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5E T CV D (Chemical Vapor Deposition) LA OEE B T
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EHONIEHFRIEDLDOTCHE TS, HTFTREN-—BRIEBIRFT
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TOED TSV INOBRFIELEBELIIEECLIEREBICETW 2
BB,  RYEFAFEW - NABSREFORTETITIEEN
SEOSRBEBEBERT-NVTYVTEUBDHOBELOSSOBER %
MELTWBONERRTH %

AFRATEIOHBERD D THI2MBBENTCONFORNESR
WO ETE RHBASFLEINBEPEEODRELRDIZMANS 2 DR
EHRFHBRNTCORMAELICIDSBEEL, REZAFOREGERENM
Fahiz<arz8B2T. Chiiha2ERoHMELREGILREBDE
ENELZED —BHVICEIFF L BZVWHERTH S ULNMULERET
GEEBEBOEBZREODIOSOKLRFRECRRBRZERT L 2 X R IT A
FORBRENRBHZZDBE L TZ2EMENERICR D TETWVD 13,
AHREEOBRBEBSBEHN FORIIAE L T HMBFEZHRNICT
SEHEF—N-—FTEHFTBELEAVWDI L ZREL. AL R
FEREELERERFBEFOLBMIBEMEEERTLEDDOT S %o
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1. 2 A GF 3¢ oo - ZF Y =N 828 & H B

EHE R4S —RPAROAALEBEBREICRBBEZERAT 22 &
NEHEAhTWVWD, HHERASA S CRXENWIBMEELCBE VT
X, BEERZ2ESODLEEHORE (EERBREWM-T5AFVv I 2TV
VYY) OKRENLEMBMNTET FABRBRMNTE S LERFICREX
MOF LIV ERTEBET A LN TEL D NOx © S0« BEOR
BAELEMOBFLEENMLBLWEORREZAELTWVWD, TOEHLHEMHOD
REBHLULIDEROHER VAR EL LTHRHENT Tt I &
SPEHFEREORBZRLFERAIATEBD, BETRBERHOKXRE A A
T—bFHEIHAhTWNWD2 Y, FEERAIELLECBVTHHRYE I
EBMNEETCULHIAP P —RBEETHILT I eNAERED. B
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5hd REBEMNNSCBEVWERYETEETE S FHHOBRL
EEMNBIVPEDS THI2FORMEALTEBH, BHETIE 40t/d o ¥
1Ty b TSUYMNNLEBELBWIEBBPTCEILE TS Y b BB
BicA>TW3,

LREERZEShhZ2EIS5SREHBERA VEIEEF LB L TR
EMOZAFONVYRDVD Y VORBIEELBEL 22, ChizHE
FORMAEKF (MEPH) OERO2EROERL - FHBAEET
SP0T. COEDREBEBELRFRABERBILEOLENH
20 ULNLIOBREZRBEZRR T2 tREBENE L. BHRET
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ZHILHWIIBDOEVIEBRBELTS XERREAIEETEZZ LT
JE2EEARORLEEND LENBEOABAEHMNRE SN Z XS5 v
¥ 7 8% (Slugging), HW2ANEO - MERBROICERT 52 F v X
Vv 7 H% (Channelling), HEPEBEOELIRN FMNHBMK LI
BT HWITESR (Segregation) BED LIS B RELRHEH 2 5 F
P2REBEENEUL S, LIPrBIhS0BREEBERESOSLSDER
NEEICBEET 2D, COBBRIIEFTXOFT N ERRBRENZEL
o T W3,

FMX TR EBRULEIS> AN FEHOS O FRFBHEK) 20D
EF Z2O0REBEO-—DOTHIFRLBEHTFORBILL 58 &L
ZMANE LT HIDODTH D RFHBHNELCEENEEHELAY
CtHREPIELAKRNFPEEBENFLVWVDLO 2 HBEMEH F (Jetsan par-
ticle) "EEHDZ2VWEBEBALEBEGLELSZDBDT. ThosMNig M
USABHREBILERTI2LA Y FPIAY VPR FEEORRE L 2 3,
EOELORBUEOBEEL R LEARCLERYELEHRFTOD 8 K
DELWETZ3 EsREIIREICORZ. £ MTUHUBRKENF
MEETHZHMELTE KBRS TP HIMLLEBRELCREL &
Y PARY P EOBRAEEFEZEZBRBMUEZERMFMIEVWENET S L
KWE>THEUVEERERNF XT3 9vIVPNNTHREIRBLEOEEKER
EYORMAPEBOBIKAIDPHEFII O TEUIHEBILN FOR
£, ToEBELVYORERBTOMEBERAICIIMBENFORE?D,
JIMAFTCOREDFOLRE - ALV F - HSIXFO0FRRWOFEE
rEMELENTWVWS, CHheNGBREICEBRTZEDIIT T Vb
DERBEOXREZEELRZ> TS, ULIPLEFORE: 2 2
EHFORECLIRERPHESMEBBLITZTORE K5 HBE
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HERBEORDOIELZIASBETF - N—%1, HFHEEILERE L H#
CHEMTI2RED ULSEHEYREGBE2FERAT 22 a5k
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LUl - N-—TERIBORHAEBHE LN FEHEIXRDBTDH
BARZESEFTFHEHGIAELERATWVWRLEEVWE L., BRIIEZHH
BEEhFzHBtESERELE0EHERBBOZIETT TOoORKE %
Mo T B ENRLETH %

T AHETE
1) F—N—FFEeHhBBORGIEHEHEZHESNAILT 22D —HP
AN FZzRRBLLIEEROEGHZ2BE S NICT 2
2) RiFfEmZ2E TN FORRLE LTI Z-ZBAEEGER F2T — )N —
fERBETCHRBAEIE ZoRKROEBIEEH LR EHZHS M
29 %o
) F-N-—(FEREBANCORFNESZEZFMAL TCUBEMLEN F o =B
RWAME2TV. TOHEFMET S
MED3IEHEEBZERENEULTERZT - I

ARmXE T-N-—fFEHFEBHBERAVI LI TRITER 2
E92ZRABEGEHNFORBMIECZELINMNICTSZIIOTHED, T OHE
DEBOBRHABSTLEEODEHEEADZDOTH 2

1. 8 BRE 9= o ©F 8 & = O 8Bt By

CTRTFT-N-—"NERHE ZTHIBECHTFHREEN ORI

(i

RHEC L AN TERA MO HE CH Y. TRhENLOLTHES
OPHEOBEXBAL. EFRCBENTRHT A HBEAEH & H
3 % FTEHEBHBERABREZRRETREREFOELLEHTITKXKELE
RBED BLEDONZLWEDNREARGHELBRET 5.

1. 3.1 F—N-HfERGE
CR-HERBECETAFEE TED (1957) L&oTHD

1
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hrrorBHT BEHBEXEHZ2T - N-—Zff0 252l LbW
HTrEACLEEBL BREROT-N—ALULT 47° ZREUE
FErRAOMAED ISy F Uy T HEOKRERERNFEEGHOR S
EHRELTWVWEN, ThEEDODVWTORKMAZBBREIT LT VR V.
Levey 525 (1960) WML S e6HAL T T VAOBEBRRIEG ICHE
AFUBBEOMHMBEMNRKE W L 2EM U2, Sutherland*?®’

(1961) WMLV —H—HFEZHWEREGEERZTVW HEIEHONFE
eNnMEchs L z2®,EL 2, Gorshtein 5 1'°°(1964), Niko-

laev 5 322(1964), Mukhlenov 52°%>(1965), Tsvik & 47> (1967),

Wang 5 48°(1969), Golubkovich'®’(1976) & OV E T hDFREH
BUHEHRBO —REREEFX ERLPT - N—FARYOEERERKZE
R d2FBIcID Rt (B BEEREDPEENEBERRZREOD
R Z2REBELED BMRERBCLOEBEEOIONT DOEF X &L,

FTORUYMEIERHEAZ VL. FEHRARNFLLULEAFEIRD AN
REOKNFEMN 3nn L Ed Geldart's) O SLETCE>DHRFTH 5
Y., BERBLECERAIAZ2ARNFPBHAFELEITOERICX
EhMEHEMNTHAERBDN B, Ridgway®4’ (1965) I HX LB EEDHK
MO —FBe 2T - N—FEHFEBBoOHFAHEHZRLE BHF
541 (1966) W EBORMMCMICEBBEEZR >DMAME OB 2/ H L.

FYR VIV ITPRFORTVEULNIAETMAZ I L Z2RU 2 Kolo-
ini 56290(1973) CEWER -—TOBEOEEBOENEBXOHEER
ATH % Brgun ORX'"ZHEL. BROF—N-—FEHEBEOE
iﬁST‘@EbE%@?&E;&ﬁjf:o FEBREELCOVWT O DR T
3o Jfzo Scott 5320 (1976) WA ULKBERONA X YT 2 —L L

TOEBZHTWVW. BEEMNDARLSKRELBAENTE I L 2EEL

-7-



2o Kastanek 5222 (1978) I EEMEZEH T Z2HE 3Tun OHHB O
REEZTWNW. ZOII22KRFORBAEIELHMENTHZ L E2RL
o B2 (1979) H EKIC Ergun O RX'" VO Z2HLELTCRBENEXRC
DPVWTHEEL WMEBERBTCOEIBELONEGLIDODRBR/NKEEH LB
BEEQOHREZITDEN CZIToOXERBERHNFEHhELHRER DM
HNOESFHFICBELTVWRVWOTHEBAEHBEERE T F X IZ< W,
Biswal 51 (1982) R EBEBOEBEREH DLW IRFLEXR T
VERATEEMLZ Uk, Kniec2'’(1983) WHMEWEERER L W F &
TEBZTWV Ergun ORX'""2EBHET I L2 TRKDERBDIR
HIEHEEBE L EAELOMNBEFTFVWRLS BT I 2HELT
W3, &£ 7 Markowski 5282 (1983) G AO®E 2~6cn O/NHhEEL A
H&E 20cn 2 50 30cn OXRBELtOEBZSTWN. 27— V7V
ToEHzeR NG, KERAENTGEZEEH IOV THHRA LU &
Edo2220REAZAOBEELSBERE2FZYT. KT I7H %
FEMETEBRBI DLV BERBICEVWEHZRLTWZ2OT . KB
LDEBEEZHETFTERDLE L SN %, Maruyama 527 (1984) & W
FOBRERE (ZRXRnF - N-—NFERHIE) ZAVWTRHILECERZ 7
WEEEBERSVTRLEENREXLAEGHILEREFLOHEBEZITo R & 12
“THARBRSGRNFORERHALDITN. ERZEZMELIAIOE S A ORK
DEEZRELE ULIPALEBRRGEBCEIHNF REBOEREZ M /D
SENWEDZTORWNEHEIRRADIBE LI ERL DS LEF X SN D, Bis-
wal 52:%°(1984,1985) B EEEBOENRBEROER & BR/DHA Bt &
BEOHRBEZ2To-EENHREAKE B LI REEBLAZDOTH
W, Shi 54°°(1984) ¥ HWFROBRERHE TEBRZ T, Ergun

ORX'""ZEHUBEAN LR F-REABOR N LEOPFEGELIDBNDEH
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tEErBAEFROEFT 2T V. ERERLRELS BT BHI L 2R
& U o Yang 5°5°2(1986) A E 300cn, ADE 25cn B & T 41
cn DAEOEBZ2RAVEBAETCORTEH PR FEH 2 L 2 KA L.
EHENL-_HABEHFOERAMER 2 T -
F-N-—{fEHRHBEIETOBERIPSBEABLEBAINRLS e U
NDUBEAEBILBLWTRAZAOBLELAERIBS AT IT7EHZ R/
WETEBRT S —H FREBTEAEEMNSIEZDIT7THEIXE
KRB L2, TOELOERBEEHIXEIERRDIEFALN
DM HFEHEICLERLERMXBRES ESRVL, EITAHR
TRIORZHELENMILTZ2ILZ2ERICEE. T HLRBHIEERD
EHhBEECDVWTHORAZMAZ I LT %

1. 8. 2 BHABEHRNFREBENORN
nHENORFBEZILA W TRZEL< OMXIMNERETLhTED, &
BB LTHELEHENTWVWEINDT, T ITRERRZFT
SOKRBFELUVEBERNONFLABMEANAHEEREICBEET 23 0
EELUIBHT 3

IL)VEA O F 2B Wen &5 49’ (1966) S _HAEEHN FTIEH
FREOBEHNELEY V2UTTHLhIEREL. V2 ETHAER
EaEUDILERSE L 2. Rowe 535:38)(1972) BHEDEE O
RR22-HABAHRFORBAELEF L., R AL TRHNBEZLD
EREORENXREVEZERL ELEHLELBELCBLVTLERNT
RNMFREMPY - TRAMNETZ L 28E&ELE $ERE L
RToBREZEIEBRLLTEAE M (=X,/X)) 28U ER{
Z Ao Gibilaro 517 (1974) IRFOMMEZBRHAT UERENR 2
& #H 2o Chiba 51'2.112(1979,1981) BRRBRFHLPSBER/F ET TR
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FHEEOREZ2 _HABREGHFICN LA LLHEERE BEE B
NEDBEBEXPAREZRA L. REHENECLII2BRFEHOLE L2 R
B M XD EBELUR &5 Nenow 5312(1985) WZORE
FEORBELLILDIEEEHREITZ L 2R M

2 )M EiHEER Gelperin &' (1971) T H BH 1L R %€ % &
TEB - -WMARHE  ZTE2HEHBO=-LLFEL. KBEHIETHEREX
EREERBMERBHCRT I LN TEIZIELE®ME LU 2, Cheungp @
(1974) BZHMABERNFORNFEHLEE u, ZUBER FOR
INHRBIEEE unrs 208 % X, BIUBLEENFORNDK
fEEE uer.r ZEALTRATERL, EHELORVWVEBEZ RS
U 7z

R . TR e

) (1-1)

o B
Rowe 5°:7°(1975) KIS MARKFO unr ORERXERELENE
BRICBIZZEME ¢ OREINEBETHSIED MHFMILD
THRERALEBED uar OBERXZRHB L E, Chen 5 (1975)

RHBELCEEOELRZBEANTF % CREETOMET CHE L L.

Gelperin 5'® * AR A KB EREX ERD. TLEHAEEE u
EH2UBUEEFOAERTCE - V2B LERELTL 2. B
GHEOEBRENOBML LB I/hE D E—- Vb ELRZE
EFHOEMILULE FRABOEBERIERICEL SRDEECEH L X
52 &R UTE, Knowlton22(1977) BIAWKHELF 2T 588
W F % BRESTOENTTCHBMIEEIEEED uer OER &H
BO uer OMMEY THEHERZ2E LR LR, Chen®’ (1981) & K
BOERBI_HBARCHFORFOBRBH 2TV, T LHHLH
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B ucr OB EZF T >, Carsky 5°°(1987) BB ABEH FO
REILIIHFOLBMEEBEILDVWTIERLANMAREX O XS &
[ JRANAR
REEBANORITEH CH I I2MREIHEER -—FTEORIBOH T
Dbh, HEEDPEAERLFOBREKZRBETCOEHIHGNMNIZETN T
WhW, FERBLLIIZ2BESFAOKHNFOAHTANOREEDLT+S4HS
PIEEATWRIERBREVWE L. ARMXTEIORZHLGMIIT 5 C
LR ETMICESE. XERHBLOHEBRADARKICFS> L ICT
%o

1. 8. 3 HEHBICLI2HFHERKRTE

REEBEHN FORERBIRFLARZFHRLEL T WS EH. 48
BECEEALTLWVRVWDBDODLEENTEEZ 0D, COFETO
HREERMPEHEODRINATWEIPSDEONBRRTH %
REMEATEUCULI2RIARAEZMNALEZS>BBEMAIE Thonas 549
(1961) KE->TEDAHMEMNEREIN EZDONERAN TH %, Suther-
land 543°(1964) GEANLCHBREOEMZARELEZREHBEZHA W 3
CEREIDHFOLME (RBWF) 2BDZ2ILMTEBZILERLU
5l # & Capes & Sutherland®’ (1966) KX PhEBRLRHETHFO
SMBENTDL HFOEBIPRZVEAIEELZS T IR F %2 EH
UhEITI2EREEFETTE uer FETHENBRETHZ L 2ER
L. SREEBORFRGICLIZ2EEE2 AL, Chen 57 (1978) i
ERAZMCFEZBEL. RHEHEELEERE v BT ICKREULRE
B v, EHCTERBFENTELAGBL2HER L. EHRIBEMFE T
Dke ZHARBHFTOERTI. 95% MtowEcanén T
OFBEMNTAERTH > %2 Chou 5'22(1985) i H X BMAHIz Dead
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Zone ZN U EAH#ERGEE2A VW THIBETHABMER 27 WIZIE
100% DA MERMEZH/ . Yang 5°°° (1986) T WE 300cm, ADOE
25cmn B LV 4dlen OKXKEOHERKHMBIC Chou 5120 L @ &K & K
FAMEBEEZNUDERBZLOIVILESEGFTABERE T V. 1 80%
ODABBETH >EILZEHRELTWVWS, /NMWE 512 (1988) & # 8
Blil2EZB & 7T o228l XN FoHER» OER
MEKEHULOERZfT2E EBETHEEIZ7Va-LL53HUEKE
EIH2REHBEBAREL. FIE 1008 O BB EEZE = T -HEF
b 2.5 ETHAMMPTETHB S LERLU K
MEDERABMERIIBVWTIHVWLALEZREGH FRARILEDCDEE
R XELSBEEINEBNTZ 2 bOMNAVWLENRT WS 280, 48K
ENEWE —BECFB T2 EELL. 2 ME 6"V HUADE
BAFEHIHERBELELEVWED, EbhE¥B2EBZL2BAK-BEEHO
BMPBEPEITITMNoTLEIRAKAZFED. ERXLTRT—N—fF &R
BENORBHNRZENEHZ2ANABELT. BRORBHEBE TCIIMELSA
AREZEGHN FIENUTOLRFLASBMEBEZEILZIREOHMRE L £
OMBEFMZBEN LT 3

1. 4 =A< W L OO B BE

AMXETE»PSBER SN T W %

E1IETHEA) CTE AFROIEHNERLENEC DLW TR X
F-N-"NERBEEBIVEHIBERFORMLECBEIIRRE D
Btz Ba& L ko

FE2EPIF-—_N-(FERBHBORNAEHELE) TR —HIKRF 2
Fﬁb\'ta)z‘ﬁ!bﬂi%ﬁb\\ EHBEXEMHE HFEHRCORBHLRFH
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R T2EBRRCBAEEGOREEZAARLE HFEHIRXOR
HECHEABLIEIERD, BEB »CHBEBENOBITHK CRBN R
MAFHLEENEE L 2. FEORBEIREDO LA L TRER
KBWTERZEBMZ LI LEZHONMILLE BENREINE
ONEE-—FZTORHBLEODVWTORZHEETZIIELERLIDERENA
BTHhHZIZzm Uk

E3EIF-—_N-—(fZHEHBAILB CONFERRREMLE ) TR H
FERBALZIEEBEOBNI7H L ALIH L OBMICE UL 20 F@
BHEICEBL CoErgEH>MNIULE M-V -—HFZEHAWT
KFEH2AHAAEL RHFERHERE uc OFELRSTILHER 2
Toke AELBETEBIZNLV-—V-—HNFOHRMFEREE 2 HE L.
BRAIBER (ui—ue) LOEBRZHGMNMICU I
BA4BT_RAOBEGHNFIPEARZT - N—FERHE O K H L&
Ha TR —HOBEGHFLUILTCHBOERRDIASIARZHRHILE S
B EHRE - -HNFEY  RFAFEHLCORBAEEHZHANLZ =
RABEGEHNFZRLIEEBES ROILELHEIPSZTZEEGREZ
TOREOBEBWT, BEHIITHLAILABLLT S LN T
E RELBUIHRBOD2EHZE2RLE BRILI7HICBN TIE
PLERNFLUBERN FOLBMNEL. THILARBRBERNR FZ EL T
2ENPBRRECBIA T B2 E2HLGMICL K

BSEIF- N EHRHBIEBIIZ2_HI2BEERFORERRIN
T UBMRNFIEI7HERRCBA T2 2K BLLREzH T
DR FEHILODVWTERHF LUE COBRRAIRETINELHE %
HeriEl, RERMBENOKNFRITEH2Z2FANZ OB HHED
CBERNFORBEAIAZLODAEL IZAEEB2HARE TOBRST
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—N-NFEREBAI7HBEREXRERHELID DHEELNF O 5 8
ZlERERIT N DML ok COSBMOBEER2RBRDEDH =1
RIFE S ZFEHRL. ThzBHWTHEMET-> =

BOETITF - N-—"ERGBCLI2I_BRABERFOERS B
T TN ERBBTC_HIPBEHNF2ZHABESIEEREEIC
Roh2BRKREMZAALT. BEEHFOERNRIBEBRMEZ T
e BERFZRBILHEBIIZICARBICOTHORIMAFZHEHT 2
ERTCTERZITVY. BRLCRERAEZERTCEILSCEBAHNF 2
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mixing index (=X3/X3)
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incipient fluidization velocity for tapered bed [cm/s]

incipient partial fluidization velocity
incipient circulation velocity for tapered bed
incipient complete fluidization velocity

fluid velocity at inlet of the bed

minimum fluidization velocity

terminal velocity

weight fraction of jetsam particle
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[em/s]
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[em/s]
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weight fraction of jetsam particle at complete mixing
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<subscript>
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J

flotsam particle

jetsam particle
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Fig. 2-1 Schematic diagram of the experimental apparatus
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Fig. 2-2 Structure of tapered bed

Table 2-1 Dimensions of tapered bed

apex angle inlet overall height

Shape 6 [deg] W; or D [cm] L [cm]
wedge 3,75 4.0 80.0
type V) 80.0
15 80.0
30 80.0
45 S 200
conical s 2.0 30.4
type 3.0 26.6
4.0 228
30 200 24:.1
350 2258
4.0 20.4
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Table 2-2

d
Material [mk]
glass 0.274
0.650

5310

Properties of solid particles

P
(g/cm?]

5
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Fig. 2-3 Pressure drop characteristics of tapered bed
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(a) Fixed Bed (b) ideal partial (c) core region
Fluidized Bed F.B. with
(F.B.) Fixed Bed

0

(d) core region (e) core region (f) F.B. (@) core region
F.B. with F.B. with partial ?—‘.B.

partial Moving Bed Moving Bed

Fig. 2-4 Fluidized characteristics of tapered bed
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Fig. 2-5 Comparison of experimental incipient fluidizing
velocity up with those of calculated value
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partial fluidizing region
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Fig. 2-9 Pressure drop characteristics in partial
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s FH B =

cross sectional area of tapered bed
constant in Eq. (2-1)

constant in Eg. (2-1)

diameter of tapered bed

particle diameter

acceleration of gravity

total bed height

distance from bed bottom

overall height of tapered bed section
pressure drop of tapered bed
function defined in Eg. (2-23)
function defined in Eq. (2-19)
function defined in Eqg. (2-24)
function defined in Eq. (2-20)

fluid velocity

[cm2]
[Pass/cm?]
[g/cn?]
[cm]
(mm]
[cm/s?]
[em]
[cm]
[cm]
[Pa]
[cm]
[cm]
[cm?/s]
lem3/s]

[cm/s]

incipient fluidization velocity for tapered bed [cm/s]

minimum fluidization velocity

fluid velocity at core fluidized region
fluid velocity at annulus lower region
fluid velocity at core fixed region
fluid velocity at annulus upper region

width of tapered bed

void fraction at Un ¢
taper angle

fluid viscosity
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[cm/s]
[cm/s]
[cm/s]
[cm/s]

[cm]

[-]
[deg]
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o¢ = fluid density (g/cm3]
pg = particle density [g/cm3]
¢g = shape factor =4

<subscript>

a = annulus region

& = conical shape

© = core region

h = distance from bed bottom
o = inlet of tapered bed

o) = outlet of tapered bed

F = fluidized bed

P = partial fluidized bed

S = static bed

w = wedge shape
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Fig. 3-1 Schematic diagram of the experimental apparatus
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Table 3-1 Properties of solid particles

d P € ¢ u
Particle (mh) [g/?:m3 ] e (-3 [crrg;s]
Glass beads 0.274 2.49 0.404 0.995 7526
0.460 2.49 0.418 1.00 19.4 Tracer
0.650 2050 0.408 1.00 34.4
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Fig. 3-2 Pressure drop characteristics and particle
fluidizing behavior in tapered bed
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Fig. 3-5 Relationship between circulation rate Vo

and inlet velocity uy
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Comparison of experimental incipient circulation
velocities up with those of calculated values
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Fig. 3-7 Relationship between circulation rate v_ and
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Fig. 3-8 Relationship between circulation rate v_ and
excess gas velocity (uj-up) for dp=0.650mm
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Pg

{s2 /A9 ac =

cross-sectional area of core region [cm2]
constant in Eq. (3-2) [Pa*s/cm?]
constant in Eqg. (3-2) [g/cm4]
particle diameter i [mm]
acceleration of gravity (em/s2]
bed height [cm]
constant in Eg. (3-3) [-]
pressure drop of tapered bed [Pa]
time [sec]

incipient fluidization velocity for tapered bed [cm/s]

incipient circulation velocity for tapered bed [cm/s]

fluid velocity at bed inlet [cm/s ]
minimum fluidization velocity [em/s]
fluid velocity at bed outlet [cm/s]
moved bed volume in side region [cm3]
volumetric flow rate of particle bed in side regiog
[cm”/s]
volumetric circulation rate of particle bed [cm3/s]
inlet width of tapered bed [cm]
outlet width of tapered bed [cm]

descendent length of tracer particle at core wall [cm]

void fraction at up¢ =]
apex angle of tapered bed [deg]
fluid viscosity [Parss]
fluid density [g/cm3]
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particle density

shape factor of particle
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EXhRERIFz2I ST & X 54N 3,

THARFIAOBET-N-NFERBHBILOVTEE2ELE
BT~k ULMAULERABEHFORBHAICBEL Tk, #H-BR I
DWW T @ Maruyama 5 OHRE FEIKA-BREODOLWLTEAZAOR
CABBRZELEAVERBICEVWEROBZAWEZ Yang 57 O
RN DETTHBIEEEZzED LI 2FEREET+2HEMICIST N
TWdEEWX RN

T AETREZBRABAEHNFLUICEHERECHNEZOHARLR S
THABRERNFEROD LY., FToN-—fFEHBBTCHBIMALS B Z L
ED., EHEBX HNFEHSITCRFEHLEORBAERFLE IOV

THRE ZMA
4. 2 EBER L E B X U JT X

4. 2. 1 EBRBREE

EREBIECELEAETETOBKZ Fig. 4-1 LR Y, BAK
dBRAFE 4cn0 —FEORBRBEBOTF-N-—fFEHEHECT KHTFEYHZS
BRTex23L>H>EEH77)VNVEEBERERTHZ, - N—AEZHA 6
M 15° - 30° - 45° T, BAOMIE 4cox 4cn. BAOH 1.23% 0%

A2ABRICEALE BBoTE%E Table 4-1 TR T, LA
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1. roots blower
2. buffer tank
3. bypass valve
.. line valve

5. orifice meter
6. manometer
7. tapered bed

@
DG—

> @ o

Fig. 4-1 Schematic diagram of the experimental apparatus
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Tab}e 4-1 Dimensions of tapered bed

apex angle inlet overall height
Shape 6 [deg] W X D [cm] L [cm]
Wedge {185 4.0X4.0 80:6 ————————
30 80.0
45 52.0

Table 4-2 Properties of solid particles

d o € ) u group3)
Particle [mR] [g/em?] o ot (em/s]

Glass beads 0.274 2.49 0.404 0.995 7.26 B
0.385 2.49 0.416 1.00 14.5 B
0.460 2.49 0.418 1.00 19.4 B
0.545 2.49 0.414 1.00 26.0 B
0.650 2.50 0.408 1.00 34.4 B
0.775 2.49 0.429 1.00 41.7 B
0.920 2.49 0.413 1.00 56.5 D
1.095 2.49 0.398 1.00 63.4 D
1.300 2.50 0.406 1.00 6.5 D
1.545 2.49 0.412 1.00 85.1 D
1.840 2.49 0.397 1.00 97.2 D
2.190 2.49 0.413 1.00 111 D
2.605 2.49 0.408 1.00 135 D
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Y TNWITERESIDZBVWATRLEI->-TURBMRNFOEESER X, 2K
& Jzo

4. 3 P By 1B F=F ME

RENZENBEAFREBIVHNFREBIERBOBEAR 22 h T h
Fig. 4-2 BX U Fig. 4-3 ITRJ, Fig. 4-2 H O # & ¥ i 5
O, FLEOLRAERIBOENBERXOENBEAE TR, T REBEE
EUTHETRECBEADEESR (u), FRWIECEBHEOBEE®E (u.)
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AP (KPa)

Wo lemss)

Umf,r ldmf.M
2 ¥ 1 20
] I I ) L L | |
Fixed and fluidized core
Wedge 8= 45°
' Upf | Uer Upt
20 Fixed bed | < Eq.(4-3)
dpe= 0.274 mm T
dp_3=0,650 mm
X3=0.4 » 7 e
H =101mm lf 'P
1.0— < 1€ =
= Fluidized Perfect —
i Eq.(4-1) 0/ core mixing -
= e , 2]
Fixed and
05k ? fluidized core O: intrease vel. -
Z @ ' decrease vel.
— Fixed bed =
Umf,p Umf,m Umf, 7
03111&11” 1 L AMEN S (I
g 5 7.26 10 20 344 50
Wi (emss
Fig. 4-2 Pressure drop characteristics for tapered bed

of binary particle mixture
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(a)

(d)

Fig. 4-3 Fluidizing characteristics for tapered bed of
binary particle mixture
(a) Fixed bed
(b) Incipient of fluidization
(c) Partial fluidized bed with fixed and fluidized core

(d) Partial fluidized bed with fluidized core
(e) Perfect mixing

(f) Fixed bed
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ETOBRETHET T2, CORLBI 2R EL MO EMBLERE
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(b))

3 ShET W (B> C BCHO®®K=E®H T I
I7HWICBERECBRFUEZR FEEIREOE M A LRAO,» DB X
Mz BI UL COFLHIBLENTFOLABERE S & 3,

¥ RHERLE-D TR IOBBRIREFEE TR REESCHBT 3 0
THERBLEHEB B2, CoRK AIBRITERBLICES ETH
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Fig. 4-4 Comparison of calculated void fraction with

experimental value in tapered bed
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Fig. 4-5(a) Comparison of experimental incipient fluidizing
velocity upg with those of calculated value
from Cheung et al. in Eg. (4-4)
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Fig. 4-5(b) Comparison of experimental incipient fluidizing
velocity upf with those of calculated value
from modified Ergun in Eqg. (4-5)
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Fig. 4-6 Segregatlon behavior in tapered bed
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AP

SvJ

Upf

Ucf

{2 FH 82 =

constant in Eg. (4-1) [Pa°s/cm2]
constant in Eg. (4-1) [g/cm?)
column depth [cm]
particle diameter [mm]
acceleration of gravity [em/s?)
total bed height [cm]
height from bed bottom [cm]
overall height of tapered bed column [cm]
pressure drop [Pa]
fractional volume of particle J in mixture [-]
fluid velocity [cm/s]

incipient partial fluidization velocity for tapered
bed of binary particle mixture [cm/s]

incipient complete fluidization velocity for tapered

bed of binary particle mixture [cm/s]
minimum fluidization velocity [cm/s]
incipient perfect mixing velocity [cm/s]
column width [cm]

weight fraction of jetsam particle L=t

yoid fraction at minimum fluidizing velocity [-]
partial void fraction around particle j (=]
apex angle [deg]
fluid viscosity [Pass]
fluid density [g/cm3]
particle density [g/cm3]
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b = shape factor of particle

<Subscripts>

F = flotsam particle
J = jetsam particle
M = mixed particle

a3 = inlet of the bed
o = outlet of the bed
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.Roots blower
. Buffer tank
.Bypass valve
.Line valve
.Orifice meter
.Mano meter

. Tapered bed

air

Fig. 5-1 Schematic diagram of the experimental tapered
fluidized bed apparatus
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Table 5-1 Properties of solid particle

d p € u rou
Particle [mR] [g/ém3] [Tf ?§] [cm?gl & 4
Glass beads 0.274 2.49 0.404 0.995 T ed6 B
0s385 2.49 0.416 (B0 e B
0.460 2.49 0.418 1.00 19.4 B
0-54%5 2.49 0.414 1.00 26.0 B
0.650 2530 0.408 1.00 34.4 B
0775 2.49 0.429 1 0.0 4 . D
0.920 2.49 0.413 1.00 5655 D
1.095 2.49 0.398 Q0 63.4 D
1300 2:50 0.406 1.00 TGS D
1.545 2.49 0.412 1.00 85%4¢ D
1.840 2.49 0.397 1.00 97.2 D
2.190 2.49 0.413 1.00 i D

Table 5-2 Binary particle mixtures

Flotsam Jetsam dp,f{?p,F group,J/group,F

[mm] [mm]
02274 0.460 1.68 B/B
0.775 1.300 1.68 D/D
1.095 1.840 1.68 D/D
0.650 1.300 2.00 D/B
0.775 1.545 2.00 D/D
0.920 1.840 2.00 D/D
0274 0.650 2.38 B/B
0.385 0.920 2539 D/B
0.545 1.300 2239 D/B
0.775 1.840 s £37) D/D
0.650 1.840 283 D/B
0.775 2.190 2.83 D/D
01274 0.920 3..36 D/B
0.545 1.840 3,38 D/B
0.460 1.840 4.00 D/B
(o)'s Zijvs 1.300 4.76 D/B
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—>:observed segregation height
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Ucf=55.5cmss

(b) side region
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Segregation patterns dependence on fluid velocity
in tapered bed
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—> :observed segregation height
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Fig. 5-4 Fluidization diagram for tapered bed
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Fig. 5-6 Definition of segregation index S
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{2 A9 B =

particle diameter [mm ]
bed height [cm]
distance from bed bottom [cm]
segregation height [cm]

incipient fluidization velocity for tapered bed [cm/s]
incipient circulation velocity [cm/s]
incipient partial fluidization velocity for tapered

bed of binary particle mixture [cm/s]

incipient complete fluidization velocity for tapered

bed of binary particle mixture [em/s]
fluid velocity at inlet [cm/s]
minimum fluidization velocity [cm/s]
incipient perfect mixing velocity [cm/s]
dimensionless velocity (ui—ubf)/(upf—ubf) [-1]
weight fraction of jetsam particles [-1]

weight fraction of jetsam particles at complete

mixing [-1
void fraction at ups [£=3)
apex angle of tapered bed [deg]
particle density (g/cm3]
shape factor of particle [-]

<Subscripts>

L0y

J

flotsam particle

jetsam particle

==



1)

2)

81

4)

= F ST R

Chen,J.L.P., and D.L.Keairns: Can. J. Chem: Eng.,53,395
{18759

Chiba,S., T.Chiba and H.Kobayashi: Bulletin of the
Faculty of Engineering Hokkaido Univ., No.102,24 (1981)

Geldart,D.: Powder Tech.,7,285 (1973)

Rowe,P.N. and A.W.Nienow: Powder Tech.,15,141 (1976)

=[i17-






Bl il =

I

HH L2 AERBEREERB LSS RANTFORRY »
OEBHABBEEFTSBRAB AL S —DERA L2249 % kB
ETRBTBLEOEEBAINSE RO IEBAELB LW TSHRE T
FTERLR-2TLKPELAbND, FHEBRNTCRIFEREIY 3
FEELT, ZEMBLEERE v, LMFCRELED, BHE
BEEHHTEEVOREI TV DAENY T VRO EBWAT 2 5 &
BENEOEATWS, —# BAODEIOBOBEMNEWS — )t — i
EHBBEC_RABEHTFAS ARG L RB IR S & e @
KOBNER - CORBBLO bEELBABAS NI THENTE LK’
BUERTFAERCBFL (B48), CORNMENEELBERT O
ATHRENZCLNESMEENE (B 5 H),

AETE CORMILBEULTESGHNFOHRKB LRI F oG
ERAB A O EREABTCABLERES L., ZOAMEEE R~
Iz

6. 2 SEBR T E B X U JFF =E

6. 2. 1 E£RBREE

FREBGINAEFCLABRTZOBMBZ Fig. 6-1 LR ¥T, CC
CTHEEEFOERIABOEDOBLEMICAY N -6V IEAT Y a
— T4 —F Do RI2EANFHREXEOZR2 ETHELEZAZ Va2
—RONFHEREORSUVKLSBULERNFORKRABTEROZH
CRE LR TEELECRHNFHELAOHOBONSDFEKICH

FHEASENBRESIALTL %o

114~



1. Roots blower
2 .Buffer tank
3.Bypass valve
4. Line valve
S. Oriffice meter
6. Manometer
7. Tapered bed
8

9

10

1

M

. Screw discharger
. Screw feeder

. Sample collector

. Overflow tap

Fig. 6-1 Schematic diagram of the experimental apparatus
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Table 6-1 Properties of solid particles

d p € [0} u
" s
Particle [mg] [g/cm3] [[11 [§] [Cm?£]
Glass beads 0.650 2400 0.408 1.00 §4j;-__§£;£;;&~
1. 31010 2510 0.406 1.00 7085 Jetsam
1545 2.49 0.412 1.00 851 Jetsam
1.840 2.49 0.397 0520, 9.2 Jetsam

Table 6-2 Binary particles mixture

Flotsam Jetsam dp,J/dp,F ps,f/?s,F umf,f/umf,F

[ mm ] [mm] [-1] = =

02650 1.300 2..00 T2 00 LD
0.650 1 3545 2438 1200, 2l
0.650 1.840 2. 83 1.00 2583
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Fig. 6-3 Pressure drop characteristics of tapered bed with
particle discharger for binary particle mixture

fluidized
flotsam rich
particles

........

fixed
mixed
particles

fixed fluidized
segregated segregated
particles particles

(a) (b) (c)

Fig. 6-4 Fluidizing characteristics of tapered bed with
particle discharger for binary particle mixture

(a) partial fluidized core with fixed segregating jetsam
(b) partial fluidized core with weakly fluidized jetsam

(c) perfect mixing
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Fig. 6-5 Continuous jetsam particle separation
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{2 FH &2 =

dp = particle diameter [ mm ]
AP = pressure drop [Pa]
Rco = feed rate of mixed particle [g/s]
Ry = discharge rate from bed bottom [g/s]
Upg = incipient partial fluidization velocity for tapered
bed of binary particle mixture [cm/s]
u.f = incipient complete fluidization velocity for tapered
bed of binary particle mixture [cﬁ/s]
u; = fluid velocity at inlet [cm/s]
Upg = minimum fluidization velocity [cm/s]
Upf = incipient perfect mixing velocity [cm/s]
X; = weight fraction of jetsam particle [-]
XJ,C= weight fraction of jetsam in feed particle [-]
XJ,D= weight fraction of jetsam in discharge particle [-]
Emfg = void fraction at up¢ ]
0 = apex angle of tapered bed [deg]
pg = particle density (g/cm3]
¢s = shape factor of particle =1
<Subscripts>
F = flotsam particle
J = jetsam particle
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