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Nomenclature

A, An, Ac Surface area [m?]

At cross sectional area of bed [m2]

Ar Archimedes number (= dp3 pg (0p - 0o) g 1r2[-]
B work at blower [W]

C work at compressor [W]

Gy, G, G, drag coefficient [-]

G specific heat at constant pressure [kJ kg1 K'1]
D diffusion coefficient [m2 s71]

D, bubble diameter [m]

Dhm maximum bubble diameter [m]

Do initial bubble diameter [m]

D bed diameter [m]

d, d, ds characteristic length [ml]

dp particle diameter [m]

din inner diameter [m]

out outer diameter [m]

E work at expander [W]

F total seawater feed amount [s]

o fore caused by bubble acting on one particle [N]
R drag force [N]

Fe Electrostatic force [N]

F; gravitational force [N]

V39 liquid bridge force [N]

v



s solid bridge force [N]

F, Van del Waals force [N]

G Gibbs free energy [kdJ]

g gravitational acceleration [m s2]

H heat at fired heater [W]

H enthalpy [kJ]

AH enthalpy change [kJ kg1]

hn, Ac heat transfer coefficient [W m2 K-1]

Iy mass transfer coefficient [m s71]

K overall heat transfer coefficient [W m2 K]

k, kn, ks thermal conductivity [W m1 K]

L latent heat [kJ kg1]

L, permeability coefficient [m s kPal]

1 height or length [m]

m brine flow rate [kg s1] or [g s71]

Me evaporation rate [kg s] or [g s71]

mr feed rate [kg s, [g '] or [g min]

Mimax mass of agglomerates accumulated at the bottom of the bed
[g]

my product water flow rate [kg s'] or [g s1]

Nu Nusselt number (= An d k1) [*]

N water flux [m3 m2 s°1]

AB, pressure drop in the bed [kPal

APy pressure drop at the distributor [kPal



AP, pressure increase at the pump

AP, total pressure drop [kPal

Pr Prandtl number (= uz G, &) [-]

Q amount of heat [kJ] or [kW]

R recovery ratio [-]

Ro universal gas constant [kJ mol! K]

Rep particle Reynolds number (= ps U d, i) [-]

S entropy [kJ K]

Sc Schmidt number [-]

SEC specific energy consumption [kd kg-water]

T temperature [K]

AT temperature difference [K]

T bed temperature [°C]

T condensation temperature [°C]

Tw water temperature [°C]

ta time until the agglomerates begins to accumulate [s]

Usq fluidizing gas velocity at which the shear force caused by a
bubble is equal to the liquid bridge force [m s°1]

Uy gas velocity [m s1]

Unt minimum fluidizing gas velocity [m s1]

U; relative fluidizing gas velocity [m s1]

Uo superficial velocity [m s1]

14 bubble volume [m?3]

v growth rate [g s7!]

vi



energy consumption [W] or [kW]
height in bed [m]

voidage [-]

voidage at minimum fluidizing gas velocity [-]
adiabatic efficiency [-]

gas viscosity [Pa s]

chemical potential [kJ mol1]
kinetic viscosity [m2 s1]

osmotic pressure [kPa]

density [kg m3]

gas density [kg m3]

particle density [kg m]

surface tension [N m1]

shape factor [-]

Vil
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1. 1. KEJRERE

AITHIER EDEMA OMERF, S REORBICAFARBRER TH L, LorLans, it
SN A OHINRETBLE O TG KOFIHZEEIM L THR Y | WAKRERICET 5 /M
AR S NED T 5, Fig. 1- LICHROBUKEOHEB 2 R+ 01, x| BUkEITE
ML TEY 2025 4121% 1970 FEOFUKED 2 %, 5000 [km? yearl] Z#x 5 & TS
NTW5b, Fig. 1- 21770, HRADOHERE (tiH)2) EKA R LATIZHD A
D Geefi R, -2 0EE G THDH, KA RLRLIX, KERPO-ELT
WHREZRL TV D, ZOHErE LT, TAR— N7 0 O KA AT R K& &
WIKSFIF SN TERY | B, TERETET 2EM— AH 72 OKEREN 1,700 37
A= VUL FOREICH 2856, KA MLVATFIZH D ERBLIN D RN DO
MEEBIT, KA LVRAIZEET 2 AOEBEEML TWE, 2025 FI2iE, HHRARD
#1 35%75, 2050 FEIZITHK 40% 3K A B L AICEET S & PRI TWS
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Fig. 1- 1 Dynamics of water use in the world.
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1. 2. ¥ERBRAK L EAT
1. 2. 1. #E7k¥ K1k

HIER FICAETET 2KD 9 B K 97.5%13EK FESIRED 1.5 ~5.0%) vk (s
BN 0.15~1.5%) & L THEELTWD, ZiuHiE TDS (Total Dissolved Solids) 73/
WOT, ERRKSTERK, BEAKELCHATIZ EEEH LY, b 0KEF
AT 27201iE, Hiie EWHFWE 2 B0 bR < Elt (BUEHIR) RA0ETH L, —MRAIC,
AR ZK Ui TDS 1% 600 LA RS E3EHKIE 500 LLRE T3MAKIE 10 LTIk
LTV D,

WA 134 50 ERTIZPE T 7 OB FEETHIO CEAS L, ZALI#EAKa A b
DI, =L F—LE RO w3 [ CHFZEBR R D3 T AL € & 72, 2007 AEHILLE,
B ELZ 14,000 DUWKEAT 7 FRBRB L TEBY, —HH7D 5 T3 HITA—
NVDOBKBER ST D, 2007 FITIXATFIC A TERIEA &Y 24.5%8800 L 7=,
RN O OISR BLE O T3 b 7e SI2 X0 KKK IE T me AL ETETHMT S
LTI TV

1. 2. 2. KR AKILT 1 & R

WK BIRKEVED 7 v AT, WK OBREYECEIEONT M %2 B0 Br < A
SUERE T AR, MK BHESEAZ B Br< B T2, 2 L CHLE L 72 ROKOKE Z i 9 5 1%
B TR 3T B o],

ATALER T2 ClX, WERRY, 2B PR TS, & OB HIEZ, EITh
wTREROGRIZLVIRED,

WM TAR ik, —MRICFRIEE S REDFIH ST D, ZIIET KR S, 3
ELTEEREHBRNT LT MKERDLHIETH S, BEITEZ @R 50K &
D5y FOREAELZFIH L CHRKE#-ET 5 HETH S,

B TR TIT, RERILLIHS, I X T VORI, HEIMThND,

1. 2. 8. R T

ATALBE TAR X, BEOBE TROGRITL Y B s,

i CREDAFETITON D GG ABBEREA~D AT — /LR ATy PO H & 0]
THEOOMBMNTON D, BIETHKET B Ay —/ T =M, BEA 7 —/, E
A=, ATy P A E N, FNENLLTICR#ET 5 A3 T 5 (Table 1- 1)

[10]-[1 1]0



Table 1- 1 Scale.

Classification  Constituent

Hard scale CaS0,*2H,0, CaS0,*1/2H,0, CaS0,,
Na,50,-5CaS0,*3H 0

Soft scale CaC0,, MgCO,, MgCO,*XMg(OH),, Ca,(PO,),,
Mg;(PO,),

sludge Fe,0,, Fe;0,4, y-FeOOH, CuO, Cu(OH),, CaSiO,*

XH,0, MgSiO;* XH,0, SiO,




WHE A — VIIRREE I V2 0 BOWEE T N U U A E- 20 OBENER T TH D,
It & & BITREIRIZ 72 Y | A=BME LIS 2, FFRICHEET B U U AOmEE I Ly T
LHERFN) EE A1 VS DK FINE R B R & & BITIEREND T H Z e h,
B EOBBRIENE T LY bR D 2 & T HAMEE SN D, BIE A 7 — LT3k
WIS <, ZOREFEDOOTEH LY, £ 2T, TONHEIHIT S 2 OB O/
LR & LTRSS CazDRENMTON D, EIEHICHET 5 Z ENTERNSTZA
=X, EERE RN ) TR0 Y R RS IR LERET D,

HEA T —MIRB I N> T I RIE~ 73D L Kb~ 730 L TEK I
Do ZHUHDAT =L (2-1) ~ (2-5) (TR D HCOs X CO2 DMK A3 FRIZ &
b7 o TERRT D,

2HCO;™ —C0O;>™ +CO, T+H,0 (2-1)
Ca®* +C0O;* - CaCO; 4 (2-2)
Mg?* +C03*™ - MgCO;s ¥ (2-3)
CO;*” +H,0—20H +CO, T (2-4)
Mg?* +20H — Mg(OH), 4 (2-5)

INDDRT—VIHEE A 77—V & g LTIl L0370, o & bJASFIH ST
DATVE S, pH flECTH D, ZOFETIE, BHATRIICHER:, 72 I13mBE 2 IR
42z eT, pH ZIKF &, B A7 — AT HO K & 725 HCOs % RKEE AT A
EAKICORT D, s, MBI OEMR EN TN, 7T 2 N OE RIS IR
THIET, LA — L ERET D,

ATy VITEEEM B OB 72 E AN T OVFERRIC KV R S TR I s
D, INOREARFO LWL an A R EOFEW R EIZIE L TELD2 LD TH D,
2 Z Y OMFRE DOREIIHBABFESG THHZ RO TS, 77 FOiElEH



21X, AR VR0 ES, WIS 552175 2 L TITHARIE L, 7 F » FofE
EFFIZE, Y=y MESGFRT 7 v v U I TRET 2,

e THE & U ClE (b3 202 M0E) RIS S & &, A s LT, BEE
D7 79U T EESTEO ORI ThID, 77 U 7 &id, WiKPOEEY
EPEREICHAE L, BRRHOIK TR ELSIEE T L THL, 77V ) 71FK
LT TR 8 I (1) B0V, AEY. KOEOEFESCHEE D72 & B HhL
TIZED 770U 7 (2 WKFOEFYE DR CIEME S, BESmNAET S
ZLETHRAET D, AEMEOEIEMZ L2770 ) 7 (3) ERE~DHKF D
NI T VT ORBEHIHCEL DA AT 7o v 7 En ! Ob ki)

INOD7 70 ) 7 EAEIT 272010, WEE, (LFH), FlEnEiagbt
TR T oD, Table 1- 2 (ZWHREFE THIH S 4L D AILEE Y 1 & X D & % D Ff
R 8, Rk T X0 ST AWK OKE N R D 0T, ERENUICHE L2
B 0 R R SMEN D DN, —RINZEERE ANTD L, —BEOW A1 25| H
TLHEDNFHA ST D, BEANT, &0 FEEAL miRe. ERe. BIs gk mifg
SR ERRA S NS,

Table 1- 2 Pretreatment in reverse osmosis.
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1.2.4. B TR

i TR CIE, — MRS IE, E7IBOEAFRIH ST 2 BP0, Z858iE T (1)
2B 7 7 v v 2% (Multi-stage flash distillation, MSF) & (2) % @20 A1 (Multi-effect
distillation, MED)73, &% Tl (3) #i{2 % B4 (Reverse osmosis, RO) & (4) EAEHT
1%:(Electrodialysis, ED) 2FH ST\ 5,

(1) 277 v =ik (MSF)

2B 7 T vy 2B, PRLIMKRERIE LI-AT —VICEAL T T T v v a2 K% %
B2 U, BAELZARENATHZ & THRKRERDIFIETHD, BT T v v aikii®
W2, BiiE T4 LR T e A0 b, 3RO AT — U TR IV E
REET7 7 v v 2 OB %A Fig. 1- 3127, KT U DT Stage 1 NOEAZHA

IZAD Stage 1 CHAELTEARDERMEIER T TSNS, £D%, Stage 2,3 TH
[FIERIZ B HagR & i L 78 KUC Lo CTTRES D, TERS I iiKIZsN e — % —Ic &
ofé%:m%éhéo%@&\@mm\ﬁEénkSm@3 RS Sh, K O—EB
MW7 Ty aZIE e 2§, A L-AKIT Stage BB g THEI S v, B O
%mk&éoED@%%éMK@miﬁ@\EKﬁEém1w58m¢2KA0ﬁ07
Ty aZRERIT, ZOREZRVIEL, WA LIRKERET 5, WKOKER
FE1X 90 [Cl 775 115 [°Cl FREETH 515, Mk D i EmIRE A 100 [°Cl PL EOBA T,
MK 2 IE L COMER b — 2 — LT K 3 7858 L 22 WA TINS5, /K O fg il BE 703
BV E, FIER (= #ADO D BIRAKE L TR HTEIR) 2 KRELTDHZENTE,
AR DA RFCRL BT 2B A X/ S TDHZEMTE LM, 27— (i
K DY) D3T3 5 ATREME & & < 72 Do WK O fe il BE VR HERE - 5 M7k Dok
B, ALERO L, RO HEICRIZE > TR E D, —IIC, ZBT7 T v v aiEkolm
IX#1% 0.10 ~ 0.20 [[] FETH B

Fig. 1- 4 ITRT DI, 774 VIR FRZET T v v a2k Tch s, 207
22T, BN TIIECHEH S vz, B KO —EE2HRIHT 5, B
7' a - A CIRMK OIREZEIC L0 @K RSB LB e 7 KR BN L R R4
IR DN, 774 VERRAT vt A TIIZOZ(b 2 KT 5 2 ENFRETH 0 | 4
ST L CLE LTCEIEN TE D, o T, ZEMWNRD 52 KAEOEE TIX, 77
A BB FRNEICHA S, BRX 7 0t 2 EES RS Th 5/ MO %EE ¢
FHEND, ZBET T v v 2l EOAT—VOIT#HFH 2 A &z rX—ax hOBfF%
TRED, AT —VOENZLNEE, EIRRHINE 2 = 3L F— &3 72 72 5D,



TV OELEHIZHEB A MNRKEL 2D, EBICHHIN TWAEE T T v ik
D AT — VTR 40 BEFEEETH A0

Heater > Air extraction
(M |< Seawater

Product water

v

. Rejected brine

Fig. 1- 3 Schematic of once-through flash desalination plant.
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Fig. 1- 4 Schematic of flash desalination plant with brine recycling.



(2) 2&E#MHIE (MED)

ZEMAE L ITHAE LT8R Z . XV ARE THEAIE L TV 2 IR O 7RI IEE O INZU il
D HETH D, F7ERIEE COREKPHMTH D, n[BIgEVIE L 0% n HHH L
5, BAHRYIC I3 n R T 1 kgl DK T o lkgl OKEZABESEDL Z EAFHET
o, LU, WENKREIZ K> TERZRY | FROWSA EFSBBER LSS0 T, B
XY b 10 - 20%IKVMEIC 72 5110 Fig. 1- 5 [C% BN ATEIC X 5 i KR KA LSS E O
XX A2 ~7, WKL Effect 1 ITEE S 4L, B L Bl L, MK O —E0N7KFET 5,
T LT 7KL Effect 2 DBAZHAZRICAY | EEHEK & 705, Effect 1 TARIBE Lo Tz
WK1 Effect 2 12 S, BOVBEKDO—ENZART 5, ZOBIELMER D IR LEAKN D
Yok z28iET %, MSF L [REE, BIENREWVIZE, AiLELOART, "L &IZHT 5
HEY A A E/NESLTHIENTE S, LrLAans, BEIERZ i E< 45 &k
DM MREVE RN A 7 — VORI U D AREAE A~ D R — VAT H % 4l 5
%7-91Z, MED O[EEEEO EfRIX 0.33 [[] FREICER STV 5 14

BB, 287 7 vy albe/fk B A P2 RXNF—a X bONT U RITX
STREY, EIZ4-10 HOBLORFIA S TN DL,

Seawater |_Ij Condenser

e e ——
Steam o gm— =D g——
e —O) >&D > T
Effectl Effect?2 Effect'3 Air extraction

_ Rejected brine

Product water

Fig. 1- 5 Schematic of multi-effect distillation.



(3) MR N IE

WHRBIEEIT 1953 45, 71 U XKD Reid HIZ Xk - TIRE ST, EBIEE L
THEAKR EYKRDEET D & BEOMMA TOFRT v VinE L 72D X912, KMl
D DUEKANZ A T 2Kk 3B 8 L T < (Fig. 1- 6) 15l {7 ART v o v VKRS
BOOEDDRGDGENET HEED, EDRIIBITHF T AAHZ LT —DE
fbEZET, FTADHHTRLF— ALFERT Vv UVIENENROANTER SN
TW5,

G=H-TS (2-6)
p (6GJ
i~ 2-7)
anl T, p’”l(li.})

ZZITH T SiizhzFhToZre— HE = het—TbHo, midksiD
ENETH D, FADRN x OEEIK CTIE ALFERT oY WMIRO X912 bbb S
nos,

\

Osmotic pressure

A

Osmosis Membrane

Fig. 1- 6 Osmotic pressure.

U = ,ui* +R()T Inx (2-8)

TIT wt BMEOFERT v b Ry T REREN, —RKEER, RET
HDo ZORNG IREWIIMME LY bR T Uy LVNS NI ERDN D, &
L WE LB TR T & ENENDILFERT oy Va2 L < T 572 OIS

10



N OIEEMA~NREDNRAT Dy ZOBBEOHAZ LD DT OIITERMETHY . £
DIENZ2FEE T Lo, SEHRIRAE TIIk D=,

w"(p)= w(p+10) (2-9)

DIV S0, 1l ORBBG TITARIREMN D & @R ERA~EEABEH L TLES 2L h
5., MK LMK & RGBT T 5 & HAKAID B AKRB~KATRAT S, LarL, Fig. 1-
TIRY &9 ICWHRIBIEIE T, HEKANSHRAZE D 2T RO LSRR T v
¥ aERELSTHIET, AR OBKA~NEEZ B S &, BKkEZET 5,

Pressure (> Osmotic

‘ pressure)

Fig. 1- 7 General schematic of a reverse osmosis.

WHRBE L O RIR TR o 7 CHARTEAKICHIINT 2 5 S IRBEDOZE TR E 5, HINY
DIENHREWIZ EEMEREN K E < 72 5703, [FIRHCEHSIR I O R S EA LiREE
HREL DO T, [BUERNKE < 72 B2 23 CTRIINE S OBEINEIE 2R 2 [EIEED
MBI NEL 72D, Fio, BUCWERRIZEINATREZRE /11X 7.0 [MPa] F2EETh 5,
L7eh o TR 7 THRUINIT & 2R KET) & IRMEEK DR E O BIfR ) & BI=R O LR
1% 0.6 [[] BREEL 72D, FEBRITHHEMEAROKER, AIALERS 1L, %%@m@ﬁ PIREE &
DIFLREVND, 035~0.60 [-] FEORIETEHINTND

11



(4) ERBEHTE

MR OHIIG A A LA A NZEREL TV 5%, MKICEmZHEA L, Bt A T
T EBERKENC LY | BA A AT~ A A TR~ E T 5, Z DR, &
WW:%%%V&@E b&A A AN A R BICEE 5 2 & T R E DR WS
EHENERDEAED Z LN TE, WK DIRKERIET S Z LR TE B,

]

1. 2. 5. RAAETRE
WARAAL T T o b CHREE Lo KT I R T VRAE &, 7B VE, pH BMEWDT
IO ERET D, RO TR D!

1. 2. 6. & FEMEAKBEAKILT & X DB
RITALER TR | A TR K OB TR DMK DOKE TS The < | Bt TRz
@ﬁﬁmk%<%ﬁ¢600iDﬁm%mk%ﬁﬁif%ﬁlﬁ®@ﬁﬁ#ﬁmﬁgf
mﬁlﬁkbftﬁmﬁbk4$ﬁ§(D§&7?VV:%\@)%E@%E\
(3) i &%E& (4) BRBNTIEOZNENOREELT I LD 5D,

() BT vy aih

o 2008 FEITBWV TR T 27% OFHEAREL HH TV B
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Q

Fig. 2-1 Thermal process with a feed-effluent heat exchanger (for the

vapor/liquid phase change stream): (a) flow diagram, (b) temperature heat
diagram.
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Fig. 2-2 Thermal process with a self-heat recuperation technology (for the

>Q

vapor/liquid phase change stream): (a) flow diagram, (b) temperature-heat

diagram.
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Fig. 2-3 Configuration of self-heat recuperative desalination process.
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Fig. 2-4 Process image of thermal desalination based on self-heat

recuperation.
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Fig. 2-5 Process image of multi-stage flash.
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Fig. 2-6 Temperature and heat diagram of multi-stage flash.
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Fig. 2-7 Temperature and heat diagram of thermal process based on self-heat

recuperation.
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Fig. 2-8 Variation in specific energy consumption versus minimum internal

temperature difference.
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Fig. 2-9 Temperature heat diagram of thermal process based on self-heat

recuperation: (a) MITD = 5 [K] (b) MITD = 10 [K].

Table 2-1 Influence of stage number on LMTD and SEC.

Case 1 2
Stage 22 40
LMTD [K] 5.3 6.2
SEC [kJ (kg-water)!] 325 340
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Fig. 2-10 Temperature heat diagram of multi-stage flash (stage number 40).
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Fig. 2-11 Relationship between the boiling point and the recovery ratio.
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Fig. 2-14 Temperature heat diagram: (a) RR = 0.1 [-], (b) RR = 0.6 [-].
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Fig. 2-16 Variation in compressor work vs. recovery ratio.
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Fig. 2- 25 Variation in osmotic pressure vs. recovery ratio.
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9.8 [Mm?3 day?]
35%

Thermal process
17.2 [Mm?3 day]
62%

Fig. 2- 30 Global seawater desalination capacity by process.

Thermal process
0.1 [Mm?3 day]
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2% 7.8 [Mm?3 day?]

96%

Fig. 2- 31 Global brackish water desalination capacity by process.
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Membrane process
2.0 [Mm?3 day?]
26%

Thermal process
5.7 [Mm?3 day!]
74%

Fig. 2- 32 Seawater desalination capacity by process in Red sea.

Membrane process
0.8 [Mm?3 day!]
6%

Thermal process
11.4 [Mm3 day]
94%

Fig. 2- 33 Seawater desalination capacity by process in Arabian gulf.
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R=0.43[] R=0.89[-] R= 0.91[]

Seawater Y
1265 [m3h?] 2A 1327 (meh] 626 [m*h] 560 [m?hl] spor;([j:;th-ll
29,500 ppm | 6:27 [MPa] 0.88 [MPa]HS ppm 0.98 [MPa] 13 ppm -
' .2 ppm
52 [m*h]
A 56-3ppm Brine
1166.4ppm
757 [m3h1)
49,292ppm

Fig. 2- 34 Process configuration of triple pass RO seawater desalination
plant.
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Fig. 3- 1 Seawater concentration under atmospheric pressurel”].

Table 3- 1 Thermal conductivity.

Material Thermal conductivity [W m™ K]
Copper 383

Iron 80.2

Aluminum 198

Steel 15.1

Calcium sulfate scale 0.6~23

Carbonate scale 0.5~0.7

Silicate scale 0.2~0.7
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Fig. 3- 2 Relationship between scale thickness and overall heat transfer

coefficient.

Table 3- 2 Parameters for the calculation of overall heat transfer coefficient.

symbol Value

hy, (heattransfer coefficient [W m2K1]) 1.0x 10%
h. (heat transfer coefficient [W m2K1]) 1.0x 10
dy, (thickness[m]) 2.0x 103
d. (thickness[m]) 1.0x 1073
ki, (thermal conductivity [W m™1K1]) 13.0

k. (thermal conductivity [W m K1) 0.5
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Fig. 3- 3 Variation of fluidization regimes.
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Fig. 3- 4 Geldart’s classification.
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Fig. 3- 5 Variation in pressure drop vs. fluidizing gas velocity.
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Fig. 3- 6 Schematic diagram of the proposed fluidized bed evaporator.
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Fig. 3- 7 Experimental setup.

Table 3- 3 Formula for artificial seawater.

Composition Mass [g]
Distilled water 1000
NaCl 239
Na,SO, 4.01

KCl 0.677
NaHCO, 0.196
KBr 0.098
MgCl, 6H,0 10.8
CaCl2 2H20 1.52
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Fig. 3- 8 Defluidization.
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Before experiment (188.3 g)

After experiment (201.5 g)

Fig. 3- 9 Pictures of heat before and after 500 ml seawater evaporation in

beaker.

Before experiment (188.4 g)

After experiment (188.5g)
rrn——— N

Fig. 3- 10 Pictures of heater before and after 500 ml seawater evaporation in
fluidized bed.
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Fig. 3- 11 Amount of scale deposition vs. volume of feed seawater in fluidized
bed.
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Fig. 3- 12 Amount of scale deposition vs. volume of feed seawater in beaker
and fluidized bed.
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Accumulated agglomerates

Fig. 4- 1 Agglomerates accumulation.
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(3) KIEH T OVEE DRI FIIATH T2

(4) WE O K o TR S Iz BEEAR D B IR HERE 3 5

LI bR T, iREEN TEH < D BEEREDOME - I RE S RET L LEALN
5, £ZT, BRNTEHL NZOWTHRFEIT 272,

4.2.2. ENEANTE
HEERNTE S NIME L LT, RO4AFHE, 77 T VT— VA, #HELR.
G ) EARZRIBIINE R D 2D, £, mBEHE LTk 3FEE, &, E b
AN X DR, JiWD ERIZE AN EZ S 2 5.
FNENDINILLT L 9 IZFHHE LT,
ORI 7 7 T T — L A B NIk TR EN SIS,

A

F,=——0
12z2

v

d, (4-1)

ZIT. A z diFENEN Y= —EH ] K OERE [m]l, £ L ThF 0
Yrpitt [m] ¢hH 5,

2N O DWERIFNFEET H L&, ORI < #EL F IN] 3ko
AcTkINLH!,

4
_T%19% dp

4,69 (z4—dp)2

(4-2)

.o, RIIENENORI T OEREEMEE [Cm?2l, a «lf. HFEEE [
HEXR [C2dm] THD,

i

(Y

e
S
$ A
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TR < EERET) AL IN] 1R, BEAHOREEERET, E8MAE 00 LT
LA TREND 6,

F; =27Ry0 + 7R3 AP (4-3)

Z ZC Rl Fig. 4- 2179 R - RN ZERE O O 28 [m], o3 FmHHE S [N m 1],
AP TGN OAE [kPal T, % ® Young-Laplace =

11
AP = G[E + R—z] (4-4)

TRIND, ZIT, R, RIFETNZENKA,

R = {1 + (Zgz}% / (ZZJ (4-5)
R, = Y{l + (Z—;T}% (4-6)

THEIND, (@-3) 1THIEMICRELS Z ENATRETH 0 | HEUERZE 5.2% LINT H Z2H#
HTXDEHEINTHD07 WS ITHEMT D (4-3) TR HIZEHE /113, Fig.
4- 21T, BAEET DR Re, R REIFIBR H D% T, WX

Fp =2md,o 47

TRt KNEZFESZ AL LE skl g =2n THDH, KFFETIL, 4-7)
ZRIFHLT A ZEHE LT,
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particle

Liquid bridge

Fig. 4- 2 Liquid bridge between two spheres.

EAZEE ) B INIIRA TR b D,

d 2
= (4-8)

::T\ Oheck@i’glaﬁgﬁé [N m'z] T&)éo L/Z))L/fotﬁ§%\ %eck@'fﬁ&ing'ﬁﬁ‘d—é:&ﬁg
L, S 1TV R OHEENE T 5 EAREB I OKRE 1%, (47 TR KB
BHALDD 1S 2T RENVERE L TWAIL Lo T, AWFETIE, [ERZE

([ alES/ &=V

ZHWTEIHR L,
i F INliZkoXLcRkanbd,
o, gd 3
Fy=—" (410)

£ 6

ZIT, opo. glEENEN., KT OKEE [kg m-3], E/MEE [ms2 THD,
B LT AN X > TR 2@ < fifAdi ) Fy IN] OFHEIZITR OB R H ST

Alzolklz1]lz 2]
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d? P U
Fa==Cd[ - }—ii—i— (4-11)

ZIT oo UixThTh, IRAE [ KO E kg m?], R &1L S
ZORHE [mst] THD, GIFEFRE [ TkoXTitksh s,

24
Cq ==— (Re, <5.76) (4-12)

p
e 1TV A V2% [[] TIRO L HIICEZSN TS,

_ PeU:dy
u

Re (4-13)

T, plFKEORE [Pas]l THD, 72, Gilm s ZROKNTEHETE 2,

(Y
(Y

U,=(1-al, (4-14)

ZORT, alZHAREIIKT DR FEHEDOES [[] THhDH, BROZEREZ TN D T A
HWE Uy Im s 13k TREND,

_ Uy
& (1-¢)

(4-15)

22T, Do, el ZNZEERE mst], RA N [[] THD,

Mo IRAE L=~ LY a VED 2 OB EIND L) THBLTEZ LT
Wn2sl ZDETF VTR, BERECEISIRELZ R ODICKRER T AT~y g
J& Z A, Lot ii@c‘:@o’(}%?ﬂ%i%ﬁ‘éo 2T, R Lo TE < 0
BERBICREREELEX LB UTOET AL TRIAD ERIC K D hEmE Lz,
KB EFICE D7) (BAW) ITRENREENE BT 5 & & KIaEFEICH DR

I
Lv

pA
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+ N[-] fEizi# ) FIN] B3 8%IC@< &5z 72(Fig. 4- 3), BNEZ LA-T 28— @o
WE Ups [m 1] 1FROAXTR SN D Z & NERIITHEZR ST D24

U, =0.711/gD, (4-16)

22T, Dy [m] BKEOERETH D, ZoRTFBEANOKRITEEICED ST E
DHEZFFOZ L EZRLTWD, LT > T, KWADE IR I < S AW 1 &899
HFOoTWNDHEBZBND, Fig. 4- 3ITRTEENG, RiF— 2@ < Kidd ERICE D
HAW ) BNl ZkoXcREns,

F
F,=— .
b=y (4-17)

ZZ7T. FINLL NI Fznzhn, %, K@DV ITAHEST DR F DR TH D, 7/
A TREIND,

F=(1-¢)p,gV (4-18)
22T, VIIRAOERE m3lTh b,
KL DJE O IZHFIET DRI O N 1%, KRR END
7Z'Db
N = . (4-19)
p
EHoHbEND, TIROHARIIU T L 252 5T al2s]
0.3
> (4-20)

Dy =Dy — (Do — DbO)eXp(_ ?j
t

ZZT, Dom[ml. Dho[ml. zlml, D [m] (T2 24, B REBERRERILAE, ARk
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Wt TS, MBEOERTH D, D [ml (T5KVAMERED 4Dy LLEIZ2 2 &2l
FRIBOBERITE Z 520 E NI BRTESWTHLNDRIET, klTRENDHP

5]

o

-

Dy =0.59¢ 22 [(Ug —U s )A |** (4-21)

ZZT, Untlmst], A lm2lid, H/NREMLEHE, EOBEETH D, LR ED
A IO FERIT, kX

Do =0.376U¢ —U o )* (4-22)

TEIND, f/NREME Y 2 #E T Fig. 3-5 1T EBRIC K - THRE L=,

One bubble

femnoy - N particles

Fig. 4- 3 Schematic of N particles around bubble.
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U bEDTHoDN%EFHE LR E Fig. 4- 4 1071, £7-. #HEICRIH L7-fE% Table
4- VIR, WG 25t R T2 & 2 ICHIH LREES OMIE, 100 [°C] otk
TR DOEZFIH LT %, Table 4- 2 (ZHK & | 3.5%VfE/K DZ 1 4R ) O AR TOfE
BT, ZORDNLDND LD ITHR AL 1%L RO T, REEISHKOE % F]
ALTHRRA~OEEIT/ NS WEE X BLD, Fig. 4-4 1%, WBVENTE i, k3
&, EREES., £5080 LRI X 28K CUF, [iAot il & RBD 23
XEHTHY , 77 T NI — VAT BER). B IR O ETIET NS
W2 EERLTWD, BEXKIE, BRHPOERMZ 3.0 X106 [Vm1] & LK
b O KEMEBEMBEZFA L CHE L, —F, fBENCEZEGT & BN
DRLFITIZ E A EBRITT-E DRV ERE STV A6, Lieiio T, EEOFHESR
11X Fig. 4-4 TRLTEEL D b/hSnEFREND,

JEPIT G L7z, iREE L T o7 L3 U, UGB L 0 BRI AT
T D, £ 2T, WERBIC Lo THEUEERNE - HEZREI 2 50T 2729012,
ARG ) & R DF U I DWW TRET &2 1T 72,

1.00E+00

1.00E-01 -

1.00E-02 -

1.00E-03 -

1.00E-04 -~ = van der waals force

electrostatic force

1.00E-05 -

liquid bridge force

force [N]

== =-=gravitational force
1.00E-06 -

= === drag force
1.00E-07 - ====shear force

solid bridge force
1.00E-08 -

1.00E-09 -

1.00E-10 -

1.00E-11

0 50 100 150 200 250 300 350 400 450 500

particle diameter [um]

Fig. 4- 4 Summary of forces working in fluidized bed.
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Table 4- 1 Parameters for the calculation of forces.

symbol Value

A (Hamerker coefficient [-]) 5.00x 1020

z (particle surface distance [m]) 4.00x 1010

o, (surface charge density [C/m?]) 26.5% 106

g, (relative permittivity [-]) 1.00

g, (vacuum permittivity [F/m]) 8.85x 1012

o (surface tension [N/m]) 5.89< 102

P (particle density [kg/m?3]) 2.50x 10°

g (gravitational acceleration [m/s?]) 9.81

or (gas density [kg/m?]) 0.842

A, (cross sectional area of bed [m?]) 6.22x 103

u (gas viscosity [Pa* s]) 2.37x10°

g, £ (voidage [-]) 0.5

F; (Solid bridge force [N]) 100 F?

aug (particle velocity [m/s]) 0.5u,

Up 2.5 U,

Table 4- 2 Surface tension.
0 [°C] 10 [°C] 20 [°C] 30 [°C]
Water 75.62 74.23 72.75 71.20
3.5% Seawater 76.41 74.97 73.53 72.09
Relative error [%] 1.03 0.99 1.06 1.23
Fig. 4- 5 [ZEAME)) & KA OE AW DR E SORRZ R, ERUTIHEEE ). S5

XK BT DRI OE A ) CTh D, ZEHEEE Uhid Th = 0.13, 0.15, 0.20,
0.26 [m/s] Z#fRAL TR L, ZALLISLDOMEIX Table 4- 1 & [A] URE TRHR L7z, 228
BRI E, FEEEREWVIEERIEOTAM N b REL RoT, ik, =8
FERBNEE FEEAEWVIZE, [iEAREL AR 2O, [JaBEFICFET S
O N1 omESE Lo b, #H FIN] OBMEGOHTNREL D0 TH
Do HEESHEICBIT 2RIAOE AWML, B 10 [mm] ZEIZEE L, BES)H
i@ mE CORMFY & UCEHEAE L, SDIT, WG L Ko AW hnen &
IWEDZEE T % Ung & €35 LTz, Fig. 4- 5 OFHEEMETIX Ug=0.18 [m s1] & 725
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Too LTED - CUEERIIEEHED KRE XL -T2l OB Z T LB LD,
Uo 18 Ueq £ D B/hSWNEE KEOEAW LD BIREE ) DI R RE VDT, Ktk
RIS 72 W (Fig. 4- 6 EED), Todd U 1V b REWVE X KIEOW AW ITIK
ZERGE X0 b RE VO T, Fig. 4- 7 O X 5 IZKIEIC & - TREMEIC X 0 A& U7 BEmRI
s, h&<72% (Fig. 4- 6 FE), 22T, E5&MHTFITH T, G TR S
NI EHE R D ZEENZ SOV TG 21T - 72,

dotted line: buoyancy force

3.50E-04
|
300E04 - Uy=0.26 [m/s]
250604 - Liquid bridge force ..
Z 00604 - ) e
@ | [ _
e O Uy =0.20 [m/s]
L --- |
-——-
1.00E-04 - Uy =0.15 [m/s]
- — .
5.00E-05 —_ .- Uy =0.13 [m/s]
0.00E+00 |
0.15 02 0.25 03

height [m]

Fig. 4- 5 Calculated forces caused by liquid bridge and fluidizing gas.
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Fig. 4- 6 Agglomerate behavior due to fluidizing gas.

Aggon’m/@;be

>t

Fig. 4- 7 Schematic of the shearing force working on an agglomerate.
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4.2. 3. BB TR S NI BERDER) (o ¥ Ueqg XV B/HSWVEE)

BEEROBNTOZEINZHOWT, TS ROTEIE D B 21T > 7, TRBIENICAE
Y5 “HHOR OB, ST VPIRENRR L L, 7V F—va v NELD Z
Db pHl2Tl 28] Z OBIRIIRIA OIRAT & FEIXAL, BRI K - THBEMEE S
2 HEIK L IRE MR SN DT 0 D, RS Dm0 H 2K+, % L3 S MmO
o DRIFILENE I, LBEMERLT-(Jetsam), BRI 1-(Flotsum) & PRI %, Fig. 4- 8
(ZZE SR T )3 2 . PRREMERL 1 & % Bk 1 DIRA . M (Mixing index) [-] ©Z1{b%
Ry2ol JRARE ML (fraction of jetsam in the top portion of the bed) / (fraction in a
well-mixed bed) & L CEFRIN TS,

1.0 ﬁ_
Segregation Mixing

dominant 0.5 dominant

region region
0

Uf, mf Uto UO

Fig. 4- 8 Variation in mixing index vs. fluidizing gas velocity.

22 PR BE DS e/ INREN L T A FEE AT TR R ORI B S B & 72 0 | 2285 B
NRELBRDIHEVREEMEES D, 22T, HDEEEHRENLRIBITIBA N BIFIC
IRDRNFET D, ZOMELT A 7 A —/N—E (take over velocity) & FEEILD,
DFEY | EERENT A 7 A —"—HE LD NS WGEE . TR X RIS
T 5, 747 A —"—HEDOFHHEKEL LT, Rice HIFRAZRE LB

UO = (Ujetsam,mf x Uﬂotsam,mf }).5 x (2Ra )_0.2 (4'23)

Z 2T, Uetsam mt [m 81, Ulotsam, me [m s IEEILE 0, TRFEVERL 7 O de/ Nt EM L A A
W 7 EVERL T OB/ NREME T ARECTH 5, R [NIXIREEDOT A7 NETH D,

ARFEBRTIX, R ITBEENR, 3 BRI IX I A — X, 707 A7 Mhix
281 (=Jg&E / B =250/89) ThbH, HT7 AL —RADi/NEEMLIEL T Fig. 3-5
DFERZFIT Uiz, BEEERITIREEE TR S L TW D O T, i/ N8k 7 A sl % 525k
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FINCRD D Z ENEE LV, 22T, (3-8), (3-16), (8-17)., (8-18), B-19EFHL T
SR LT, ZnOOXERMT 572010, BEEOERNLETH D, £ DOMHEITER
WX TREDb o7, Fig. 4- 9IWIRTEXIIWCH T AL =% AT L ANy MIAL,
KHEAKRZHT L, ZOEE LRSI NTBREROEROBMRZTT, T LI2IED
L, Bk SN BEROEROMGE Fig. 4- 10 1277, ZOKMNL, il F LR
ROE & LR S NIZBEROEEOMIIZLL TORFIBURNH 5 Z L 3o 7,

M =6.24m (4-24)

22T, mlgl FET LERIEOEE, Mgl 1Rk ESN-EBERODEETH S,
AEBEECHAL WD TFa—7 Y arFa—7HNE 1.6 [mm]) 25 Fah
T2 O 5 EOFHMEIE 0.0611 [g] ThoTz, BEAKOEREZREET S L, Lk
DRPHEEEROERL 712 [mm] 705, ZOEEZFA LT, BEEEKOR/INTENE
HAREERFE L, TA 7 A —"—HE o 3 HT D&, Uo=0.30 [m/s] &72%,
ZOfEIX, REME ) ERIAOF AW 3% L < Te HIREOZEESHE Usq (= 0.18 [m/s]) &
DHRE, Lo T, BEEDIHES WA, BEEERITEN CTREEd, i
JEIERICHERR T2 & PRSI D,

Fig. 4- 9 Liquid drop experiment on particles.
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4.2 -
T Pl
g s -
E 25 //
G 2
?@:3 1.i /

0.5 "

0 - ' ' ' '
0 0.5 1 15 2 25

dropped water [g]

Fig. 4- 10 Relationship between mass of agglomerate and mass of dropped
water.

99



4.2. 4. BB TR SN BEERDOER) (U ¥ Uy LV BbREWVEHR)
ZEHEHE Do DY Ueqg £V HREWV, DF VIREEEIC X o TR S U BEERR KA 0

AW K o TS D & TR LTS N COREMRIZLLT O X 5 IR - HEFE T

5 EBERT

1. WEENICEET K0 & wlgl 1XIRAEEIC K-> CRERE AT S

2. BEEMRIE. WAMEIC Ko TR S NI BEERIR & | TRRE £ T2 IXEIARZR G K- TF

A S AV BEER IR IR T2 2 & THE T %

BHEIRORERE vig st 1ZBNICHFET DK E wlgl ([2H#ld 2

K OEFE OHTHIC & o THE U 2 E RS T S e

T BN S HERE T D BEEE R DO K E & mimax [g] 1XZEHEHEL T LB 2

ARIEHE me [g s 1TERNITHAAET K08 wlgl LJENIRE & BIRIRIRE D7

ATIKNZ BT 2

IE 3 £V ELF ORI Y 2D,

A

v=kw (4-25)

ZIZT, ki 3EpEE T [s1] OHEAL AR,
FIAE 3. b LV EHEROR KEEIZIROXTERT LN TX D,

My =V X1, (4-26)

T 2T, G ls] 1ITBNICEER 2 LD T D EE RN ESICHERE T 5 £ T2 n
HEFME LCERET D, L2 ->T, (4-25), (4-26) L 0 ROXD KV 1o,

a= T T (4-27)

S OITRE 6 £ D ZARFEHEITKRONTEEN D,

mg = kywAT (4-28)
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ZIZT, k[1s1KY IIHBIESRTH S,
FIEERFAELED . BNICHFEET KD EIIROXTHETHZ LN TE D,

dw
E =my —m, = My —koywAT (4-29)

ZZT, melg s IREMKSEETH D,
(4-29) ZfE< &, BADOKSE wlghiklTckah b,

mg
k, AT

[1—exp(—k,AT?)] (4-30)

L7208 TR Z A LT s BEERDNHEFE T 5 £ TOR 6 [s] 1% (4-27). (4-30)
MHERATREND,

la = n]znf: (UO _Ueq):

mmax k2 AT
ky [1—exp(—k,ATt)]

(4-31)

SHIT, BEAPHERT 2 ETICERNICHR Lo REe Flgl L9258, RITE
BRFANORATHLEbEND,

kyAT

a =i e = ky  [1-exp(—kyATr)] (4-32)

(4-31), (4-32) ZEBRFER LB L, BELIZET VOGOV THREF 21T > 72,
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4. 3. MBNEZA T % T DU KFAFEER
4.3.1. EREEE

Fig. 3-7 | EBREE 2RI H U CHKZARI R AZ B 2 ip o 7o, WRBME T A3, 1
IKBEAR TR, PR, BhikEm. PRRRIXEN TN ERSIICEDE TEE L,

FERIROHERT T, WMEENOIENEEOELZFHIT 5 Z & THRI L7, Fig. 4- 11
(CURENE N O HH KR ORI ZEAL A2 7R, B E A~ DMK DO At#513 60 [s] THA%A L7,
KGR IR EEANOENEKITFE-ETH D, L LHLEMEZBE % L
BENBOIE R LihdT-, £, BT AN AT OMBG L RS & Z DR
ITEHE R OHERE DS BAA T D B &EIE—F Lo, AU, BEERAHERE L TR WA,
JENOESERITRL T ORE & L EE BT 503, BEERNBESICHET 2 & id)
R F-D—IBIR B CTHZ BV, HEME T 2R K 2 DR BB T 27077 E2 S
5 (Fig. 4- 12), 16> T, WK DOUED b EERDOHERE A BIAAT D F TORFH f [s] 13,
B E I K OS2 Bhs L7225 L B @ N O FE SRR AME T LIgH 5 £ TD
RFfH & U CREG L 7=,

pressure drop [kPa]

0 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

time [s]

Fig. 4- 11 Variation in pressure drop vs. time.
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Fig. 4- 12 Pressure drop in fluidized bed.
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4.3.2. EBRER L EE
4.3.2. 1 ZBEERE L t, BEEPBETICHRET 2 £ TORE) OB%

Fig. 4- 13 (22285 28 2 1= BROE R R L R L O & 7R3, /o b b 228
B U 73, 0.13 [m/s]. 0.15 [m/s]. 0.20 [m/s]. 0.26[m/s] OEFOFERTH S, BN~
KOMEAEIE 60 [s] ORFR TR LT, £, BAOIREIX 140 [ClE 725 & 5 12l
L. MEKHERAEEE IS 10 [g mint] & %@ Uiz, BEEAROHERIABRIGT 5 £ TORR (F
WNOEIRRDMET LisH 5 £ TOR) 61X 4. 8. 1 THHA LK iz, E-FE~
a2y hBHRDZ (Fig. 4- 13), ZOR»GL, EEEHENRRD L 6 bELTH2 &
WD, £ C, ZEERE DI A IS Z oK TR A ARV IR L, & 22852k
5tk Fig.4- 14127 vy M LTz, Do REL RDITHE LI L ., R To 28 0.18
[m st fHESABICHEIM U, ZOMIZ. IDONRT 2 BE W IKEE T &K
WO AW N L 72 D 2885 Ug Im/s] & L <—FK LTV,

SIHIT, EBRFRERTIE. Do U LT ORE G lTEF /NS, ZHUE, 4. 2. 3 TiE
Wz Do 8 Ueg AT OBE . BEERITESCICBETICHR T2 209, T 05
HEONTRERE—H LTS,

4 4
o) —
23.5 & 3.5
o 3 = 3
o
_32.5 e 25
o 2 T 2
2 o
2! Uy =0.13 m/s 5 15 U, = 0.15 m/s
“;f 1 a 1
o g
0.5 3 05
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 3000
time [s] time [s]
t.; the time until the
pressure drop begins
45 5 |+
o 4 45 AT S Lo
§35 ‘@ 4 g‘ BN R
o 3 =135
2 .
= [o
5 25 E 3 .
Ty Uy =0.20 Pl S
2 1.; b =0.20 m/s 2
- 2 15 Uy;=0.26 m/s
o= £
0 o
0 2000 4000 6000 8000 0.5
i L 1 1 I I
time [s] 0 2000 4000 6000 8000

time [s]

Fig. 4- 13 Pressure drop vs. time plots at different fluidizing gas velocity.
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Fig. 4- 14 t, vs. fluidizing gas velocity plots.
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ZDFEBRTIE o [m/s] 73 Usg [m/s] X0 K& THEEMROHEREIZE U2, 2 T,
ZEPEREE & g/ 7RI FEBR AR (T U BN e 0 LS HERE L 72 BE R IR O B R D BARIZ DV TR
L7,

WK 7RIS EBRIE T AR LT B R R DB B 4 2RI 2 7210, EBRIZIC T 5 A B E)
D—FTFTOR— ML EITFETIHA, B FTOR— KLY ﬂzﬁ%’j‘:ﬁ“é*ﬁ%%%m
FHENL, ZNH&E Ay 2@ 5 ecm O BEEZFIA L CEZEN 5 cm LA EDEER
ZH ML, 20k, HRIOICKE VR 22T 20 @EIRL, 26 DHES
AR 7o, BHARE R Z Fig. 4- 15 177, HlX, —FFOFR— LD B —FFOR
— ML FIAHELTERI D5 b, BEAFHHI LR 0 FZ 1 EFEH 225 10FEHE T
DT DE e S UT-(20 (B ORI - O ER) . HRfalt, R FOR—FEv k.
—HETOR—=FED FIAFHELTER DS b, BEAFHI Lok +0 B 2 FEHG
11 HHE CORFOEEOFEE, falZ—FFOR—FLEY B, —FFOFR— &

TICHFET R0 b, HEZFH LR 0 A 3/ HS 12 % H £ TOR1
DVEERETH D, REDORER, FBOREFITBT B 2R3 DIkt L, HEORRIT
FNHNORE STz, AU, WENEESICHERS LB EAR TR BRIV O
MOBEREE R DZA D= ALTHELEEDEEEX NS, £ T, sHUIL72R T
20fHD S H 2/FAND 11 FH £ TOVLIE A MEKRFEEREOEEEOEREL LT
EABEEIT 2T,

=
w =

o
to
*
*

mass of agglomerate [g]
s o o o o
w = w (=] ~

X
*
e
e
e
e

I
o

o
&

o

0.05 0.1 0.15 0.2 0.25 0.3

(=]

fluidizing gas velocity [m s1]

Fig. 4- 15 Relationship between mass of agglomerate and fluidizing gas

velocity.
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Fig. 4- 16 (3223 D F7e DM KA FERRIZB N T, —FTFTOR— MLV EEFICH D
R BICAFAET DU D B 2 HEDS 11 FHOR FHEOEEFY L~v—>h—)
&, —HFEFOR— ML T H DR PNITHET DEEIRD B 2 FED 11 FH
DR FEDOFE R (i~ — I —) OFZEERE KT DA RS, ZORNL, R
— M1 XY EEICAET DREER LY | JBIERICHERE L CO D EHERO A BREA K
W ERbol, v, BEKRIIENEZZEL COLMICERE L, ZOE &N
L TAN LA ONLDEEEZBA DI & TRIEMICHB LI L Z L 2R L TWND
EEZBND, 5T, Fig. 4- 1710, F22HEEE T 5, BEAROEREO 71 v b,
LN U = Ug Dz R~T, 78y MI, TNENOEEFREICBIT S, A—F 1
L0 TEBICHERE L7l R IR D B 2 ZHND 11 B HORLFREO R E R TH D, 2D
BlE, Uh 23 Ueq LA FORE, BEBROREIZIIFE-ETHLZEERLTVD, Zh
X, 4. 2. 3 THEW, U Usg £ 0 b/hE W& X TBERITEARS N, &) T
TNHEIL—H LTS, ZOMTIE, U = 0.17 [m s FHEIZ, Ueq BAT T H Ak
SInFeBLroNL 7oy MR BHDH, ZHUX, UgZRODEE. EE I FROFEET
SR L2720, B B CIRRZUE UL EOKIEO® AW ) b EEERICE X | BRI
MEEINTTeDTEEEZ BN, by Uy LD b REWVIGE, BIEEICHERE L2 BER
DONYPE BT ZEE R B LTI L T 5, Zhud, fEME T Ao R& SizfiL
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Fig. 4- 16 Relationship between average mass of 2nd to 11th largest
agglomerates and fluidizing gas velocity.
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Fig. 4- 17 Mass of agglomerate vs. fluidizing gas velocity plots including U =
Ucqline.
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Fig. 4- 18 t, vs. fluidizing gas velocity plots at different particle diameter.
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Fig. 4- 19 Variation in liquid bridge force vs. particle diameter.
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Fig. 4- 20 Variation in minimum fluidizing gas velocity vs. particle diameter.

Fig. 4- 20 OfEREZFIH LT, KUEROFERRIT T 2802515 Lz (Fig. 4- 21),
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24 IZFNEN, F & doo NE doo B L dy DFEBA%ZRT, F£7z Table 4- 3IZHH L=
NG A—=H—DfEzERT, Fig. 4- 24 105, ZBESEE Uo [m/s] BAREFWIZE, A [N] 23
RELRDZENDroTe, Filo, R d =60 [pm] 726 450 [pm] O T,
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A7z, Fig. 4- 26 |2 Fig. 4- 18 O RATK FLIRARITITIT D Ueg DIEZ M T AR T,
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Fig. 4- 21 Variation in [}, vs. particle diameter at fluidizing gas velocity of
0.25 and 0.15 m/s.
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Fig. 4- 22 Variation in F'vs. particle diameter at fluidizing gas velocity of 0.25
and 0.15 m/s.
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Fig. 4- 23 Variation in N vs. particle diameter at fluidizing gas velocity of
0.25 and 0.15 m/s.
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Fig. 4- 24 Variation in H, vs. particle diameter at fluidizing gas velocity of
0.25 and 0.15 m/s.

Table 4- 3 Parameters for the calculation of #, Nand F#,.

symbol Value

P+ (gas density [kg/m?]) 0.842

Pp (particle density [kg/m?]) 2.50x 102
g (gravitational acceleration [m/s?]) 9.81

U (gas viscosity [Pa*s]) 2.37x10°
A, (cross sectional area of bed [m?]) 6.22x 1073
D; (bed diameter [m]) 89x 10
&m¢ (voidage [-]) 0.41
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Fig. 4- 26 t, vs. fluidizing gas velocity plots including Up = Usq lines.
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TEENENOIRE %22 2 TERZITOBNIEE T [Cl B 6l 5 2 2882 it LT,
Fig. 4- 27 |Z{AFE & V=55 [l min], mr=10 [g min] TEMIZHEKZ GG L2 D,
tal T ORERIZOWTRT, Th BEMT 212080 ta b REL o7, £72. Fig. 4- 28
IV R—EDRED, U LIENIRE Th OBIRE R, JENIREDRIE E SR D EFE
IIRELSRDEDT, Do ITREE & HITHET 5,

3000

2500
2000
"n
— 1500 r
(3]
1000

500 r

0 | | | | |
100 110 120 130 140 150 160

bed temperature [°C]

Fig. 4- 27 t, vs. bed temperature plots at constant volume flow rate.
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Fig. 4- 28 Variation in fluidizing gas velocity vs. bed temperature at constant

volume flow rate.
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T 5 E TOREH 6l 4.2.4. T, WA TEHETE 5 LE)MNT,

= Mpax (UO _Ueq): Mpax ko, AT

kyw ky [1—exp(—kyAT)] (4-31)
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D Mmax (X—E & 725, S HICEAN~OWKEEHE mr [g min?] b—ETHD, Lo
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IZTE AR S VT B R D B IS I HERE 3 2 121X, BB Z TR 20 ERH 5, Kl
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B S NI EE RN IS HERE T2 £ COEAHR TEX 5, L LA b, [JdOHE
TR DORE X R D DOE S, T AEE, 7 Ehkx 7@ OB %2217 50
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Fig. 4- 29 t, vs. fluidizing gas velocity plots.
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Fig. 4- 30 t, vs. bed temperature plots at constant fluidizing gas velocity.
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Fig. 4- 31 Variation in non-dimensional water amount vs. time.
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Fig. 4- 32 Defluidization.
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Fig. 4- 33 ta vs. AT plots.
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Fig. 4- 34 Feed amount vs. AT plots.
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Fig. 4- 35 t, vs. feed rate plots.
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Fig. 4- 36 Feed amount and feed rate plots.
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Fig. 4- 37 Pressure drop vs. time plots.
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Feed 9.75 ml/min

LIAE]

Bed temperature: 140 °C

Glass beads
(334 um diameter,
2.5 g/cm?3)

simulated agglomerates

0.20 m/s

Fig. 4- 38 Experimental setup.
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Fig. 4- 39 Pressure drop vs. time plots (7 mm glass beads were set at the
bottom of the bed).
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Fig. 4- 40 Pressure drop vs. time plots (24.6 mm glass beads were set at the
bottom of the bed).
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Fig. 4- 42 Schematic diagram of initial bubble without accumulated

agglomerates.
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Fig. 4- 41 Pressure drop vs. time plots.
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Fluidized particle

Initial bubble formed near
the bottom of the bed

Agglomerate

Distributor

Fig. 4- 43 Schematic diagram of initial bubble with accumulated

agglomerates.
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Fig. 4- 44 Variation in shear force vs. initial bubble diameter.
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Agglomerates accumulate
at the bottom of the bed
(defluidization takes place)

Liquid bridge force >
Shear force

Accumulation of agglomerates begins when
agglomerates exceed the size which can be
supported by fluidizing gas in the bed .

Shear force >
Liquid bridge force

(fluidization continues)

Fig. 4- 45 Agglomerates growth and accumulation model.

133



4.5. MBVEARGBD AT —NVT v 7

FBRE R — VO & TEN B CRIAT 27O EBO A r— &2 K& <
THMERDD, LNPLRRL, BEOAr— Va2 RELTHE, /PMIOIEE LR U4
HCEIEL7E LCHIRE RESMNEL LR E HENDBGNEZ S5 Z b5,
F 2T, NOHERE LR CER A K OEE CEAT 272D ORFEEL IG5,
R —=NT v TR TFEZAT THEE L 2D,

A —=NT v FEATO FEL LT, EITHBAIZFIAT 2 HENFIHShTnsssl,
TP O EBRIEE 2 ER L, TR OMIEST a2 0BT — 2 ZINET D,
WIS/ DLERE LRI RO E A ER L EREZB IR 5, 22T, /MIDLEE,
KIMOEER | ZNENTHONIZT — X DEEMHR L, AT — VR E BT DR 1%
FrEd %, AT —WhR &3, WIRORENENE LB, ZHUTER 2 K R
RMEZ D DORENET DBR TH D, T2 THONTZHRIZE ST, KO
PE TOME, EIERMFEZRET D,

AWFZE CTHRE LT iiEh B A T, BN RIE OB L > Tl S b 5iaitEb
WRREIZ /2> TV D, RIAENE CORIBOZEENIL, WREODPIRE LT, A7 —1LRb
ZIEIZ AN ERRRERANC X - TRl S 5027, RIEEEE O 2285 fie/ i
b H AHEZ ZNEI OO, Un®, EEOMRE m &35 L, kA

Up U,y =Am(Ug -0, ) (4-35)

Ao 9 & & W mOKIAOARK, G EFERSBENS R D, £, BET RO
KL FDIREII7 VB GRHMEAFRETH 5 L WE SN TN, <7 LEITREAL

Uy -U
Pq:(o Eﬂyﬁ (4-36)
r

TERIND, hntld Ub = Unt RO R, B 1 THETOA~DILHSRE TH D, /IO
EE RUDIEET PadFELLRD X OICKET 52 & T, FEHMOXILDOZET) %2
FELLTHZLENAREE R D,

£, R KTATRENE ORE L LT, KRIaiENE TIEEA RO K & WIRERLf- 23
REEHT AL VB BET D2 LT, BADIREE, REDMAE 127003 <R

134



BURZRIEREICHE L TV D 2 ENH B TNDEPT]

—J7 . A TITIRBNE RIS IR 2 a5, 22T A= T v T LIRS
a COAER L ARSI oKz i+ 2 & RFTRNSEREMEA AL, ZEL
ToEK OAEFEBREIC /20 Z LR TPHEIND,

LEX Y FPAIZRIN T2 2 & T AR CTRE LI RBERES DA —1 7T v
THNRINAT I ZEBARETH D L EZ DI D D REHIZHEK DU TIEIZ OV TR
NEATOMEND D EEZBIND,

135



4.6. £&®

AREETIX, WMBNEAIRIOBEE, ZENELRSRMOMP 21T 5 729012, BN T
DRHERDO R E - HIEET VOBEEToT-, SHI, FRICT, BELLEETLOR
YPEIZ DWW THRET 21T 72,

BHEROKE - T T VAR T D OIBNTE < T W TR ZITV, (55
& U CHZAE ) L BAZEAE /), 3B & L CRIADOE AR N KB & 225 Z & 2 W
Hink Liz, £2Z2C, B2, WRBVENICIRIR & s U7 B OREIR DRI & et
T 572D, KB EXKIADOE AW S D 2 T2 OWNTHRET 21T - 7=,

KIADOT AW R & 2R E OB L 72 D, £ 2T B IR T A 50E0
HAWIE, BIES» O EEE TORNEEE LTI L., £, HEE ) & <0
DY NW IR E L IR DBFOZEEEHE % Ug Im s EEFE LT, £ L CEEHE Ulm
s M Ueqg D H/PINGEEREVGEDENZNIZIB T BEEROEE ZEL L
770

Uo 28 Ueq 10 B/ SN E & OEEROZETNT, a5 RIEEIENIZ I T 2 IR
T-& UCHHl L7, i R ENE Tl T A 7 A —"—3E U, [m s ZEIfEE LT,
A DMERE S DR & . rEEMERE S B ST i D, ARTENE O ST,
UolZ Ueg RV bREL AR DDT, ZEHEHE Th B Ueg LV /NS WEITIE, BHEIR
IR ST T H0NTIRENE BRI HERE 5 2 L N LT BT L bR ST,

Uo B Ueq X0 b REWEIETIE, WERNRBEN D, BEERIRRE - H5E T L 24
FLiz, T L TET NGB WIROBHEBHAERE 2> b BRI OHERE S Bl T2 &
TORM 6 [s] &, BEEERSHERT 2 £ Tl T 2 E Flmll 2 EBRFER &L
770

725 (0.13~0.26 [m s1]), #hibJEm (250, 325 [mml), WEAKMEAGHE(3.1~20 [g
min] ), JEAIRE (24~147 [°Cl) %% % CTiiiBh/E CH KA EREZIT o IR, Fi
FERIIEE LT V& L —F LT, SDIT, HERDMERREIC S 2 28, &
OHERE U 72 BRI & 2B OBIMR AR LT S K o T 5 2 E B ATRE T
DT EEMOMNT LT, DLEXRY | BB UIEEKRDOME - #EF5ET /L D2 S MEN
RENT, 61T, REBROLKMETIE, 4.3.3.5 TiTo 72, RIBORENE 2K & it
BT 2 EREZRE, MBIEEZARBE LT, 2FVEET o RARIHT 52 E08F
RBCThdHI EaER Lz,

4

136



(11 J, Ma, D. Liu, Z. Chen, X. Chen, “Agglomeration characteristics during fluidized
bed combustion of salty waste water,” Powder Technology, 253 (2014) 537-547.

(21 U. Arena, M. L. Mastellone, “Defluidizationn phenomena during the pyrolysis of
two plastic wastes,” Chemical Engineering Science, 55 (2000) 2849-2860.

(3] P Chaivatamaset, P. Sricharoon, S. Tia, B. Bilitewski, “The characteristics of bed
agglomeration/defluidization in fluidized bed firing palm fruit bunch and rice
straw,” Applied Thermal Engineering, 70 (2014) 737-747.

(41 W. Lin, K. Dam-Johansen, F. Frandsen, “Agglomeration in bio-fuel fired fluidized
bed combustors,” Chemical Engineering Journal, 96 (2003) 171-185.

(51 C. L. Lin, T. H. Peng, W. J. Wang, “Effect of particle size distribution on
agglomeration/defluidization during fluidized bed combustion,” Powder
Technology, 207 (2011) 290-295.

(6] C. L. Lin, M. Y. Wey, C. Y. Lu "Prediction of defluidization time of alkali
composition at various operating conditions during incineration,” Powder
Technology, 161 (2006) 150-157.

[71Y. Zhong , Z. Wang, Z. Guo, Q. Tang, “Prevention of agglomeration/defluidizatioin
in fluidized bed reduction of Fe:O3 by CO: The role of magnesium and calcium
oxide,” Powder Technology, 241 (2013) 142-148.

(81 J. P. K. Seville, R. Clift, “The effect of thin liquid layers on fluidization
characteristics,” Powder Technology, 37 (1984) 117-129.

(91 J. Gomez-Hernandez, A. Soria-Verdugo, J. V. Briongos, D. Santana, “Fluidized
bed with a rotating distributor operated under defluidization condition,”
Chemical Engineering Journal, 195 (2012) 198-207.

(1011, J. McLaughlin, M. J. Rhodes, “Prediction of fluidized bed behavior in the
presence of liquid bridges,” Powder Technology, 114 (2001) 213-223.

(111 P, C. Wright, J. A. Raper, “Role of liquid bridge forces in cohesive fluidization,”
Institution of Chemical Engineers, 76 (1998) 753-760.

[121Y, Tsuji, T. Kawaguchi, T. Tanaka,” Descrete particle simulation of

two-dimensional fluidized bed,” Powder Technology, 77 (1993) 79-87.

(131 K. D. Kafui, C. Thornton, M. J. Adams,” Discrete particle-continuum fluid

137



modelling of gas-solid fluidized beds,” Chemical Engineering Science, 57
(2002) 2395-2410.
(4] P IR, RO R = L—3 3 >, (2012), LK.
sl R T, By o LW, (2005), HARBLZERTRIAL.
(16] N. Mitarai, F. Nori, “Wet granular materials,” Advances in Physics, 55 (2006)
1-45.
(171 C. D. Willett, M. J. Adams, S. A. Jonson, J. P. K. Seville, “Capillary Bridges
between Two Spherical Bodies,” Langmuir, 16 (2000) 9396-9405.
(181 J, P. K. Seville, C. D. Willett, P. C. Knight, “Interparticle forces in fluidization: a
review,” Powder Technology, 113 (2000) 261-268.
(ool SferadT, mPkrRbE, AT, “AAEIR IR (PR SN 2 MO ARG L 2
A&7 L7 T Fim X, 20 (1994) 542-548.
(201Y. T. Makkawi, P. C. Wright, “The voidage function and effective drag force for
fluidized beds,” Chemical Engineering Science, 58 (2003) 2035-2051.
(211 R, Di Gelice, “The voidage function for fluid—particle interaction systems,”
Internationa Journal of Multiphase flow, 20 (1994) 153-159.
(22] J M. Dallavalle, (1948). Micrometrics: The technology of fine particles (2nd ed.).
London: Pitman.
(23] TRERM, FHAKMR, mEEH, (1996), ¥ E/E.
[24]1 R, M. Davies, G. Taylor, “The mechanics of large bubbles rising through
extended liquids and through liquids in tubes,” Proceedings of the Royal Society

of London, 200(1062) (1950) 375-390.
(2 5] 22 T2, (b TR oS 26 WiBhfE, (1992), fEESE.

(261 gARKET, « WA T vt 2T DEFEROFH & HIAH, AT 727, 38 (2001)
514-505.

L2 7V AR R T BN 2 tm, WREhfE > R7 > 7, (1999), B3 EfH.

(281 D, Geldart, J. Baeyens, D. J. Pope, P. Van de wijer, “Segregation in beds of large
particles at high velocities,” Powder Technology, 30 (1981) 195-205.

(291 A, W. Nienow, P. N. Rowe, L. Y. L. Cheung, “ A quantitative analysis of the
mixing of two segregating powders of different density in a gas-fluidised bed,”
Powder Technology, 20 (1978) 89-97.

(30l R. W. Rice, J. F. JR. Brainovich, “Mixing/segregation in two-and three

138



dimensional fluidized beds: binary systems of equidensity spherical particles,”
AIChE Journal, 32 (1) (1986) 7-16.

(311 H, Tanimoto, S. Chiba, T. Chiba, H. Kobayashi, “Jetsam descent induced by a
single bubble passage in three-dimensional gas-fluidized beds,” Journal of
Chemical Engineering of Japan, 14 (1981) 273-276.

(321 D. Kunii, O. Levenspiel, Fluidization Engineering second edition, (1991),

Butterworth-Heinemann.

(331 f{L2 TP, &5 3R LT -fian & -, (2006), HEEL.

139



5. BT X NFX—REBR 7ot XDR%

5. 11X C¥®IZ

3ETIIETXNF — DOBEE~D A7 — AT 2 Wf T & 2287 vt X 24
FT D7D, WKDOAEFIZHBEOFHAEZERZ L, gL 7A8as L CHHT2 2
EIRTREZR Z &, ETIBIEAREI N b OA S — L IHIZh R 2 EFRAICHER LTz, 4 &
Tl BN 7 T & W o i~ o e R it L E I EER T 5 &0 (b 21T
D720, TMEENICR T DEEREORE - BN DWW THRET 21T o 72, AE T
WKEEAN T v 2B T LT v ADET LT —(LET 5 DIz, B CEEAE
(ZEEDS L BNEZ R LIz 7 a B A2 L £ DB =3 L X —PEIZ DWW TRET L
7o

B OEVEAE L RENE A S e 7 et AT Aziz R0 Liu H72Y, RO g0 (2]
RNA T AORBYENEA L, k7 mE A2 1/6 ~ 1/12 FREE T L¥
—HEBRZHIETEZ 2 LHE LTS, b0 r AT, BEEREZ RENE I F
AL, BB OKGZRFE ST D, REEZFIHT 2B, B2 BEERE~D R 4T
IICERHIFRFCE DO Th b, AKRGIEEEEEIO FI/FAET 5D T, IRZEIC L D hE
T OEELIETRE L O FTREVEITIR < | AR L IREME T A DA iR E < $5 2
EMTTRETH B, — 7 AW TIRET 5 7 0 2 Tl BB ARSI 2 A L.
T OEIEE RIS E D, MEBENICERE 245679 2 0T, B CEART DK %2 258
XL TR L LT, FEREMEAE U D ATREESXRIZ S, T DT, BAF
2B A HERF 9 5 7o O I HAZR R L TRENM BT A DOt B Hl 3/ S WA CiEls 3 5 4
TWNRB D, £z, FERFOKSZZEEIE D70 AT AEKOGFEEERT H0NE
DY WEDOKYERFESED T 0 A TRBAE EFSCREO R L EZET D 0NEN
%, ZDX D ITIHBNEATE G THINBR I R0 D & | 770 & X ORRR0LE TE 70 18R
(CHBEIREIRRM R ENENT 20T, ZOEZINF L BT 2LEZLND,
ARETIL, B F—THARDPAE U WIKEKE T v AL T 572012, B
CAEAICES BB AR L o 2R Lz, 72, BE L7 ot
DB T RN — P ON TR 21T 72,

5.2 H CRAFAICE S MBERRSZHAH LIcER 7R
5. 2. 1. fiBHMEL A X D&

e 2 7Z4% 8 & L TR 2B fkx ek 2 @b 7 2 & L TR 2 Z L s w]
BEThD, —MIT, HROBBUKAIMFIHA ST 200 B OREiCiE, B b T 2

140



& LT2ERL mBUKARR AR Lz H CBABAIC S g 7 o & 22 OW TRE 217

277,

5.2. 2. RBMEAT AL LTEREFH LB CRAFAICE SR o X

MEE T A & L TRKAEFIM L A E ALK S g7 o v 20X X% Fig.
5- 1 \ZRd, WKiE, ETBHBGIHERICAY TEREIND (1 — 2), ZO#%, IEEHh
7o KIZZE R CTIHREME SN TV D IRENEABARICAV AT D (2 — 3), ZAK L TiHE)
fEH A (2250 (XA CEASHRIT 0T 70 T 75 53 W B A S VI Bh B C 285 O B
BREBZHT S (3 — 4 — B), MEMEH A (2R) 13K HERS CHOBES L, JEHE
BTNz SR ENIER CEIlLEND 5 — 6), TD%k, HEMbicKnE R {tEs
Trr7—Chzbohlob, BOENICHEESND 6 — 7 — 3), KUK it
H U 72 BRI R BB g TR 2 TRAL =0 B, 2L T I HIZECHYEIRIEICR B
6 —8— 9, 2O/ BEATIX, BIEMICHERE L7 BREMR & A mE, F2i3y
FCEINT S (8 — 10), [FIKFZ, B L2k & & SROfEk 2 &t — % —CJF
PIREE £ TINEN L 72 D HIRBYE AT NI 5 (11 — 3),

BN S T2 0 O3 X —HE BT THEAETE 5,

W C+B+H-FE 5-1)
P 5-1
p "y

KT A—4 —% Table 5- 1 IZ/"7,

141



6

Compressor nder
:- ---------- VD
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11

9

Fig. 5- 1 Schematic configuration of self-heat recuperative seawater

desalination process using fluidized bed (fluidizing gas: air).

Table 5- 1 Parameters of the proposed process.

symbol

w

m T ©™ O 3

Energy consumption [W]
Product water flow rate [g/s]
Work at compressor [W]
Work at Blower [W]

Heat at fired heater [W]

Work at expander [W]
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# 3T A—H —[X Table 5-1 L [AIEETH 5.

Compressor
; 6

9
7\
Blower
10

Fig. 5- 2 Schematic configuration of self-heat recuperative seawater

desalination process using fluidized bed (fluidizing gas: steam).
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ZIT. Rey. Prixzhntih, Kt A /24 [l 770 b [12RLTERY,

Rep 1T FTOXTERSIN TV D,
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7o RRALTZfi% Table 5- 2 I2E &5, HEOMEE, @=0.81[kIm2sl]Ero7,

Table 5- 2 Parameters for the heat transfer rate calculation.

symbol

Value

d (particle diameter [m])

T (bed temperature [°C])

T, (liquid temperature [°C])

v (velocity [m/s])

v (kinetic viscosity [m2/s])

k (thermal conductivity [J / (m? s K)])

Pr (Prandtlnumber[-])

0.01
140
100
0.2

2.53x 107
2.80x 102
0.980
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WIS, BB L 2 BIRNEE O, WEBENCME S fEE 2R L,
WEBENAE O BBEIIROATRDO NS,

Q= hy, (pw - ,O)L (5-7)
ZZ T, A pesp. LIZENE N, WEEES [ms1] KBERECOEERE (kg m3],
FRCOEREE [kgm?], EREH (kI kgwater] Th 5,
WIEETESR B [m s IZRATHESET 5 = & S ATRE T 5.,
h,d
I (5-8)

Sh="m%
D

ZZC,Sh d DiFEnEnYry—uy M [ REES [m], IH%FEE m2s] ©
D BIKN—RERRIRICE L ENTWND L X Uy —Ty FEIFRATHER Sh bl

1 1
Sh= 2+O.6Reré SCA (5-9)

Sclxv =3 v b [[] T, ko,

14
Se=5 (5-10)
TEHRSN TS, o, TEBREOHERIZIZRAE A7z,
r24)?
D=0.1883x10"* x LM/ (5-11)

pazQ

ZZTpldET) [kPal. ol3EEA OfE [101° m], M5+ & [gmollTHD, Q2
VIEEC B 28 oS 4y & PR, R RIEE TN oS LCEHE SRS, Q.

Wiz ZRATEHE S LD,
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_ 1.06036 0.19300 1.03587 1.76474

Q= + + * ]
T§.1561 eXp(o,47635r1\1) exp(1.52996TN) exp(3.8941 ]TN) (5-12)
kT

jwzj; (5-13)

ZIZTINERDDEEMER T 5 e bWEEADOMETH D,
LEDXD S | BRIR A MBUKA R E W T B OB 2 3R LT,
i/ L72fiZ Table 5- 3ICF L w5, tHEOFR, @=332kIm2sEo7,
IO ORERIT, WMBUKAK T T, BAREREZB IR o728 bIEEANHEEHE 2D |
HLIRZE R AR L7256 L AR O AT BB 2 3 LR L TV D,
FEE, Stokie HILVBIEZATA T, MEME Y A & L CHBVKASKZFIA L TH, 2R
ZFMM L7258 & OS2~ 2 L 2 WmE L Tnask,

Table 5- 3 Parameters for the mass transfer rate calculation.

symbol Value

d (particle diameter [m]) 0.01

T (bed temperature [°C]) 140

T.. (liquid temperature [°C]) 100

v (velocity [m/s]) 0.2

v (kinetic viscosity [m2/s]) 2.53x 10"

k (thermal conductivity [J / (m2s K)]) 2.80< 102
Pr (Prandtl number[-]) 0.980

P (massconcentration onthe 0.590
surface of waterdrop [kg/m?])

p (mass concentration of the main 0.529
stream [kg/m?])

L, (latent heat [ki/kg]) 2.26% 10?
p (pressure [kPa]) 101

o ([101°m]) 2.64
M (molecular weight [kg/kmol]) 18

T ([-]) 0.511
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WD BRAET D £ TORHH (BEEIRDSHERE LIA oD D £ CTORERH) f [s] 1, Fig. 5- 3 75
ta=2460 [s] &KFE 572, Fig. 5- 4 I[ZIREMEAT R & L TEKEFIH L7235 L imBukz&
K[REFALESGGEAEZND T &t DBREZ T, IBBVKZEKZ RN L7213 5 D3k
EREFMHALEGAE LS VNS hoTc, ZOBM % 4 7 CHEE L ICEERNRE -
HRET A BELE LT, Fig 5 5 12 NENOFEMLA A CEREHE U & KignH
AETTIORE S R IN] OBfRERT, FHEICHIA L72fEiX Table 5- 4 (12777, ZDX
MPHRIAD EFIZ L D AWINL, IRELREFIHT 254 L0 bk ALK EZ R L
TN ENZ LR DND, 16> T, BEERIROREITBEKRAREZFM LR Rk
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Fig. 5- 5 Variation in force vs. fluidizing gas velocity.

Table 5- 4 Parameters for the calculation of shear force.

symbol Value (Air) Value (Steam)
d, (particle diameter [m]) 3.34x10*

p: (gas density [kg/m?]) 0.842 0.529

U (gas viscosity [Pa- s]) 2.37x10° 1.38x 107
Py, (particle density [kg/m?]) 2.50% 10°

A, (crosssectional area of bed [m?]) 6.22x 10

D, (bed diameter [m]) 8.90x 107

£ (voidage [-]) 0.41

g (gravitational acceleration [m/s?]) 9.81
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5. 3 TR NX —HEROFHEA
5.3.1. ¥YIalb— g &

H OB A S RBEA RSB E R A L@ e e A0 3 L X —ERE 7
2t AV =2 b—4%— Pro/IITM Ver. 9.0 (Invensys) ZF|f L, LA FOIGEIZIED X G
BT,

7' ARG D AR ORAIE. RIS R R e AN Fig. 2-11 D X 5 IZ%
b2 X TE Lz, e OIRE, JE/iTEn i 25 [°Cl. 101.3 [kPa]l Th %,
BRESHAZH I AT, BV IR 2213 5 (K], £7-. WEVENICEBIT 5 BT HAIR B
21310 [K] ERE L, v ab— g T, iR e ERE2BE ST 57200
HFEIZBE LR o7, BEROBIGEE, FREMRL - OB IEE X Mmax & TR L,
Mmax DR E SIFERMBEZFA Lz, 7 o7 —@8h3fi#sEnN cE L5 2EEK AR
BHZ D871 LTRO LD IZEE LT,

AR = AR, + AFy (5-14)

ZZ T, AB. APITIENE, BB TOENEKL, SR CTOENEKLTH 5,
RENE COENBKIZSIONRT AWK THETE S,

AR, = (1- & \op — 2y 18 (5-15)

22T, emtl] pplkgm3], pelkgm3], Alm]l. glm s2liZZnFi. w/GREME AT A
W DRFDZERRF | BT DF ﬁQMﬁX@%F J& = Eﬁmﬁﬁfkéoﬁ@m
TR % B @RI D 7o OI2iE, B COE K%L | ilhiEoE 1 ZE#IC
REJRELTDHLERDH D, LML, Fﬁﬁ%%ﬁk e RN WX&ﬁ@@ﬁ#k
Lo TLE S, BRURTEMEAIT 9 72012, 28R C O E B RITREERRI D &
m@ﬁf@rﬁ%%®o2~04P&fﬂ@@f%é&ﬁién1wémo%_TK
VIialb—va T, SBIRCOEIERITRETHA LT,

AFy =0.4AR, (5-16)
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5.8.2. ¥YIal— g URER, BE
5.3.2. 1. HERAFACE S MBEAESEZFH LR T o R0 xR )L
¥F—HEERE REMEVT R Z2X)

JENIRE T =140 [°C] | Z2H5HE Uh=0.20 [m s, FEENVE N~ KR EE me
=10 [gmin!] £ LT5. 2. 2. THELEZ7et AR X —HEELFE L, &
BICHA LI R T A —% —% Table 5- 5 1237,

Vial—varoff BARBHZD O R X IR 2734 [kJ
kg-waterl] DL E&7eh | FEFRICKRE L e olz, ZHUE, WEMET A TH 5 ZELMN
HREBS ST leDIRRZDGEMET L, 72 AN TEAER S 5 DICLERE
HUBKREL ol edTH D, @IEFA 100 [Cl OEKDOHRTHDGE, RIZIE
NE 5 FICHET 2 &, miRIRIEOEMREIX 152.3 [C] &785, LoxLAR6,
EIRERICELZNRES D & BROSEMET L, ZHUHEOEERFEE IR T 5, k
SOMBORETIZ, ENE 5[] & LBE, BERIEEIL 98 [Cl L2y, mikit
EORED T HENIRE LD bR R VBN TERLBRDLH, AV Ial—va o
G, BR-ZEKRET OREKD 150 [C] TEEMfT 2 L S ICEN A ZRET S & W
IKDZIEN BRI EE RTRIRIIROBEATE X 5 Z NN LR oTc, ZD2,
TR ANTEIIERE T, =X —HERRIIIFFICRE S hote, o, Av Iz
L—ya BT 5= —HE &N, KORRBEE (1 2300 [kd kg-water]) K
D HRENVDIT, EESHERIZ T D mIRTRIAR O RARIRE 4 150 [Cl & iE L7272 912,
REHIZRXNAVF—Z MR DVERNHHT2DTh 5,

Table 5- 5 Parameters for the simulation.

symbol Value

& (voidage [-]) 0.41
Py (particle density [kg/m?]) 2.50x 10°
P (gas density [kg/m?]) 0.842

h (bed height [m]) 0.25

g (gravitational acceleration [m/s%]) 9.81

t, (the time until the pressure drop beginsto 1700
decrease[s])

Mg, (Mass of accumulated agglomerates [g]) 0.6

A, (cross sectional area of bed [m?]) 6.22x 107
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5.3.2. 2. HCRABFACE S MBEAESEZFH LR T o R0 xR
¥ —HEE (REMEYT R BEKER)

JENIRE T =140 [°C] | Z2H5HE Uh=0.28 [m s, FENE N~ KU EE me
=10[gmin], L T5.2.3 THEE Lot A0 R LX—HERELFHE L, @
BOKFR KD ZEERE 1T, ZeH5 0 & B/ NRBME T A E DN 28R 2R L7356 & [A)
U275 L OICEE Lz, HEICFIA Li-ftho /T 2 — % —% Table 5- 6 I[Z7”"7,

Yialb—va ok, BAREHZY O3 X —HEEIT 423 [kJ
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MR DI T E UF, IEMEREEN ) A NS e o 72720 Th 5,

SO BNER AR AR CORRHIRIEZ 2 /NS LIEHA D= RNV F —HEE~D
B RE LTz, MEAKOB SO EIRITK 120 [Cl TH Y . E-ikBEHRTE L TIHsE
HfEE KRE LD LN TE DO TEARBIREEE /NS THZLEBRARETHD, £ 2
T, ZAKOERRE Te= 125 [oCl. EMNIRE 7, = 120 [C] EE L GAIHLIRE N
5[K) mxF—WHEREZHRAE L, v Iab—2a VoRER, B H7-0 oz x
X —IHE R 217 [k kg-waterl] &7eo7z, ZOffX, Eilko 7, =140 [Cl, Ti=
150 [°)C] ¥ I a2l —va LR TZR X —{HEEDEORECTH S, Fig. 5 6,
Fig. 5- T\ZZFNFh To = 150 [°Cl. Th = 140 [°C] O 7 1t 22T HIREEERRXK &
T:=125[Cl, 11 =120 [C] 7 vt R IZBI} DIREAERXZRT, ZORERD &
b LI, Te=125[Cl. h=120[C] 7 vt 2D ER, LV ORNR Tk
ANTHERLTEY, BARTHETONIEAE Q@ BWHhE ko TNDH I ENbMND,

PEXY gL —EBREN NS Tt R ERT L0100 Bt 2 L LT
WBKAREZFIAT 200 EE UL IREVEARIRICRIT 2R E £/ NS <T5
ZENEETHDHZ ERbhoT,
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Table 5- 6 Parameters for the simulation.

AN

symbol Value
&m¢ (voidage [-]) 0.41
Pp (particle density [kg/m?]) 2.50< 10°
pg (gas density [kg/m?]) 0.529
h (bed height [m]) 0.25
g (gravitational acceleration [m/s?]) 9.81
t, (the time until the pressure drop beginsto 2460
decrease [s])
m,g, (mass of accumulated agglomerates [g]) 3.3
A, (cross sectional area of bed [m?]) 6.22x 1073
. QHX
€
/ _
A
100 200 300 400 500
heat [kW]

Fig. 5- 6 Temperature heat diagram of thermal process based on self-heat
recuperation at 7t = 150 [°C] and 7} = 140 [C].
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Fig. 5- 7 Temperature heat diagram of thermal process based on self-heat
recuperation at 7t = 125 [°C] and 7} = 120 [°C].
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X7 e 7 —%Z@E L7-0b, FORBENICMEEns @ > 7 > 8 — 3), K
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Y3 lb—variE5. 3. L NS, 5.38.2.2. ERIUIRETITo72, Y2 b—v
a OSSR, BRI ES IRBEARSG AR L7 mk 2 Tld, e —%—THN
Z T-BENT 365 (kW] 7' a7 —@h 1% 8.82 [kWI, Ki 1D MEMZFIAH L7 1.84X
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T. = 125 [0Cl LAE L7=Hh OJEMEHESEN /1. 7 m 7 —8 1, K OMEZFIA L7 8
B, fSiEIXEhEh, 26.5 kW], 8.82 [kW], 1.84x104 [W], 0.16 [kg s'1] TH
0. HEMNE S0 O R L X —HE &I 217 [kd kg-watert] L7po7, L72do T,
H OBV RIS < IRB 7T AR 2 W 7oKL 7 a2 2 DR ER 7 m & A K
DH =X —JEEEL 5/6 ~ 910 FREHIKTE 5,

Z O A RERERK NS EE LT, Fig. 5- 712 Th =120 [°Cl. 7. =125 [C] @
FEME T A & L CRBVKAERZFIA Lz B VAR S Y o & 2 O ERE
MK RENTND, ZORIE, KIRFA D Z BT @R TR OB Clibit
BY, KESOBMEERLTNDZ EER LTS, Fig. 5- 912 H BRI ES i
Bfg 2 Licizg 7 ot AOREAERK 2R, 207 AT, SRR
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Fig. 5- 8 Schematic diagram of thermal process based on heat recovery.
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Fig. 5- 10 Schematics of multi-effect distillation.

140 Qux Q Qypx

M
N
A4

temperature [°C]

40 Effect1 |Effect 2| Effect 3| Effect 4

0 100 200 300 400 500
heat [kW]

Fig. 5- 11 Temperature heat diagram of multi-effect distillation.
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Fig. 6- 1 Schematic diagram of the self-heat recuperative concentration and

drying process.
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Fig. 6- 2 calculation result of the self-heat recuperative concentration and
drying process.
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Fig. 6- 3 Temperature heat diagram of single drying process (left) and
concentration and drying combination process (right).

165



6.3.2. HCAFAESK B n bR BRI o R 2R EbE 1
TR LBEHEDO SRR L DB

RELE T Z20E X NF—MRREZEFO Y v R & T 2729012, i 7' =
AL LT, BT T vy alh HORWEAEICIES S ERIEOEIEE & BT &7 0
DT RN X—EEBEORR, WS T 1Y 2 Th 5L EME & HOBEAICHES
RBNBARIRO =R —{lEREE £ Lozl RLBLEL BITRHE 7 1t 2 2R
LTW5, FERUITERITERN STV D EIGEROFE, f#EA 7 — Otk E2%
BT REZLEEZRLTWD, —F, BEOERIZHE T a2 Z2R L TND,

BEMF OFRME, ol 7 v 2T, RN E U WARRIEEZ R T 57201201, S
7Ty vaikl, ZEHMECESI BT T e AR MAGbE T aE A LD,
Fig. 6- 5 DEEDEMRTED T vt ADHMRZ R, BN 0.16 [[] FTIIZET T »
o JETCURE L, IR IT 2 BRI ST 7 et A T 5, ZORFOEL
PR H 720 O X VX —14E &L Fig. 6- 5 75 586 [k kg-awterl] &725, 7oA
WML TTIRET L7 et R (HOAFAICE S ARIEL HOHAICE S REEA
RanE A B 7 a2 X) X Fig. 6- 5 OFFEOERO L S ITHER SN D, [EIERH
0.3 [[] Tk, ACBYEAIC X DARIIEIC X - T S, BiEEAKITE CBEAIC
Ko EEARB TSNS, ZOROBMELLHT-Y O 3L X —EEEIT 167
[kJ kg-waterl] &7¢%, LizidoTT, ELLTrERFEFOT B R LR TT
FIX—THEEE TO%EEHINH CEX 5 Z L 2L Lz, 51T, Fig. 6- 5026
25 X DT, HOEAFAEIC S < AR IETIZRILR SR & VI E RN BH7Z 0 o 3
VX —{EE BT 5, Semiat HITMEKDE AL 70 [°C] 725 L H5ITRIEL
TR T m A 2@ 5 L. 27— Ot <EIEE 0.5 [ ETHRODZ LN
TELHERELTNDB], 22T, BOBAFAEICES WAKEAKET 7t 2 CEILE
0.5 [[] FTEMEL, 20 2B CBEAICE S HBEARB TEAEIEL T nk 2D
TR —EEREEZFHET S L, 131 [kJ kg-water!] 7420, BELEZFokRrDOx
FNAFXF—HEREEZ I HIZ 20%20 RG22 L3 vfge s 72, LLEX D AOEHAE
(ZHD < ZRFIE & B OBV AR D RBYEZEFAR ML AG e 7ok 7 = &
AlT, BRIV —THEIED AV v NEAT L, 232 B DUHE A~ O DN S FSi
IR T B AEFEBTHZENARETH DL B2 LD,

BRI IR 7 1 AR EEE AR 256 O 0L X — B B2 OV TG
ZiTo72, Fig. 6-6 IR 7 m B A THLILET T v ¥ aik, BUCHIREED 5 K], 2
(Kl B CEEAC D < ZR31E, WNREIED IR & AR BT ) D= R L ¥ —
HEEORERE W70 A ThHZEABICE S T n X L g OBFAICES

166



<BEZAFEw LA L7 m e A0 -G H- Y oV X—EEEL RS, 20
MEHANT, ZRHOENE 7 n A LT 0t XA 2 A8 b kgt 7 ot A
DT RN —{HEEZRE L7z, Fig. 6- TIZBW T, SO FERITEHIEE = ATV 5
(K], [ER R A3 0.3 [[(] oo B EBTAICES ARE L A CBEAICE S B E
EHREERR LT v R EMAE DS EORMELH - O L —HE &,
ROFEHT, AT=2 K], R=0.5[-]. OFMHTHCBFTAEITHED FAIEE TR L.
BREK % B CARAICES RBEARAE LA b7 n e A HFOFERIL, ¥
REBRET R=0.5 [[] £ TRMELIEY 28 CBARAICES B E A & CLBE L7
Tt AERT, TNENOZRX AL —HEEREIT 167 [kJ kg-watert], 109 [kJ
kg-water!]. 109 [kd kg-water] & 725, ZHHDFERENS, HEBFAIZ S <RI
HEOEINERZ KEL THIEE, FARHRIBE 252 /NS THIEEEMEGHT-0 o=
ANF—EEEIT NS AT=2[Kl, R=0.5[] THOEFAEIZESS et
FEAT D& R e A CHREBE A FIH Lz 7 r e X LRERIEO T R LF—
HERELRDZENbD,

2. 3. 2. 2 TR K 51T, ZAFIEITBIT DA &2 0 D&K= 2 MIFEREK
DI TIRE DR 2T L A 85T T, E7 RO MREIZTEMNKE LTHIATE S
12 EIER, — 5, R EBEITFEEK O IR E MRV & K0 AR & 72 ) ok =
A NI T 5, Eiz, RAEEKOBEHFFAI STV DAL, WY 7' X% F
MEPTICRRMNG 7 0t ABRZME ] L2525, Fig. 6-6 215 Lh D Koo, HAR G
H1= D DT F—HEREITK T T 5,

L72h3 o T, FUEHK O KB RCIRAEIE K DB 1E72 &L RO BN TV HEMFIZE > T
W27 vt R & RINT 5 2 L3 BREAMO/NS KRR v A 2T 5 b
THETHLEEBEZOLND,

167



specific energy consumption [kl kg-water™]

specific energy consumption [kl kg-water]

700

600

500

400

300

200

100

700

600

500

400

300

200

100

&
v

i MSF: Multi stage flash desalination process
,'l SHR: thermal desalination based on
S self-heat recuperation
/’ MEE RO: Revers Osmosis
i (drying process) MEE: Multiple effect evaporator
,c’ (SHR X FB): self-heat recuperative seawater
/’ desalination process using fluidized bed
o MSF
(SHR x FB)
(drying process)
L
SHR
’,‘
e o
e .- .- P
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

recovery ratio [-]

Fig. 6- 4 Summary of energ

y consumption.

MSF+ MEE -
586 [kl kg .*

2

MSF: Multi stage flash desalination process
SHR: thermal desalination based on
self-heat recuperation

MEE RO: Revers Osmosis
. (drying process) MEE: Multiple effect evaporator
lc’ (SHR X FB): self-heat recuperative seawater
’,’ desalination process using fluidized bed
MSF
.
M (SHR X FB)
SHR + (SHR X FB) (drying process)
167 [k) kg1] /
=Y
SHR
R
re ‘--___‘___. '."
-------- > —— ______‘4’
L 1 L L L 1 L 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

recovery ratio [-]

Fig. 6- 5 Comparison of energy consumption.
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