE2 AV CEIE L (Table5-8), & J 23
IR OB L v k® 7=, Figure5-4 (21%, ABFFETHET- IE-NF R A D
HERMENE N [R Bt AR = A A F RS 5 2 L 72 K RFE L FISGEMHT NF IR
ML CHEHERE B 3 %) 2R, AT VRMLIEGEIZBNTH, 44
VML TR WA L RIERICEGRE & ERMEITR < —8 L., Bkl s
5 IE-NF AR A 2B W T H 5 2 B CHEL L 72 BERHIAEATIE DS IS FTRE CTd o 7,
F 72 IENF AR oA TiHA AU Lo T2 R A (AR TEIER TR J 2308
DT HRERNE LN, A A U L D IEFIERE OWERB IR ke OB
(X, BEFEH I WD HMICEHEG L, A 4 IS K DIEFEK S Y R,
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7 T RO FIRALS T%éaA@%@(#L WEEOHD) X, AzAFo
IEBEIRE OREW LD 25| &2 L, BEFEE J BN 25 5 EcE< &5z
HiLb, 4lalo 8RS 5% B E’Jﬁﬂﬁiﬂ%%é’%ﬁ“é& EBIBINE OWERE)
FREL ke OFRPEARNZ T DRR DT, FEBWEEREDODR IV b RED S
f:n‘t%c‘:?ﬁéﬁiéhko TrxDrIalb—rvaizBnTit, R cHon:
TG OWEBERI k1T LZE L TR CELZ R L, DO E VTR
DR A OFFAEZ FICK R R COZMIT R Z BT L TR Y, FRFEHIZEH
W T Fex OBEEFRIOMRNT AL Y Lo TV D 2 & D3RRk 7=,

5. 5 &5

NF IEHEIC I T i A Xax 0 DX 5 OB 2 Mt D BRIC A B
RThD, PTA MR A F B ICEIR L2 % . NF IRHE T 2872
BERIEICBW TS, 5 2 BCHR LCHEGRIBITEIC L > GHEREROZE
LT RIA FTRED MR L7z, BEGRAVARNTIC X 0 R 72 IEF I E O W E B Bh i3k
i%ﬁyx@@ IZE DR A DM ENE KL TS b0 &b, £
7o B R O BEERAE 1L IR E & B < —ﬁ L?L:o
«:4¢@@E%%L1EE%L RN T THY ] D AT IEIR, B
DFRTA LS ﬁﬁ@k%<£ﬁéENFTi4 IZBWT bR 2/ E R
<TFRF 2 Z LA, NF BRHEONEAWFELFE I #IS fTae /e A HEO @V LT
bHEEZD,
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Table 5-1 Compositions of whey and IE whey.

Units Whey IE whey
Na mmol/100 g of TS 24.8 26.0
K mmol/100 g of TS 59.7 62.2
Cl mmol/100 g of TS 47.2 91.3
Ca mmol/100 g of TS 10.6 9.4
Mg mmol/100 g of TS 4.2 3.1
Phosphoric acid mmol/100 g of TS 12.1 6.6
Citric acid mmol/100 g of TS 10.7 0.7
Protein g9/100 g of TS 12.6 12.9
Lactose g9/100 g of TS 72.8 75.3
Ash 9/100 g of TS 6.6 6.6

TS: Total solids
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Table 5-2 Measured values of IE-NF whey.

©) '® _ @ @
Symbols Units co nE: rf:t)rraetion ;)rg:i;tci::; L;:?s:srsjfe: co nlc::)eur:tl:]a?tion (I:_cj71 :(t:es r:?rgaetig rf1
t (time) min 0 17.2 43.0
P kg 0 25 50
J x10° m¥/(m’ - 5) 3.92 2.84 1.46
Dataof S pN-ave % 0.41 0.46 0.49
permeate g % 0.41 0.47 0.58
C’ N MO/t ater 97 102 111
Hon t/m® perm 1.0024 1.0027 1.0032
In tank In tank (r)eltgkemta?g In tank (rjeil:tta(t)ef In tank %’;I:;?J
S % 5.43 552 5097 7.28 7.64 10.99 11.25
I';avtj‘h;’; C'n MOVt water 245 250 264 305 310 430 438
Hn M ey 1.0219 1.0223 1.0241  1.0292 1.0307 1.0442  1.0453

Operating conditions: Feed rate: 1.0 m%h, Operating pressure: AP = 1.2 MPa, Temperature: 10 + 1°C

Py: Weight of permeate
J: Flux

Spn-ave: Solid concentration in total permeate up to N of concentration factor

Spn: Solid concentration of permeate
C’pon: Molality of permeable solute per t-water in permeate

Hyn: Density of permeate

Sn: Solid concentration of whey
C’n: Molality of whey

Hn: Density of whey
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Table 5-3 Calculated results of weight concentration factors, whey weight, whey
solids, water in whey, whey volume, molar weight of permeable solute and solute
density of permeable solute.

o) N @
mivs s G ey (D S
pressure
C°“f°:c':gfﬁ°” N Eq. (2-10) 1.00 1.06 141 2.15
Sn % Eq. (2-11) 5.43 5.75 7.46 11.12
Wheyrelete INE 00 mOltymer  EG. (2°11) 245 257 308 434
Hu  Umle  EQ-(2011) 10219 10232 10209 10448
D t Eq.(2-12)  0.1002 00043 00711  0.0466
Caloulated resusof B t Eq.(2-13)  0.0054 00054 00053  0.0052
whey Wy t Eq. (2-14)  0.0948 00889 00658  0.0414
Zn ey E9.(2015) 00981 00921 00691  0.0446
Cacukted resutsof  Mp  kg/mol  Eq. (2-35) 0.042 0046 0053  0.047
permeable solute Po kg/m® Eq. (2-36) 2977 2673 2456 2702

Water density G, = 0.9997 [t/m°.,ze]

Pn: Weight of permeate

J: Flux

Spn-ave: S0lid concentration in total permeate up to N of concentration factor
Spn: Solid concentration of permeate

C’ppn: Molality of permeable solute per t-water in permeate

Hon: Density of permeate

Sn: Solid concentration of whey

C’n: Molality of whey

Hy: Density of whey
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Table 5-4 Analyzed quantities of permeable solute in feed IE-NF whey.

Concentration

factor N 1.06 141 2.15 Average
Permeable solute
A 11.04 11.01 11.04 11.03
mol

A1 Permeable solute quantity in whey at start
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Table 5-5 Characteristic values of whey solute in feed IE-NF whey.

Solute quantities Molar mass Solute density Molar volume

In feed whey of solute
mol kg/mol kg/m’® x10"® m*/mol
Total solute A= 2322 M; = 0234 p1 = 1665 vi= 141
Permeable solute Api= 11.03 M, = 0.047 pp= 2102 vp= 17
Non-permeable solute A= 12.19 M, = 0.404 pr= 1601 v,= 252
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Table 5-6  Analyzed results of mass transfer coefficient of non-permeable solute.

Symbols Units Equations ® ® @
Concentration factor N 1.06 141 2.15
A= MPa Eq. (2-30) 0.840 0.940 1.066
AnApN MPa Egs. (2-19), (2-29) 0.049 0.052 0.056
Calculation for C’;mn
A MPa Eq. (2-31) 0.791 0.888 1.010
C’rin MOVt yager Eq. (2-32) 336 377 429
CoN MU/t yarer Egs. (2:17), (2-19) 118 124 135
Conversion for C ;i 3
Crmn molm”_ ey Eq. (2-34) 309 344 386
Volume of whey ZN m3_whey Egs. (2-19), (2-45) 0.0921 0.0691 0.0446
Calculation of C C N molm® pey Eq. (246) 132 176 273
Mass transfer 6
cosfficient Kk, x10™°m/s Eq. (2-47) 461 4.26 4.24
Average of mass transfer coefficient 4.37

A Osmotic pressure difference by means of both non-permeable and permeable solutes between membrane
Amrapy: Osmotic pressure difference by permeable solute  between membrane

Aran: Osmotic pressure difference by non-permeable solute between membrane

C’rmn: Molality of non-permeable solute per t-water on the membrane surface

C’on: Molality of permeable solute per t-water in whey

Crmn: Molarity of non-permeable solute per m3-whey on the membrane surface

Cuon: Molarity of non-permeable solute per m*-whey
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Table 5-7 Characteristic values of IE-NF whey and NF whey.

Ratio of non- M, (Molar mass of non- Kk (Mass transfer coeffient
permeable solte permeable solute) of non-permeable solute)
kg/mol x10° m/s
IE-NF whey 0.525 0.404 4.37
NF whey* 0.659 0.359 5.83

*Based on the data, Tables 3-6 and 3-7
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Table 5-8 Calculated flux changes by decrease of water quantity in IE-NF whey.

Symbols Units Equations ® ® @
W t 0.0889 0.0658 0.0414
Apn mol Eq. (2-19) 10.46 8.17 5.58
Zn m3_whey Eq. (2-45) 0.0921 0.0691 0.0446
Con mo|/m3_Whey Eq. (2-46) 132 177 274

Ja x10°® m3/(m? - s) Input values 3.78 2.89 1.50
Crn m0|/m3_Whey Eq. (2-48) 314 342 385
C’pN MOVt water Eq. (2-17) 118 124 135
C’ N MOVt yater Eq. (2-49) 342 375 428
C’ ppN mol/t.yater = EC’ynfrom Eq. (2-18) 97 102 111

Ar apn MPa Eq. (2-29) 0.049 0.052 0.056

Ar am MPa = RTGC’mn 0.805 0.883  1.006
An MPa Eq. (2-16) 0.854 0.935 1.063

J x10° m¥(m? - s) Eq. (2-5) 3.78 2.89 1.50

Goal seek =J,/J 1 1 1

J x10° m¥(m? - s) Data in experiment 3.92 2.84 1.46
C’ppN mol/t.ater Data in experiment 97 102 111

Wy: Water quantity of whey

Apn: Permeable solute quantity in whey

Zy: Volume of whey

Cron: Molarity of non-permeable solute per m*-whey

Ja: Input values of flux for Goal seek

Crmn: Molarity of non-permeable solute per m*-whey on the membrane surface
C’on: Molality of permeable solute per t-water in whey

C’rmn: Molality of non-permeable solute per t-water on the membrane surface
C’mon: Molality of permeable solute per t-water in permeate

Amapn: Osmotic pressure difference by permeable solute between membrane
Aran: Osmotic pressure difference by non-permeable solute between membrane
Ar: Osmotic pressure difference by means of both non-permeable and permeable solutes between
membrane

J: Flux
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Fig. 5-1 Flow diagram for experiment.

FI, flow indicator: PI, pressure indicator: TI, temperature indicator: PS, platform scale
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Figure 5-2 Changes of permeate flux (a) and weight of permeate (b) during
nanofiltration.

@: Total circulation at operating pressure, (3: During concentration, (@: Last stage of
concentration, J: Flux, Py: Weight of permeate.
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Fig. 5-3 Analyses of permeability coefficient of permeable solute.
W,: Weight of water at x of concentration factor, W,: Weight of water at y of
concentration factor, C’ypx: Molality in permeate at x of concentration factor, Cpyy:

Molality in permeate at y of concentration factor.
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Fig. 5-4 Comparison simulated with measured flux of IE-NF whey and NF whey.
IE-NF whey (Chapter 5): = = Simulation, ® Measured value.

NF whey (Chapter 3, Fig. 3-8(c)): === Simulation, A Measured value.

(@: Total circulation at operating pressure, (3: During concentration, @: Last stage of

concentration, N: Concentration factor, J: Flux.
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Nomenclature

Das
Dagr

Dagp

G T m

‘]Wﬁ

Solute quantity

Permeable solute quantity in whey
Non-permeable solute quantity in whey

Solid quantity of whey

Molarity of solute per m*-whey

Molarity of permeable solute per m*-whey
Molarity of permeable solute per m*-permeate
Molarity of non-permeable solute per m*-whey

Molality of solute per t-water

Molality of permeable solute per t-water in whey
Molality of permeable solute per t-water in permeate

Molality of non-permeable solute per t-water in whey

Weight of whey

Diffusion coefficient

Diffusion coefficient of non-permeable solute
Diffusion coefficient of permeable solute
Characteristic length

Permeability coefficient of permeable solute
Feed flow rate

Density of water used in membrane separation
calculation

Density of water used in static state calculation
Density of whey

Density of permeate

Characteristic value of whey

Flux by nanofiltration in volume

Input values of flux

Water weight flux in the flux J

Mass transfer coefficient
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[mol]

[mol]

[mol]

[ka]

[mol/m® yney]
[Mmol/m® yney]
[mol/m® perm]
[Mmol/m® yney]
[Mmol/t.water]
[Mmol/t.water]
[Mmol/t.water]
[Mmol/t.water]
[t]( = [ton])
[m?s]

[m?/s]

[m?s]

[m]

[-]

[m®/h]

[/M® water]
[t/m3-water]
[Ums—whey]
[t/m3-perm]

[-]

[m¥(m? + s) ]
[m%(m? + s) ]
[t/(m? - 5)]
[m/s]



T =2 Z

AFAp

Water permeability coefficient (in this report, this is

used as permeate permeability including water and

permeable solute volume) [m*/(m? + MPa - s)]
Boundary layers [m]
Molar mass of solute [kg/mol]
Concentration factor by weight [-]
Weight of permeate [ko]
Operating pressure [MPa]
Input flow rate to inlet of NF module [m3/h]
Gas constant ( = 8.3144x10°°) [m® - MPa/(mol - K)]
Reynolds number ( = d u p/n) [-]
Solid concentration [%0]
Schmidt number (= 7/Dag * p) [-]
Sherwood number ( = d ky/Dagy) [-]
Solid concentration of permeate [%0]
Solid concentration in total permeate up to N of

concentration factor [%]
Operating temperature [K]
Membrane active area [m?]
Flow velocity [m/s]
Molar volume [m*/mol]
Water quantity of whey [t](=[ton])
Volume of whey L
Volume of whey per t-water on the menbrane surface [m3_whey/t-water]
Osmotic pressure [MPa]
Osmotic pressure of permeable solute in whey [MPa]
Osmotic pressure of permeable solute in permeate [MPa]
Osmotic pressure difference by means of both

non-permeable and permeable solutes between

membrane [MPa]
Osmotic pressure difference by permeable solute

between membrane [MPa]
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Ara - Osmotic pressure difference by non-permeable solute

between membrane

Viscosity of whey
p Density of solute
Subscripts
1 At start in feed whey
b Bulk

in Whey of NF module inlet
m Membrane surface

N, X,y Concentration factor by weight

out Whey of NF module outlet (retentate)

p Permeable or permeate
r Non-permeable (retained)
tk Whey in feed tank
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