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To all my loved ones, here and above

“Murphy’s law or the fourth law of thermodynamics states:
If anything can go wrong, it will!”’

* Anne Roe, The making of a Scientist, 1953






Solids Flow in Large-Scale Circulating Fluidized Bed Furnaces

729( '-(5)

'LYLVLRQ RI (QHUJ\ 7THFKQRORJ\

'HSDUWPHQW RI 6SDFH (DUWK DQG (QYLURQPHQW
&KDOPHUV 8QLYHUVLW\ RI THFKQRORJ\

$%675%$&7

7KH IORZ SDWWHUQ RI VROLGY HVWDEOLVKHG LQ ODUJH VFDO
RI JUHDW LPSRUWDQFH IRU WKH SHUIRUPDQFH RI FRPPHUFLI
WUDQVIHU DQG PL[LQJ RI WKH IXHO DQG DQ\ RWKHU UHDFWLY
LV FUXFLDO IRU WKH GHVLJQ DQG VFDOLQJ XS RI ODUJH VFDO
FRQYHUVLRQ RI VROLGV 7KH DLP RI WKLV ZRUN LV WR DFTXL
WKH VROLGY IORZ SDWWHUQV LQ &)%V WKDW DUH UHSUHVHQ
LPSURYH WKH UHOLDELOLW\ RI SUHGLFWLYH PRGHOLQJ WRRC
QHZ DQG H[LVWLQJ &)% WHFKQRORJLHV ZLWKLQ WKH HQHUJ\
LV FKDUDFWHUL]HG E\ D ERWWRP UHJLRQ ZLWK D KLJK FRQF
VWURQJ VROLGYV EDFN PL[LQJ DQG D WUDQVSRUW J]RQH WKDW
KDV D ORZHU OHYHO RI VROLGV EDFN PL[LQJ IURP WKH ERWW

7KLV WKHVLV XVHV H[SHULPHQWDO FDPSDLJQV DQG YDULRX
VROLGV IORZ 7KH H[SHULPHQWDO ZRUN LV FDUULHG RXW LQ
XQLW WKDW DOORZV YLVXDO REVHUYDWLRQ RI WKH IORZ DQ
XQGHU IOXLG G\QDPLFDO VFDOLQJ ZKLFK KDV EHHQ VKRZQ W
HILVWLQJ UHIHUV &P ERLOHU )XUWKHUPRUH WKH GDWD GH!I
VLIHV DQG RSHUDWLRQDO UDQJHV RI WKHVH H[SHULPHQWDO
Rl ODUJH VFDOH &)% FRPEXVWLRQ ([DPLQDWLRQV RI WKH \
VXSSRUWHG E\ GLIITHUHQW PRGHOLQJ WRROV LQFOXGLQJ 'LU
PRGHOLQJ WKURXJK WKH )LQLWH 9ROXPH OHWKRG DQG ORQW

7KH UHVXOWY Rl WKLV ZRUN VKRZ WKDW L WKH SUHVHQFI
WKH HIWHQW RI VROLGY HQWUDLQPHQW IURP WKH ERWWRP U}
WKH VSODVK ]JRQH LV HVWDEOLVKHG HYHQ LQ WKH DEVHQFH F
EDFN PL[LQJ LQ WKH VSODVK JRQH FDQ EH SUHGLFWHG IURP |
WUDMHFWRULHYV LY WKH VROLGV EDFN PL[LQJ LQ WKH WUD
VROLGV WKURXJK WKH FRUH ZDOO OD\HU ERXQGDU\ ZKLFK
PLIJUDWLRQ RI SDUWLFOHV LQ WKH GLUHFWLRQ RI LQFUHDVL
6KHUZRRG QXPEHU EDVHG H[SUHVVLRQ LV SURSRVHG WKDW
HISUHVVLRQV DQG Y WKH VROLGV EDFN IORZ HIIHFW DW WK
ZKHQ SUHGLFWLQJ WKH LQ IXUQDFH EDFN IORZ DQG LV VXEVYV
FRPPHUFLDO &)% ERLOHUV 9DOLGDWHG H[SUHVVLRQV DUH SL
VSODVK DQG WUDQVSRUW JRQHVY DQG WKH VROLGY HQWUDLQPF
WKLV FROOHFWHG NQRZOHGJH WKLV WKHVLV LPSURYHV WKH
IRU WKH SUHGLFWLRQ RI WKH VROLGYV IORZ SDWWHUQV LQ OI
RSHUDWLRQDO FRQGLWLRQV

Keywords: Circulating fluidized bed boilers, Solids flow, Fluid-dynamical down-scaling, Dense bed,
Splash zone, Transport zone
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7KLY WKHVLVY DQG WKH ZRUN RQ ZKLFK LW LV EDVHG ZRXOG (
VXSSRUW IURP D JUHDW PDQ\ SHRSOH , ZLOO DOZD\V EH W|
HQFRXUDJHPHQW WKDW , KDYH UHFHLYHG RYHU WKH \HDUV

yLUVW |, WKDQN P\ PDLQ VXSHUYLVRU $VVRFLDWH 3URIHVVR
WKHUH DOZD\V RIITHULQJ DQRWKHU VROXWLRQ DQG DOZD\V
WKURXJK WKH XSV DQG GRZQV RYHU WKHVH \HDUV PRWLYDW
HIDPLQHU DQG VXSHUYLVRU 3URIHVVRU )LOLS -RKQVVRQ ZKF
DOzD\V SRVHV TXHVWLRQV WKDW JHQHUDWH EHWWHU DQG Gl
KDYH DOzD\V EHHQ ZHOFRPH HYHQ WKH GXPE RQHYV

7KHUH DUH WZR RWKHU VSHFLDO PHQ ZKR ZLOO DOZD\V KDYH
5XVWDQ +YLWW \RX DUH P\ 6XSHUKHURHV 801 + WKDQN \RX
HISHULPHQWDO REVWDFOHV LQ 7KH %LJ %YOXH 7%% DQG WK
VROYH WKH LVVXHVY DQG IRU WHDFKLQJ PH KRZ /DE9,(: ZRUN\
ZLWK WKH ELJ EXLOG RI1 6 VSHQGLQJ GD\V UHFRQILJXULQJ \
ZRUN ZKHQ OXUSK\ LV VLWWLQJ RQ WRS RI HYHU\WKLQJ

, DP JUDWHIXO IRU WKH ILQDQFLDO VXSSRUW UHFHLYHG IURP

DQG 9DOPHW 7HFKQRORJLHV 2\ ZLWK VSHFLDO WKDQI
SHUVRQV KDYH KHOSHG PH ZLWK WKH FRQVWUXFWLRQ RI WKH
&KDOPHUV (OZH $OXPLQLXP RFK 5RVWIULWW ,QWHUSLSH O
996 WHNQLN *|WHERUJ , DOVR JUDWHIXOO\ DFNQRZOHGJH $Q
%DQFHYLpPD IRU SURYLGLQJ WKH &$' GUDZLQJV DQG 'U ;XHPL
WKH H[SHULPHQWDO ZRUN LQ 7%% 3URIHVVRU %R /HFNQHU =
DQVZHU P\ TXHVWLRQV RQ &)% XQLWV 0\ WKDQNV WR $VVRF
UXQQLQJ WKH &)' VLPXODWLRQV DQG WR ERWK *DHWDQR DQ
WKH FRPPHQWY DQG GLVFXVVLRQV WKDW UHVXOWHG LQ WKH

, DP JUDWHIXO IRU WKH VWURQJ VXSSRUW WKDW , KDYH UHFH!
WKH GD\V ZHUH KHDY\ DQG OLIH ZDV XSVLGH GRZQ O\ PDQDJ}
WHUPV IULHQGY DQG FROOHDJXHV ZHUH VXSSRUWLYH DQG L
DURXQG ZKR KDG DQ DQVZHU RU D QHZ TXHVWLRQ 7R P\ URRF
\RX IRU NHHSLQJ PH VDQH 7KDQNV DOVR WR 5LNDUG $QQD
SRVLWLYH DQG VXSSRUWLYH (ULN + WKDQN \RX IRU DOZD\V V
JRRG IULHQG $GULDQ * RYHU WKH \HDUV WKDW ZH KDYH V
ODE SDUWQHUV WR FROOHDJXHV \RX KDYH EHHQ ERRVWLQJ F
WR FRQWLQXH ZLWK WKH GD\ WR GD\ WDVNV DQG , ZLOO DOZ
D JUHDW GHDO RI VXSSRUW RXWVLGH RI &KDOPHUV /RWWD
UHODWLYHV DQG DOO RI \RX ZKR DUH D SDUW RI P\ OLIH % \F
DFFRPSOLVKPHQWY ODUJDUHWD WKDQN \RX IRU HQVXULQJ W
GHYHORSLQJ KLV VNLOOV ZKHQ ,fP QRW FDSDEOH RU KDYH W
GD\ WR GD\ OLIH DQG ,fP VR WKDQNIXO
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/IDVW EXW QRW OHDVW P\ ELJJHVW VXSSRUWHUV DUH WKH PHI
D ORW WR KHOS PH DFFRPSOLVK WKLV EXW ZH ILJKW WLOO W
QRERG\ FDQ HYHU ILOO EXW , ZLOO DOZD\V EH JUDWHIXO IRU
IHHO \RXU VXSSRUW OXP * <RX DUH DOZD\V WKHUH DQG FKHH
ZRUN DQG VXSSRUWLQJ PH DW HYHU\ VWHS UHPLQGLQJ PH Q
QRW VR OLWWOH EURWKHU 3RQWXV *# DOZD\V KHOSLQJ DQG \
VR GRQIW IRUJHW WR GR ZKDW \RX ZDQW VRPHWLPHV /RWWL
SHDFH Rl PLQG DQG VSDFH WR MXVW UHOD]

/IRYH RI P\ OLIH 6HEDVWLDQ WKHUH DUH QR ZRUGV IRU ZKDW
LWLV \RX ZKR LV VLWWLQJ EHVLGH PH LQ WKH UROOHU FRDVYV
UHVW RI RXU OLIH WRJHWKHU 7KHRGRU RXU MR\ DQG KXUULI

Yours truly! Tove
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7KLV WKHVLV LV EDVHG RQ WKH IROORZLQJ SDSHUV ZKLFK D
WKHLU 5RPDQ QXPHUDOV

, 7 .DUOVVRQ ; /LX ' 3DOODUqgqV ) -RKQVVRQ
Solids circulation in circulating fluidized beds with low riser aspect ratio and varying
total solids inventory
B3RZGHU 7THFKQRORJ\ +

. 7 'MHUI ' 3DOODUQqV ) -RKQVVRQ
Bottom-bed fluid dynamics — Influence on solids entrainment
)XHO 3URFHVVLQJ 7THFKQRORJ\

I+

.y, [ "MHUI ' 3DOODUqgqV ) -RKQVVRQ
Solids flow pattern in large-scale CFB boilers: experimental evaluation at fluid-
dynamical downscaled conditions
&KHPLFDO (QJLQHHULQJ 6FLHQFH

, 9 7 'MHUI ' 3DOODUqV ) -RKQVVRQ
Fluid dynamics of the splash zone in large-scale circulating fluidized bed boilers
6XEPLWWHG IRU SXEOLFDWLRQ

9 7 'MHUI ' 3DOODUqV ) -RKQVVRQ * 6DUGLQD + 6WU|P
Solids back-mixing in the transport zone of circulating fluidized bed boilers
6 XEPLWWHG IRU SXEOLFDWLRQ

7RYH "MHUI IRUPHUO\ .DUOVVRQ LV WKH PDLQ UHVHDUFKHU
'DYLG 3DOODUqV DQG 3URIHVVRU )LOLS -RKQVVRQ KDYH FRQW
ZRUN GLVFXVVLRQV ZULWLQJ DQG HGLWLQJ RI WKH SDSHUV
FROQWULEXWHG ZLWK H[SHULPHQWDO ZRUN WR 3DSHU y $VV
SHUIRUPHG WKH &)' PRGHOLQJ LQ 3DSHU 9 DQG FR DXWKRU
SURIHVVRUV *DHWDQR 6DUGLQD DQG +HQULN 6WU|P KDYH D
GLVFXVVLRQV DQG HGLWLQJ RI WKH SDSHU



YL



7$%/( 2) &217(176

,QWURGXFWLRQ
$LP DQG 6FRSH
OHWKRGRORJ\
2XWOLQH RI WKH SDSHUV
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([SHULPHQWDO ZRUN
([SHULPHQWDO VHWXS
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ORQWH &DUOR PRGHOLQJ RI WUDMHFWRULHV RI VROLGV FOX\
)90 PRGHOLQJ RI WKH PDVV EDODQFH IRU WKH VROLGY SKDVF
'16 PRGHOLQJ Rl VROLGV SDUWLFOHV
5HVXOWYV DQG 'LVFXVVLRQ
%RWWRP EHG
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7UDQVSRUW JRQH
([LW UHJLRQ
&ORVXUH RI WKH VROLGY PDVV EDODQFH LQ WKH IXUQDFH
&RQFOXVLRQV
)XWXUH ZRUN
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SHIHUHQFHYV
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INTRODUCTION

&+$37(5
L OWURGXFWLRQ

OLWLJDWLRQ RI FOLPDWH FKDQJH DQG WKH RQJRLQJ VHDUFK |
HIWHQW FXUUHQW WHFKQLFDO GHYHORSPHQW LQ WKH KHD)
GHYHORSPHQWYVY LV PDGH FOHDU LQ WKH ,($TV 6XPPDU\ ,QV
HIILFLHQF\ D ODUJHU VKDUH RI UHQHZDEOHV DQG VLJQLILFD:
DV LPSRUWDQW HOHPHQWY LQ WKH SDWKZD\V WR DFKLHYH W
7KH FRPELQDWLRQ RI UHQHZDEOH IXHO FRQYHUVLRQ DQG &&¢
&&6 IRU WKH FDVH RI ELRJHQLF IXHOV UHSUHVHQWY D VWUL
RI & WR WKH DWPRVSKHUH 7KH IXWXUH RI IRVVLO IXHO FRPEX
WKH &&6 WHFKQRORJ\ VR DV WR FRPSO\ ZLWK WKH HPLVVLRQ
BHYHUDO FDUERQ FDSWXUH WHFKQRORJLHYV KDYH EHHQ GHYH
FKHPLFDO ORRSLQJ FRPEXVWLRQ DQG SRVW FRPEXVWLRQ FI
UROHV LQ WKH IXWXUH HQHUJ\ VIVWHP +RZHYHU WKH LPSOH
LQFUHDVHG FDSLWDO LQYHVWPHQWY DQG RSHUDWLRQDO F
5HJDUGLQJ UHQHZDEOH IXHOV DOWKRXJK DQ LQFUHDVH LQ W
D SDWKZD\ WR GHFHPHDVHRBQYHW K2 KHDW DQG SRZHU VHFWRU
RWKHU VHFWRUV IRU WKH DYDLODEOH ELRPDVV IHHGVWRFN >
UHVWULFW WKH IXWXUH SRRO RI UHQHZDEOH IXHOV IRU WKH

DQG ELRJHQLF ZDVWH IUDFWLRQV LQ SDUWLFXODU VLQFH DQ
ELRIXHOV FDQ EH H[SHFWHG J/RZ JUDGH ELRPDVV IXHOV F
DJJORPHUDWLRQ VODJ IRUPDWLRQ FRUURVLRQ 0OQG WKH IR
GXULQJ FRPEXVWLRQ DQG WKH\ UHTXLUH VWURQJ NQRZOHG.
DGGLWLRQ WKH UHDFWRUV WKDW ZLOO EH XVHG IRU FRQYHU
LQ VL]H WKDQ FRDO ILUHG &)% IXUQDFHV EHFDXVH WKH IRUP
FRPELQHG KHDW DQG SRZHU SODQWV LQ GLVWULFW KHDWLQ
OLQNHG WR WUDQVSRUW ORJLVWLFV JLYHQ WKH ORZ HQHUJ\
ELRPDVV ILUHG XQLWV DUH W\SLFDOO\ OLPLWHG LQ VWHDP

FRUURVLRQ RI KHDW WUDQVIHU VXUIDFHV DV D UHVXOW RI DO
LV RQH Rl WKH PDLQ FKDOOHQJHV LQ WKH FRQYHUVLRQ RI OR



INTRODUCTION

JXUWKHUPRUH LQFUHDVHVY LQ QRQ GLVSDWFKDEOH UHQHZDE
SRZHU DUH H[SHFWHG WR JHQHUDWH D JUHDWHU QHHG IRU C
LH WKH QHHG IRU HIILFLHQW IOH[LEOH RSHUDWLRQ DW GLII
WUDQVLWLRQV EHWZHHQ WKHVH ORDG OHYHOV

,Q OLJKW RI WKH DERYH WKH IOXLGL]JHG EHG )% WHFKQ
WKHUPRFKHPLFDO FRQYHUVLRQ FRPEXVWLRQ JDVLILFDWLRQ
DV DQ LPSRUWDQW WHFKQRORJ\ LQ WKH IXWXUH HQHUJ\ V\V
UHODWLYHO\ KLJK PL[LQJ UDWHV DQG WKH SRVVLELOLW\ IRU
DFWLYH EHG PDWHULDOV > @ ,QLWLDOO\ )% ERLOHUV ZHUH
WKH WHUPLQDO YHORFLW\ RI WKH EHG PDWHULDO L H ZLV
PDWHULDO LQ VR FDOOHG EXEEOLQJ IOXLGL]JHG EHGV %)%
%)% XQLWYV KDYH EHHQ LQ VXVWDLQHG FRPPWkRRDOXREHUDW
ERLOHUV DUH W\SLFDOO\ DSSOLHG LQ FRPELQHG KHDW DQG S

0:4> @ WKDW LV VHW E\ GHVLJQ OLPLWDWLRQV DQG WKH FI
HFRQRP\ H[WHQGHG UDQJH RI RSHUDWLRQ DQG EHWWHU SHU
WKH VSHFLILF WKHUP DZD ¥ DOSFOKALLHAVH ® :WPKURXJK WKH XVH RI1 Kl
$V WKLV HQWDLOHG VLJQLILFDQW HQWUDLQPHQW RI WKH EHG
D VROLGV UHFLUFXODWLRQ V\WVWHP KDG WR EH LPSOHPHQWH}
IOXLGL]HG EHG &)% XQLWV &)% ERLOHUV KDYH D KLJKHU |
HFRQRPLFDOO\ IHDVLEOH IRU FRP P F@ D O O)\W WR RIK DMK N FEDKD

0: wi&)% ERLOHU LV UXQ RQ D FRPPHUFLDO EDVLV ZLWK PR\
IURP !  WkZKHQ XVHG LQ FRPELQHG KHDW DQG SWRaAHKW VFKHPH
XS WR #>0@ ZKHQ XVHG DV SRZHU ERLOHUV 7R HQVXUH VXIIL
RI KLJK FDSDFLW\ UHTXLUHV DQ H[WHUQDO KHDW H[FKDQJHU
WUDQVIHU HOHPHQW + ZLQJ ZDOOV LQ WKH IXUQDFH &)% X
VROLGV FRQWDFWV DQG UHODWLYHO\ KLJK WKHUPDO PLJ[L
KRPRJHQHRXV ILHOGV Rl WHPSHUDWXUH DQG KHDW H[WUDFW|

*LYHQ WKH DERYH FKDUDFWHULVWLFV WKH &)% WHFKQRORJ\
HQHUJ\ VIVWHP WKURXJK GLIITHUHQW DSSOLFDWLRQV VRPH R

¢ 7KH LPSOHPHQWDWLRQ RI GXDO )% V\VWHPV IRU
o FKHPLFDO ORRSLQJ FRPEXVWLRQ IRU FDUERQ FDSWXUH
o LQGLUHFW JDVLILFDWLRQ WR SURGXFH KLJK TXDOLW\ E
FDOFLXP ORRSLQJ IRU FDUERQ FDSWXUH > @
¢ 7KH XVH RI DFWLYH EHG PDWHULDOV IRU
o LPSURYHG FRQYHUVLRQ RI ORZ JUDGH IXHOV H J RI\JF
o WKHUPRFKHPLFDO HQHUJ\ VWRUDJH SURFHVVHV > @
¢ 7KH DSSOLFDWLRQ RI FRPSDFW R[\IXHO IXUQDFH GHVLJQ)\

(YHQ LI &)% VKRXOG EH WKH SUHIHUUHG WHFKQRORJ\ IRU WKH
NQRZOHGJH UHJDUGLQJ WKH VROLGYV IORZ DQG PL[LQJ SDWWF



INTRODUCTION

$FTXLVLWLRQ RI WKLY NQRZOHGJH LV FUXFLDO IRU HQDEOLQJ
VIVWHPV VLQFH WKH VROLGVY IORZ DQG PL[LQJ SDWWHUQV Ji
WKH &)% UHDFWRUV 6LQFH PRVW Rl WKH H[SHULPHQWDO ZRUI
RXW XQGHU DPELHQW FRQGLWLRQV DW VPDOOnVimDOHV DQ!
PHDVXUHPHQWY DQG WR OLPLW H[SHULPHQWDO FRVWV WKHU
FRQGLWLRQV UHOHYDQW IRU ODUJH VFDOH &)% UHDFWRUV V
DQG KRZ WKH VROLGYV IORZ DQG PL[LQJ SDWWHUQV FDQ EH VF

SHDFKLQJ D EHWWHU XQGHUVWDQGLQJ WKH SKHQRPHQD JRYI
FRXOG WKHRUHWLFDOO\ EH DFKLHYHG E\ DQDO\]LQJ WKH RXYV
I[URP ILUVW SULQFLSOHV L H FRPSXWDWLRQDO IOXLG G\QD!
FXUUHQWO\ OLPLWHG VLQFH LW HLWKHU UHTXLUHV H[FHVVL
GHVFULSWLRQ RI HDFK VROLG SDUWLFOH RU FRQWDLQV KLJK
WKH JRYHUQLQJ HTXDWLRQV IRU WKH (XOHULDQ GHVFULSWLF
,QVWHDG VHPL HPSLULFDO PRGHOLQJ KDV EHHQ FRPPRQO\ X
WHFKQRORJ\ ,Q WKLV W\SH RI PRGHOLQJ NQRZOHGJH RI WKH
> @ ZKLFK DUH XVHG WR IRUPXODWH K\SRWKHVHYV DQG PI
> @ LQVWHDG RI VROYLQJ WKH PRPHQWXP HTXDWLRQV IRU
Rl VXFK VHPL HPSLULFDO PRGHOV LV WKHUHIRUH UHVWULFW
PHDVXUHPHQWY VXSSRUWLQJ WKH VHPL HPSLULFDO H[SUHVV
XUJHQW QHHG IRU PRUH JHQHULF VHPL HPSLULFDO H[SUHVVLF
PRGHOV )XUWKHUPRUH LQ RUGHU WR SURYLGH D EDVLV IR
HISUHVVLRQV PXVW DLP WR UHTXLUH RQO\ WKRVH LQSXW SD
GXULQJ GHVLJQ RSHUDWLRQ



AIM AND SCOPE

$LP DQG 6FRSH

7KH DLP Rl WKLV WKHVLV LV WR H[WHQG FXUUHQW XQGHUVWI
RI &)% XQLWV UHSUHVHQWLQJ FRQGLWLRQV WKDW FDQ EH D
WKHUPRFKHPLFDO FRQYHUVLRQ RI VROLG IXHOV ORUH VSHFL
LGHQWLI\ FKDUDFWHUL]JH DQG HYDOXDWH WKH PHFKDQLVPV X
SKHQRPHQD WKDW JRYHUQ WKH VROLGV IORZ SDWWHUQV LQ
VROLGY HQWUDLQPHQW IURP WKH ERWWRP UHJLRQ EDEN PL[
WKH EDFN IORZ LQ WKH ULVHU H[LW $Q DGGLWLRQDO REMHF
VR DV WR GHYHORS DQG YDOLGDWH H[SUHVVLRQV WKDW FDQ F
DQG WKHUHE\ FORVH WKH VROLGV PDVV EDODQFH LQ WKH Ul
WKH &)% IXUQDFH &RPELQHG ZLWK WKH VROLGV YHORFLW)\
VROLGY FRQFHQWUDWLRQ SURILOH

7KH H[SHFWHG LPSDFW RI WKLV ZRUN LV WKH HVWDEOLVKPHQ
IRU WKH GHVLJQ VFDOH XS DQG RSWLPL]DWLRQ RI ODUJH VI
GHILQHG VFRSH VHH EHORZ )XUWKHUPRUH WKLV ZRUN LV
GHYHORSPHQW RI &)' PRGHOLQJ E\ SURYLGLQJ QHZ NQRZOHG
WKDW DUH UHOHYDQW IRU ODUJH VFDOH &)% FRPEXVWLRQ

$V LQGLFDWHG DERYH WKH VFRSH RI WKH ZRUN LV UHVWULFV
ODUJH VFDOH &)% ERLOHUV 7KH FKDUDFWHULVWLFV RI VXFK
W\SH JHRPHWULHV ZLWK D IXUQDFH DVSHFW UDWLR LQ WKH F
ZLWK DQ DVSHFW UDWLR UHVXOWLQJ LQ QRQ VOXJJLQJ FR
RI VROLGV WKDW LQ/ WKINI WKHVLV phkicks, XoVids, fRiticidkeH WH U PV
phase UHIHUV WR WKH EXON EHG PDWHULDO FRQIRUPLQJ WKH °
&)% ERLOHUV 7KXV WKH IXHO SDUWLFOHV DUH DVVXPHG QRV
VPDOO IUDFWLRQ RI WKH WRWDO LQYHQWRU\



METHODOLOGY

OHWKRGRORJ\

6HPL HPSLULFDO PRGHOLQJ LV XVHG LQ WKLV ZRUN WR DGYDC
IORZ 7KLV PRGHOLQJ VWUDWHJ\ SUHVHQWY DQ REYLRXV FKL
K\SRWKHVHV WKDW DUH YDOLG IRU D ZLGH UDQJH RI &)% IXUC
RSSRVHG WR GHVFULELQJ D VSHFLILF RSHUDWLRQDO LQWHUY
WKH SUHYLRXV VHFWLRQ YDOLGDWLRQ RI PRGHOLQJ WKDW
RSHUDWLRQDO FRQGLWLRQV LV RI FULWLFDO LPSRUWDQFH
DYDLODELOLW\ RI WKH UHOHYDQW H[SHULPHQWDO GDWD 9HU
ERLOHUV KDYH EHHQ SXEOLVKH&Gu | RHDVKHMHROBQWXLDQUH BD VIR
FRVWO\ WR SHUIRUP WKH DYDLODEOH JULG RI GDWD VDPS
UHVROXWLRQ DQG FRPPHUFLDO &)% ERLOHU WHFKQRORJLHV

7KLV ZRUN DGGUHVVHV WKH H[LVWLQJ NQRZOHGJH JDS UHC
H[SDQGLQJ WKH VL]H DQG RSHUDWLRQDO UDQJHV RI WKH D¢
DQDO\WHV RI WKH VROLGV IORZV LQ WZR GLIIHUHQW XQLWV R
D SVHXGR GLPHQVLRQDO &)% XQLW LV XVHG 7KHUHDIWHU

IORZ PRGHO YDOLGDWHG WR UHSURGXFH W Kyl }XOR \E RALFOGHLLG V | C
LV HPSOR\HG WR JHQHUDWH FRPSUHKHQVLYH DQG DFFXUDV
RSHUDWLRQDO UDQJH ERWK XQGHU VFDOHG DQG QRQ VFDOHC
XVH SUHVVXUH VDPSOLQJ IRU WKH VROLGY FRQFHQWUDWLRC
WKH F\FORQH OHJ WR PHDVXUH WKH H[WHUQDO VROLGV FLUFX
ZLWK SXEOLVKHG GDWD IURP ODUJH VFDOH &)% ERLOHUV ‘LIl
VSHFLILF SKHQRPHQD ORQWH &DUOR PRGHOLQJ RI VROLGYV
VWDWLVWLFDOO\ WKH VROLGYV EDFN PL[LQJ UDWH LQ WKH VSC
'16 LV XVHG WR JDLQ LQVLJKWV LQWR WKH VROLGV IORZ LQ '
WKH ZDOO OD\HU LQ WKH WUDQVSRUW JRQH B6HPL HPSLULFD(
H[SHULPHQWDO NQRZOHGJH LQWR PDWKHPDWLFDO H[SUHV\
H[SUHVVLRQ IRU WKH RYHUDOO SUHGLFWLRQ Rl WKH VROLGV



OUTLINE OF PAPERS

2XWOLQH RI WKH SDSHUYV

$Q RYHUYLHZ RI WKH FRQWHQWYV RI WKH SDSHUV LQ WKLV WKEt
EH EULHIO\ VXPPDUL]JHG DV IROORZYV

3DSHGHVFULEHY DQ LQLWLDO DVVHVVPHQW RI WKH VROL
&)% IXUQDFH ZLWK VSHFLDO IRFXV RQ WKH ERWWRP UH.
EHG 7KH DQDO\VLV RI WKH UHVXOWYV LV OLPLWHG WR D
GLPHQVLRQDO XQLW LV HPSOR\HG
SDSHBWBUHVHQWYV WKH ILUVW UHVXOWY REWDLQHG IURP W
ZDV GHVLIQHG DQG EXLOW IRU WKH ZRUN RI WKLV WKHV
WR VFDOLQJ ODZzZV +RZHYHU WKLV ZRUN XVHV D QRQ VF
DFTXDLQWDQFH WR EH PDGH ZLWK WKH XQLW DQG IDFLO
G\QDPLFV DSSO\LQJ OHVV FKDOOHQJLQJ KDQGOLQJ DQG
3DSHUVWMAGLHYVY WKH VROLGV IORZ LQ WKH ULVHU HVWD
GRZQ VFDOHG FROG IORZ PRGHO ZKHQ LW LV RSHUDWF
DFFRUGLQJ WR VFDOLQJ ODZV VXFK WKDW LW UHVHPEO}
SURYLGHY YDOXHV WKDW DUH UHSUHVHQWDWLYH RI FR
UHVXOWYVY WKDW KDYH TXDQWLWDWLYH UHOHYDQFH
SDSHURBXVHVY RQ WKH VROLGV IORZ LQ WKH VSODVK ]RC
GDWDIILDRWUV DQIGLHDUOLHU SXEOLVKHG GDW®)%URP WKH
ERLOHU 7KH SDSHU H[SORUHV ERWK WKH VROLGVY EDFN F
IRU LWV SUHGLFWLRQ DQG WKH VROLGV IOX[ WKDW LV HI
IRU ZKLFK D VHPL HPSLULFDO H[SUHVVLRQ LV GHULYHG
3DSHIR#FXVHV RQ WKH VROLGY IORZ LQ WKIDWHDQVSRUW
DQG GDWD IURP WKH OLWHUDWXUH RQ ODUJH VFDOH &)Y
JRYHUQLQJ WKH VROLGYV EDFN PL[LQJ DUH HYDOXDWHG E
ZLWK FORVXUHV RI WKH GLPHQVLRQDO PDVV EDODQFH
'16 PRGHOLQJ RI WKH FRUH WR OD\HU VROLGV WUDQVIHU
WUDQVIHU FRHIILFLHQW LV IRXQG WR JRYHUQ WKH EDFN
H[SUHVVLRQ LV GHULYHG WKDW SURYLGHV JHQHUDO
PHDVXUHPHQW GDWD XVHG
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THEORY

&+$37(5
TKHRU\

6ROLGY IORZ SDWWHUQ LQ ODUJH VFDO

7KH VROLGV IORZ SDWWHUQ LQ )%V KDV EHHQ VWXGLHG H[WHC
RI ODUJH VFDOH &)% ERLOHUV W\SLFDOO\ FRQWDLQ D GHQVH
WKH\ HUXSW DW WKH GHQVH EHG VXUIDFH HMHFW PDWHULDO
HMHFWHG SDUWLFOHV IURP WKH GHQVH ERWWRP EHG FRQVL
IXUQDFH KHLJKW D FOXVWHU SKDVH PRVWO\ IDOOLQJ EDFN GF
WKH VRpR2O2H® QG D GLVSHUVHG SKDVH ZKLFK LV HIITHFWLYH
UHJLRQ WikhpoXS8dHbY @ $OWKRXJIK E\ GHILQLWLRQ WKH FOXV\
VSODVK ]JRQH DQG WKH GLVSHUVHG SKDVH GRPLQDWHV WKH
DVVXPH WKDW WKHUH LV VRPH H[FKDQJH Rl VROLGV EHWZHHQ
RI WKH VROLGV LQ WKH FOXVWHUV DUH WUDQVIHUUHG WR W}
XSZDUGV LQ WKH IRWR, RIQD)IFRUWHH IOR® WKH\ SDUWLDOO\ ED
IXUQBFHQ )LIXUH WKURXJK WUDQVIHU WR WKH GRZQ IORZ
IXUQDFH ZBRQAW JLBXUH 2QFH WKH\ UHDFK WKH ULVHU H[LW
FLUFXODWHG LQWR WKH ZDOO OB)\kM VY QVKIWIRXHK WRH EB FHNWE E
UHFLUFXODWHG WKURXJK WRH G\FIORKQH D Q & YWHDVOX D\VOKHWPH W
ERWWRP RI WKH ULVHU > @ 7KLV VROLGV IORZ VFKH
ZLWK WKH WKUHH GLIITHUHQW IOXLG G\QDPLFDO JRQHV W\SLFD
ERWWRP UHJLRQ FRQVLVWLQJ Rl WKH GHQVH ERWWRP EHG
GLVWULEXWRU DQG WKH VSODVK JRQH LPPHGLDWHO\ DERYH L\
RFFXSLHG E\ WKH GLVSHUV ffeBdé@VH IRUP WKH VR FDOOHG
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Transport zone

% Splash zone
. Dense bottom bed

Ftop

—

Fontr = Cs,entr (ug - ut)A

Ftop = Cs,entre_K(H_Hb) (ug - ut)A

Flat = Cs,entr(1 - e—K(H-Hb))(ug - ut)A

F;' = Cs,entre_K(H_Hb)(ug - ut)(l - kb)A

Fbackflow = s,entre_K(H_Hb)(ug - ut)kbA

Flayer = Cs,entr (ug - ut)A
_Cs,entre_K(H_Hb)(ug - ut)(l - kb)A

F

entr

Paiticle
phase :
exchange \|

JLIXUH 6FKHPDWLFV RI WKH VROLGY IORZ LQ D &)% ERLO

7KH VROLGV IORZ SDWWHUQ HVWDEOLVKHG LQ ODUJH VFDOH
LQ JLJXUH \LHOGV D YHUWLFDO SURILOH RI VROLGV FRQFHQ
UHJLRQV GHQVH ERWWRP EHG VSODVK ]JRQH DQG WUDQVSRU!
WKH VROLGV IORZ SDWWHUQ GHVFULEHG DERYH WKH H[SUHV
HDFK RI WKHVH WKUHH UHJLRQV DUH SUHVHQWHG EHORZ

$ GHQVH UHJLRQ VLPLODU WR D EXEEOLQJ EHG LV W\SLFDOO\
> @ HYHQ WKRXJK LQ D &)% ERLOHU WKH IOXLGL]DWLRQ YHO|
RI WKH VROLGY LQYHQWRU\ 7KLV LV DWWULEXWHG WR WKH V
LQKHUHQW WR )%V DQG HQKDQFHG E\ WKH OLPLWHG SUHVV:
W\SLFDOO\ DSSOLHG LQ FRPPHUFLDO XQLWYV WR GHFUHDVH W
GHQVH EHG RI &)% ERLOHUV KDV EHHQ VKRZQ WR FRQWDLQ E
7KH WLPH DYHUDJHG FURVV VHFWLRQDO VROLGV IOX[ LQ WKH
VROLGY WKDW LV HMHFWHG IURP WKH GHQVH EHG LV UHF\FOH
VROLGV EDFN PL[LQJ SKHQRPHQD LQ WKH IXUQDFH DQG WKH
UHVXOWV LQ D FRQVWDQW WLPH DYHUDJHG VROLGV FRQFHQ
SUHVVXUH GURS ZLWK KHLJKW 7KXV

Cs(h < Hb) = Cs,Hb



THEORY

,Q UHODWLYH WHUPV WKH VROLGY FRQFHQWUDWLRQ LQ WKH
ZLWKLQ WKH LGWHUXYD@ DQG VHPL HPSLULFDO H[SUHVVLRQV
DYDLODEOH > @ 7KH KHLJKW RI WKH GHQVH EHG LV GHSHQG!
EHG PDWHULDO LQ WKH &)% ORRS DQG WKH IOXLGL]DWLRQ YH
H J IRU D VXIILFLHQWO\ KLJK SULPDU\ JDV YHORFLW\ DQG R
WKH GHQVH EHG PD\ EH GHSOHWHG

$ VSODVK ]JRQH GHYHORSY DERYH WKH GHQVH EHG DV EXEEOH
FOXVWHUHG VROLGY LQWR WKH IUHHERDUG 7KHVH FOXVWHU"
IXUQDFH ORFDWLRQV EXW IDOOV EDFN LQWR WKH GHQVH EH
SURFHVV LQ WKH VSODVK ]JRQH DV LQGLFDWHG E\ WKH EDFN F
RI HMHFWHG DQG EDFN PL[HG FOXVWHU VROLGY DUH EHOLHYH
LQ WKH VSODVK ]JRQH 2QO\ D VPDOO VKDUH RI WKH HMHFWH
GLVSHUVH SKDVH DQG HQWUDLQHG WKH WUDQVSRUW |JRQH 7
FROG PRGHOV DQG PHDVXUHPHQWYVY LQ ODUJH VFDOH &)% ERL
D VROLGY FRQFHQWUDWLRQ SURILOH VLPLODU WR WKRVH LQ
VROLGY HQWUDLQPHQW XS WKURXJK DQG RXW RI WKH IXUQDTF
WKH VSODVK JRQH 7KH VSODVK JRQH IROORZV D VWHHS H[S

> @
Ccluster(h > Hb) = Ccluster]Hb e_a(h—Hb)

KHUH WKH GHFDR\ ERHRIWHMHGWVFULEHG > @ DV

a o =2

Ut
,Q WKH WUDQVSRUW J]RQH WKH VROLGV EDFN PL[LQJ FDQ EH
XSZDUGV FRUH IOX[ LQWR WKH GRZIQZDUIXUMRZLQGEH EQGNOPL|

FKDQJH LQ IORZ FDQ EH GHVFULEHG DV
dFdisperse =—-K Fdisperse dh

ZKHUH WKH VROLGYVY DUH DVVXPHG WR EH GLVSHUVH DQG WK
WHUPLQDO YHORFLW\ 7KLV WHUPLQDO YHORFLW\ FDQ EH DVYV
QRWH WKDW WKLV DVVXPSWLRQ QHJOHFWYVY WKH VL]H VHJUHJ
UHJLRQ ZKLFK DIIHFWV WKH PHDQ WHUPLQDO YHORFLW\ 7KX
EH GHVFULEHG DV

Fdisperse = Cdisperse (ug - ut)A

%DVHG RQ WKLV LQWHJUDWLRQ RI (T UHVXOWYV LQ DQ HI[S
WKH GLVSHUVH VROLGV SKDVH FKBPUYDBWHYG]|WE&HE L QLGHBD F
JLYHQ E\ WKH FRQFHQWUDWLRQ RI HQWUR L\HG)VROULIEY DW W

CdisperSe(h > Hb) = CS.entr e—K(h—Hb)
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7TKH FRQFHQWUDWLRQ RI VROLGY HQWUDLQHG IURP WKH ERW
RI WKH XSSHU VROLGYV FRQFHQWUDW#LRQUSUR | WXH WE VW QI HG
GHQVH EHG GRZQ WR WKH ERWWRP JULG VHH )LIXUH >
WKH IROORZLQJ IRUP > @

1

K «

ug—ut

,Q OLQH ZLWK WKH DERYH DVVXPSWLRQ WKDW WKH WZR VROL
VHFWLRQDO VROLGY FRQFHQWUDWLRQ LV DVVXPHG WR EH WK

Cs(h) = (CS,Hb - Cs,entr)e_a(h_Hb) + Cs’entre_K(h_Hb)

ZKHUH WKH FRQFHQWUDWLRQ RI EQ%MY HHVXD\W WEHFRIQUMH X
WKH GLIIHUHQFH EHWZHHQ WKH VROLGV FRQFHQWUDWLRQ L
HQW UD L QG —VRHL GV

$FFRXQWLQJ IRU WKH WKUHH IOXLG G\QDPLFDO UHJLRQV GLVI
FROQFHQWUDWLRQ DORQJ WKH ULVHU FDQ EH GHVFULEHG ZLWE

—a(h—-H -K(h—H
C.(h) = (Cs, = Csener)e P HD) + € e~ KR7HD) Vv h>H,
* Csn, v h<H,
| Transport
zone -
St
= <
o - | 2
2 g
Y
=
L Splash | g = :
zone S5 |
et @i
-~ R~
Psia [RAERBENRRAH
Dense Covens Com | = H,
bottom bed 5

Solids concentration, log (C,) [kg/m?)

JLIXUH J)OXLG G\QDPLFDO UHJLRQV LQ WKH IXUQDFH RI D &)% ERLOHU
LQGLFDWLQJ WKH NH\ SDUDPHWHUV LQ WKH YHUWLFDO SURILOH RI
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7KH HITWHUQDO FLUFXODWLRQ RI VROLGV LV RIWHQ HVWLPDW

WRS > Fop LQ@)LIXUH +RZHYHU VWXGLHV KDYH VKR
VLIJQLILFDQW VROLGYV EDFN PL[LQJ DW WKH ULVHU H[LW DV W
WKH F\FORQH GXFW > @ 7KLMABSKHGRPHBRY EHHIRZQ

VKRZQ WR GHSHQG RQ WKH JHRPHWU\ Rl WKH H[LW UHJLRQ >
VL]IH DQG FRQFHRQMW LWL RQ XU H® 7KH E® FNVIGRALOHELRYV

Gs,layer
kb el ——

Gs,core Jh:H

7KHUHIRUH WKH H[WHUQDO FLUFXODWLRQ RI VROLGV LQ D &
IOXLG G\QDPLFDO PHFKDQLVPV WKDW LQYROYH HQWUDLQPHQ!
WKH WUDQVSRUW JRQH DQG EDEFN IORZ LQ WKH H[LW UHJLRQ
WHUORY K D&G UHVSHFWLYHO\ FDQ EH DJJUHJDWHG WR \LHOG \
1OXd, VHHLQ )LIXUH XQGHU WKH DVVXPSWLRQ WKDW WKH G
WKHLU VLQJOH SDUWLFOH WHUPLQDO YHORFLWLHYV

Gs = Cs,entr(ug - ut) e_K(H_Hb) (1 - kb)

HQWUaLQHG IURP ERWWRP UHJLRQ

( J
\LHOG‘.QJ IXUQDFH WRS

OHDVXUHPHQW RI WKH H[WHUQDO FLUFXODWLRQ RI VROLGYV LC
D IHZ YDOXHV KDYH EHHQ SXEOLVKHG LQ WKH OLWHUDWXUH >
FOHDU GHVFULSWLRQ RI KRZ WKH\ ZHUH GHULYHG )RU WKLYV
WR VROYH WKH KHDW EDODQFH RYHU D ORRS VHDO V\VWHP
DGGLWLRQ FDUH VKRXOG EH WDNHQ ZKHQ FRPSDULQJ YDO}
REWDLQHG IURP GLIIHUHQW XQLWVY VLQFH VHYHUDO XQLW V
VHFWLRQDO GLPHQVLRQV VHFRQGDU\ DLU ORFDWLRQ DQG W
LQIOXHQFH WKH H[WHUQDO VROLGYV FLUFXODWLRQ
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&ORVXUH RI WKH PDVV EDODQFH

7KH VROLGV IORZ LQ WKH IXUQDFH LV W\SLFDOO\ VWXGLHG L
VROLGV FRQFHQWUDWLRQ >(T @ VLQFH WKH ODWWHU LV
SUHVVXUH GURS PHDVXUHPHQWY DORQJ WKH KHLJKW RI WKH
PHDVXUHG SUHVVXUH GURS EHWZHHQ WZR KHLJKWV FDQ EF
FRQFHQWUDWLRQ IRU WKH KHLJKW VROHHGE DORPLW KW JW® H UYR
IRU WKH SUHVVXUH GURS

AP = (ps(1—¢&,) + pgeg)gAh
7TKHUHDIWHU WKH VROLGVY FRQFHQWUDWLRQ FDQ EH FDOFXOI
Cs:ps(l_gg)

'XH WR WKH OLPLWHG QXPEHU RI SUHVVXUH PHDVXUHPHQWYV
DV PHQWLRQHG DERYH EH SRRU VSDWLDO UHVROXWLRQ LQ V
WKH ERWWRP PRVW SUHVVXUH PHDVXUHPHQW LV W\SLFDOO\ C
QR]]JOH OHYHO VRPH XQFHUWDLQW\ UHODWHG WR WKH WRWD

7KH UHDVRQ IRU WKH OLPLWHG QXPEHU RI SUHVVXUH PHDVX!
SUHVVXUH GURSV LQ WKH XSSHU KDOI DQG ORZHU KDOI RI WK
WKH RSHUDWLRQ Rl WKH ERLOHU DQG WR GHWHUPLQH WKH FK
WKH ULVHU SUHVVXUH GURS LV W\SLFDOO\ DQ RSHUDWLRQDO
WKH DLU IHHGLQJ 2WKHU JLYHQ LQSXWV WR WKH PRGHOLQJ I
RI WKH EHG VROLGVY 7KH SDUWLFOH VL]H GLVWULEXWLRQ RI
FRPSOLFDWHG WR HYDOXDWH GXH WR WKH VROLGY DWWULWL
G\QDPLFV RI WKH EHG DQG LQ WKH F\FORQH VHSDUDWLRQ D
DGYDQFHG VHPL HPSLULFDO PRGHOV IRU &)% FRPEXVWLRQ LQ
VROLGV WR VROYH WKH VL]H GLVWULEXWLRQ Rl WKH VROLGYV
PRGHOV DQG &)' VLPXODWLRQV GLVUHJDUG WKLV DVSHFW DQ
XQLW LV NQRZQ )RU VLPSOLFLW\ DQG IRFXV WKH GLVFXVVLR
LV D NQRZQ LQSXW

JLIXUH LOOXVWUDWHY WKH FORVXUH RI WKH VROLGV PDVV E
RI WKH YHUWLFDO SURILOH RI WKH VROLGVY FRQFHQWUDWLRQ
'HWHUPLQDWLRQ RI WKH VROLGY FRQFHQWUDWLRQ SURILOH
XQNQREQN, Csenr @« DOG$Q DGGLWLRQDO HTXDWLRQ IRU V\VWH
E\ WKH FDOFXODWLRQ Rl WKH ULVHU SUHVVXUH GURS IURF
FRQFHQWUDWLRQ SURILOH,>(@E[(1—¢e® !!$)ey ¥RIHP (WKDW@ WKH
IROORZLQJ H[SUHVVLRQ LV REWDLQHG

Con, — Cs, g o Cs, o
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$V VFKHPDWL]HG LQ )LIJXUH (T LV WA\SLFDOO\ XVHG WR |
IRXU SDUQRHWHUWY DERHHG WR EH FDOFXODWHG IRU GHWHU
FRQFHQWUDWLRQ SURILOH 7KH OLWHUDWXUH SURYLGHV HI[SI
DOO WKHVH SDUDPHWHUY,,;; ZA WK WKH H[FBISDVRXMRRDUL]JHG El

Inputs Model Outputs
/ .'I Solids concentration in \‘l
dense bed, C; g, !
Furnace dimension: ° Concentration of i
H, 09, entrained solids, Cg engr | Solids
Solids properties: Decay coefficient of i concentration
d,, ps splash zone, a : Eq. profile, C (h)
Operational conditions: Decay coefficientof. | i 14 Q.
Uy, AP, T transport=zone, K M Dense bed
K StooTTTToTTTo i\ height H,

JLIXUH 6FKHPDWLF RYHUYLHZ RI WKH VA\VWHP IRU SUHGLFWLQJ V

7KH VROLGVY FRQFHQWUDWLRQ LQ WKH GHQVH ERWWRP E
LQWHUSRODWLRQ H[WUDSRODWLRQ RI WKH H[SHULPHQWDO G
ERWWRP EHG RWKIDMPHW:V ERLOHU IRU WZR GLIIHUHQW SDUW
PHDQV RI VHPL HPSLULFDO H[SUHVVLRQV EDVHG RQ WKH PRG|

7KH H[SRQHQW LD @ KIRAKI IRKkDHDMWHUL]HVY WKH YHUWLFDO GHFD
LQ WKH VSODVK ]JRQH ZDV LQ ODERUDWRU\ VFDOH &)% XQLW)\
WR IROORZ WKH WUHQG

aug = constant

%DVHG RQ WKH GDWD IURP UXQV ZLWK WKUHH GL&)HIHQW SD
ERLOHU -RKQVVRQ DQG /HFNQHU > @ KDYH SURSRVHG

$Q HPSLULFDO FRUUHODWLRQ IRU WK HKG HA-D FRURLHEIL QB L\M R MV \LR
EDFN PL[LQJ WR WKH ZDOO OD\HUV ZDV SURSRVHG E\ -RKQ
PHDVXUHPHQWYV IW&RDMOWH UVOERLOHU wERY HDIQ®mI WWKKUHHBHI D R Ot
XQLWV FRYHUWL@3 WKH UHJLRQ

0.23
ug—ut

K =
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W VKRXOG EH SRLQWHG RXW WKDW WKHUH ZDV D VLIQLILFDQ
\LHOGHG ORZHUWKD@XBVYGRWKH &KDOPHUV ERLOHU 7KLV LV
-RKDQVVRQ HW DO > @ ZKLFK FRQFOXGHG WKDW (T FRD

&)% ERLOHUV DQG LQVWHDG SURSRVHG DQ H[SUHVVLRQ EDV
IXUQDFH

K =

e

,Q VXPPDU\ FDOFXODWLRQ RI WKH SDUDPHWHUV WKDW GHII
IXUQDFHVY UHOLHV RQ HPSLULFDO FRUUHODWLRQV GHULYHG 11
VSHFLILF DQG VRPHWLPHV ZLWKRXW DQ\ UHVHPEODQFH WR

VROLGYVY HQWUDLQPHQW IURP WKH ERWWRP UHJLRQ KDV QRW

ODUJH VFDOH &)% ERLOHUV 7KHUHIRUH H[SUHVVLRQV WKDW
DUH YDOLGDWHG IRU D ZLGH UDQJH RI VL]JHV DQG RSHUDWLR
UREXVW SUHGLFWLRQ RI WKH VROLGV IORZ
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JOXLG G\QDPLFDO VFDOLQJ

)OXLG G\QDPLFDO VFDOLQJ ZKLFK LV XVHG LQ PDQ\ GLIIHUHQ
IOXLG G\QDPLFV RI FKDOOHQJLQJ HQYLURQPHQWY H J ODU.
WHPSHUDWXUH FRQGLWLRQV LQ VPDOOHU ODERUDWRU\ VFD(
ZLWKRXW ORVLQJ WKH TXDQWLWDWLYH UHOHYDQFH RI WKH F
DOORZV IRU WKH XVH RI GLDJQRVWLF WHFKQLTXHV WKDW DU
EDVHG RQ WKH UHIRUPXODWLRQ RI FRQWLQXLW\ DQG PRPHQ
IRUPV DQG WKHUHIURP H[WUDFWLRQ RI WKH GLPHQVLRQOHYV
LQ RUGHU WR PDLQWDLQ WKH VLPLODULW\ EHWZHHQ WKH UH
VKRZV WKH FROOHFWHG VFDOLQJ SDUDPHWHUV IRU WKH GLII
ZLWK WKHLU UHVSHFWLYH SRVLWLYH DQG QHJDWLYH DVSHFW

7TDEOH OLVWYV GLITHUHQW VHWYV RI IOXLG G\QDPLFDO VFDOLC
VHW RI VFDOLQJ SDUDPHWHUYV IRU DQ )% XVHG IRU H[DPSOH
IDFWRWY JLYHQ E\ WKH JDV FKRVHQ IRU RSHUDWLRQ RI WKH |
ug ps Pstodp Pglol L G

*,@,PSD
gD’ pg’ ng T oug D’ psug’

2/3
w== (/L)
ho Palcota’ Palnot
:KHQ DSSOLHG WR WKH GRZQ VFDOLQJ RI D &)% FRPEXVWRU
FROG IORZ PRGHO IOXLGL]JHG ZLWK DPELHQW DLU >(T @
DSSUR[LPDWHORWH WKDW IRU XWLOLW\ VFDOH &)% ERLOHUYV

XS WR P WKLV ZRXOG LPSO\ DLU EORZQ FROG IORZ PRGHO
KHLJKW

%RWK +RULR HW DO > @ DQG *OLFNVPDQ HW DO > @ KDYH
LQ URZV DQG UHVSHFWLYHO\ RI 7DEOH ZKHUH *OLFNPD

uj ps upg L Gs

gD’ pg’ ums’ D’ psug

,0,PSD

7KH VHW RI VEDOLQJ ODZV SUHVHQWHG &\ V+FEMVRL BVXEV EQ D ORAL
LQ WKH WKLUG GLPHQVLRQOHVV JURXS > @ 7KLV UHVXOWV
VFDOLQJ

7KH VLPSOLILHG VHW RI VFDOLQJ ODZV UHVXOWY LQ D OHQJW

I* = Leota — (umf]cold>

Lhot umf]hot

2

7KLV OHQJWK VFDOH IDFWRU FDQ EH DGMXVWHG E\ YDU\LQJ W
LV JLYHQ E\ WKH VHFRQG GLPHQVLRQOHVYV JURXS LQ (T f
\LHOGLQJ VPDOOHU FROG IORZ PRGHOV ,W VKRXOG DOVR EH
VXFK DV LQWHU SDUWLFOH IRUFHVY DQG VWDWLF FKDUJLQJ PI
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7TKHUHIRUH LW LV FUXFLDO WR NHHS WKH VFDOHG VROLGV L
VROLGV 7KH IOH[LELOLW\ RIITHUHG E\ WKH VLPSOLILHG VHW |
WKDW LW KDV HYROYHG LQWR D ZLGHO\ XVHG WRRO LQ WKH II

@ 7KH YDOLGLW\ RI WKLV VLPSOLILHG VHW RI VFDOLQJ OI
5H\QROGV QXPEHUV L H LW LV DVVXPHG WR EH JHQHUDOO\ °

7TDEOH 6HWV RI IOXLG G\QDPLFDO VFDOLQJ ODZV DQG WKHLU QHJDWL

WILY H
6HWV RI IOXLG G\QDPLFDO |[VFDIGHU@WW LY H D‘/S%B\/@MFWV
J)LIHG OHQJWK VFDOH IDFWRU
ke w2 | os | poued, | pougl | 1 | 6 <LHOGV ILQH KHDYKSDOWLEOHYV
Glicksman | Uo | =5 | sty | Po%oZ | L 25 1ol pep | LQ VPDOO XQLW\G\QQBLWKOWH
Jullset | gD | Pg | Mg Kg | D | pstho SRWHQWLDOO\ |V WURWM\IVIFDWH G
SDUWLFOH IRUFHV
Glicksman $GMXVWDEOH
sim;iﬁed ug | Ps o L| Gs | psp| SLHOGV ILQH KHDON QDWW VFDIOW
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QXPEHUV
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Vander | IRU SUHVVXUHV i%\ﬁ BeS 1
Meeretal. | Uy Ug L | G FROFHOWUDW Q/J VEDOH
simplified | gD e D} psto 9DOLGDWHG RQO\ U% @_W}é;ﬁv
sef UHJLPH G \

+D]DUGRXV PDWHULDO DQG HQYLURQPHQWDO LVVXHV DULVH
SDUWLFOHV 9DQ GHU OHHU HW DO > @ KDYH SURSRVHG D IX|

URZ LQ 7DEOH 2 ZRMORBEWWMKHLVY RPLWWHG > @ SURYLGLQJ

Pg
WKH SDUWLFOHV PRUH IUHHO\ 7KLV KDV EHHQ YDOLGDWHG F
5H\QROGY QXPEHUV > @ 9DQ GHU OHHU HW DO > @ KDYH
PDLQWDLQVY RQO\ DSSUR[LPDWHO\ WKH IOXLGL]DWLRQ UHJLPH
7KH PDVV DQG SUHVVXUH GURS VLPLODULWLHY DUH ORVW Z
PRUH RU OHVVY PDLQWDLQHG > @

,Q FRQWUDVW WR RWKHU &)% V\VWHPV H J I10XLG FDWDO\W|
LQ &)% ERLOHUV LV QHLWKHU DQ H[WHUQDOO\ FRQWUROODE
FRQVHTXHQFH RI WKH ULVHU GHVLJQ DQG RSHUDWLRQ ,QVW
NQRZQ FRQWURO SDUDPHWHU LQ &)% EREQNUVHSIBRVH®/ K GL

VFDOLQJ RI &)% ERLOHUV ZLWK WKHABAHAHQAKLRRQOQMWODFBERXBW K
IRU WR HQVXUH WKH VLPLODULW\ RI WKH VROLGV IORZYV



EXPERIMENTAL WORK

&+$37(5
([ SHULPHQWDO ZRUN

([SHULPHQWDO VHWXS

,Q WKH SUHVHQW ZRUN WZR H[SHULPHQWDO XQLWV ZHUH XV
XQLW DQG WKH DERYH PHQWLRQHG FR®)3 | 8REZOHWD 02K PRIG B B
RSHUDWHG ZLWK DQG ZLWKRXW VFDOHG EHG PDWHULDO 7C
RSHUDWLRQDO SDUDPHWHUV IRU WKH WKUHH H[SHULPHQWDO
ZKLFK WKH\ FRQWULEXWH GDWD

7KH RYHUDOO H[SHULPHQWDO VHWXS LV VLPLODU IRU DOO Wtk
IDQV FRXSOHG LQ VHULHVY DQG FRQWUROOHG ZLWK IORZPHWH
SBUHVVXUL]HG DLU LV XVHG IRU WKH DX[LOLDU\ VA\VWHPV VXF
SDUWLFOH VHDO DQG SXUJLQJ RI WKH SUHVVXUH VDPSOLQJ

SUHVVXUH GURS ZKLFK LV FKRVHQ VR DV WR EH VLPLODU WR
QHFHVVDU\ WR HQVXUH WKH VDPH ERWWRP EHG UHJLPH > @
VHSDUDWHYVY WKH H[WHUQDOO\ FLUFXODWLQJ SDUWLFOHV 11U
UHFLUFXODWLRQ RI WKH VROLGY LQWR WKH ULVHU ZLWKRXW
FROFHQWUDWLRQ RI VROLGY LQ WKH ULVHU LV DVVHVVHG WK
RI VROLGY FLUFXODWLRQ LV HVWLPDWHG XVLQJ D EXWWHUIO\
LQ WKH F\FORQH OHJ 7KH GLIIHUHQW VROLGV XVHG LQ WKH S
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7TDEOH ([SHULPHQWDO VHWXSV XVHG LQ WKLV ZRUN 8SVFDOHG YDOXH
SDUHQWKHVHYV
Fluid-
Pseudo- Cold-3D unit dynamical
2D unit QRQ VFDOHG PDyWiledieszsO
VFDOHG FDWHULDO
Papers 1, Papers 11, Papers 111,
w wo | P Ty
&URVYV VHBH Qno -
X WLRARO [ -
+HLJKW + P “0)
SDUWLFOH| &LDPHWHU (195)
SDUWLFOH|fHQVIN\A (2.480)
OLQLPXP
IOXLGL]IDWkRQ PV
YHO (0.0162)
THUPLQDO|¥HORFMPLW (Lol)
JOXLGL]IDWLRQ > * @)
YHO Ho PV > e 1+ @ wedsy @
5LVHU SUHVYXUH > = @
GL A Riser N3D > + @ > + @ ([32—84])
7KH GLPHQVLRQV RI WKH IXUQDFH ZzDOOV DUH QRW GLVMFORVHG IRU |

3VHXGR GLPHQVLRQDO XQLW

J)LIXUH VKRZV WKH ERWWRP SDUW RI WKH SVHXGR ' XQLW ¢
ULVHU EHLQJ TIRU IXBWKHU GHWDLOV VHH 7DEOH 7TKH UL
EHG PDWHULDO XVHG JODVV EHDGV H[SODLQ ZK\ QR zZDOO

GLPHQVLRQ L H WKURXJK WKH IURQW VLGH ZKLFK LV PDGH

,Q WKH XSSHU UHJLRQ WUDQVSRUW ]JRQH D IODW VROLGV I
REVHUYHG ZKHUHDV WKH QDUURZ GLPHQVLRQ ZDV VKRZQ W
VLPLODU WR WKRVH VHHQ LQ VPDOO DQG QDUURZ ULVHUV ZLV
WKH XQLW HQDEOHV YLVXDOL]DWLRQ RI WKH TXDOLWDWLYH \
&)% ERLOHU DQG WKLV WK HlkbhbRD MQLW FRKIOK XEW WUDL DH/®R XD D
KHLIKW WR DOORZ IRU D IXOO\ GHYHORSHG WUDQVSRUW ]RQI
GHQVHO\ VSDFHG LQ WKH ERWWRP RI WKH ULVHU ZLWK WD
JULG
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JLIXUH %RWWRP SDUW RI WKH SVHXGR ' XQLW

JOXLG G\QDPLFDOO\ GRZQ VFDOHG XQLW

,Q WKH SUHVHQW ZRUN wi&)WH BRLIGIFHLNY | ®XLG G\QDPLFDOO\ ¢
H[DFW ERLOHU FDSDFLW\ FDQQRW EH GLVFORVHG EHFDXVH W
7KH UHIHUHQFH ERLOHU KDV D BQRVYN KHEWVMR @DO PU WM R ILV
DW f& ZLWK D EHG PDWHULDO WKDW FRQVLVWY SULPDULO\
PHDQ SDUWLFOH GLDPHWHU RI P DQG D GHQVLW\ RI N

8VLQJ *OLFNVPDQYV IXOO VHW RI VFDOLQJ ODZzZV >(T @ DQG
LQ WKH FROG VFDOH PRGHO WKH UHVXOWLQIZRKDGLQEMBOBGWF
FROG VFDOH PRGHO KDYLQJ D KHLIJKW RI PUBIQ®LD LRQUJRN YV
FHLOLQJ KHLJKW DQG DLU IHHGLQJ FDSDFLW\ EH\RQG ZKDW .
ODERUDWRU\ IDFLOLWLHYV XVHG LQ WKLV ZRUN 7KLV FDVH LV
EHHQ WKH RSWLPDO VFDOLQJ VFHQDULR¢. ,(DBOHD G 2MKH VL
DSSOLHG ZKLFK JDYH WKH YDOXHV RI WKH GLPHQVLRQOHVV
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7TDEOH JOXLG G\QDPLFDO VFDOLQJ GLVFXVyYHE IHY MXKAH &)R4 B ROLSOSHIL H
8S VFDOHG YDOXHV IRU WKH FRUUHVSRQGLQJ ERLOHU DUH JLYHC

Glicksman’s Glicksman’s
Reference full set simplified set
Boiler (not applied in this (applied in Papers

work) 1L iv, v)
&URVYV VHFWDRIQDOPDUHD (75) (75)
+HLJKW H P (40) (40)
*DV GHQVLW, NJ P (0.33) (0.33)
*DV YLVFRV LM\ 3DV (4.3*10°) (23*10°)
3DUWLFOH G&DPHWRU (190) (194)
SDUWLFOH GHQVLWNI P (2,600) (2,468)
OLQLPXP )
|OXLGL]DWLF¥'® YHdDR}éL V\ (0.0155) (0.0155)
THUPLQDO YWHORFLWW (0.96) (1.01)
'LPHQVLRQDO VFDOLQJ IDFWRUYV
/H JWK L* = Leoia/ Lot

Q = (umez)ld/umeat)
t* = teowa/thot 5
7LPH = (uUCald/uOHOt)
m* = Meora/ Mot

oObVvyv = ngold/ngot * (LCold/LHot)3

$SSO\LQJ *OLFENVPDQYV VLPSOLILHG VHW RI VFDOLQJ ODZV D
DLU FDQ EH GHVLIJQHG WKDW RIIHUV D VRPHZKDW DGMXVWD|
FKRLFH Rl VROLGYV $ JRRG FRPSURPLVH ZDV DGMXGJHG WR E
UHTXLUHV VROLGY WKDW \LHOG D PLQLPXP IOXLGL]DWLRQ YH:
VFDOH PRGHO 7KH RSWLPDO VROUEGYHEHRYVWUWKH GHQMIW\ UD\
PDWHULDOV ZLWK WKLV GHQVLW\ SUHVHQW VXEVWDQWLDO FK
OHDG PL[WXUHV KD]J]DUGRXV GXH WR WKH ILQH VL]HV UHTXL!I
YHU\ H[SHQVLYH JROG VLOYHU
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$V D FRQVHTXHQFH FREZPWUFKRVHMYY PV WKH EHG PDWHULDO
PRGHO :LWK WKH VROLGV GHQVLW\ IL[HG WKH VROLGV VL]
PLQLPXP IOXLGL]DWLRQ YHORFLW\ DQG WKHUHE\ WKH OHQ
GHVLJQ YDOXHV IRU WKH FROG MEBO MIRRIGHEP V FRXOG EH

DWWDLQHG ZLWK D SDUWLFOH GLDPHWHU RI P ZKLFK DVVI
VROLGV :LWK WKLV D FROG VFDOH PRGHO UHVHPEOLQJ WKH
ZDV GHVLJQHG DQG EXLOW DFFRUGLQJ WR *OLFENVPDQTV VLEF
VFDOLQJ SDUDPHWHUYV OLVWHG LQ 7DEOH JRU WKH VFDOH
YDOXHV DUH JLYHQ LQ SDUHQWKHVHV LQ WKH 7DEOH LQGL
YDOXHV GHULYHG IURP WKH VFDOLQJ ODZV FDQQRW EH DSSC
VROLGY HPSOR\HG DUH OLJKWHU WKDQ WKH VSHFLILFDWLRQ
UDWKHU WKDQ WKH GHQVLW\ RI WKH PDWHULDO LQ WKH UHIH!

7KH FROG VFDOH PRGHO DQG DVVRFLDWHG LQVWUXPHQWDWLF
DQG LQ D ' GHSLFWLRQ RI WKH FROG VFDOH PRGHO LQ )LJXU
ILOWHU ZHUH LQVWDOOHG GRZQVWUHDP WR HQVXUH WKDW
DWPRVSKHULF SUHVVXUH WKXV DYRLGLQJ SRWHQWLDO OHDN
RI WKH DWPRVSKHULF SUHVVXUH KHLJKW LQ WKH ULVHU LQ L
ERLOHUV
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JLIXUH 6FKHPDWLF RI WKH FROG VFDOH PRGHO DQG LWV LQVWU X
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7KH ULVHU RI WKH XQLW LV HTXLSSHG ZLWK SUHVVXUH WUD
LQ VWURQJ FRQWUDVW WR WKH SUHVVXUH GDWD FROOHFWLR
RQO\ D IHZ W\SLFDOO\ + WUDQVGXFHUV DUH SODFHG LQ V
UHVROXWLRQ RI WKH VROLGY FRQFHQWUDWLRQ SURILOH $Q
GHVLUDEOH LQ WKH ORZHU SDUW RI WKH ULVHU Rl WKH FRO(
SUHVVXUH GLIIHUHQFHYV EHWZHHQ WKH PHDVXULQJ SRUWV EH
FDVHV Rl ORZ VROLGV LQYHQWRULHY RU RSHUDWLRQ ZLWK D |
HUURU RI WKH SUHVVXUH WUDQVGXFHUV EHFRPHV VLJQLILFDC
XVHG SURYLGH ILQHU UHVROXWLRQ WKDQ WKDW REWDLQHG L

7ZR GLITHUHQW ERWWRP FRQILIXUDWLRQV ZHUH XVHG 7DSHU
JHRPHWU\ RI WKH UHIHUHQFH ERLOHU LQ WKSHVWFDHOLUAH YDOL
YHUWLFDO ERWWRP ZDOOV ZHUH XVHG IRU IXUWKHU PHDVXUH
YHUWLFDO WDSHUHG Z2DO6BUVLID WH BFRY SO UVHIGHLWYROLGYV HQWUL
ERWWRP UHJLRQ LQWRKWKH W XQPWSEBDWHRD®G DLU LQMHFWLR
KHLIKWV ZKLFK DUH XVHG IRU WKH LQMHFWLRQ RI UHFLUFXO
VWUHDPV 7KH F\FORQH LV QRW VFDOHG EXW LV PRGHOHG W
ZLWKLQ WKH FLUFXODWLRQ ORRS 7KLV UHTXLUHYV D VOLJKW(
GHVLIJIQHG WR FRQWDLQ WKH VDPH YROXPH RI VROLGV DV LQ '

JLIXUH '"GHSLFWLRQ RI WKH FROG VFDOH PRGHO
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JLIXUH 3KRWRJUDSKV RI WKH FROG VFDOH PRGHO ZLWK D QRQ VFDO}
SDUWLFOHV FRSSHU

7KH FROG VFDOH PRGHO ZDV X3/MHS3H UR/U DANAKSE HV[SWHIWUHHE QW V7 D E
DQG GHSLFWHG LQ )LJXUH 7TKH XQLW LV GRZQ VFDOHG ZLW
VHH 6HFWLRQ 6LOLFD JODVV SDUWLFOHV WKDW GLG QR\
XVHGIDRRHUQGY )LIXUH D DQG FRSSHU SDUWLFOHV WKDW 1IX
ODZV ZHUR XS/HHGV L QIHIXUH E

9DOLGDWLRQ RI WKH FROG VFDOH PRGHO ZDV SHUIRUPHG |
PHDVXUHPHQWY PDGH LQ WiH% BRHWOHYFHRU IRXU FDVHV UHS
GLITIHUHQW RSHUDWLRQDO VWDWHYV VHH )LIJXUH OHDVXUHP
RI WLPH DYHUDJHG SUHVVXUH YDOXHV FROOHFWHG RYHU D ¢
I[UHTXHQF\ RI +] JURP WKHVH SUHVVXUH PHDVXUHPHQWYV V
GHULYHG WKURXJK (T 7KH FDVHV FRQVLGHUHG KDG ORD(
VROLGYV FRQFHQWUDWLRQV DW WKH WRS RI WKH/KKUQDFH
FRPSDULVRQ RI WKH SDUWLFOH FRQFHQWUDWLRQ SURILOHV \
FDVHV )LJXUH VR WKH VFDOLQJ LV FRQVLGHUHG WR EH VX
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Case 1:

Reference boiler

The cold-flow scale
model

Case 2:

Reference boiler

The cold-flow scale
model

Case 3:

Reference boiler

The cold-flow scale
model

Case 4:

Reference boiler

The cold-flow scale
model
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SURFHVVLQJ RI PHDVXUHPHQWYV

7KH KLJK QXPEHU Rl SUHVVXUH WUDQVGXFHUV DORQJ WKH UL
IRU GHWHUPLQDWLRQ ZLWK UHODWLYHO\ KLJK VSDWLDO UHV
FRQFHQWUDWLRQ 7KH GLVWDQFH EHWZHHQ SUHVVXUH WUDQ!
LQ WKH ERWWRP UHJLRQ LQ WKH RUGHU RI + FP DQG O
GHSHQGLQJ RQ WKH XQLW 7KXV WKLV ZRUN SURYLGHV GDYV
ERWWRP UHJLRQ )URP WKH PHDVXUHPHQWYVYV PDGH LQ WKH

FDWHJRULHY DUH HVWDEOLVKHG LQ WHUPV RI WKH SUHVHQFI
7TDEOH

e 3UHVHQFH RI D 7KHQYWHWHHVNNAUH PHDVXUHPHQWY VKRZ D OL
KHLIKW RI WKH ULVHU 7R DVVHVV WKLV D PLQLPXP RI V
WKH GHQVH EHG LV QHHGHG > @ 1RWH WKDW D W\SLFD
UHSRUWHG LQ WKH OLWHUDWXUH DV * P DQG LW GH
> @

e 8QFHUWDLQ SUHVHQFH$RWRRGBIQMVH GBBEIHEGHIDU SUHVVXUH
REVHUYHG D GHQVH EHG WKDW LV ORZHU WKDQ WKH KHI
EH SUHVHQW VLQFH D VROLGVPESRQEFRDWHKDWLWRRH! HPXD V¥
RFFXSLHV D ODUJHU YROXPH WKDQ WKH EXEEOH SKDVH

e $EVHQFH RI D GHQWHHWG OLQHDU SUHVVXUH GURS QRU L
LV REVHUYHG

7KH VIPEROV OLVWHG LQ 7DEOH DUH XVHG LQ DOO WKH SD
PHQWLRQHG FDWHJRULHVY WKH ERWWRP UHJLRQ EHORQJV

7TDEOH &ULWHULD XVHG WR FDWHJRUL]H WKH H[SHULPHQWD (
WKH IOXLG G\QDPLFV LQ WKH ERWWRP UHJLRQ 6RXUFH 3D

"HQV H Criterion 1: ori .
&DWHJIREHG|  Symbol /LQHDU SUH VEE%%?I%‘CEI—B\?FDFWLRQ
SO H oW DFURVV WKUH v
ERWWRP PH
\F_ W | )LO \F \F
XOF |M| «DILC 0 \F
Q O] 1RW | 0 Q
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7KH HIWHUQDO VROLGYV FLUFXODWLRQ LV PHDVXUHG ZLWK D I
LV FORVHG LW IOXLGL]JHV WKH PDWHULDO DFFXPXODWLQJ I
FLUFXODWLRQ RI VROLGYV LV FDOFXODWHG IURP WKH UDWH RI

14 | I
" - ’ . /
\ : £ D : ’ 2 | |
\ H ' A M Y} 12 4 xxx
S Cyc@one,l L : / | | % X
\ :E \ ’ / 10 4 |
1 ’ V = X
g 8 - | l
A S : |
H OO TxxxxxX
N laaal 2 hoc
4 4 | Gs=;§
t Riser
Og;en P 2 +— } i
Closed 0 5 10 15 20
a) b) Time, t [s]
JLIXUH OHDVXUHPHQW RI WKH HIWHUQDO VROLGY FLUFXODWLRQ D 6FK

YDOYH LQ WKH GRZQFRPHU E 7UDQVLHQW SUHVVXUH LQFUHDVH DQG FRL

7R PD[LPL]H WKH YDOLGLW\ UDQJH RI WKH ILQGLQJV DQG SUR
Rl DOO WKH GDWD IURP ODUJH VFDOH &)% ERLOHUV DYDLOL
NQRZOHGJH Rl WKH DXWKRU ,QIRUPDWLRQ IURP WKH  XQLYV
JLYHQ LQ 7DEOH

7TDEOH *DWKHUHG GDWD IURP WKH OLWHUDWXUH XVHG LQ WKLV ZRUN :
PDUNHUV 1XPEHUV LQGLFDWHG LQ UHG DUH DSSUR[LPDWHG YDC
Name Capacity [12] [:X] [101 :] [II:] ug [/s] dp [mm] wu [m/s] [E;/ﬁig] [LC,gs/":;:i]
Chalmers (17 X 12-MWy, 16 14 1.5 135 [2.7.4.7] 0.2.0.32 [1.2.1] 2.6 40
Flensburg 18] 4 109-MWy || 5.13 513 51 28 6.3 0.2 1.0 3 17
Huchet 1] A 125-MW, 128 43 64 33 [4.8,3.6] 0.25 1:5 1.6 36.6
Orebro [20] 165-MWwn 12 47 6.8 335 4.6 0.27 1.7 1.7 5
Duisburg (18] ® 105-MW. | |Diam 8 8 32 5.3 0.17 0.8 5.1 20.5
RefBoi]er [65] & >200-MW, 75 m? 8.4 40 [3.5.2.7,2.2,1.5] 0.19 1.1 0.5 12
Cold-scale model [65]  &>200-MW, 75 m? 84 40 [0.6-4.5] 0.195 1.1 0.1 25
Zibo 23] Q 135-MW, 13.1 6.6 88 38 [3.9.4.0,2.9] 0.17 0.8 2.5 64
Gardanne [22] ¥ 250-MW,. 11.5 148 129 =36 52 0.3 1.9 3.2 16
Turow (23] X 235-MWw || 21.1 99 135 44 53 0.3 1.9 3.1 18.8
Lagis:a[-"’." m 460-MW, 10.6 27.6 153 48 [3.9. 3.0, 2.1, 1.6] 0.22 1.2 1.5 90
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([SHULPHQWDO GDWD JDWKHUHG IURP WKH OLWHUDWXUH RQ
WKH IRUP RI YHUWLFDO SURILOHV Rl HLWKHU SUHVVXUH RU
FRHIILFLHQW RI WK H D/QWD @ K $I RIQW]RELHY H G,y R QLR WWRBYH QW
GDWD LV RIWHQ FKDOOHQJLQJ JLYHQ WKH OLPLWHG QXPEHU
&)% ERLOHUV DQG WKH QHHG WR VHOHFW WKRVH GDWD SRLQ
DIIHFWHG E\ WRS DQG H[LW IXUQDFH FRQILIXUDWLRQ )RU DQ
FRQVLGHUDWLRQ Rl GLIITHUHQW VHWYVY RI GDWD SRLQWV \LHO
FRHIILFLHQW

7KLY ZRUN WDNHV WKH DYHUDJH YDOXH IRU WKH FDOFXODWLF
PLQLPXP YDOXHVY REWDLQHG VR DV WR JDXJH WKH OHYHO RI
D KLJKHU VSDWLDO UHVROXWLRQ RI WKH XSSHU SDUW RI W
XQFHUWDLQW\ LQ WKH FDOFXODWLRQ RI WKH GHFD\ FRHIILFL}

1000
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o [
B
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e & 100 —E + K= 0.102m!
g g8 C. ey =28 kg/m?
O + s.enty
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§ b ;. e e
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3 1 Yty
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Height from distributor plate, /2 [m]
Y)LIXUH ([SHULPHQWDO VROLGYV FRQFHQ W& LRQL &DW 0@ | URFH VEKIHD F R H \

LOOXVWUDWH KRZ GLIIHUHQW GDWDVHWY LQIOXHQFH WKH YDOXHV RI W|
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&+$37(5
ORGHOLQJ

7KLV ZRUN DGRSWV VHYHUDO PRGHOLQJ DSSURDFKHV HDF
LQYHVWLIJDWLRQV %HORZ VKRUW GHVFULSWLRQV DUH JLYH(
JRDOV DVVRFLDWHG ZLWK WKHLU XVH

ORQWH &DUOR PRGHOLQJ RI WUDMHFWR

$v D PHWKRG ORQWH &DUOR PRGHOLQJ LV EDVHG RQ WKH V|
V\VWHP WKDW LV JRYHUQHG E\ SDUDPHWHUV WKDW DUH GHYV
UHVXOWY FDQ WKHQ EH XVHG WR JHQHUDWH D VWDWLVWLFDO

,Q WKLV ZRUN ORQWH &DUOR PRGHOLQJ LV XVHG IRU HYDOXLCL
VROLGYVY FOXVWHUV HMHFWHG LQWR WKH VSODVK ]JRQH FDQ EH
D EDOOLVWLF WUDMHFWRU\ VROHO\ GULYHQ E\ JUDYLW\ 7KH
WKH DQJOH DQG YHORFLW\ RI WKH VROLGY HMHFWLRQV WDNI

@ 7KH VWDWLVWLFDO YHUWLFDO SURILOHV RI WKH VROLGYV
VLPXODWLRQV DUH FRPSDUHG WR WKH H[SRQHQWLDO GHFD\V
WKDW WKH H[SUHVVLRQV GHVFULEHG LQ WKH OLWHUDWXUH II
ZLWK WKH DVVXPSWLRQ RI D EDOOLVWLF WUDMHFWRU\ \LHOG
WKH H[SHULPHQWDO REVHUYDWLRQV 3DKIHW Y GLVFXVVHG LQ



MODELING

)90 PRGHOLQJ RI WKH PDVV EDODQFH IR

7KH ILQLWH YROXPH PHWKRG )90 LV XVHG WR GLVFUHWL]H W
PDVV EDODQFH IRU WKH VROLGY ZKHQ FRQVLGHUHG DV D FRC

7KH PRGHO LV LQ WKLV ZRUN DSSOLHG WR VROYH WKH VWHD
FRUH UHJLRQ RI WKH WUDQVSRUW J]RQH ZKLFK LV GLVFUHWL
FROQYHFWLYH WUDQVSRUW DQG GLVSHUVLYH WUDQVSRUW DU
WHUPV + DOO RI WKHVH H[SUHVVHG WKURXJK VHPL HPSLULFDC
LV QRW FRQVLGHUHG VR DV WR HQVXUH DIIRUGDEOH FDOFXOI

'LWK WKH KHOS RI WKH PRGHO LW LV VKRZQ WKDW WKH ODWI
PXFK IDVWHU WKDQ WKH FRUH WR OD\HU WUDQVSRUW DQG
IXUQDFHV RI VRPH RI WKH H[SUHVVLRQV LQ WKH OLWHUDWXUF
LV GLVFDBOHHIGURAHIBHWDLOV

'16 PRGHOLQJ RI VROLGY SDUWLFOHYV

'LUHFW 1XPHULF 6LPXODWLRQ '16 VROYHV WKH 1DYLHU 6WR?"
DQG OHQJWK VFDOHV IURP PLFURVFDOHV WR PDFURVFDOHYV
HDFK VROLG SDUWLFOH DV D GLVFUHWH HOHPHQW WKURXJK W
UHVROYHG DQG UHOLDEOH VLPXODWHG IORZ IRU WKH JLYHQ E
YHU\ KLJK FRPSXWDWLRQDO FRVW ZKLFK OLPLWV WKH GRPDL
EH VWXGLHG

7KLV ZRUN XVHSHBNVRQIDLQ LQVLIJKWV LQWR WKH VROLGV FR
FRQGLWLRQV UHSUHVHQWDWLYH RI WKH WUDQVSRUW ]JRQH LQ
WKH FRQVLGHUHG VROLG SDUWLFOHV SURYLGH VWDWLVWLFD
FRQFHQWUDWLRQ DQG YHORFLW)\ ILHOGV 7KLV DOORZV WKH |
SKHQRPHQRQ ZKHUHE\ SDUWLFOHV LQ D JDV PLJUDWH LQ WKH
DV WKH JRYHUQLQJ IDFWRU IRU WKH ODWHUDO IORZ Rl FRUH L
7KLV SKHQRPHQRQ LV VXSHULPSRVHG RQWR WKH PDFURVFRSE
KLJK WR ORZ FRQFHQWUDWLRQ UHJLRQV ,Q &)% IXUQDFHV W
FRUH UHJLRQ RQ DYHUDJH PRYH WRZDUGV WKH ZDOO OD\HU
WKDQ LQ WKH FRUH UHJLRQ > @ 7KH ILQGLQJ WKDW WXUEF
WR OD\HU VROLGY WUDQVIHU YDOLGDWHY WKH XVH RI ILHOG \
GHSRVLWLRQ YHORFLW\ WR VWXG\ DQG FRUUHODWH WKH VR
FRPPHUFLDO &)% IXUQDFHV
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&+$37(5
SHVXOWY DOQG 'LVFEXVVLR(

7KLV FKDSWHU SURYLGHV D VXPBDSN RYD@GH GAR/FNX VL\QH\O X8 B G
ILQGLQJYV DQG H[SUHVVLRQV GHULYHG IURP WKH VWXGLHV FL
EDODQFH LQ ODUJH VFDOH &)% IXUQDFHV $ VKRUW VFKHPDW
WR WKH NH\ PHFKDQLVPV IRU WKH VROLGYV IORZ SDWWHUQV L
LQ )LIXUH

7KH SDUWLFOH VL]H VHIJUHIJDWLRQ ZLWK KHLJKW LQ WKH IXU(
VROLGY bQG WKHUHE\ WKH YHORFLW\ DW ZKLFK WKH VROLG
WKH VPDOOHVW SDUWLFOHV ZLOO EH HQWUDLQHG \LHOGLQJ
SDUWLFOHYV SRSXODWLQJ WKH WRS RI WKH IXUQDFH DQG FLUF
WKH ERWWRP Rl WKH IXUQDFH $V WKH IOXLGL]DWLRQ YHOR
HQWUDLQHG DQG WKXV WKH YHUWLFDO VL]H VHIJUHJDWLRQ
HIWHQW RI WKLV VL]H VHIUHIJDWLRQ HIITHFW EHWZHHQ FLUFX
ERWWRP RI WKH IXUQDFH LV VKRZQ LQ 7DEOH 7KLV WDEOH
SDUWLFOH WHUPLQDO YHORFLWLHV IRU VROLGYV VDPSOHV 11U
VDPSOHG DIWHU GHIOXLGL]DWLRQ DW GLIIHUHQW IOXLGL]DW
RI WKH VROLGYV LQ WKH ULVHU LV DSSUR[LPDWHO\ FRQVWDQW
WKH VROLGV PDVV LQ WKH VM\VWHP 7KH DYHUDJH SDUWLFO
IOXLGL]DWLRQ YHORFLW\ DQG DSSURDFKHV WKDW LQ WKH UL\

7DEOH 'LVWULEXWLRQV RI WKH VROLGV VL]HV DQG VLQJOH SDUWLFOF
UHSUHVHQWL Q& P% ERLOHU XS VFDOHG YDOXHV 6RXUFH 3DSHU ,,,
G G G G G e
P P P P P P
5LVHU

/IRRS VHDOP X
/IRRS VHDOP X
/IRRS VHDOP X

Bold values are used throughout this work as the average particle size and terminal velocity




RESULTS AND DISCUSSION
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Transport
one
E
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£
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3
Splash zone :
" Dense bottom v
B PO IE - = = = -
Solids concentration, log (C,) [kg/m?]
5.1.1 Bottom bed
$W D JLYHQ ULVHU SUHVVXUH GURS WK
= WKH GHQVH EHG GHFUHDVHV DQG LV F
U] % Se }_g ° GHSOHWHG DV WKH IOXLGL]DWLRQ Yt
— — —s=tse® &OTQF’___ LQFUHDVHG G6LPXOWDQHRXVO\ WKH
" Q0 FROQFHQWUDWLRQ LQ WKH EHG GHFUHD\
EXEEOH YRLGDJH W DFKHH S RLQW R
Fluidization gas velocity, u, Fluidization gas velocity, ue GSOH
- 5.1.2 Splash zone
! G s en=0.0054(c-1) $ *VSODVK ]JRQH’ ZLWK DQ H[SRQHQWLD
! a=duduy . X a LV IRUPHG LQ WKH SUHVHQFH RU DEV
S \ g xl GHQVH EHG 7KH PRGHO SURSRVHG KH
N ° [¢) 'Q>o° 1) o©° FDS SRLQW RI WKH YHUWLFDO EDUV
&;ﬁ §§o°od>(§° (,I; EHWWHU DJUHHPHQW WKDQ GRHV WKH F
-------- i WKH OLWHUDWXUH GDVKHG OLQH
—n o = 6ROLGY HQWUDLQPHQW LQFUHDVHV LQ
Rl D GHQVH EHG VROLG V\PEROV +RZF
OHYHOV RIl XSRQ GHSOHWLRQ RI WKH E
§ VI\PEROV $ GLPHQVLRQOHVV FRUUHOL
_ o SURYLGHG
3 ¥ R
K o %, 5.1.3 Transport zone
Y v § 7KH FOXVWHULQJ EDFN PL[LQJ HITHF
:S _LL QHJOLJLEOH DV WKH EDFN PL[LQJ UDWF
I: LQ ODUJHU XQLWV 7KH FRUH WR OD\HL

/0, K=0.029(u-1)-%0,7? JRYHUQV WKH EDFN PL[LQJ $ 6KHUZF
QXPEHU EDVHG FRUUHODWLRQ IRU WK
WUDQVIHU FRHIILFLHQW LV SURSRVHG
JRRG ILW WR WKH ODUJH VFDOH GDWD

5.1.4 Exit Region

o) 7KH H[WHUQDO VROLGV FLUFXODWLRQ
O © o0 ce DSSUR[LPDWHG WR WKH VROLGV XS IOF
. ULVHU WRS EXW RQO\ IRU ORZ JDV YHOR
Prop(ig-tiy) EDFNIORZ UDWLR DW WKH ULVHU H[LW
ZLWK WKH SDUWLFOH YHORFLW\ WKXV
YHORFLW\

JLIXUH 6FKHPDWLF VXPPDU\ RI WKH PDLQ ILQGLQJV RI WKLV ZRUN 7K|
IOXLG G\QDPLFDOO\ GRZQ VFDOHG H[SHULPHQWY GDWD FRPSLOHG IURP
FRUUHVSRQG WR ODUJH VFDOH &)% ERLOHUV GDWD FRPSLOHC(
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%RWWRP EHG

7KH SUHVHQFH RI D GHQVH EHG ZR IGIHPRIQWW B RMWHEJ 1XQ @ K HZ
WKH GHQVH EHG KHLJKW ZDV VKRZQ WR GHFUHDVH ZLWK LQF
IRU D JLYHQ ULVHU SUHVVXUH GBRSHY KIH GIGSW B LW K QW D QRZW X
UHYHDOLQJ WKDW WKH GHQVH EHG LV HYHQWXDOO\ GHSOHW
VXIILFLHQWO\ DV PRUH PDWHULDO LV OLIWHG WR KLJKHU OF
KDV VFDUFHO\ EHHQ VWXGLHG LQ WKH OLWHUDWXUH RQ ODUJ
SUHVHQFH RI D GHQVH EHG UHTXLUHV WKH XVH RI GHQVHO\ V
ZKLFK LV QRW WKH FDVH LQ FRPPHUFLDO &)% ERLOHUV $V PI
WA\SLFDOO\ PRQLWRU WKH SUHVVXUH GURS RYHU D VSHFLILF
PHWHUV LQ WKH ORZHU UHJLRQ RI WKH IXUQDFH KRZHYHU W
EHG DV DW OHDVW WKUHH SUHVVXUH PHDVXUHPHQWY DUH C(
7TKXV SURSHU GHWHFWLRQ RI D GHQVH EHG UHTXLUHV GHQVH
WKH IXUQDFH ZLWKLQ WKH ILUVW PHWHU RU VR ,Q DGGLW
LV D VXIILFLHQW DPRXQW RI EHG PDWHULDO LQ WKH IXUQDFH
&)% ERLOHUV RSHUDWH ZLWKRXW D GHQVH EHG IRU IXUWKHU

JLIXUH D VKRZV KRZ WKH GHQVH EHG KHLJKW GHFUHDVHV X
YHORFLW\ LV LQFUHDV3DGSHQ WKHFKFDOWHPEGH® D ODUJH VFD
WKLV KDV DOVR EHHQ REVHUYRBG SHUWKH GMAXBBVH XQL&HO \
KHLJKW RFFXUV LQ SDUDOOHO ZLWK D GHFUHDVH LQ WKH VRC
LV LQFUHDVHG (YHQWXDOO\ GHSOHWLRQ RI WKH GHQVH E
FRUUHVSRQG WR D VLWXDWLRQ LQ ZKLFK WKH YROXPH RFFXS
HPXOVLRQ SKDVH GDVKHG OLQH kQ )LIXUHKLEY ERULQHYSR &
WKH REVHUYDWLRQV Rl -RKQVVRQwWRRY RQLW DO G@VKE W \KHX
XQLW
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Fluidization velocity, ug. [m/s] Fluidization velocity, ug. [m/s]
oeoe dP,=[3.2-44kPa] A A dPg,=[7.2-8.4 kPa]

JLIXUH URSHUWLHY RI WKH ERWWRP EHG LQ WKH FROG VFDOH PRGHO
YDOXHVY D GHQVH EHG KHLJKW *E VROLBGHRYHAHEHGUDWGR® HRFWHG IRU
ZKLFK WKH HPXOVLRQ SKDVH RFFXSLHV D VPDOOHU YROXPH WKDQ WKH E>

SUHVVXUH GURS EHORZ WKH PLQLPXP GHWHFWDEOH GHQVH EHG KH
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,Q WKH SUHVHQFH RI D GHQVH EHG EXEEOHV IRUP ULVH DOR
HMHFWLQJ SDUWLFOHV LQWR WKH VSODVEDRQUHBEPRDGLHI W
WKH GHSHQGHQFH RI EXEEOH VL]H GHVFULEHG WKURXJK WKI
RQ GHQVH EHG KHLJKW ERWK LQ WKH &KDOPHUV ERLOHU DQ
GDWD REWDLQHG IURP WKH ERLOHU VKRZ VDWXUDWLRQ RI W
W\SLFDO EH& KHLJIJKAWVVVXJIJHVWLQJ WKDW WKH EXEEOH VL]H
'DWD IURP WKH SVHXGR ' XQLW LQGLFDWH D FOHDU LQFUHDV
EHG KHLJKWV DQG VXJJHVW WKDW D WHUPLQDO VL]H RI WKFE

GHQVH EHG KHLJKWV DERYH P
2000
® Chalmers 12 MW, CFB
= | Boiler [36]
ﬁE 1600 u,=2.1m/s
E = o u=2.7m/s
- ® 1 — .
gg 1200 - P u,=4.5m/s
S =
= z (m] Pseudo 2D unit [37]
=3 Ou=18m/s
2 °E 800 + -
-
& 400 T
)
0 t t t t
0 0.2 0.4 0.6 0.8 1
Bed height, Hy, [m]
JLIXUH 6WDQGDUG GHYLDWLRQV RI WKH SUHVVXUH IOXFWXDWLRQV LQ

DV D IXQFWLRQ RI GHQVH EHG KHLJKW 'DWD PHDVXUHG LQ WKH &KDOPH
6RXUFH 3DSHU 19

6SODVK JRQH

7KH SUHVHQFH RI D VSODVK JRQH KDV WUDGLWLRQDOO\ EHHQ
FOXVWHUV WKURXJK EXEEOHV EXUVWLQJ DW WKH GHQVH EHG
EHG LQ D JUDYLW\ GULYHQ EDOOLVWLF IDVKLRQ +RZHYHU L
JRQH" ZLWK VLPLODU FKDUDFWHULVWLFV WR WKDW RULJLQD'
J)LIXUH 3DWBRIRFIHPHPSOLILHYV WKLY JHQHUDO SKHQRPHQRQ WKL
LQ WKH SVHXGR " XQLW DW GLIITHUHQW IOXLGL]DWLRQ YHORF
D GHQVH EHG ,Q WKH DEVHQFH RI D GHQVH EHG WKH VROL(
GHFD\ FORVH WR WKH DLU GLVWULEXWLRQ LQGLFDWLQJ VWU
EH VSHFXODWHG WKDW WKH HMHFWLRQ RI FOXVWHUHG VROL!
LOQMHFWLRQ KROHV RU QR]]JOHV ZKHUH D JDV IORZ WKD\
KHWHURJHQHRXVO\ GLVWULEXWHG SURGXFHV DQ HIIHFW VLI
SUHVHQFH RI D ERWWRP EHG L H LOWHUPLWWHQW DQG ORF
VWUDQGV RI VROLGYV ,Q WKH SUHVHQFH RI D GHQVH EHG WK
VROLGY HMHFWLRQ E\ HUXSWLQJ EXEEOHV LPSO\LQJ WKDW W
LQFUHDVHYV ZLWK VL]H > @ LV D NH\ SDUDPHWHU IRU GHVFUI
DERYH WKH GHQVH EHG
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APRix¢r=4' 4-4.9kPa
o u,=4.0 n/s Hy=0.32m
5, 1000 + - ~=BE--- 1 =5.0n/s Hy=0m
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Distance from primary air gas distributor, 7 [m]

JLIXUH 9HUWLFDO SURILOHV RI VROLGY FRQFHQWUDWLRQ LQ WKH SVH
6KRZQ DUH WKUHH FDVHV ZLWK GLITHUHQW IOXLGL]DWLRQ YHORFLWLHV
JHQHUDWHY D GHQVH EHG DQG WZR WKDW GR QRW 6RXUFH

JLIXUH VKRZV WKDW DQ LQFUHDVLQJ GHQVH EHG KHLJKW \L
VROLGV EDFN PL[LQJ LQ WKH SVHXGR ' XQLW VWDU V\PERO\
G\QDPLFDOO\ GRZQ VFDOHG WHVWV V\PEROV QRW FRQQHFWHF
ZKLFK WKH GHFD\ FRHIILFLHQW UHPDLQV XQDIIHFWHG E\ WKH
E\ WKH ILQGLQJ VKRZQ LQ )LJXUH WKDW WKH HUXSWLQJ E:
GHQVH EHG KHLJKW IRU WKH FROG VFDOHG PRGHO ZKLOH LW
IRU WKH LQYHVWLJDWHG UDQJH RI EHG KHLJKWV
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Dense bed height., H; [m]
Pseudo 2D-unit Cold-scale model
- ¥ - U /u=0.7 - ¥ - u/u=2.3 o u/u=0.7 & u/u=24
- % - U /u=l8 ¢ u/u=l.7 @ u/u=3.1
JLIXUH '"HFD\ FRHIILFLHQWDR|IDVNIKHQ NWORYKR]RQKIH GHQVH EHG KHLJKW IF

YHORRBUWLBWD FRPSLOHG IURP 3DSHU y9
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([SHULPHQWDO YDOXHV RI WKH GHFD\ FRHIILFLHQW LQ WKH V
VFDOHG PRGHO DUH VKRZQ LQ )iDSHHWD Q& RTKHD W/HISH G BW Q FIK
RQ IOXLGL]DWLRQ YHORFLW\ REVHUYHG HDUOLHU LQ WKH &Kl
FRUUHODWLRQ SURYLGHG SUHYLRXVO\ > @ GDVKHG OL
PHDVXUHPHQWY LQ WKH VFDOH PRGHO 7KHVH PHDVXUHPHQW
KHLJKWVY L H ULVHU SUHVVXUH GURSV \LHOG VLPLODU GHI
VSODVK JRQH GHFD\ FRHIILFLHQW IRU WKH FDVHV WKDW FRQW
&DUOR VLPXODWLRQV ZLWK WKH DVVXPSWLRQ Rl EDOOLVWLI
H[SUHVVLRQV IURP WKH OLWHUDWXUH DUH XVHGOBMHUWKH VR
,9 7KH VLPXODWLRQV \LHOG YHUWLFDO FRQFHQWUDWLRQ

H[SRQHQWLDO GHFD\V ZLWK GHFD\ FRHIILFLHQWV WKDW V
PHDVXUHPHQWY WKDQ WKRVH SURYLGHG E\ WKH HPSLULFDO
> @ DYHUDJH HUURU YDOXHV RI DQG UHVSHFWLYHO\

7KH PRGHOHG YDOXH RI WKH GHFD\ FRHIILFLHQW IRU HDFK FD
Dv D EODFN YHUWLFDO EDU 7KH IDFW WKDW PRGHOLQJ LV

QHJOHFWLQJ WKH GUDJ IRUFH H[HUWHG E\ WKH VXUURXQGL

VLIQLILFDQFH RI WKH VXUIDFH UHODWHG GUDJ WHUP LQ IUR(

IRU ODUJH VWUXFWXUHYVY VXFK DV WKH FOXVWHUV DV KHUH V\

YDOXH RIP UHG GDVKHG GRW OLQH LQ )LIJXUH UHVXOWYV LC
IRU DOO WKH FDVHV ZLWK D GHQVH EHG
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Relative gas velocity, u,/u, [-]

oo e dPgi.=[3.2-4.4 kPa] == Correlation a=4u/u,
dPgic,=[7.2-8.4 kPa] T Model (PaperIV)
= * = Average value of 2.2 1/m (H,>0)
JLIXUH '"HFD\ FRHIILFLHQW LQ WKH VSODVK JRQMt DAMDOXNHQRMMRZQ RIUWK'E

IURP H[SHULPHQWY LQ WKH FROG VFDOH PRGHO FRORUHG V\PEROV PRG
ZLWK D GHQVH EHG DQG FRUUHODWHG >(T > @@ EODFN GDVKHG OLQ
IRU WKH H[SHULPHQWDO YDOXHYVY 'DWD FRPSLOHG IURP UHVXC
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7TKH H[SHULPHOQ3WHBM WD WOREQWKDW WKH VROLGV HQWUDLQP
IOXLGL]DWLRQ YHORFLW\ DV ORQJ DV D GHQVH EHG LV PDLQW
DILTHFWLQJ WKH UDWH RI HQWUDLQPHQW DQG OHYHOV RXW
H[HPSOLILHG E\ WKH H[SHULPHQWDO GDWD IURBMNKHJFROG V
vy, ZKHUH WKH GLITHUHQW HQWUDLQPHQW OHYHOV UHO\ RQ W
LV ORVW

g 40
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g7 15
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o A A dPg, =[7.2-8.4 kPa]
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Single particle velocity, u,-u, [m/s]
JLIXUH 6ROLGY HQWUDLQPHQW IURP WKH ERWWRP UHJLRQ DV D IXQFWI

GDWD IURP WKH VFDOHG WHVWYV ZLWKRXW DQ\ VHFRQGDU\ DLU L!
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2WKHU IDFWRUV WKDW FRXOG DIIHFW WKH HQWUDLQPHQW DU
JDV DLU VWDJLQJ DQG WKH WDSHUHG ZDOO FRQILIJXUDWLRQ
YHUWLFDO ZDOOV ZLWKRXW ODWHUDO JDV LQMHFWLRQV DV
RI XVLQJ D WDSHUHG ZDOO FRQILJXUDWLRQ UHG V\PEROV LQ
LV VWXGLHG DQG LW LV FRQFOXGHG WKDW D JLYHQ YROXPH
HQWUDLQPHQW UHJDUGOHVV Rl WKH ERWWRP FRQILJXUDWLR
IURP WKH VLGHZDOOV DUH DSSOLHG EHORZ RU DERYH WKH G
VIPEROV IRU WZR GLIIHUHQW LQMHFWLRQ KHLJKWV VKRZLQ.
RQO\ LI WKH JDV LV LQMHFWHG LQWR WKH GHQVH EHG DQG ¢
PDJQLILHG DFFRUGLQJ WR WKH PDJQLWXGH RI WKH JDV LQMH

Single particle velocity based on the
bottom cross sectional area,
ug-l"B‘”-u, [m/s]
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k= Single particle velocity based on the top
A cross-sectional area, Single particle velocity, ug47%P-u,
ug TPy, [m/s] [m/s]
Vertical vs. tappered - wall configuration Addition of lateral air injection
M Vertical bottom configuration W Only primary air
< Tapered bottom configuration Addition of lateral air injection at:

A Height 1- 0.6 m/s < Height 2 - 0.7m/s
A Height 1-1.0m/s < Height 2-1.2m/s

JLIXUH 6ROLGY HOQOWUDLQPHQW YHUVXV VLQJOH SDUWLFOH YHORFLW\

ERWWRP FRQILIXUDWLRQV 6RXUFH 3DSHU ,9 E ODWHUDO LQMHFWLRQ

VKRZV WKH FDVHV ZLWK ODWHUDO LQMHFWLRQ LQWR WKH GHQVH EHG 7
6RXUFH 3DSHU ,,,

&RQVLGHULQJ WKH OHYHOOLQJ RXW RI WKH VROLGY HQWUDLC
WKH FRPSOH[ LQIOXHQFH RI WKH ODWHUDO JDV LQMHFWLRQV
WKH QRQ GLPHQVLRQDOL]DWLRQ RI WKH VROLGV IOX[ VHH *(
ZLWK RQO\ SULPDU\ DLU DQG WKH FRQILUPHG SUHVWQFH RI D
&)% ERLOHU DQG WKH FROG VFDOH PRGHO VHH )LIXUH D

* Csentr(Ug—U u 2
sentr = ener (g ~te) = 0.0054 (u—‘j - 1)

PsUg
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,Q JLIXUH D WKH GDWD IRU WKH VFDOHG FDVHV ZLWKRXW LC
FRPSDULVRQ RI WKH YDOXHV ZKHQ WKH GHQVH EHG LV GHS
DIJUHHPHQW RI WKLV FRUUHODWLRQ ZLWK WKH GDWD IURP

OLWHUDWXUH L H LQFOXGLQJ ODWHUDO LQMHFWLRQV RI JD
XQFHUWDLQW\ UHJDUGLQJ WKH SUHVHQFH RI D GHQVH ERWWHR
UHODWHG WR WKH GHWHUPLQDWLRQ RI WKH VROLGV HQWUDL
IRUP RI YHUWLFDO EDUV LQ WKH ILIJIXUH GXH WR WKH IHZ GDV
YHUWLFDO SURILOHV 1HYHUWKHOHVV WKH FRUUHODWLRQ

DJUHHPHQW ZLWK WKH YDOXHV IURP WKH ODUJH VFDOH &)% E
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Relative gas velocity, ug/u; [-] Relative gas velocity, ug/u; [-]

A Non scaled glass particles - vertical bottom % Chalmers (12-MW,  ©,=1.5m)
O  Non scaled Al,O; particles - tapered bottom + Flensburg (109-MW,, ©,=5.1m)
Scaled particles - vertical bottom A Hutchet (125-MW, 0,=6.4m)
Scaled particles - tapered bottom »  Orebro (165-MW,, @,=6.8m)
X Chalmers (12-MW,  9,=1.5m) Duisburg (105-MW, ©,=8m)
Scaled particles - Hy<0 APy, (3.2-4.4 kPa) o Zibo (135-MW, ©,=8.8m)
Scaled particles - Hy<0 APg;, (5.2-6.4 kPa) *  Gardanne (250-MW, ©,=12.9m)
& Scaled particles - H,<0 APy, (7.2-8.4 kPa) 2 Turow (235-MW,, ©,=13.5m)
===~ Correlation of G o, =0.0054*(u /u-1)> B Lagisza (460-MW, ©,=15.3m)
Ref Boiler (>200-MW, ©,=8.4m)
==~ Correlation of G ., =0.0054*(ug/u,-1)?
JLIXUH 'LPHQVLRQOHVY VROLGY HQWUDLQPHQW IURP WKH ERWWRP UH.

LQ 3DSHU ,9 H[FHSW IRU FDVHV ZLWKRXW D GHQYHKLEKCGCD UH PIBGA VG PIRRIO \
FRPSDULVRQ RQO\ E FRUUHODWLRQ FRPSDUHG WR YDOXHV FDOFXODWH (¢
VFDOH &)% ERLOHUV VHH 7DEOH
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7UDQVSRUW JRQH

([SHULPHQWDO VWXGLHV FRQGIXBWH® QQ WKHRNIKXGRQ 'VEDIOV
VFDOHG WHVWYV LQ WREBHWRQG, WAHDVSBH PWGHIDO\ VKRZ WKDW W'
PL[LQJ DVVHVVHG WKURXEK WVOKW K3-H WRADFERASIRIAL HR@H LV QR W
WKH ULVHU SUHVVXUH GURS RU WKH SUHVHQFH RU DEVHQFH
GHFUHDVH ZLWK [0 X3D3H DWERQHYHR@®PLKWN WUDQVSRUW ]JRQH
H[SHULPHQWDO FRQFHQWUDWLRQ SURILOHV LQ FRPPHUFLDO
LQFOXGLQJ WRDSHWR YN J X UH FRPSDUHV WKHVH GHFD\ FRH
FRPPHUFLDO &)% ERLOHUV DQG WK3D S A EBMEHG K- SHUCLPHH\Q W/ &/ WL
IURP WKH QRQ VFD®MNSH U DXDGE W KWH 8 WHXIEFH U 7KL WYDWWHU DQ:
WKH &KDOPHUV  0: XQLW L H WKH VPDOOHVW RI WKH XQLW
EDFN PL[LQJ UHYHDOLQJ WKH LQIOXHQFH RI IXUQDFH VL]H

1.8 = PaperI
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1.6 +
°<> o1 19 l % Paper II
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i N PaperV
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Single particle velocity, -1, [m/s]
JLIXUH '"HFD\ FRHIILFLHQWY LQ WKH WUDQVSRUW JRQHV RI WKH &)% IXU

IURP 3DSHUV ,+,,, 9

7ZR SRVVLEOH VROLGV EDFN PL[LQJ SDWKZD\V DUH FRQVLGHL

)LIXUH L WKURXJK FOXVWHULQJ LQ WKH FRUMUUHIOLRQ R
WKURXJK WUDQVIHU IURP WKH FRUH WR WKH ZDOO OD\HU Z|
UHIJLRQ WR WKH YLFLQLW\ RI WKH ZDOO OD\HU IREPRUEGQJ W
E\ERXQGDU\ WUDQVIHU WR WKH ZDOO OD\HU/k FKRPHWHUL]HC
9 WKH GHFD\ FRHIILFLHQW WKDW HPHUJHV IURP WKHVH EDFN

1 op2 \ L4
- = [24 202 ) =
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7KH UHODWLYH H[WHQWV Rl WKHVH WZR EDEN PL[LQJ SDWKYV
EXW KDYH QRW EHHQ DVVHVVHG SUHYLRXVO\ )LJXUH LOO>
EDEN PL[LQJ SDWKZD\ WKURXJK H[SHULPHQWDO GDWD IURF
DFFRUGLQJ WR (T 7KH GDWD SRLQWYV VKRZ D WHQGHQF\
LQGLFDWH WKDW WK M DORHL GR/DRE X VIV WBPD@O FRQWULEXWLRC
PLILQJ

3 -
— 0.8 1
= 25 0.6 £ F | X Chalmers (12MWy,  ©,=1.5m)
5 : o + Flensburg (109-MW,, ©,=5.1m)
S 0.4 A Hutchet (125-MW, ©,=6.4m)
> 0.2 £ %= Orebro (165-MW,, ©,=6.8m)
& i o by 20| ¢ Duisbue (105-MW,  ©,=8m)
) ¢ Ref Boiler (>200-MW,, ©,=8.4m)
i 0 02 04 06 08 o old-scale model (>200-MW,, ©,=8.4m)
8 1 © Zibo (135-MW, ©,=8.8m)
b & *  Gardanne (250-MW, ©,=12.9m)
2 0.5 o I Turow (235-MW,, ©,=13.5m)
o3 %«d ® Lagisza (460-MW,  ©,=15.3m)
A K ' ' .
0 1 2 3
Ratio between Perimeter and Area, 4/Q;, [m]
JLIXUH 7KH VROLGV EDFN PL[LQJ UDWH DFFR¥GD®JDWRQFW LR Q BRO PN KM

SHULPHWHU WR DUHD LQYHUVH XQLW VLI]H 6RXUFH 3DS]I

JXUWKHBPEBHWWXGLHVY WKH UROH RI WKH WZR PHFKDQLVPV |
OD\HU EDFN PL[LQJ ZKLFK LV VKRZQ WR EH GRPLQDQW )RU
HPSLULFDO PRGHOLQJ RI WKH FORVXUH RI WKH VROLGV PDVV
WKH PDVV WUDQVIHU WKURXJK WKH FRUH ZD@XP @& B UWUXEVRDCQ G
HDUOLHU LQ WKH OLWHUDWXUHPeWR PR GaH G UWNRKYH. G&HK MO WHRURV Vv
GLVSHUVLRQ UDWH WR GHVFULEH WKH GHFD\ FRHIILFLHQW LQ
WKH FRUH ZDOO OD\HU ERXQGDU\ LV QHJOHFWHG DV GLVSOD
EDVHG HTXDWLRQV SURSRVHG E\ SBDOFKRQRN HW DO > @ SL
VROLGYVY GLVSHUVLRQ IRU DOO WKH FDVHV VWXGLHG )LJXUH

VXIILFLHQWO\ KLJK WR UHVHPEOH WKH IODW KRUL]JRQWDO SL
H[SHULPHQWDOO\ LQ FRPPHUFLDO VFDOH ERLOHUV $ IODW K
W\A\SLFDO IHDWXUH RI FRPPHUFLDO VFDOH &)% ERLOHUV W LC
IDVWHU WKDQ WKH FRUH WR ZDOO OD\HU WUDQVIHU FRHIILFL]
KDYH HPHUJHG 7KXV WKH JRYHUQLQJ OLPLWLQJ SURFHVYV |
LV WKH PDVV WUDQVIHU LQWR WKH ZDOO OD\H3DBHRPIOLWV YLF
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a) D, ; ,basedon Pe=150[72] b) Dy, basedon [73]
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X Turow (235-MW,, 9,=13.5m) A Hutchet (125-MW, @,=6.4m)
B lagisza (460-MW, O,=15.3m) ©  Zibo (135-MW, ©,=8.8m)
¢ RefBoiler (>200-MW,, ©,=8.4m)
JLIXUH '"HFD\ FRHIILFLHQWY PRGHOHG ZLWK LQILQLWH FRUH WR ZDOC

PHDVXUHG YDOXHV /DWHUDO VROLEV GLVS@UNLEQVHGNRRDW HEG 20 WKR B J K
6RXUFH 3DSHU 9

6ROLGV PL[LQJ WKURXJK WXUERSKRUHVLV ZKLFK GULYHV S
GHFUHDVLQJ WXUEXOHQFH OHYHO > @ ZDV IRXQG WR EH
VROLGV IURP WKH GLOXWH FRUH UHJLRQ WR WKH GHQVHU ZDO
IURP FODVVLFDO GLVSHUVLRQ IURP KLJK WR ORZ FRQFHQWU!
WXUERSKRUHVLYV LV WKH VSDWLDO GHULYDWLYH RI WKH YDUL
JLYHQ GLYUMFAMWUXPPV '16 PRGHOV WR VWXG\ WKLV GHULYDWL
ERXQGDU\ ZLWK WKH UHVXOWV JLYHQ LQ )LJXUH IURP ZK
YHORFLW\ IOXFWXDWLRQV QRUPDO WR WKH ZDOO UHPDLQ DS
7KDW WKH WXUERSKRUHWLF FRUH WR ZDOO OD\HU WUDQVSRL
WKLFNQHVVY FRQFHQWUDWLRQ YHORFLW\ LV LQ OLQH ZLWHK
REVHUYHG LQ ODUJH VFDOH &)% IXUQDFHV DQG UHSUHVHQV
XQGHUO\LQJ PHFKDQLVP IRU WKH FRUH WR ZDOO OD\HU QHW
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7KXV FRPELQLQJ (TV DQG \LHOGYV

7KH DJUHHPHQW EHWZHHQ WKH GHFD\ FRHIILFLHQWY GHULYHC
FRUUHODWLRQV SURSRVHG LQ WKH OLWHUDWXUH LQFOXGL(
HISUHVVLRQ GHULYHG LQ WKLV ZRUN \LHOGV DQ DYHUDJH HL

(T > @ EDVHG RQ WKH ZRUN RI 'DYLGVRQ > @ DQG
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A K, = — - Johnsson & Leckner (1995)[17]
(ug—ut)
K; = Hi - Johansson et al (2005) [40]
t
Ok, = o.o1ﬁ0i - Davidson (2000) [33]
h
JLIXUH &RUUHODWHG DQG H[SHULPHQWDO YDOXHV RI WKH GHFD\

7KH JUD\ DUHD LV PDJQLILHG LQ WKH XSSHU ULJKW FRUQHU 6

([LW UHJLRQ

7KH VROLGYV EDFNIORZ LQ WKH H[LW U RBILRHQU XD HA §HHWIDRH Q W
WRHROLGV XS IOX[ DW WKH WRS Rl WKH ULVHU LQFUHDVHV ZL
JLIXUH XVLQJ GDWD FROOHFWHG IURP WKH FROG VFDOH PF
VROLGVY WKDW DUH FLUFXODWLQJ H[WHUQDOO\ PHDVXUHG

BHFWLRQ $W KLJKHU JDV YHORFLWLHY D UHPDUNDEOH GLI
WKDW UHDFKHV WKH WRS Rl WKH ULVHU DQG WKH H[WHUQDO

EDFN IORZ
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$W ORZ JDV YHORFLWLHYVY L H ORZ YDOXHV RI WKH VROLGV
ULVHU WRS DUH HIWHUQDOO\ FLUFXODWHG ZKLFK PHDQV WKL
WKH ERWWRP UHJLRQ IOXLG G\QDPLFV LV REVHUYHG 7KLV

YHORFLWLHYVY UDLVHV TXHVWLRQV DV WR WKH YDOLGLW\ RI DC
OLWHUDWXUH HVWLPDWLQJ WKH VROLGY H[WHUQDO FLUFXOL
SDUW RI WKH ULVHU DV GHULYHG IURP SUHVVXUlguPHDVXUHPF
L H GLVUHJIJDUGLQJ WKH EDFN IORZ HIIHFW LVRRINMRHYM EDNVEI GV
RQ DQ DYHUDJH VL]HG EHG SDUWLFOH 7KXV WKHUH LV DOVR
VHIJUHIJDWYRQ@DHOHFW 7KH VL]H VHIJUHJDWLRQ HIIHFW EHWZH]
WRS UHJLRQ EHFRPHV ODUJHU WKH ORZHU WKH JDV YHORFL)
HVWLPDWLRQ RI WKH WHUPLQDO YHORFLW\ \LHOGLQJ DQ XQ
7KLV XQGHU HVWLPDWLRQ FRPSHQVDWHYV WR VRPH H[WHQW

RYHU HVWLPDWLRQ OLQNHG WR WKH GLVUHJDUGLQJ RI WKF
VXPPDU\ WKH OLWHUDWXUH GDWD RQ WKH H[WHUQDO FLUFX
HVWLPDWHG IURP SUHVVXUH PHDVXUHPHQWY DW WKH IXUQDFI
WKH EDFN PL[LQJ HIIHFWV DQG SDUWLFOH VHJUHJDWLRQ HIIH
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HIWHUQDO VROLGV IOX[ PHDVXUHG WKURXJK IOXLGL]DWLRQ RI WKH F\FC
FROG VFDOH PRGHO ZLWK XS VFDOHG ULVHU SUHVVXUH GURS RI * N <

7KH EDFN IORZ SKHQRPHQRQ DULVHV IURP WKH LQDELOLW\ R
FXUYHV LOWR WKH H[LW GXFW WR WKHS:F\FWRQRVHARHMR IGHWF |
WKH UHODWLRQVKLS EHWZHHQ WKH LQHUWLD RI WKH SDUWLF
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6LQFH WKH SDUWLF@¢ 5HM QREOW KX RMEKDIQ XQLW\ WKDW LV W
WKH 6WRNHV UHJLPH DQ Kt BFWL DA FRXRNH O XRE MUK H K\EUL
LQHUWLDO GUDJ QHHGV WR EH S RXWVPEGHUHG LQVWHDG RI WK

6 MVSt,
7KH FRUUHFWLRQ IDFWRU XVHG LV EDVHG RQ WKH 5H\QROGYV

24 (Rey®  dRe’
l/)(Rep) - Rep” fO Cp(Re")Re’

ZKHUH WKH GUDJ FRHIILFLHQ3M KDV EHHO VGDNBGQ WKH FRUUHF
IDFWRU GHYHORSHG DV
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1p(Re ): 3V0.158Re,’*~tan 1(\/0.158Rep )
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$V IRU WKH FKDUDFWHULVWLF OHQJWK LQ (T WKH GLVW
PLGGOH RI WKH BFWRHU LV WDNHQ DV

)LIXUH SORWYV WKH EDFN IORZ UDWLR LQ UHODWLRQ WR WKt
IORZ LV DOPRVW QBRQQNREWHWOQYWQ® WRAUH LV D WUDQVLWLR

VXFK WKDW WKH EDFN IORZ LQFUHDVHV &8BD@XEBPNMWEWIRUH
JUHDWHU WKDQ DERXW , W VKRXOG EH QRWHG WKDW WKH E
LQ WKH ULVHU RI WKH VROLGYV IURP WKH JDV IORZ LV XQLW V
HILW FRQILIJIXUDWLRQ LQFOXGLQJ WKH ULVHU H[LW GXFW DV
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&ORVXUH RI WKH VROLGY PDVV EDODQF

7KH VROLGV IORZ LQ WKH &)% IXUQDFH FDQ EH VWXGLHG WK
FRQFHQWUDWLRQ DFFRUGLQJ WR (T LQ 6HFWLRQ 7KL\
SRVVLELOLW\ RI SUHGLFWLQJ WKH YHUWLFDO SURILOHV RI W
IXUQDFHV ZLWKRXW WKH QHHG IRU VLWH GDWD L H EDVHG )
7KLV LV SHUIRUPHG XVLQJ WKUHH XWLOLW\ VFDOH FDVHV IURI
> @ 7XURZ > @ DQG =LER > @ DOO RI ZKLFK DUH GHWDLO|
KDYH EHHQ FKRVHQ EDVHG RQ WKH VSDWLDO UHVROXWLRQ R
DQG 7XURZ XQLWYV SURYLGLQJ WKH PRVW GDWD SRLQWV 7Kk
HQDEOH WKH GLVFXVVLRQ DV WR KRZ WKH ODFN Rl VSDWLDO |
UHJLRQ LQIOXHQFHVY WKH GDWD DQDO\VLV ,W VKRXOG EH QR
GLVFXVVLRQ KDYH FRQW USAEQ YWRHESH W RI \8 K H M V WRML QR URW WK HG H F
LQ WKH WUDQVSRUW ]JRQH >VHH (T JLIXUH @ DOEHLW
PRUH FDVHV FRQVLGHUHG IURP IRU H[DPSOH WKH &KDOP
)XUWKHUPRUH WKH WKUHH H[DPSOH FDVHV FKRVHQ KDYH QR
RI WKH H[SUHVVLRQV IRU WKH VROLGY HQWUDLQPHQW >VHH (
WKH GHFD\ FRHIILFLHQW LQ WKH VSODVK JRQH LQ WKH ZRUN

7TKH XSSHU VHFWLRQ RI 7DEOH ¢fO)IVWMVY HWV K HI R.WQ SAKRAH  SADKJUDHPHt
FRQVLGHUHG IXUQDFH JHRPHWU\ VROLGV SURSHUWLHV JDV
FKDOOHQJH LV KRZ WR HVWLPDWH WKH WRWDO ULVHU SUHVYV X
LV W\SLFDOO\ QRW PHDVXUHG IURP WKH QR]J]JOH KHLJKW OHYH
DQG WKHUHIRUH D VLJQLILFDQW SUHVVXUH GURS LQ WKH GH
PHDVXUHG YDOXH $V D FRQVHTXHQFH WKH WRWDO ULVHU
HIWUDSRODWLRQ RI WKH VROLGY FRQFHQWUDWLRQ SURILOH
E\ HHWUDSRODWLQJ WKH SURILOH DFFRUGLQJ WR (T GR:
FRUUHVSRQGLQJ WR WKH HVWLPDWHG VROLGY FRQFHQWUDW|
LQGLFDWLQJ WKH ORFDWLRQ RI WKH GHQVH EHG VXUIDFH RLU
LQGLFDWLYH RI WKH DEVHQFH RI D GHQVH EHG %\ LQWHJUI
SURILOH WKH HVWLPDWHG YDOXHV IRU WKH WRWDO ULVHU S|

JLJXUH D GHSLFWV WKH PHDVXUHG YHUWLFDO SURILOHV RI
FRUUHVSRQGLQJ YDOXHV IRU WKH VROLGY FRQFHQWUDWLRQV
SORWWHG ZLWK V\PEROV LQ )LJXUH E 7KH ILWWLQJ RI WKH
YDOXHV IRU WKH Id GW KQ JOS B WBIBHRG B0 AFROXPQV DQG WKH
VROLG OLQHV LQ )LIXUH E )XUWKHUPRUH WKH GDVKHG O]
SURILOHV SUHGLFWHG DFFRUGLQJ WR { DVXG UH DSHF WL Y KEGIF D
(T WKH VROLGV,H @DQEDWEPHYISWUHVVLRQV LQ > @ WKH V
WKH GHQVH EHG \LHOGLQJ WKH 8@t FIRRFOWR Q \W D Q XTHD\E OH V WH [
RQ WKHVH YDOXHV WKH GHQVH EHG KHLJKW FDQ EH FDOFXO
(T
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J)LIXUH 9HUWLFDO SURILOHV IRU WKH WKUHH FDVHV VWXGLHG +XFKH
PHDVXUHG SUHVVXUH GURS DQG E WKH VROLGY FRQFHQWUDWLRQ H[SHL
(T WR WKH H[SHULPHQWDO GDWD VROLG OLQH DQG PRGHOF

I1RWH WKH ORZ VSDWLDO UHVROXWLRQ RI WKH VROLGV FRC
HVSHFLDOO\ LQ WKH ERWWRP UHJLRQ RQH FRQFHQWUDWLRQ

LPSOLHV D KLJK OHYHO RI XQFHUWDLQW\ UHJDUGLQJ WKH ILV
]JRQH WR WKH H[SHULPHQWDO GDWD )LWWLQJ DJDLQVW WKH

GHILQLWLRQ PXVW KDYH WKH VDPH GHFD\ FRQVWDQW JLYHQ
IRU WKH GHFD\ FRHIILFLHQW LQ WKH VSODVK JRQH ,W VKRXO
YDOXH UHVXOWY LQ D YDULDELOLW\ RI LQ WKH FDOFXOL

:KLOH WKH DQDO\VHV LQGLFDWH WKDW WKH +XFKHW DQG =LE
DURXQG P LQ ERWK FDVHV VHH 7DEOH WKH SURFHVVL(
7TXURZ FDVH VXJJHVWYV WKDW WKHUH LV QR GHQVH EHG SUH)
UHDVRQDEOH JLYHQ WKDW WKH H[SHULPHQWDO VROLGV FRQI
EHWZHHQ SRUWYV ORFDWHG DW WKXQGDU PHDWMW KD NIWKH Y
IRU GHQVH EHGV LQ ODUJH VFDOH ERLOHUYV DV ZHOO DV WK
SUHVVXUH GURS FRQVLGHULQJ WKDW LW KDV D KHLJKW RI DO
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7TDEOH SDUDPHWHUV XVHG IRU WKH DQDO\VLY DQG SUHGLFWLRQV RI Wk
IXUQDFH FDVHV

Parameter +XFKHW =LER 7XURZ
8QLW VLIH |an>P@
YXUQDFH KH LD KM@
BDUWLFOH GHONL®\

3DUWLFOH ViE]H P@

7THUPLQDO YHORPL®@\
YOXLGL]DWL
YHO
OHDVXUHG 5LYHU

SUHVV)< A}(rixer HFSNgD@

(VWLPDWHG R WD,
5LVH U SU H riser-Tot = 3 D@
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Experimentally-fitted (Exp) and
modeled (Mod) values Exp Mod Exp Mod Exp Mod

"HED\ FRHIILF W
VSODV aH

'"HFD\ FRHIILELHOW
>

WUDQV ¢S ke
(QWUDLQHG ROL

sentr =
FROFHC etk Ye
'LPHQVLRQQHVV > @
HQWUDI senr
6ROLGV
FRQFHQWU D W kRN U @
GHQH
'"HQVH EHG KMHLIK&
“Experimentally-fitted solids concentration at h=0 m in the absence of a dense bed [using H,=0 in Eq. (14)].
““The modeled values for the disperse-phase parameters (solids entrainment and decay coefficient in the transport zone) yield a
higher pressure drop for this phase than the given experimental value for the total riser pressure drop. Thus, the model cannot
describe this case due to the absence of a dense bed.

7KH SUHGLFWHG VROLGY FRQFHQWUDWLRQ SURILOHV DUH LQ
IRU WKH +XFKHW DQG =LER FDVHV ZKLOH WKLV LV QRW WK
DERYHPHQWLRQHG SXWDWLYH DEVHQFH RI D GHQVH ERWWRF
XQGHU WKLV FRQGLWLRQ ,Q JHQHUDO WKH PRGHOHG GHFD)
JRQHV DUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO R
EHG KHLJKW IRU WKH =LER &)% IXUQDFH E\ P FRPSDUHG
RI P 7KLV LV DWWULEXWHG WR D VOLJKW XQGHU SUHGLF)\
UHVXOWLQJ LQ WKH QHHG IRU D VOLJKWO\ KLJKHU GHQVH EF
SUHVVXUH GURS +RZHYHU WKH DERYHPHQWLRQHG SRRU UH
FRQVHTXHQW XQFHUWDLQW\ UHODWHG WR WKH YDOXHV IRU V.
VKRXOG EH NHSW LQ PLQG

SHIDUGLQJ WKH VROLGY HQWUDLQPHQW IURP WKH ERWWRP U

IRU WKH +XFKHW DQG =LER FDVHV EXW DUH VWURQJO\ RYHL

PRGHOHG Y@L XRI IRU NJLBVWHDG RI WKH H[SHULPHQWDOO\
NJ PYVHH 7TDEOH
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7KLV UHVXOWV LQ DQ XQVDWLVIDFWRU\ SUHGLFWLRQ RI WKH
IXOILO WKH WRWDO ULVHU SUHVVXUH GURS SURYLGHG DV DQ
GHQVH EHG %HDULQJ LQ PLQG WKH DERYH GLVFXVVHG LQGL
7XURZ FDVH WKLV RYHU HVWLPDWLRQ Rl WKH VROLGYV HQWUL
WKLV ZRUN UHYHDOLQJ WKDW WKH VROLGV HQWUDLQPHQW L
of YLIXUH &DVHV ZLWK D GHSOHWHG GHQVH EHG OLH RXWYV
HQWUDLQPHQW GHULYHG LQ WKLV ZRUN >(T @ ZKLFK H[S
HQWUDLQPHQW LQ WKH PRGHO

7KH PRGHOHG RYHUDOO VROLGY PDVV EDODQFH IRU WKH WZR
LV VKRZ LQ )LJXUH

_ : Transport zone
Fiop =+ backflow % Splash zone
' . . Dense bottom bed

Huchet Zibo
[kg/s] [kg/s]
Fentr 5092 5162
Frop 500 366
Fiat 4592 4795
K 100 73
(Gs=1.8 kg/m?s) | (Gs=0.85 kg/m’s)
: Fpackfiow 400 293
Fae Fiayer 4992 5088
o
exchange |
JLIXUH ORGHOHG VROLGYVY IORZV LQ WKH +XFKHW DQG =LER &)% ERLOHI

EDFN IORZ

,Q VXPPDU\ WKH H[SUHVVLRQV XVHG WR GHVFULEH WKH YHU
>(T @ DQG LWV NH\ SDUDPHWHUV GHFD\ FRHIILFLHQWV (
(T VROLGY FRQFHQWUDWLRQ LQ WKH GHQVH EHG > @ D
WR EH LQ JRRG DJUHHPHQW ZLWK WKH PHDVXUHPHQWY SURY
ZRUN SUHVHQWHG LQ WKLV WKHVLVY HQDEOHV WKURXJK GHHS
YDOLGLW\ UDQJHV WKH FORVXUH RI WKH RYHUDOO VROLGV P
WKXV WKH GHWHUPLQDWLRQ RI WKH PDLQ VROLGYV IORZV VHFE
UHTXLUHG WR XQGHUVWDQG DQG WKHUHE\ SUHGLFW WKH VR
WKH W\SH GHILQHG E\ (T 7KH VROLGY HQWUDLQPHQW IUR
NH\ SDUDPHWHU IRU IXUWKHU LQYHVWLJDWLRQ LQ RUGHU W
SUHGLFWLRQV Rl KRZ WKH GHSOHWLRQ Rl WKH GHQVH EHG D
RI JDV DIIHFW WKLV SKHQRPHQRQ
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&+$37(5
EROQOFOXVLRQV

7KLY WKHVLVY HQKDQFHY RXU XQGHUVWDQGLQJ RI WKH VROLG"
IXUQDFHV IRU WKHUPRFKHPLFDO FRQYHUVLRQ RI VROLGV E\
PHFKDQLVPV EHKLQG WKH NH\ EDFN PL[LQJ SKHQRPHQD RI WK

$ FROG IORZ PRGHO GHVLJQHG EXLOW DQG RSHUDWHG DFFRI
IOXLG G\QDPLFDO VFDOLQJ ODZV LV VKRZQ WR UHSURGXFH D
0: wk&)% ERLOHU XVHG DV UHIHUHQFH ([SHULPHQWDO FDPSD
PRGHO FRPSDUHG WR WKRVH FRQGXFWHG LQ DQ LQGXVWULD
PRUH IOH[LEOH RSHUDWLRQDO UDQJHV LQFUHDVHG PHDVXUH

7KH SUHVHQFH RI D GHQVH EHG UHVXOWYV LQ DQ LQFUHDVH LG
ZLWK DQ LQFUHDVH LQ IOXLGL]DWLRQ YHORFLW\ ZKLOH WKH L
HQWUDLQPHQW ZLWK LQFUHDVLQJ IOXLGL]DWLRQ YHORFLW\ |
WKH EHG GRHV QRW VKRZ DQ\ VLIJQLILFDQW HIIHFW RQ HLWKH
PL[LQJ UDWH LQ WKH VSODVK JRQH 7KH ODWWHU LV DWWULE X
LH DERYH P RI D PD[LPXP YDOXH IRU WKH HUXSWLQJ EX
HMHFWLRQ LQWR WKH VSODVK JRQH 7KH VROLGV EDFN PL[LQ
WUDQVIHU RI SDUWLFOHV WKURXJK WKH FRUH ZDOO OD\HU EJ
WR EH GULYHQ E\ WXUERSKRUHVLV 7KH VROLGVY EDFN IORZ D
JDV YHORFLW\ WKXV ZLWK SDUWLFOH YHORFLW\ DQG WKHU



CONCLUSION

$ VLPSOH ORQWH &DUOR PRGHO IRU WKH GHFD\ FRHIILFLHQW
WKH DVVXPSWLRQ RI JUDYLW\ GULYHQ EDOOLVWLF WUDMHFWF
DJUHHPHQW ZLWK WKH PHDVXUHPHQWY )XUWKHUPRUH H[SH
XQLw VLIH WHPSHUDWXUH DQG SDUWLFOH VL]H DQG GHQVL
H[SUHVVLRQ WR SUHGLFW WKH VROLGY HQWUDLQPHQW IURP
SDUDPHWHUV )LQDOO\ DQ H[SUHVVLRQ IRU WKH GHFD\ FRHI
EDVHGAREXPEHU H[SUHVVLRQ IRU WXUEXOHQW LQWHUQDO IOR.
WKH OLWHUDWXUH IRU WKH ODWHUDO GLVSHUVLRQ $IWHU IL\
GHVFULEH D ZLGH UDQJH RI H[SHULPHQWDO GDWD RQ ODUJH \

,Q DGGLWLRQ LW LV VKRZQ WKDQ WKH NQRZOHGJH JDLQHG D
WR JHQHUDWH UHOLDEOH SUHGLFWLRQV Rl WKH VROLGV IOR?
PDVV EDODQFH IRU WKH VROLGV SKDVH ZLWKRXW WKH QHHG
HVWDEOLVKHG LQVLGH WKH IXUQDFH 6XFK SUHGLFWLRQV D
PHDVXUHPHQWY SHUIRUPHG LQ ODUJH VFDOH &)% ERLOHUV }
EHG LV QRW SUHVHQW LQ WKH ERWWRP UHJLRQ IRU ZKLFK WK
LV VLIJQLILFDQWO\ ORZHU :LWK WKLV LPSURYHPHQW LQ Wk
PRGHOLQJ WRROV EDVHG RQ WKH DYDLODEOH OLWHUDWXUH
ZLGH UDQJH RI RSHUDWLRQDO FRQGLWLRQV WKURXJK H[SHU
VXSSRUWYV WKH GHVLJQ DQG VFDOH XS RI &)% SURFHVVHYV
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YXWXUH ZRUN

7KH IROORZLQJ UHVHDUFK TXHVWLRQV DULVH IURP WKH SUHV|
7KLY ZRXOG SURYLGH DGGLWLRQDO YDOXDEOH LQVLJKWY LQW
SDWWHUQ LQ ODUJH VFDOH &)% ERLOHUYV

Solids back-mixing in the splash z-one +RZ FDQ WKH VROLGY HMHFWLRQ |
UHJLRQ RI WKH IXUQDFH LQ WKH DEVHQFH RI D GHQVH EH

Solids entrainment from the bottom region :KDW JRYHUQV WKLY VROLGV HQYV
DEVHQFH RI D GHQVH ERWWRP EHG DQG KRZ FDQ LW EI
HQWUDLQPHQW DIIHFWHG E\ ODWHUDO LQMHFWLRQV RI J
YHORFLWLHY PRPHQWXPV"

Back-flow effectc &DQ WKLV ORFDO VROLGV EDFN PL[LQJ EH JH(
GLPHQVLRQOHVV QXPEHUV G6WRNHV 5H\QROGV )URXGH
SURSHUWLHYVY DQG ULVHU VL]HV DQG H[LW JHRPHWULHV"

KLOH WKLY ZRUN KDV IRFXVHG RQ WKH PDFURVFRSLF IHDWX
SRVVLELOLWLHVY WR VWXG\ WKH VROLGV IORZ DW VPDOOHU
XQGHUO\LQJ SKHQRPHQD RI WKH VROLGYV IORZ 7KH IOXLG G\QC
WKHVLY UHSUHVHQWY D JUHDW RSSRUWXQLW\ WR DSSO\ DGY
HQYLURQPHQW WKDW UHSURGXFHV WKH IORZ FRQGLWLRQV L
PDJQHWLF SDUWLFOH WUDFNLQJ WR VWXG\ WKH IXHO PL[LQJ >
WRROV IRU UHVROYHG PHDVXUHPHQWY RI WKH VROLGV DQG
JUDGXDOO\ EHFRPLQJ D PRUH XVHIXO WRRO IRU VWXG\LQJ
LQFUHDVHYVY DQG YDOXDEOH SDUWLFOH VFDOH LQVLJKWYV FDQ
WR FRPSOHPHQW WKH H[SHULPHQWDO REVHUYDWLRQV






NOMENCLATURE

1RPHQFODWXUH

PSD

St
Sh

[*

Uo

Unmf

'"HFD\ FRHIILFLHQW RI WKH VSODVK ]JRQH > P@
&URVV VHFWLRQDO DUHD @ >P
&RQFHQWUDWLRQ RI SDUWLFOHV @ >NJ P
(QWUDLQHG FRQFHQWUDWLRQ DW@WKH GHQVH EHG >N
(TXLYDOHQW ULVHU GLDPHWHU >P@
SDUWLFOH GLDPHWHU > P@

6ROLGY PDFURVFRSLF GLVSH L‘R@Q LQ WKH ODWHUDO
GLUF g\é
JORZ RI VROLGV >NJ V@

*UDYLW\ FRQVWDQW @ >P V

([ WHUQDO FLUFXODWLRQ RI VROLG® >NJ P
'LPHQVLRQOHVY HQWUDLQHG I0X] > @
+HLJKW RYHU GLVWULEXWRU SODWH >P@
'"HQVH EHG KHLJKW >P@

7RS KHLJKW Rl WKH IXUQDFH >P@

ODVV WUDQVIHU FRHIILFLHQW >SP V@

'"HEFD\ FRHIILFLHQW Rl WKH WUDQVSRUW JRQH > P@
%DFN IORZ UDWLR > @

6FDOH IDFWRU IRU OHQJWK > @
'LPHQVLRQV RI WKH ULVHUYV >P@

/HQJIWK >P@

6FDOH IDFWRU IRU PDVV > @
'LIHUHQWLDO SUHVVXUH >3D@

3pFOHW QXPEHU > @

3DUWLFOH VL]H GLVWULEXWLRQ > @
&OXVWHULQJ DW D QHW YROXPHWULF UDWH > V@
5H\QROGV QXPEHU > @
BWRNHV QXPEHU

6KHUZRRG QXPEHU

7LPH >V @
6FDOH IDFWRU IRU WLPH > @
JOXLGL]DWLRQ YHORFLW\ >SP V@
JOXLGL]DWLRQ YHORFLW\ >P V@
OLQLPXP IOXLGL]DWLRQ YHORFLW\ >SP V@
7HUPLQDO YHORFLW\ >P V@
+HLJKW LQ WKH ULVHU >P@

> @
> @



NOMENCLATURE

Greek letters:

D, +\GUDXOLF GLDPHWHU :* : ' >P@

&g *DV IUDFWLRQ > @

Pg '"HQVLW\ RI JDV @ >NJP

Ds 'HQVLW\ RI VROLG SDUWLFOHYV @ >NJ P

Ob %XEEOH IUDFWLRQ > @

& SDUWLFOH IUDFWLRQ > @

Ue *DV YLVFRVLW\ >3DV@
5HODWLYH JDY XY HORFLW\ X > @

0] SDUWLFOH VSKHULFLW\ > @

W 6WRNHVY FRUUHFWLRQ IDFWRU > @

Subscripts

backflow % DFNIORZ

Bot 9DOXH DW WKH ERWWRP RI WKH IXUQDFH

clustr % XEEOH HUXSWLRQ LQWR WKH VSODVK ]RQH

core 9DOXHV IURP WKH FRUH

DC 'RZQFRPHU

disperse  'LVSHUVHG SKDVH LQWR WKH WUDQVSRUW |JRQH

entr (QWUDLQHG VROLGV IURP ERWWRP

Exit 9DOXH DW WKH F\FORQH H[LW

g *DV

Hb 9DOXHV LQ WKH GHQVH EHG

lat IDWHUDO GLVSHUVLRQ

layer :DOO OD\HU

Max OD[LPXP YDOXH

Min OLQLPXP YDOXH

p 3DUWLFOH

Ref 5HIHUHQFH YDOXHY PHDVXUHG LQ WKH UDQJH RI K

Riser 5LVHU YDOXHV PHDVXUHG IRU WKH ZKROH IXUQDFH
K 6ROLGYV
Top 9DOXH DW WKH WRS RI WKH IXUQDFH
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