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Abstract

1. Project Code: RMU5380034
2. Project Title: Biomass combustion in fluidized bed combustor
3. Investigators: Assoc. Prof. Dr. Thanid Madhiyanon Mahanakorn University of Technology
Email Address: thanid_m@yahoo.com
Project Period: 15 June 2010 — 14 June 2013

Biomass as a clean and sustainable energy resource will play an important role in energy
scenarios of the country in the future because of its advantages in CO,-neutral feature and
considerable reduction of SO, and NO, pollutants emitted from burning fossil fuel. Most biomass,
however, is abundantly available only within a crop season, so there will be an adverse effect on
stability of fuel provision, especially if it is used as a single main fuel. In order to solve this drawback,
either two different biomasses or biomass and coal are blended and co-combusted. Fluidized-bed
combustion (FBC) is denoted for high efficient combustion and fewer pollutants released, also, it has
been proven effective when utilized for biomass combustion.

This research project investigated the combustion studies performed in three different types of

fluidized bed combustor: 1) a short-combustion-chamber fluidized-bed combustor (SFBC), 2) a vortex-
fluidized bed combustor (\J-FBC), and 3) a circulating fluidized bed combustor (CFBC). Both

standalone combustion, and co-firing between biomass and coal were set up in SFBC and \[J-FBC,
using rice husk and bituminous coal as fuels. The combustion characteristics and performances were
also taken into consideration. A study of hydrodynamics of particles inside CFBC, having been

constructed, and a preliminary combustion test using wood as a fuel were also examined. The studied
parameters affecting pure rice husk combustion in SFBC and/or \J-FBC were the fluidizing velocity,

secondary air velocity, and secondary air flow fractions. The co-firing tests in SFBC and/or \JJ-FBC
operated under various parameters, for examples, coal blending ratios in the range 0-25% (thermal
basis), coal sizes ranging 0-5 and 5-10 mm, coal-feeding locations, as well as bed temperatures
were done. The minimum fluidizing velocity (U,), as well as pressure profiles inside CFBC operated
under a variety of sizes and quantities of sand, were presented. Finally, the combustion characteristics

of wood in CFBC under varying fuel feed rates were established. The results showed that in both

SFBC and \J/-FBC, the main combustion took place under the vortex ring near the fuel feed point for

both cases of pure rice husk combustion and co-firing with coal.



For SFBC, increased coal shares in co-firing with rice husk ameliorated the combustion
efficiency (E;), generally >98% for all coal-blending ratios. An injection of coal under the vortex ring
seemed the most appropriate location in co-firing with rice husk. Meanwhile, increased shares of coal
sized 5-10 mm emitted less NO, than that of 0—5 mm size. For pure rice husk firing, increases in a
secondary air velocity and secondary air fractions engendered the decline of CO release and the
progress in E;, ranging 92-98%.

In the cases of \J-FBC, increased coal shares in co-firing with rice husk were responsible for
the slight decreases in E., and increases in SO, and NO, emissions. High bed temperatures not only
activated E., but also elevated SO, and NO, as well. A higher fluidizing velocity in firing pure rice husk
stimulated NO, emissions, while increased secondary air velocity lowered NO, value. The E, for all
cases were >99%.

The hydrodynamics study in CFBC indicated that the increments of quantity and size of sand
induced high minimum fluidizing velocity in the range of 0.18-0.46 m/s (7—9 kg-sand). The pressure
profiles inside the combustor implied that solid recirculation would occur when the pressure in the L-
valve was higher than that presented in the bed. The calculated voidage along the riser was found to
be in the range of 0.955-0.99. The preliminary firing test of wood in CFBC found that the combustion
took place along the riser height, and increased fuel feed rates from 8 to 15 kg/h, corresponding to

excess air range of 11-118%, caused the increase in temperatures inside the combustor, ranging

770-820 °C.

Keywords: Biomass/ Co-combustion/ Fluidized bed/ Rice husk/ Vortex.



YU a
u‘na‘gﬂ WUINY

Aa o rff Y o = v dy a A a v ;ﬂw a A
Iﬂidﬂ']i']ﬁ]EJ%VL@W]'m'ﬁﬂﬂH']ﬂ']iLN']VL%NL”HE]LWGG‘E’J&J'Jal,@El’] LLﬂZﬂ’]iLN’]VL‘ﬁNL‘EﬂLWﬂG“H')&I’]a

Pt uAslwanmn lwingadladiuauuuiasm i (SFBC) waziaiknndradina-wadladiue

(y-FBC) Tulgunavuszirufudndimdusends anaaanlddnmlalaslamdnduaseunmauaznig
v Indizaiwdsiunaidasduluanmn iningdladiuauuunyuiou (CFBC) Nlddifiunnaaing
Xa .4 vo X
Iulnal SamunsnagUnalaasil

1. e lnangd ladiuauuuiasw [naisu (SFBC)

mwn ndlwan lnaingdladiuaunuwasmlmiau (SFBC) 1wafing 250 kw,, ladnm
tvguansaen I wiunautunuduindndisludadiudeg da 0, 10, 20 uaz 25% (las
WAIH) HNNRIIAN N AINANTZNUTBITTALUM I IUART LA IRadTzaUAD (nla1unIu
19510 wazldsurmiwiasing maldUSunaenmeasiuiiui 115%  swlddslad@nsinansznuaad
pnaiwAuallunmnwitiuduunasfia 2ua 0-5 mm uaz 5-10 mm Fegninsnazeauldraunin

v 1 04 1 a 1 v a a 3 a v
1951a lagnansAnsn sk lndsiuszninsunaunuauAvnudn s lnananiiaduusiamle
- L2 . e A& -
2unweiing lasgunpiiuazddingiluaadasiuninautiuiniiadn lwsseinanszans
anudntusanisan ndananugiuaadliiiuineanloduaslulasiau (NO,)  tfinannnisrh
Ujismaasiulanaulugdussmsszmeannunauiveimeadiunsasldsummsiinadunan myde
duAnnszavlasumimiaiinaginaddanisanadzes NO, Ninveanian tiasannavidfisonny
289 NO, nUE % (Char)  Muldanie3dings lasanuidutuwas NO, JA1anaInuaasIBITHEY
duiu lusananuduiuvesuizeanivewuasenisd (Co)  devagluinmsinnasziun uanani
ﬂi:ﬁ?‘n%mwmmmvl%ﬁlumfﬁmiﬁhmhuﬁu‘l,ﬁ’mLm’smas‘mﬂﬁ@hgaﬂ’hmiﬁi’mmﬁmaLmea?mﬂ
I@ﬂﬁaaadﬂitﬁﬁmg@ﬂdﬂ 98% lunﬂé'@dmmswam%al,wﬁd lunduaInanIznuvaIImIaeIwARNLIN
AN NT R aILAE baLFaNN190anTUWILHNLALINY KINLALANEINITAARIDES NO, lunIHizuIa
1 a a g v 1 dl a a a U a a
tuiAn 0- 5 mm Aedutesnin lwwmendsednTawmsen ndlunsdinslsauinewa 0-5 mm
AFNINTH 5-10 mm a8 aLin leTa
= Yy A . A A a @ v o A

Tunvdinsen lninauissadnadon Ssiimsldnnedueynmaauasliimdanszansenme
% 1YNNIAN N AINANTZNLIANNSIMARIRNRBILAIILAINIBTING LATFARIUANTINEB A
U { & v a Qs v 1 v {
saungasutunywIn GildRsanisguansuzuazansIauen et laswoinawn lnaifiyuuss
=) &’ ) { 1 1 { QI 1 { v {
A RUSIAMATNIINEIMAEIRNFEd LazNTNANNLTIBTMAFTINFad bILrIwIasinan 10, 15
Az 20 m/s SemanndeInuUTImeIMadImAnlugg 66-102% wussnaligunndiadsnioluiaian
°| v v a 6V nl J 1 v v 23 1 ~ v s
fad AU NTUTaIaanTLIanLaTLAE NO, LWNIY LAAMMUITNTUYEILAR CO  anatdALlaTa

{ A A v A & i o ' ' {
Twsnzidsz@nSawmurn Inalifageiuan 92.7 1u 97.8% luudvasdadiunisdnsanmesiuiiaes

WUURYUWIUTIINIE 3 26l TaoadlSuNmaInIaa I AnlIN 92%  WUIINIINNFAEIWANTING



mmﬂd’mﬁaaaLwiazsz@”umNalﬁwqﬁﬂiswmil,mvlmﬁmﬂlmmmﬁlﬂmmm"l,ﬂ (Wasan ldannny
ns:mmqm%nﬂﬁmﬂ‘lmm) %anmﬁué’mdmmﬁﬁﬂmmﬂﬁauﬁaaalmm"’ummgoﬁlﬁufudaNalﬁ
qmwgﬁluu?nm@ﬁﬂﬁi’na@@‘ﬁao gmsuusslofofinieeannuin nMsRugagwonasIunnaasle
sm“’uﬁqaifuﬁwaslﬁ 0, Windn CO andnas luumeil NO, (Al 6% 0,) denlndidsar Uszinsawms

Lm"lmﬁjl,uﬂmiﬁﬁﬂﬁa'ﬁzlmmﬂfshuﬁaaaﬁamm:ﬁuﬁmqowﬁ 96.8%

2. i lnsiaasina-Wad ladiua (Y-FBC)

man ndluwanwdhesina-Wadladiua (Y-FBC) amaiina 100 kW, ladnsnmawnd
wnautnAuiuAuiniiiauuwa 0-5 mm lugadiudnig da 0, 10, 20 uaz 25% (laawasnu) muld

a 1 a { ¥ b v a wé
ﬂimmmmﬂmumuﬁ 76% uaﬂmnﬁmvl,@ﬁﬂmﬁaNam:‘ﬂmlaaqmﬂgmuﬂummﬂ%umgﬂ

mquvﬁ”ﬁ 800, 850 W&z 900 °C I@ﬂlﬁmm@ﬁaﬁwsﬁagﬂﬁ@]ﬁaagmﬂIuLmWLﬂﬁaLuw Taunan13dnen
v 1 Qs 1 a o 1 1 1 Y A &/ { (-5
MIH IATUNALTINALE BRI UTAT IR 9 wmwmnm"tmmulmym@mumﬁam@ﬁsmummga
0.35 m WikakHBNIZILaINA I@zlqnmﬁﬁmﬁﬂmﬂ‘lm@nﬁmqaq@lumﬁl,m"l%ml,ﬂmJashal,ﬁmu,az
AN INNFAFIUE1UAL TusznnInTzansavasanUtutuasudan s luiauaadliin NO,
a &I < 1 ¢ o aaa { 1
Wednunluduniamiarsuniniasinadivianmail jissmessnszmanlsetlsasaanuiain
LNAUYZLAANITINA IR Y AN NBHEINUINTNI NN T FIBN TN TN UABFINA IR AN T UTUU D ILAF
{ u?: 1 nl &/ U a a v, 1 °|
lalRafinnseaniens 0, CO, NO, uaz SO, feNngIdn fulszAnSA WM Inddandag
v Q 1 1 =) 4 Q. &‘ 1 o = =Y
LRNUAUANFAFIWNINRN TN W AR NI a s i a1z 97% mmumsﬁnmwammmaoqmwgw
LWL AN T WAILNAUTINAL TN WABLUTAFIBAI 9 BUNUINYANTTUM TN i TaInEsaduday
[-% 1 a v { v Q a { ; =3
a@mummauLLazqm%QuLU@ﬁLLquwﬁﬂmmﬁmu T,@Uﬁqm‘vxgumﬁﬂmﬂlmmqwuqumwgu
c.i v 1 23 = n:l' 1 a d' s&/ nq: 1 v A l'l)
LA b b ANTLHA T3] luLLdmaaLmavlaLammaaaﬂmemﬂqmugmm@mgwuuuamah CO figénad
AULAW AT LALLANIZBENITILN LN IANTINNUTIUR W L UFAFIWNINNNIN U SN VLT T UV DI
' a & A A v o o A A X~
NO, uas SO, :ﬁmwaqwuﬁnﬂwamadmnwwqmvﬁﬁmumm%u fATUUTEANTAIWATLNN IR Tha
gﬂaﬂmuaaLﬁaLm"lmﬁmﬂslﬁqmugﬁm@ﬁ@h Tagani1zat1989n15 NN IR N AL TN WAL EA §IWN
WNTINANRRDLNDI 97.5%
~ 'Y ' = 2 o o v o A <
1ummmsmﬂmLmauamaL(ﬂmeﬁwmﬂﬂjmwzJLfluakl,mﬂLummﬂwm@mzmUmmﬂuu
"L@Tﬁﬂmsﬁﬂmﬁawaﬂi:‘nwadmnm%’smnmﬁﬁalﬁﬁwlgﬁ"l,wﬁfuﬁ 05, 0.6 Waz0.7 m/s WA
=3 U ni d! « 2{ a v 1 yni U
m’mmmmﬂmumaamlﬂﬁ‘lunﬁﬂaummwaamﬁgmum%m 10.7, 13, uaz 15 m/s lagltaasnig
Uauwnauin 22 kg/h  waztSunmainasiwiinlugig 53-95%  WaNSANEIWLIANEHLANTEN AL
& ) =) v v 2% v =)
msﬂmmmwmimﬂﬁnﬂmsm‘zmslqm‘ﬁ{]wLLazmwwwmaaLmamUluLmﬂﬁLLuaIquLﬂluwﬁﬂnd
a o A v o a X a Aa ' o o A A
CHRLIN ﬂamnmvl,mmﬂmmumnmmmsmmmaumgwmmvlm (@unniuaz CO  fdg)
ANULTNTUVBI NO, gaﬁiz@”umsajwmmauLLamslﬁLﬁuﬁamiﬁ'mﬁﬁ%mmaomsizmwaaLmauﬁu
a Q 1 ] 22 1 v A' I =3 { 1 v a
NNNAUSII A INENT dvaduialatFunwudn NO, Juuwildumnduauainuisianmannaliine
WQSVL@LWE% we I IuanadLiarinnTREAINNISIINIARIBAREY AT NTWYEY CO 1unﬂL‘f1‘au"L°u



MINARBINAIEINTIINIATIIN (<100 ppm N1 6% Oy) muﬂizﬁ?ﬂ%mwrwm,mvlﬂ&T’LunﬂL‘fiau"lmms

w@aaaﬁmgaﬂdw 99%

Aa 6
3. W ludlgd lasiuauuunawan (CFBC)
v al a o { v &/ 1 v Ui
i Il ladiuauuunywisn (CFBC) awanna 50 kW, Ngnassdiulwailagnlddnm
=2 A € =2 o & a A Y .
dnwlalaslawdndvasaumaniolwen uazfinsnmsenindizandedwasludssdu lavluudzas

lalatlawdndldrimsfinmenuiidgavesnmaiangdlawmsu (U,) aalduwaayaiaiuai 300

ez 500 Um  anaandnsnavesdSinouuadildie 7 uaz 9 kg lasrmifinmbiguansmzians

nalalaTlauinduadian CFBC  Iuduadn1InIzanganuany e lasRasI BTa9IN90a0anw
§ILAN I@UwamsmaaawmfnmmL%@‘hq@madmuﬁ@Wgﬁvl@m%’maomwmm@ 300 Um USum 7

uaz 9 kg A6 0.18 uaz 0.46 m/s luzmAnaRnswIanTdn 500 Um  wuwaziiawgd laistudas
mwm%aﬁg@ﬂ’h msns:ﬁnUmmd'umU”L%L@ﬂ%ﬂitﬁﬁ%Lﬁ@mif‘muﬂé’waaagmﬂmwU‘wmhmm
m”uﬁ@hgalwﬁ'mmwmuﬁu?jaﬁﬂ%mmmwaagj’w’m LLa:mm@Tu@aa@wmmgamﬁaLmﬁ@iﬂﬂ&ﬁmﬁ'u
I@ﬂmma‘nﬁ@Lﬁué'@mwﬁaadﬁmaammmqwia%maﬂnﬁﬁm1 FRTUNSINLAAN T D WNRLV DI
agmﬂmwﬁfuvlﬂﬁlfmwﬂ%mm 20 kg LL@:W@@WL%’ammﬂﬁﬁaiﬁﬁmﬂgﬁ%mfuﬁ 3.5 m/s BUWLIN
o . A L@ & o & k1 o A & a &
mm@umﬂuﬂasJo"LiLsnasstgam'wJammﬂuL;uai LazNIUawNauNULea-1187 (L-valve) zlNadn
VL@TLﬁamm@”uﬁ@‘hmeLLaamﬁaﬁ@hgaﬂhmw@”ﬂmum iadw i nga g w19l uT9ue
WLLAZLU AN UNIN LN T A 1129 0.955-0.99
1 Q/tﬁg LV ‘ﬂ'i/ a v Q 1 ‘é =)
fumInasadin ndgelsuldlnimadusaiwdssisaanisden 8, 12 uaz 15 kg/h G

1 a ) A = SR o vd a &/ ' 1
Lﬂummﬂmumﬂuma 11-118% LWﬂﬂﬂH’]ﬂGaﬂH’mtﬂ’]ﬂN’]vL%llﬂLﬂ(ﬂ"llui%m’] I@UWU'J’]ﬂ']iQ%izUU

AHUANIAAMNNTOUADI L TIIaNaL19ae 180 mﬁﬁaﬁﬂﬁqm%gﬁm@g@ﬁoﬂszmm 300 °C aaNe9
waﬁfﬂ:ﬁﬂﬁmu"lﬁmmmgﬂvlﬁzﬂ,ﬁmaaﬂ'ﬁa@iaLﬁaa m‘m‘szmﬂqmvxﬂﬁma@mmgummmlﬁﬁuﬁa

I ° ' & a \ o) ! . & o &
mawn Indadiadnauaasaannugrialuges lasddrlugas 770 - 820°C druluviaaniidunaesi
AANAGININ LT3 630 — 680 °C a9 lIneNN TWATIN M MAIWABAILNDI 11% HUWLILAG

9 U

mMnaaudvaiiBamdiTuiueumawaaui lgnsgmsanwngdlaadiuluiga



AU Y

A L

Ta59n1T398% LANEINITLNN MNITLNRITIAIALAL LLa:L%aLwﬁaﬁauaaiauﬁ'ﬂﬁﬂuﬁuugﬁ 8
IuLWWLNWVLﬁiTWQSVL@%LU@ 3 suluuy ik

1. ok g8 ladinauuuwasinnlndan (Short-combustion-chamber  Fluidized-Bed
Combustor; SFBC)

2. i ndasina-wadladiua (Vortex-Fluidized Bed Combustor; Y-FBC)

3. o lnadwgdladiuauuunauliou (Circulating Fluidized bed Combustor; CFBC)

1. wnLmvlmi'ﬂg%lﬂ%mﬂuuuﬁ'mmﬂwﬁa&u (SFBC)
LmLN'}M&TW@SVLWELU@LLuuﬁaoLmvl,*ﬂﬁazuﬁl'ﬂumsw@aawfuuam"lﬁ@”agﬂﬁ 1 laud
"Lmazl,l,nm@”al,l,a@ﬂugﬂﬁ 2 é’ﬂwmmaummﬂﬁﬁmmmLLﬂaaanLﬂuaaadau@w”ogﬁﬁ 3 fa 1) @0
"Lmi”"?'il,ﬁumamzuaﬂﬁﬁmm@Lﬁuﬂwug{uﬁﬂmamﬂblul,mwhﬂ”u 500 mm WAzEY 1525 mm Uaz 2) &%
rmUsﬁdﬁmmmﬁumuquﬁﬂmaUamé‘@ﬂmsJ 300 mm 4 500 mm s'fiagﬂaammuﬁm%‘maa%’uagmﬂ
weuazFamasfigan lnglinue winamdulunadidguazarudaodiuudnulinu 125 mm wHu

N32N8NNNAN LT D WA N WL IRARAN w‘ﬁag’m elunsay

v
a

gﬂﬁ' 1 10 g ladiuauunra s lwiau (SFBC) amaiina 250 kW,



bl i secondary air

1" secondary air

Primary air (Fluidizing air)
T

Differentail pressure sensor

317 2 laazunsutan vy SFBC NG lwmInasadtin dinauatnae

Exit T,G |

) :ﬂ—-—}“’ secondary air
P —=—2"secondary air
320 615
r <= =1 secondary air 2035

| —=—Rice husk 265

640
| |- Nozzle 500

| Distributor plate 1

Fluidizing air

11T I T

gﬂﬁ 3 (ﬁ’]Lmﬂ\‘iﬂ’li’rﬂqm%ﬂ“ﬁLLRZLLﬁﬁvLE]L%’;(‘EJ?JE]\‘]L@]’]LN’]VLﬁﬁ SFBC i1 balinauatnLaen

v
a (2

NIt lwnItvinn1IAn =N 19 ﬁLmauiwﬁmhuﬁuﬁn“ ﬁﬁfavl,@?ﬁﬂmsmm"g@ﬂ AU

] (2 v
a

o A ' a ] ] v % et 1 A o A o A a a
mLammuﬂumﬁ]zgﬂwumﬂﬂwmuﬂummﬂmuwaad@ﬂ@aumsugﬂ‘ﬂ 4 %ﬂﬂﬁ]’]ﬂ%ﬂd&lﬂ’]‘i@l@@]dlﬂ
mmﬁaﬂaoﬁ'umﬂmz@?"maamd,mﬂL%aLwﬁamﬂum@mmum%ﬁuaz@mﬁ’mLLmu’saiﬂﬂﬁs:@Tu
a \ , & A o & >
ﬂ’J']&Ji;I\‘] 1380 mm (L“WH@LLN%ﬂ§$"ﬂ'1fJa"lﬂ']ﬁLLfLITIJLLN%L’i]']tE) TGNL@%NW%Q%UT’IQWGE?GLL‘WJ‘H;L‘YI']ﬂfLI 300

A o a o \ = L A A M & a a_ v [ =
mm L‘WB(ﬂﬂﬂ‘t&ﬂ?ﬂ‘ﬂEl\‘]LN’]VL%NWL&I%SJ@W]E]’]"ﬂ‘ﬁiﬂ@]ﬂaEl‘IJ%LﬁJE]Lﬂ@]ﬂ’]ii"!dﬂi:ﬁ]’]UTQGL’DBLWNGBT’]@’JU@NEI]‘Y] 5

1 v va v o [ o gd 1 aiai 1 v Aa al <
mytnsa et lwilidsiumudinditida 1) emmasunanaliifiangdladu 2)
! A A ) ' o o A o \ A A '
amasunzeduaimeantslunmumnindusztislunmdniveagmandum indlinuadednisde
{ o > . { o ] ' o
NxedszauaNUgIRaTTaUIMtaIILnINIBTING (vortex  ring) 13D 1490 mm Tagninaluanmme

o o o % Yo ' o v A a ° o v o o L%
ﬁNNﬁﬂUN%GL@]WLNWVL%NQ'Tu']u 178 LLazit@ﬁJl(ﬂ’NLL%’]%')Q%L‘YI@‘ITG’QNUl%ﬂﬂﬂiﬂtﬂﬁ&!wﬂULﬁ%ﬁNNﬁNud



d' o 1 >3 :ﬁ 1 v Aa d'd 2 1 6
171 65 83A 1IN 4 via (3zal 1030 mm) Teaznaliifinrsuniuanmenduinaidusiuguednans
' { A { o o % % { o o
200 mm uaz 3) exmeadunauduamadeiisiialdinn lniazdasiunmgnanuvaslWiandnlu sy
ﬁ‘awvﬂﬂammauimUmmﬁfhuﬁmavlsjvlﬁﬁmﬁhﬂnmf‘iau"lm ‘l,umiﬂaul,%al,wﬁaLﬂTﬂgijLmVL%ﬁﬁ]:’L‘*f

szuuanzlan (Screw feeder) L?Tﬂiumeﬂﬂumaﬁszé’ummqa 650 mm LUHaLKHBNIZANLBINA

Upper secondary air

r] Lower secondary air \

Cyclone Fan H | \\\\

I Coal e

1 hopper =
= e \.\.
£ H;:.: s "
= it S
Cyclone - e
Screw feeder \\

o
Recireulating ring ﬁ

Air distributor
Cooling stirring Rotameter p - i =N
blades water
Vilve o Bl

. J L AL owers
o o Tertiary air ®) F
Stirring blades = = ST

Venturi  Valve ( @ )
¢ TT e 1 |
Primary air (Fluidizing air) m

Differentail pressure sensor

a a

37 4 laazuntuanunng SFBC ﬁi"ﬂumwmadLm"Lmj”Lmam'wﬁ'umuﬁuumuﬁ 8

635
Upper secondary air
Recirculating ring

2" Lower secondary air

o 615
1" Lower secondary air | 2035

_o Rice husk &
tertiary air

{- Distributor plate

air
] Stirring blades
I T

Ellﬁ 5 mn@LLa:@hmemﬁ@qmwnﬂﬁuamﬁ"ﬂmﬁwadL@]’]Lm"l%ﬁ SFBC luninaaad

o A ai a v -fl’ ¥ dai o = ¥ et
ﬂ']i')@l]‘i&l']mﬂ']ﬂ']ﬂ‘ﬂl"lﬂ%ﬂ'ﬁﬂ@aa\‘i"lla\‘]\‘i']u'l"i]U%ﬂ@ﬂ‘ﬁlﬂugi‘ﬂ‘ﬂ’]ﬂ'ﬁﬁaﬂL‘YIEITLILLE‘I'JTJNT’IU
(> o ' A 4 ' o o o
Lsﬁmsﬁa%@mm@mmnmamﬁmwammﬂﬁau +3% VRIYIUNIING Lﬁuqﬂmmﬂumm@amwms
"Lm"uaammﬂ mimquﬁmwmiﬂam%mwﬁwﬂ%ﬁuna{mai‘;ﬂ'suqm’nm%iauuama%"ﬁwﬁuaﬂg
UaulTaLngs daumﬁ?ﬂqmmq]ﬁlumimaadﬁs:@“umwgwme] wlaLRsNIZaNLa N 640, 960,
{ ¥ o A " A
1280 ez 1630 mm @aamuﬁ‘namdaam@naﬂ“ﬁmaﬂmmfla“ﬁm K ﬂﬂUﬂqﬂﬂifﬁLLﬁ@dNﬂ‘ﬁdﬁﬂ’ﬂ&l
a o . o & o v < v A& a € o A
azega +1C ﬁ’)uﬂﬂi’](ﬂa\‘iﬂl}izﬂﬂﬂLLﬂﬁLN’]vL%&IYI‘Y]BY]’Nﬂﬂﬂt@l’]%%ﬁ@ﬂ"ﬁtﬂiﬂ\nLﬂ'ﬁ’]z‘ﬂLLﬂﬁLﬁﬁ Testo
‘é a 23 1 { Qq: v o 3 o
350XL RN O, CO, uaz NO,, ®I1n CO, ﬁl,mmuu"l@mmnmsmmmﬂauﬂaumﬂ

USUNm 0, 289130970 FIUUTEANTAIWNNTEN MAa VB9 et beanmTIa Tz RUS I mansUaui



"L;iLm"l,m]”mmlmﬁﬂﬁﬁﬂvlﬁmﬂvlsﬂﬂaﬂﬂsfl"ﬁl,ﬂ%aﬁl,mﬂ:ﬁaaﬁﬂszﬂaum@ql LECO CHNS 932 230U

USuna CO Male lasransadwioslaasaunisn (1)

(E.-E_-E_)

X100 % (1)
¢ E
F

lag  Er = YSunawanuseud leannidaindsndandiaen sl (MJ/kg)
E, = Ysmnmanwiaunigydsldivansoeud liunIndludh (M/kg)
a [ A A o & 6 6 2] a A o v
Eq= Usnnuanwiounigyideldnvudaansveunenaanlad (o) luudalafudsduimldan

U3um COXaranNTaUUad CO (MJ/kg)

1.1 Nam‘sﬁnmmsmﬂwﬁunau%wﬁ'mi'mﬁ%ﬁﬁﬁﬁa

Tunsdnsmaniwdunausaurudwandndialwannlnd sFC GefiRenanIINE AR
Foudl 220 kW, 1elEaasIwMINFILNALLAZ TN AT 0Tz naUU0 I T aINEISIANTIA 1 1YL
100:0, 90:10, 80:20 WAz 75:25 (lauwad9w) nIadAadugasiwnsnanduAnlasulalviiny 0, 6, 13
Waz 17% %alunﬂL'gauvlmmimaaﬂ%ﬂ%mmmmﬂmmﬁuﬁﬂi:mm 115% lag'ldvinnsneasd
WIUIAsUHINANTENLY I WARINTINE TN UAUREIAILAIIAD drundamiladsuniwiesinauazle
FURIBIBTINA uaﬂa’mf‘:{ﬁ"lﬁﬁﬂmLﬂ%'s;mLﬁﬂuﬁawamawmmaamuﬁuﬁﬁuﬁﬁalu 2 FINVWIAAD
0-5 uAz 5-10 mm NEunIM I eldsumImading anusiamanitudazsinie anusiomei
nalAinaWgdlainsu 0.4 mis AN magiuisaslduaziniiatsuniniesinad 19 mis uaz 25 mis

%

MNEIA Namsmaaammma;ﬂwamimaaavlﬁ 3%

A 6 1 a Aq o d‘» a .
AN 1 aoﬂﬂizﬂaumaoLmauLLa:mu%uﬂmﬂumame (as received)

Proximate analysis (wt.%) Heating Value
Fuel Fixed Volatile Moisture Ash (MJ/kg)
carbon
Rice husk 20.1 55.6 10.3 14.0 14.98
Coal 38.92 32.20 24.69 4.19 24.50
Ultimate analysis (wt.%)
Fuel Carbon | Hydrogen | Oxygen | Nitrogen | Sulphur | Moisture Ash
Rice husk 38.0 4.55 324 0.69 0.06 10.3 14.0
Coal 52.71 3.04 13.08 1.11 1.18 24.69 4.19
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A 4 A ‘ ] A Ao | @ & & Ao oA A A
WuIndy lussefinsnoiuduidiunisld 2aummasinaiu NO, Maladdanas asanniile

o

sITzneradannauLaziuAngn ldaeniaiwdaudariu JAsonaeidu NO,uTmldunIn
6 A a &‘ 21/ o ana [ 1 d? Aa (2 v Aa A
283ina lag NO, Mifinduitazvhl fATenueunamiuaandainds (char) meldaninuwiadanidd

(U331m4 CO  g9unNi1 400,000 ppm) udvhliiian1IaaL@Ivas NO, nauldidu N, enwauns

o v ' 4 a “ ' a & Aa (> .

NO'™ N, +CO, HhlhaadliiAnInlatNugasInmMIngN o wAndiduIumasuanasend (fixed
' o [N % @ & ° % o @ o

carbon) ¥n3sT8v AR TEAIEEI VB NO, ldundusmiuuiatainas laaanbos (SO,) tuwia
Qq: Qq: [ v Q = 1 AI &/ L 1 1 =) Q
laiRpvasnizainsinunuinfumiliuluansmsfoinwiaas A AN U UFAEIRAN THEN T UAKAS

A & \ = ] \ A @ & A Ao o ]

uaadluglf od - wanandwudlunsdinmsedwinldruniwieiinaazien so, nialdginiinig
Podwinnitariunimeiing wasnnluntdiirufuinnmaessseananvadn Indumendam

Tnalinuanutasnsanand ladnlunssnu oI wAnla9urIwIaTNAL LTIz yZ I8 1N IH e u1nnan
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v
2 o A < g

v a ] ~ a dl a q/& [ 1 a
e lAiAe SO, in agelshanuysunm SO, NI ladsdalusa9 9-22 ppm (O, FIULAK 6%) e

nhdanauimnualasniuaiuguuaiy

tﬁl a a a v dl Qs tﬂl o 1 4 U a
E']_I‘Y] 10 Qm%ﬂ3JL‘]J(ﬂLLﬂZﬂizﬁﬂﬁﬂ’IWﬂ’I‘iLN’]VLVl&J WUl Ruueunian1sIne oI uin

Aa = v

{ a a 1 1 Ql é/ °’ 1
Lﬁ@Wﬁ]"liﬂ«L’]ﬂx‘]ﬂiZﬁﬂﬁﬂ’]Wﬂ’]iLN’]vLVm (Ec) @axun3 (1) WUINAANNUDUANTFARIBNITHES

TNUABINAUFNIFDIGIUAUINITTND I UARTN TN LhadnouAnaziafawnad i lndnialuiue

U L]
v . - o ¥ e f a4 x ve
Lm’mﬂ%qnmn“ AN Uwlasdanlwrie 950-1050°C I@sJqmvxguLmﬁgwuumﬂuwal%amwms

a aaa v J o v a a v J { v

el fAsenawn Inaigedudarhlidseanawnmsen Indgedu lwanennsdinawn lnaiinay 100%

UszEntnwmiatn lndfazaasafiosanizozslunmsin Indfienaldidsowe wananiidswuin £,
1 1 a v 1 1 1 1 a &

lunsdlrasmsdraiuduldrsunimeiinafidrginiimidieiufwniioruniwieiing saduna

vd A X R % ' o {
annszsznaMIEn ndidsiu lay E Gerdautnagsluzig 98-99.5% qsguf 10

1 a a A o { o 1 6
113  wanssnuvaszwaswinininanriinisialasuniuiasina
midnmwavassmaiuinindislunsenndunuunaufiduniildruniwaiinaiu

. & A A oAl o A o A o & A o
wuiuAalatiainiseanvadianin maluwi ldunnddouudasluans et o nunInsdnns ko
Auaua 0-5 uaz 5-10 mm 1duiTraiwds aa3un 11laswudnyiunm O, CO uaz NO, lunsdnislddu
AU 0-5 mm Hegenin iiasnnuwavastuiulutsiianundsiliinimaesesvesongs

. A o A 9 v 1A A A & A A X A

2ANANLANABUNITLHN MRAAUNRNG TIRaAARBINULINIH O, Uaz CO Tindalunialatfoiiudniile
WisuisununItiuasinuiusma 5-10 mm a3zl 11a uaz 11b Ehumm@ﬁﬁﬂﬁ NO, luudalaLde
voInsil T uAUIIIA 0-5 mm HA1gendngdl 5-10 mm a9z 11c W MadvIIeveITwARALEAN
anviliszpziavesmsiujisuaansdazas NO, nuauMAtiuauwad S mMTLURE SO, 289NIF8Y

A A o o A o o A \ A ! A & A . & v A
nadduwilinlndidesnudagd 11d udnsdivasdiuiuama 0-5 mm suddrdindudndesdanadu

NAUAITZULIAIVBINITLH LS EUNTN
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A A a

ﬂizﬁwﬁmwmmmvlﬁﬁ’maansﬂmﬂ%ﬁmmuunﬂuﬁfmm@ 5-10 mm ﬁ@hgdﬂ'ﬁ’miﬂﬁ’mﬁumm@
0-5 mm @Tﬁgﬂﬁ 12 Lﬁaamn‘*nm@dmﬁﬂmﬁﬁ‘;:ﬂzmiLm"L'ﬂﬁﬁgdﬂdﬂ Tuament I nAnawIaLan
' a o o o = ' A 19 A A vAa
mamuumw&g@aaslvl,ﬂwmamuLmavl,aLamﬂaumumvlﬁmu%m TagseanTAINNITRA In T an
114179 98.5-99.5% RIATUNIORONUWAUUUIA 0-5 mm LAz 98.3-98.5% AIWITUNITAARIVAILTZANTAINW
ﬂ'mmvl,mﬂumtﬁ"uaad’mﬁmmmLﬁﬂﬁfmﬁuwammnqu@aaymaoay‘omﬂL%aLwﬁaﬁﬂiﬁLmvlmuwlsj

v A & Ao & [y 4 @
%3\]@ﬂﬂﬂﬁ]’]ﬂL@l’]LN’]vlﬂﬁJLWNlnﬂTu I(ﬂEJ&I&@ET’J‘WIJE]dﬂ’]iuaulmmaaﬂﬂizmm 6.5 % I@]ﬂlu’]ﬁuﬂ

P & = a A v A ) A ' a A
31]7] 9 aﬂﬂﬂizﬂa‘ﬂLLﬂE‘TvLE]Lﬁﬂlﬂ‘ﬂ'\\‘lﬂﬂﬂL@nLN’]VL%NLNE]ﬂjULﬂaﬂu?Ju’]@ﬂ’]u%uﬂﬁnﬂ

Tdsumimiasine

F’
J

dl a a a v dl a dl 1 a dl 1 o 1
37‘].]“/] 10 qm‘ﬂﬂuwLfU(ﬂLLﬂtﬂizﬁ‘ﬂﬁﬂWWﬂ?iLNﬁvLVm WAL URUUUWIAB T WAUNTIDALALES

ldaurinnasine
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° zﬁg]wami'nﬂaaan'mmvl‘wﬁl,mau%wﬁ'mi'mﬁuﬁgﬁﬁfa‘lmmLN'ﬂWﬁSFBC

NANITNUUBIAIAUINITINY TN UABINTUR LT NI AULNAL

Ao AR a

1. Tun s I nad S0 U T e WA ILNA Y §IWEILRWINITIN altimﬁuﬁ‘n“uuaﬂ ANWIA

A

AR UILHA IR IWI DT INALAZ T AIILRIBIATING 1AW UIINITINLTIURABAALRUILATIDIILAI W
6 a a a 23 a 1 = 1 1 a o 1 £% 6

tesmafidSunaeandiau (0,) luudalalduuinninnsdinisansauRudiunibslaanniwn anmiunn

FARIUNIINENTIWAY Laoda1lusd 11.5-13%  luwnIthuadn13ana I uAnlnitadduniniasing uas

9.3-10.7% R1RITUNIIIUTIUABLAIILAINIAING

a

o & & A ' A o ' A & ~
2. LLﬂﬁﬂqiuauNauaaﬂvLﬂj@ (CO) Iuﬂim‘ﬂqﬂﬂquv\u'ﬂmqLL%%GL%%@?GLL%?H?@?LW@N

[

! = ' ! a Ao ' @ & & o & A a o
N’]ﬂﬂ']’]ﬂimn']iﬁnUﬂqu“uﬂ@nuﬁu\‘]l@]')dLL%?u?aiLﬂﬂLﬂﬂuaﬂ eIt N1IURLULYAaY CO MURARIL

De

)

ke uinaasnssasnsaifum i lUfamadeiude SanAnduausasiunsnaniufnded
fN72%319 60-100 ppm (O, §AWLAK 6%)

3. YSumudatulasianeanlad (NO) luudslatdovainissnoduiAninilatswnin
JesnanudanRuiusntosaudadiuminandwinlasdanluzg 260-270 ppm (O, &A% 6%)
wansdinsseauwinldsunIntafinaiu NO, Asalafdanssaugasginnsnandiuinlas e
AARIAN 270 LiAAa 210 ppm (O, §14LA% 6%)

4. UszanFawmaen lng (E,) wudwﬁ@hLﬁui‘fummﬁ@a’mmswam’mﬁuﬁﬁﬁ Tansmas
@‘i’umumﬁﬁimmuﬁuﬁgﬁﬁa lagwuin E, luﬂsﬁmaamsﬁhUdﬂuﬁulﬁ’aaLmeas’mﬂﬁ@hgaﬂ'ﬁwmi
wiuinmilonsumimafine Fadunaunanszeznamsenlndidivin Tay E, ¢l
lu14 98-99.5%

NANISNUY aamm@dmﬁﬂun’mm%ﬁi’a ANULNALY

ﬁﬁauiwga

1. U3um O, CO uaz NO, lulaiFuvasnsdimislitiuiusuia 0-5 mm fdngandnsdlls
duAnzuIa 5-10 mm lasfianunguianizeziaainiindjisoaaisdives NO,  Auaunatiin
(char) NEWa4

23 09: A A v v A Rt 1 a 1 a oqz' A

2. W& SO, vasndaadnsdiuwiliulnaifssny wanstuastnuAnwIa 0-5 mm Hdlen
o & A o & '
FfnanesdianadunaraITesz a1 289NN AN NEWAIN

3. ﬂizﬁwﬁmwmnmvlmi”maamtﬁmﬂfﬁmﬁuﬁnﬂﬁﬁfamm@ 510 mm fidrganinadi
fUARLIUIG 0-5 mm lapdanlusg 98.5-99.5% FWITUNTHANUAUVUIA 5-10 mm LAz 98.3-98.5%

fFRIUIUIA 0-5 mm

= ¥ 1 =
1.2 Naﬂ’liﬂﬂiﬂ"'lﬂ'lil,w’ll‘ﬂ&lLLﬂa‘]JElEI'l\‘] LA RN

[ 1 {
1.2.1 Naﬂig'ﬂﬂ'ﬂaﬂﬂ')'l&lLi')a']ﬂ']ﬂﬂ?%ﬁﬂadsl(;f'ldLL‘W')%'JEI{LVIW
9 ' = ¥ a
ﬂ’]jﬁﬂi&l”]ﬂqiLN’]vLﬁﬁJLLﬂa‘UﬂEﬂﬂLaﬁn Sﬁd%ﬂ"ﬁ‘ﬂi’]mm’m 300 vL@JﬂiauLﬁuLU@ﬂiﬁqu 6 kg Lax
x> [ A v ° o A a &
Iﬁﬂjﬂiz*ﬂqﬂa’]ﬂqﬂLLUUﬂjaﬂsﬁﬂﬁmuq@]Laqu%q%gﬂﬂqﬁ 37 mm fﬂd 55 mm 3MUIU 8 Waﬁgﬂ(ﬂ@(ﬂdllu

wunzwamea lunsdewdawdudrgionsn ndazlfrzuuangiau (Screw feeder) idluiualas
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AWNITAVANNGI 650 mm InhauRuNIzNLaIMAGIFUN 5 Tag'lavinn1sfnenanIznuuaInNuLs)
1 { v A 4 > {
ANAFIUN DI LA I URIWIATNATINLIOW [UNIINARDIAIANTIIN 2

NI 2 Lﬁ'au"lmmsmaawamzww 29ANULI2 mmﬁmuﬁaaaléfﬁmmm as‘mm

Run number
Testing conditions
1 2 3
Fluidizing air velocity (m/s) 1 1 1
Mass fraction (-) 0.570 0.521 0.494
Lower 2nd air velocity (m/s) 10 15 20
Mass fraction (-) 0.207 0.276 0.314
Upper 2nd air velocity (m/s) 15 15 15
Mass fraction (-) 0.076 0.069 0.065
Tertiary air velocity (m/s) 4 4 4
Mass fraction (-) 0.147 0.134 0.127
Excess air (%) 66 85 102
Rice husk feed rate (kg/h) 65 65 65

NMINARBIANBINANTZNUVBIAMULIIDMATIUNRILAIIURINIBANA (Vyj00) NINBULY
dl 1 v v a 6 v QJQQ: & LU
wywiwAatislunmaen ndunaulwanminingdladiuauuuiaanlwisu (sFeC) dsldnaedu
a Y = =) L= v { a é’
wadSunm 6 kg wazldainszansameanuuriidia lasRansandsans s ldniiaduaneluen
nnmadsuulasgunndlundazszauanugs assesuRarsanisanssnuzaasnam lnafluudvas

a A v 6 23 a A = v v &
ﬂ‘i:ﬁﬁﬂﬁﬂ']Wﬂ'ﬁLN"le‘VmLLﬂzaGﬂﬂizﬂaULLﬂﬁvLaLﬁﬂﬂﬂﬁﬁaaﬂL@lﬁsﬁdﬁﬂﬂﬂiﬂ LLﬁ@GNﬂVL@@G%

o msnszarzamnpinalinig
{ =) A { Q 1 1 4 1
U 11 ugaInInznsgungiiuuiiananaaszaudis g luudazidanlunisdne
o MAsIuNFaILULRYInRaTIBEN rdunaufidunisldsunimeiinadionusi 10, 15 uaz
20 m/s lapwuingunndiuafszal 640 mm uaz 960 mm inilaudunizaisanme lunnidawluden
[y o i { o { @ A @

InatAssnulusiadszan 945°C (N32aU 640 mm) Uaz 955-971°C (N32@U 960 mm) TS IALAWD

v { q’q/ 1 v a &, 1 1 { 1
NIARNLATING (well mixing) Meluina wananidinuimar ndaziiaduatsdaiitasauiisma

v & & A, o . A . . A Y &

nueanaada i bl netiduwninganainlunsdinnsiteenmasiungaala19urnIniasine (Vo o)

o = ! o Aad o A -4 | o A a v
@uaus 10 mis senalwamngiinazay 1280 mm  Adgeluatataian Giauninafunsldi
asnnnaditlilianaeimeadiwiundige (EA=66%) SavhlwdSanaudaanivauuaneanlod (CO)
a J U dql/ a a 1a & gl’ J v 1 ai (2
Waduamziin ndidaiwdsnmelwuaddSunmann §9 CO Hazassduanian ndnuatmasiuiaadle
WUNIWIBTING (FAFIUNIN 0.20) B897UuTI lumieiTonly Voo, ¥AL 15 Uaz 20 mis  (EA=85
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o '
L= aa

o Qs Qs =3 ¥ QI &/ 1 L5 Y 1 {
uaz 102% aui1aL) dugamninszauanugadunuidsdulianin easnnuisemesiuiiaas
v d 1 v 09: { ot U {
ldsumamafinadagnirmdiluluianvesnssesiewladdadiuuinainiangs (0.28-0.31) lag
d o Y, - o
gunnANIzduANgd 1280 mm  AddaaasaudIuimemeaniinduda 1067, 990 waz 960°C

AUIAU

utor (mm)

b

Height al

v
v

P a = v a 6 ¥
Eﬂ‘ﬂ 11 msm:msqmwgmm’mdﬂmdL@nLm"l‘ﬁmxlga%mummummm"[ﬁ W

o o o =) I ' A A A, a X A =~ o
FINTUICAULRWDIILRIWIDILNGA (1630 mm) WU')WQM%QNI%VJﬂLGﬂ%VLTNﬂqLWNT%LNaLﬂﬂUﬂU
> £ & 1 U v { a ; [l 1 § {
szauldaiuniwiaiing (1000-1100°C) adsvenldfamuwnlwifiiioduatisdaiiiaszas CO finga
&/ v 1 { 1 { = Qq// 1 1
ﬂaEl"llu&l’]LquLﬁllﬂUﬂ’]ﬂ’]ﬂﬁquﬁaadL%ﬁQQGLL%quqagLﬂﬂ a’mﬁiz@‘]_lﬂ’a’mgdml,m 1630 mm "i]uﬁ\‘]qﬂa
PN & ~ A a & v v & va X o A
'Yn(]aaﬂlﬁnqm%ﬂ&]lunﬂLﬂauwﬂqiLﬂaﬂuLLﬂﬂﬂLWUGLﬂﬂuaﬂ LLﬁ@GI‘HLVSu’)WﬂWiLNWVL'ﬁNLﬂ@"lluu)ﬂﬂﬂ@'ﬂ
ﬁ?dit@”llﬂﬁwgd@yx‘lﬂﬁh’a I@quﬁﬂﬁﬂﬂdaaﬂﬁﬁauhﬂ’muL%’Jmmﬁﬁhuﬁaaﬂﬁ’mLLWJ%’Jai(LYIﬂﬁ 10,
15 ez 20 m/s Ad 1090, 1018 LA 978°C au&AL

¢ v a4 A
® asallsznauundidafinisaantan

= | A o & Aa o a A
NANIZNUVBIANILTINMARIBNFILA1URIWIOTNG  (Vo0n) Nid0URF LOLREN
N908NLANA BBNTLAN (0,) ATUanNanaan laq (CO) wazlulasiausanlad (NO) sINTaLEad LA
e i - v a o a L2 o A
asgtf 12 lap3uf 12(n) uaasldiiuwinyiunm o, SduAnduaumaindnzasnnuiieimadiud

1 =) { Q‘ &/ 1 { v 1 =)
8849 (1MAFIWARNANDR) 310 7.08% 1% 10.07% &1 CO Nnsaaniannale O, &Iuiiin 6%

1 1 { Ql é/ ] a > H 1
WUNTARAMIIY  Vy 0, MANTUBENITALIUGIFUN 12() lapildnanniain 8470 ppm nfa 2353
A ! A A a ' A o v a A | [

ppm iHasanaimadiuiizesiinsisuuunywiniivhlfifeduwisuninemadsmansngisls co

lﬂl a .3’ 1 o aaa 9/1:14:3/ q’l H o 1 t:q( a n::l ‘&/
faduatsunlwuagniljasenladdu lasanudutdiwsssamealuduniefazdanintnany
anuirimeatadungualdianm co fdaaas adelsiaudianm co Adaldlunnidanlums
A P A A, A A < & = A
NARBINANFININANNATTIUTITA NS 740 ppm (1 6% O,) Mak anadunazasnuiIo AN

1 v Aa =) R 4 1 a o v 6V 1 4:§
naldifawadlawgunldluns@nmildrgauinly (1 mis) Favhldanuswianoluanfdgedadu
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. & . . A A 4
walwszpzaa st lnalluaauinly luudvas NO,  wuhddnAnduadsunaiumstindues
AT MagIungasldsumInIasing laganznIminadnanusiann 10 mis 1w 15 mis
s A d % { {la & & a %
(EA a1 66% 1w 85%) Fa1Aa91n 358 1w 457 ppm 71 6% O, a93LN 12(A) watifiaduitainyld
A o V { ' 3 a v a { '
MnaTIzrzaIwnauGinaglugl NH, Maaddesinanamdinim lmiuTiuninsisenme
' A v 6 A & v & 1 a A a .2’
gaunigadlduninasinaauauns (3) uaz (4) TIRUNMINIFOILEAI ARSI O, NtANTuaz
. ' a aaa P o & a 2 a a A
ganalagassdansialjiseimsnieaivas NO, AIRUWNITLAN V, ), 391U3uiadaumaiiin 0, lums
U o aaAaa a &/ 1 QI =) 1 a
vl Asemsiia NO, 8 ndu gaunstinstAnySumainmadauinde 102% (Vo = 20 mis)
s . a A & o i ' v & A oA A A9 o 1a
Tewuin NO,  ImstindutesninFonludeunin GvenadunsduihosunanludenlaildSum
1 v a dl °| a dl o v a aaa
pmannauasligangiinsluafaadias (@93uUn 1) awdmlidannaiad jiseves NO, aand
atelafianw lunnideulamanasaslunmsfinsiilidr NO,  Agendidanasgudniunmawind

nﬂw a A dl 1 v & v ada a 1
\TRLNEITINIA (215 ppm 7 6% O,) ABUT19MNA TedasniIdnaatSua NO, da li

500
475 4
450 -
425 4
400
375
350 A
325 A
300 ——————
8 10 12 14 16 18 20 22 8 10 12 14 16 18 20 22 8 0 12 14 16 18 20 22
Lower secondary air velocity (m/s) Lower secondary air velocity (m/s) Lower secondary air velocity (m/s)

10000
9000 ~
8000
7000 A
6000 ~
5000 A
4000 +
3000 A
2000 +
1000

O, emisions (%)
0
(=]
CO emisions at 6% O, (ppm)
NO_ emisions at 6% O, (ppm)

T T T T T 1 T T T T T 1

60 70 30 90 100 110 60 70 80 90 100 110 60 70 80 90 100 110
Excess air (%) Excess air (%) Excess air (%)

(n) O, (1) CO () NO
U7 12 asddaznavufialaifanniseanianluudaziianlannanas

6 { o 1 = Aa
o asuawngdlatm lnauazilssansninnisiw lns

Tuidvastszansmsin lmadvasawn lwe SFBC Tunmsten lnsinaunlansaiduiua

Y 1 4 1 QI v =) a v QI J
uwazlivrdanszave mealundaziianlawuinnmaiia V, 6, malddszinimumamnindifiugsdnan

o { 4 a &£ g . o { &
92.7% il 97.71% @93UM 13 L1839 Vyo, LRNTUT RINA PALIIRIDIVDIIILAINN M AT It e T

e tg’ a ‘dl L5 1 v e v v QI t&’ s U

mmﬂaumﬂLmaLwammmw"lm‘”lwmlmnnaum"lﬂLmvl,mmsflw,m"lmwumﬂmu Tauganaladn
LiJasmummmaumm"l,;uLm"l,mi'lmmaaam@ﬂ"lmnﬂvl,sﬂﬂauuﬂ"m@mmumwmmmﬂmwwu (3N

7.27% 1w 2. 40%) %aﬂ’ﬂﬂﬂ% NIRANIYaIlININIL CO ‘Y]‘l’l’]ﬂi]'ri]ﬂl,@]’l (31N 8470 AR 2353 ppm) @]x‘iﬁ
vL@]ﬂiﬂ"T?l&l’]“ll’N@]% ﬂLﬁ%ﬂﬂL%@q]Nﬂ‘ﬂ%dﬂﬁ’]l%ﬂiz&ﬂﬁﬂ’]?‘lﬂ’]‘im’]vl%3J&Iﬁ’?i;(\‘]“llu
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U7 13 UITANT AWM TR IR LAZANTUaUN 9 bl Tasi st e

(=3 1
*  a3UWan1INARBINANIENUZBIANNLTIDIMARINEDI lAIgUrInIBTING
IINMIANBINANDINANTENUVBIANLSIDNARIBIILAIUAINIBIING (Vo 00) NITIUNNT
v v a v Q/Qq/, v 1 é a
v dunavluaintndWgdladivawuuian lnian lagld v, o, 14119 10, 15 waz 20 mis 9da
dudSinmemagiufinld 66, 85 uaz 102% auday swsnagduanisnasadlaasii
v g a v a ] a &/ 1 1 {
1. masn ndizaiwdsunauiinnsngniadinuadnsdnsluiuauaziiaiuatidaiiiasnnen
anugaann nd lasgunginisluiafdraaasainanuiiaimadiugasldrsuniniadina
o
(Vg ow) NN
P A v 1a . A v a X . v |a
2. MIAN Va0, TutdunalitSanmormeadiminlunism nadidade sanalddsunm o,
(23 AI J 1 1
TuwAalodandulasianlusig 7.08-10.07%
a | v 1a A A & v & a A ak
3. MIAN Voo, SINAAUTINM CO Aaans Tetadinman ndidaimdaniioiuaddn
lapyU3unm CO anaIaN 8470 ppm tida 2353 ppm (11 6%0,)
a = \ o & ‘ o A4 A &
4. muduaNuHIIMaEIusesldunIwIaiing sinali NO, JauAugsdu lavlawz
) nl é =) { v o aAaa =
TARINTNY Vy 0, 910 10 1% 15 m/s Sardunaani3unm o, A luvi fisonnussszmevasunay
o Q. &, { Q‘ J v { 1 Qs & o
(FW2n NH,) WA nD% v insiiudusad NO, WauRdNNTth Voo WINAL 20 mis G981 1651
Hathadssanguindnolwenfiaaas las NO, lunnnidl (358-457 ppm 7 6% O,) fidganine
A A o \
WIAIFIBA 220 ppm TIGaIMILWINIIMIaada i
5. MUAY  Vy 0, SIHALWANIIAGNIATIZEIEIMALAZERNATDINGINADAVUUATT LA
] Ui J & U a { [l v { v =) a
Indliauysallddin GigldandIanm co uazaniveud b lwinaans idunalisz@niaiwns
v, 1 AI J § =3 {
i ndfidninduen 92.7 1w 97.75% lasdaulanangi v, ., Ndgalumdinméa 20 mis
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1.2.2 HANTENUVDIAAFINNITVNLDIM AT INNADIUULAY I
=1 1 { v é 1 =)
HANNNIIANEINANIENUV IS DM ARIBNRDI LAIILAIWI DI INATITN VS DhL AT
LUALLAQ 89 18V NIANENDIFARIUNNTINYANNARIBNFAINIFINITZAU LagiIau luN1INAREIN

AN 3

39N 3 Lﬁ@%ﬂﬂlﬂ’]iﬁﬂﬁsﬂwaﬂ‘izﬂﬂ“ﬂ aoé’@&i’sumsdwmmﬂﬁi’mﬁaamuumgmu

Run number
Testing conditions
1 2 3

Fluidizing air Vel. (m/s) 0.9

Mass fraction (-) 0.63
1Stsecondary air Vel. (m/s) 15 10 10
Mass fraction (-) 0.37 0.25 0.25
2ndsecondary air Vel. (m/s) - 20 10
Mass fraction (-) - 0.12 0.06
3rdsecondary air Vel. (m/s) - - 10
Mass fraction (-) - - 0.06
Excess air (%) 91.62

Rice husk feed rate (kg/h) 50

HANNINARBIFNNNTOUENS LeTe a5t gﬂﬁ' 14 LLammmﬁwaoqm%QﬁLLmﬁanmaLmﬁsm‘”m’nw
§961199) mml@ﬁ'ﬁiauvlmmimaaul%'uLi.l5w&'@EhumﬁiwmmﬂmuﬁaaaLLUU%Qmuﬁi:@”ummga
@199 @a 1,030, 1,290 Uaz 1,490 mm LhiauHwnIzNBIMAlAsWLIN qm%nﬂﬁlu‘*ﬁmsm"’ummga
640 919 1,630 mm mamnL‘ﬁau"lmmimaaoﬁum‘[ﬁmﬁuge*’fu Imﬂqmﬂgﬁﬁs:ﬁummqo 640 mm #¢i
Inaifsanulugie 854-880°C muﬁizé’ummga 1,630 mm  fienlusas 942-975°C  mMaLANduves
qmﬁgﬁﬁLLa@olﬁLﬁuﬁamiLm%ﬁl,%awaﬁoasha@iaLﬁaalwﬁ’mim”ummgm‘“\‘mﬁm @deL@iix@”ﬁJmmga
1,630 mm Aui9vian9aan (3=aU 2,130 mm) wm’wqm'vmuﬁiunntﬁiau"lmﬁl,l,uﬂﬁmmﬁ’]aos‘fiaLﬂuwamﬂ
mmamaammﬂdmﬁaaaﬁdﬁzlL“ﬂ”’]@jl,mLm"lmTLmummumomu"Lﬂwauﬁ'uLLﬁ”aLmVLmTLuu‘%L’sm
@Twuuumam@mm"l%ﬁT,@EJqm%nﬂﬁﬁ@‘hme“riamaaaﬂﬁﬁﬂumd 853-885C

Vi m‘uﬁué’@d’mmmslmmﬁdmﬁaaoﬁszﬁummga 1,290 WA 1,490 mm  FIHNA b
qnmgﬁmﬁﬂmﬂﬁlumﬂumammqa 640 719 1,630 mm vasudaziowlufumiliudasdonainduns
mmﬂmwamaammmﬁuﬁgﬂﬁhﬂLiﬁNWLﬁufﬂuﬁwawgoﬁln&ﬁmﬂwm‘inmm{@qmmﬁ 13
Namjadmmﬂdmﬁaaaﬁvlsjgﬂ’l,ﬂumﬂmvl,%ﬁf:mmmﬁuﬂ'u"l,@i”mﬂﬂ%mmaaﬂ%mu (0,) luufala

A A a X @ A
LTINS (A93UN 15(N))
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{ a A v 4 v 1
E‘].]ﬁ 14 ﬂ’]iﬂit’i]']EIQE’LL‘W{]NLL%’Jﬂ\‘iﬂﬂ"lx‘]L@l’]LN"le%N SFBC LﬁaLNWVL%MLLﬂﬂUQUWGLaU’J

o asAilsznavuAsmAsfiniseanian

Eﬂﬁ' 15(1) UEAINILUAD WL 8IANUITUTUES CO Funthonsaanianm lnaifsee
0, swfin 6% muldiFanlunisnasssdisg laswuin co Tusn It anasanunSIRNIwY 8 IF UR Ik
My meagiuigasatraiulataanalssunn 9,000 ppm LAAB 5,080 ppm I@mmﬂgﬂuamiﬁ
AR MATIRARDIREIEIUNRILE DI TI2aU 1,030 mm Fadudunianilaluadsnafians
Lmvl,mj”ﬁ"hiauyitﬁdau‘*ﬂ”ﬁamﬂiﬂﬂm@duﬂuwammﬂmiwauﬁ'mzmwmmmm:uﬁ”aﬁm"n"lmﬂ@i”
(combustible gases) ﬁvlajﬁmﬂﬁmmazmmqmamjad CO MWIIUMIBENMIATITZAU 1,030 mm i‘fugj
PULUUBILANLNN bAaT Lﬁatﬁué'@dmmsﬁh:Jmmﬂmu'ﬁaaoLmumu’mﬁsm"’ummga 1,290 W@
1,490 mm #IHalWANNTNTUIEI CO Aamsdauaasliifufisanuiayuainsisamasiuiiaadd
%musm"’umwgwaumLﬁaﬁwlunﬁLm%ﬁL%@Lwﬁa Toglanzanidadainastinandmys=ine
AN N9d anuduTuas co ﬁa“’a"taﬂumﬁnmﬁﬁﬁwqmdwNamsmaaaﬁmumsﬁaﬁmsa@@%n
Lmea{mﬂﬁﬁzﬁummga 1,380 mm Lﬁamm“'ﬂﬁi'uagmﬂr‘f;al,wﬁaﬁﬂhLmvlmﬁ'l,amm lasfidn co
lu749 2,000-4,000 ppm  luaIuaInNNLTNTUVES NO, IuLLﬁ”ﬁVLaL?TUGAﬁGLLﬁ@d@wdEUﬁ gﬂ‘ﬁ' 30(A) WU
1%“(17’1Lf‘liauvlﬂlﬂ’]?‘n@aE]Gﬁ@i’]lﬂﬁLﬁEldﬁ%lWﬁ’N 315-330 ppm 732eUANNETUTH O, §IkAUA 6% lag
ANULTNT UV NO, AsalainlidanusunusoeTalawi U wINGIRIINTIN oM AR BT
I@ﬂmmmwuﬂuwammﬂqm%nﬂﬁmﬁmmﬁs:ﬁumwga 970 mm  lnatAsaniu %oqm%gﬁﬁ'
Aaud19g9 (900-950°C ) ‘ﬁ@‘hLL%ﬂdﬁLﬂ%ﬂ%ﬁTﬂLi'ﬂﬁl,ﬁ@ﬂﬁﬁ?mmaa"luImwu‘lm%aLwﬁa%amulmyagj
3UU89 NH; AL O, @WENANT NH, O+ — NH OO+ 5 No 289 bRy AN NT U a4 Noxlunﬂ
L’éiau"lfnmimaaaﬁ@hgam"1mmgm&m%’umim%ﬁﬁaLwﬁa%famas‘fiaﬁmu@”ﬁﬁ 215 ppm 326

0, &I1WLN% 6%
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gﬂﬁ 15 asadsznaunia laluNnsaanien luidaziiaw linmaaas

e szansnwnsunlnsl
Tuwdvasdsz@nsmwmsnlnad (€,) vestamnlngd sFBC lumsianlndunauils
noduuausslimdansznsomeadeinumeldifonlunssuiisudsuniimssigeimagin
ﬁaaaﬁsm‘”um’mgwm 9 WU E, ‘l,wqﬂL‘fﬁiau"lmmsmaaoﬁﬂ'ﬂu‘*ﬁuﬂizmm 95-97% lasfiuwiliu
RTINS IRING RN ST s M AR IuT RIS 1A 1971 4 Iﬂﬁwudflwﬁ'\amug@Lﬁﬂﬁé’ﬂa%ﬂu

v @

snwazufis Co luwfalalie (Ey) awaunin (1) it mIaaasvaInssnugaiduauilasnuis

(7
=

CcO uazansuaunenlndlivue (E) wusanndadliiduisnansznuuazanuiduasinsinu

@‘hmemiﬁhﬂmmﬂmuﬁaauwummu

017199 4 WAIUFLFEENI 9 uaztlszEnEamwniain nal

2nd air fraction at each
Energy losses
Run level Combustion efficiency (%)
(%)
no. (-)
1030 1290 1490 Egg E, E,
1 0.37 - - 4.75 0.35 94.90
2 0.25 0.12 - 3.20 0.31 96.49
3 0.25 0.06 0.06 2.91 0.25 96.84

¥ 1 = U a 4 %
o adwanimaassmanludunavediaferlwanm inaingdladiuauuuriasan
I
Tnaldan
2 o ' A o
NNMIANHIRANIENUTaIFARInaINAdIuFasuUURYwInNlElun T Insiunavluien
v A v Ql‘lq/l & U Qs { a 1 { { 1 %
LvavmWQavl,@sfmmmumumvl,%uau émvl,@ﬂmLﬂﬁUuﬂimmmmﬂamﬁaaaﬁgﬂﬁnaflu 3 3zaufa
1,030, 1,290, 1,490 mm LAGALKHWATZAaIME LaaadlSuimainasw ARl TaINU Tz 92%

mmmﬁgﬂNamsﬂ@aaﬂﬁﬁaﬁ
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1. mﬂmvlﬂﬁl,%aLwﬁol,mauﬁl,ﬁmfuazi'm@ial,ﬁawuﬁasz@”ummga 1,630  mm lay
ﬁmsmﬂﬁmnqmmgﬁmmlmmﬁﬁw%ﬂwﬁwmmgoLﬁmﬁ'u myaaadvasgunndluszey 1,630 fis
2,130 mm Lﬂuwammﬂmmamaammﬁﬁhuﬁaao%aleigﬂlﬁmvmﬁﬁuLLﬁ”a%au%aaaUmmﬂﬁmdw

2. miL‘ﬁ'ué’@ﬁhummﬂmuﬁaaﬂmm‘vmﬁqﬁu (1,290 waz 1,490 mm) &IKalAda @
vwsEunganas lUwiauny wirladuderinliusinm o, luuAslodniudulasdalugae 11.3-14.2%

3. anuntuaes co luuialodsddansadafvsasinonniasinigasfiszaul,290
Waz 1,490 mm %oﬁa%ﬁmﬂm"l%ﬁmm’LuLmﬁmmauyirﬁmﬂi‘fu lagySune CO  aaadan 9,000
\Wie 5,080 ppm (A 6%0,) Tuvaefinnudutuuas NO, 7 6%0, Sarlnatasanwlugae 315-330 ppm
Toglifanusuwusatedaauiuiawlammasssfiasuwudasly w19l CO uaz NO, lunnnadiiien
g\mdwmmmgﬂwﬁaﬁawﬁ'ﬁ'miﬁwﬁ@@ia"lﬂ

4. MIRUFAEIBOMNATIWATDITIZAL1,290 uaz 1,490 mm Brolwmsirn nsidainsed
ﬁumwalﬁwéﬁmug@Lf?{ﬂhgﬂ%@q CO andald ﬁﬂﬁﬂiz§w§mwmﬂmvlmmﬁuf,ga‘*fm’m 94.9 1iln
96.8% lagmyingomeadinfisasra 3 iz@”uLﬂuﬁiauvlmﬁﬁqmiumiﬁﬂmﬁ luwdvasdss@insawms

1 balazuia Co

2. i insirasina-gdlagiua (Vortex-Fluidized Bed Combustor; J-FBC)

LA LN’]VL%&T’J El‘gL‘Ylﬂ-WfﬁSVL@‘ELU@ﬁFL“ﬂ%ﬂTW]@aﬂdLLﬂ@d@yx‘iEﬂﬁ 16 IG] Elﬁvl,(ﬂ ALUNINLRAIA LA

(7
2

aﬂmaﬂnstﬁmimaaaﬁlﬂﬁ“‘lun’mmvlﬁml,ﬂauLﬁmamalﬁm@ﬁgﬂﬁ 17 lummzﬁgﬂﬁ 18 (ugananas

q

Tunsdinswen lnfwnaviwnuduudydvg lasawmnnd y-FeC NlFlunnasesnisaansdinu
anaanuuulasnaaansuzidusaaiuuylolaaudamaen Indununywiuniatasinauaznis

LN"IVL%NW"]szLLm']%aaUI%ﬂitLLﬁ@']ﬂ']ﬂ“ﬂ@OL@l']LN']LLUUWQ@VL@GI?LU@L"]T"I@T'JUﬁuﬁdﬁﬂiﬁL@nLN’]ﬁﬁﬁﬁ

UszAnSnwgarumaveal Y-FBC fa idurugutnaanioluiasniyini 40 cm uazgs 165 cm
lagansmzvadaEn MR TaLUsaandu 2 §u @”\131]"7'1' 19 Uaz 20 fa ﬁhu‘ﬁ'ﬂﬁmﬂugﬂiw
NIINTUANFI 140 cm LLa:muﬁaaoﬁaLﬂumamawmm‘”@ﬂa@ga 30 cm lasfivesulng
moﬂszuaﬂazﬁms@@ﬁmmmmﬁmw’fioﬁmmwﬁaaLﬂmaogwhﬁ'u 24 cm lagnsummeiinaiias
°1hﬂlumm”nagmm%mwﬁaﬁﬂhLm"Lm”'lsjmmsLﬁ@ﬂﬂé'umﬂhLuwfaﬁlzmmmLﬁ'mwznaﬂumﬂm
g muﬁmmwaaLmLmﬁLﬂumoﬂsasmcnﬂifmuﬂummaﬁuagmmummx/%%aﬁaLwﬁalumm:
Lm"LmTLLuuwQSVL@%Lm %aﬁmsﬁmfoéf’mizmUmmﬂvl,i”ﬁ'mmoqﬂ F1MILNITNLINIFALTILATNH
lndazutsaandn 3 #u e mmﬂmuﬁl,ﬂﬂﬁl,%aLWﬁ@Lﬁ@WQSVme‘*ﬁ'wﬁagﬂﬁhﬂLiﬁﬂ%L’;mﬁmd’mLm
NIWEINIZANLBINNE mmﬂmuﬁaaagﬂﬁhUMLLWJé‘wﬁaﬂ“‘wﬁumw%uﬁuLmauﬁ@‘mmuﬂ@i’ammu
qa5me wazamasiuiisutdudinisislunisinn lnddelainafdunsamitarsuninaiasinal

ANB A RUNANUNIIR DI AT LA I NUBINAFINN R
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U7 16 . Indhafina-Wadladiuasuwainia 100 kw,, Nlddniunasas

mMiAnsInaasutisanidusassinde nse lnalinauinedadnaded wazn e ndunay
SwnudwAundndialudadiuuazgmnpiiuadrsg lasnsdinsnn ndunavadiadedldldnme
2119 300 lunsaw U 15 kg %aﬁmﬂummgaw@ﬂizmm 15 cm Lﬂumi,mmumﬁaiﬁﬁ@w%ﬁvl@
LT 1w11m:ﬁmum"lmﬁl,l,ﬂam"swﬁ‘uﬁmﬁufmﬂﬂﬁ'&qLﬁasJLwﬂﬁﬁ'}LLaf:L%aLwﬁaLmauﬁLﬁmmz

v A

wn lndflasnwihiiafiousuniaa wdladaaslunulineluietisdesiunsimzdiadnimaiueg

"llﬂ\‘lL%aLwaOﬁﬁ']é'\‘lLN"IVL‘ﬂﬂj’ﬂWEI&LuLU@I LLE]ZVL@Ta@@T\‘mW\‘]WDﬂﬂa%L%aLW&TLLG&"IE@IES']Laﬂx‘]ﬁﬁ%ﬁuLfﬂéL@%N’]

v @ &

v o A =1 & a ] P o A
VL“QJ@NE‘IJV] 19 NI aﬂﬂﬂizﬂaﬂwjal’waﬁuﬂaﬂLLazﬂ’]uﬁ%ﬂlﬁluﬂ’]iﬂ@aﬂﬂLLa@ﬂ@@@’]iqdﬂ 1

Mixing box

Tertiary air
= valve —~—r+ Secondary air .
L / + Rice husk Rice husk
+— hopper
Blower Vortex ring
L) [+
é N % Differentail pressure
— |] sensor Blowers
A A =
\ e -
I 1§
Air distributor | S Venturi Valve §§ ( ®
C v | s — |
E3 -
Primary (fluidizing) air Feeding system
Vg Vol

& &

3uf 17 mia@maﬂmmmadLmLmvl:ﬁﬁaas‘mﬂ-%l@S"L@ﬂfm@ﬁlﬁumsmaaaLmvl,mﬁmauazh\uﬁm

q



Cyclone

il
L

Vortex ring / -

Rotary valve 1o rice husk feeding system

Pressure transmitter

@ Valve {0)

Venturi

Pressure transmitter Blower

E Valve

Air distributs Venturi

Pressure transmitter

Stirring blades Venturi

& &

3U7 18 mifaasguninivasanmn lnaliy-FBC Allumainndunauiiniudiuiu

q

Nozzle-type distributor ]
Primary air (fluidizing air)

3UN 19 PWALATLH IWal Y-FBC @‘hmemﬁ@qm‘mgﬁLLamﬁ”m?msLuﬂﬁmaaaLmvl,mj”l,mau
281916187 (T=andl, G=Unw)
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Flue gas & ash
20

ji---T‘G
=

Primary air & rice husk —=f [_ T

=]

40
Upper combustion chamber TG

10
Tertiary air & coal = ' TG

[}
A

Lower combustion chamber

]
LA

b,
Lh

> -T.G
/_ ilo

w \
ﬁ \—Air distributor

Secondary air
(Fluidizing air)

P aa o o a v = v 6 al € v
E']_]‘Y] 20 IWIANAA G]LLaz(ﬂ’]LL%%G?@QM%Q&ILLﬂZLLﬂﬁ‘laLﬁU“Ui’]\'jL@nLN’]VIMN’JQSLVIﬂ-WQi’]VL@‘m‘LIﬂLN’]vL%&J

wnauswAuiwAndnide (unit:cm)

mﬁ@ﬂ%mmmmﬂﬁlﬁum‘mﬂaawaaam?a‘i’mﬁ"l@”lfnug‘%‘ﬁ'ﬁﬂmsaauLﬁmmmh‘s'mﬁu
LTWTa I anNUEULANA1ITIIn NI aALeRE% + 3% Ta9EIMTIA mm’mqué’@ﬁmsﬂauﬁaLwﬁa
Lmamﬂ‘*ﬁﬁunai‘mﬁmmumwﬁasawaL@]ﬁﬁiﬁ”ﬂﬁﬂgﬁam%amaa fumsingmungiilunig
naasdzldinesluauidasiia K g]'ﬁ'ﬁ_lqﬂmtﬁuamNaﬁﬁaﬁmmauﬁm +1°C ﬁs:ﬁummga@mﬂ
wilaurunszasame wazfivianiseantawnlng @Togﬂﬁ 19 uaz 20 nsulumiaanuuTuaa
0, ﬁi:@”uquwme] il fiadasiinneiufady Testo 350XL Gsaansaiaufa 0, CO uaz NO,
§71 CO, Augasinldinanmsdmimdounauannlsunm 0, veda3asia SnsLUsansnIwmIH
Tussirn ldanmsianeslsuimansuani i ndnoluddanldanlalaanlasldiaias
3Lﬂiﬁ$ﬁaaﬁﬂi:naum@; LECO CHNS 932 Tauniut5anm co fialdanuialosy

TuAEUNINARBISNINMsUTUANNEaufldrasanasInan g Wldaanianlammaass
AINAIIN 5 a%m%’umnmvlﬂmmaus"mﬁ'udmﬁuﬁnﬁﬁa Laza13199 6 lunsdnismn Indunay
2enaLAL mmfuﬁ’m’m;mml,mvl,mfI@mu‘%ﬂﬁmauLﬂur‘ﬁaLwﬁaL'ﬁaajulﬁmqmﬂ{]ﬁqﬁuﬂszmm
700-800°C u&139150Tauns1uU5u104 15 kg Liﬁgh,ml,mvlﬂﬁ Lﬁiaama:miﬁﬁmumammmvlmﬁﬁng
gna Foldiamuszanm 60-90 wifludaTeSuTuTind 16 9 Sadiae qm%gﬁumﬁaﬂmumuaz
mmLﬁw‘ifumamﬁ”aﬁszé’ummqwﬁas] udimyiadsuontianldanlolaau (\AunN 30wl
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A A

a9 5 Waulammasasiafnsnisen ndidawdswnsusiunudududningluien Y-FBC

U

Blending ratio of rice husk: bituminous
coal

Testing conditions

(energy basis)

100:0 90:10 80:20 75:25

Rice husk feed rate (kg/h) 28.74 25.96 23.16 21.77
Bituminous feed rate (kg/h) 0 1.77 3.55 443
Velocity (m/s) 15.5
Primary air
Mass fraction 0.59
Velocity (m/s) 1.35
Secondary air
Mass fraction 0.19
Velocity (m/s) 22
Tertiary air
Mass fraction 0.22
Stirring blade cooling water flow rate (kg/min) 0.098 + 0.002
Inlet cooling Stirring blade water temperature (OC) 30+1
Excess air ratio (-) 1.76 + 0.01

2.1 Namiﬁnmnﬁmﬂwﬁunau%wﬁudﬂ%ﬁuﬁnﬁﬁa

2.1.1 aasansazns naknausannuawhnludadiuan

= & v
) msnszmmqmwnﬂﬂuummnmaL@mm"l,m
=) & v a { 1 %
ﬂ’]iﬂ‘JZﬁ]’]SJE;ELL%QSJI%LL%’JTNT]&’]GL@]’]LN’]vl‘mJ’Jaigmﬂ-WQQVLGIGI?LU@ﬁLL@]aﬁ:@Uﬂ’J’]NE;N
mﬁamium:mmnmﬂé’agﬂﬁ 21 LLamlﬁLﬁu’hqm%nﬂﬁﬁszd’ummga 0.1 m ﬁ@h@ﬁwqwluma 640-
740°C Lﬁaamnwamaammﬁduuﬁﬁaiﬁtﬁmﬂgﬁ%meuﬁizmymw%auluu?nm@”&n&inﬂi:ﬂau
‘é { Q ¥ r—Y ID = ng = 1 1 { 1 =
mﬂsluﬂi’;mmLﬂuﬁiaasumql,mﬂL%aLwaoﬁmmLm"l,%uuuﬁa@mmaammﬂmuﬁaaa‘lumﬂuﬂ
o K o o ' & @ A o v A &
(RAFIWNIN 19%) aoml%mnmvlﬁsﬂmugsmmﬂuﬂ masmummqomaal,@'u,m"lmmwmgamuﬂ’ﬁ

LN']VL‘ﬂN?J‘Iéﬂ"lﬂL%ﬂLWﬂGLLﬂ&LLﬂﬁLN']vLVWJYILﬂ@"ﬂ%a UWG@BL%QGLﬁ%NﬂI%QW‘HQNLW&JQG“H% I@’IU‘Y]?&WUWJ']&J
\ a a & \ = ] ' o &<
fﬂd 0.35 m L%ﬁﬂLLN%ﬂizﬁ]’]Elﬂ’mﬂﬂqm%ﬂl]l,w&l“ll%ﬂUWG‘E%LL‘N‘INZ?@’]‘R%TN 950-10200C NRIINNUY

a v; & 1 = { Qs Qq:
N NITAAAAILAAD 800-870°C  TINTAAAIBINTIALTINTEAUANGY 0.60 Uaz 0.85 m tiwiilu
PN INFNAUVBILARLEN IANALMATIUNEN (RAFIBUIR 22%) LAZDITMARIUNNIS (FAFINAUIA
o ) A & A A ) & {
59%) EmMIUMIANIRYag R INTEAU 1.35 m B uHANIIINAIITNEVILNAUN IR DENA
J U Qs a % a a Qs 1 1 Al =) dld L 1
aasdwlunsaunvlafouaiianmisun nadluuSiiuasnad lasanizetsdinsmnisasiunsnas
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{ Al d { 1 s v 1 L 1 a
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LLﬁ”aLva%ﬁLLmﬁdﬂmaLmﬁLL@iazs:@”ummgo @T@gﬂﬁ 22 (a-c) Dalddnmlu 2 Fanlude 1) wnlng
WNADBENIEILEE 2) NTEUNAY 75 datufin 25 SewuimInszanseavasuisen lndnsesdawly
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sandlanddrdfivsadunsie (0.1 m) LLazﬁ'@hLﬁuﬁmﬁmm‘”uquaLﬁ'uﬁwﬁuﬂuwamaammﬂmu
ﬁ%ﬁaLLazd’mﬁmuﬁgmhﬂLﬁTﬂ&nluu’%L’;m@”@ﬂdn
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FUNUTaE19RNTINULINN CO WAz O, LLammgﬂﬁ 22(c) lapwuiniszauldrsummwiasinaduus

dlt:l v Aaa a . d} oo s d'd 1 s q?: a o
ITWNARNINLLIARDNIAIDY (reducing atmosphere) Fuduwdatpnanndnadan1sgudinmaia NO, M
v 1a Ao va ; ' A o ' A 6 A a Aa
1%1]5&]’1?% NO, m@"Lme@rm’n 20 ppm I%Tmz‘ﬂ(ﬂﬂLLWHGL%%?]'NLL%’]%QB?LﬂﬂsﬁdLﬁuUiL’]m‘ﬂ&la.ﬂ’]W

I Getandsznaunun U JATe128d O, NURNITUNYIINLTOLNEITININ NH, uaz HCN wIan13vi
aaa Qs ¥ A v 27 { L= U AI g 1 [l
Ugfiseiululasauluegmasamdadunaldiuis NO, M ldiANgIu landerlugg 260-350 ppm
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9.5% lasdSua O, feniniumudasruminauiuAnipiiasiaaindunaannidiuium
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@ & . a & ' a & o
aan'lad (NO,) uaztatnastaoanlod (SO,) WU USNN CO  HudatRNduaNaas I wnITHRY
1 =) & 1 a { v 1 g vV Aa v v
dundudunainaneymamuiuiin wdennndunavazsesduliwn lniuTi e lnsinile
& o v 1 { o v v
2umIwIasing sainldszuzalumsen lndldisanenazyinld co wiladlddu co, la las
=) IQ/ 9/0“: 1 1 1 a (23 { =) 3 Qq/’ v { QI
USuas cO Mialauudanlugae 120-230 ppm  sudSunmuda NO, MiAadun Juwiliunazinu
& A a ' A N A X 4 A A & a A
VINVLT D USUIRNITHENTIURBLANNINLIANDT Y TINALHAINNUSU I L ATIAUTINVDILTALNEIN
¥ v 1 AI &, = o dq‘l a = o Aaaa Qs a v AI
1JaunngwnLwumnmmumlﬁlﬂmwu‘tumaLwawiamamﬂgmmﬂuaaﬂmwﬁnﬂmmﬂ"lmwu
¥ ey Do & " v
g NIft NO, Ninaduitlisiiezidu NO, MiAaduanlulasiauluaina (thermal NO,) tWNznTaLd
a £ v Aa ' & f Aa { o v & '
azfiedunmeldgunndgeazanm 1,4000C Wik anmImasssnuiLianm NO, i lanuden

@iau"ﬁwgﬂu‘*ﬁw 250-400 ppm é’mﬁadmmﬂaqmmq]ﬁwmiumnm%ﬁﬁﬁauiﬁga fruuia SO, NIa
P - § o ' Aa \ o A '
1A AN U NFARIUVBINMIHRN TN UAKDENITALAU Laafian g9 10-120 ppm
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02 concentrations (%)
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CO emissions at 6% O2 (ppm)

4.0 T " T T 0
100:0 90:10 80:20 75:25 100:0 90:10 80:20 7325
Rice husk : coal (energy basis) Rice husk : coal (energy basis)

600 200
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NO, emissions at 6% O2 (ppm)
S0, emissions at 6% O2 (ppm)

T 0 T
100:0 90:10 §0:20 75:25 100:0 90:10 80:20 75:25
Rice husk : coal (energy basis) Rice husk : coal (energy basis)
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31]7] 23 Elx‘iﬂl]i&ﬂaﬂLLﬂﬁvL'rJLﬁim‘ﬂEl“/]’]x‘laﬂﬂL(ﬂ’]LN’]VL%N‘I;L%T’]TSLN’]VL%&ILLﬂﬂUSQNﬂUﬂW%%%UY\“&I 5

° qmﬁgﬁm@LLazﬂizﬁﬂ%mwrmLmvlmﬁ
gﬂﬁ' 24 LLammmé'uw”uEmaaqmwnﬂﬁm@ﬁs:ﬁummga 0.35 m LniauKwnIzane
o mauazdszinsniwmisin lmaiwudn dszniawmawnindddigand 97% sl,unm'fiiauvl,mn"ﬁ
NARDY I@UﬁLLmMm@aamumnﬁuifumaaﬁﬂmumuﬁuﬁﬂ“ﬁﬁa Lﬁaamﬂagmﬂmuﬁuﬁmw

1 1 o v v A ) v 1 = =S %
wunswunnInnauiiliinn ludongavinlwszaziiainisiun s lutan T sswadaidwnalw

a a o ° = v @ a { o : )
ﬂizﬁﬂﬁﬂ?Wﬂ?iLN’]‘lﬂﬂJﬂ(ﬂ@ﬂﬂd ﬁmaa@maaaﬂuqm%{]mmﬁmm I@]ﬂﬁﬂﬂ,%"ﬁ’m 990-1030°C



28

99.00 1100

T
=
30
w
C

Bed temperature at 0.35 m(0 )
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L 900

- 875
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97.25 { —@— Combustion efficiency

—&— Bed temperature

100:0 90:10 80:20 75:25
Rice husk : coal (energy basis)

Combustion efficiency : E_ (%)

97.00

U7 24 gunpfiiwauazdsz@nTnwmaen indunauiwnudwiudnitalue y-FBC

o adwanimaassmaludunausianuauinlinaludadinans
nnnMIAnsngdnssumak ndwssniunauuaziruduindisluaen lniaedina-
WQSVLWELW I@ﬂl%é’@d’mmaaLmammzdmﬁuﬁﬂ“ﬁﬁfaﬁ 100:0, 90:10, 80:20 W 75:25 (FIUNAIH)
sﬁoﬁwmmm’mé’mwmsﬂaumm%aqu%ﬁ 120 KWy, L82AISATIEIRNMNATIWART 1.76 sl,uv;m'éauvlm
MINAaI mmsna;ﬂvl)@i”@”af:

(2

v A a 1 v A i’ a £Z 6 a &
1. e ndidanasnluiaen ndlaiiatwluusinaldrsuniniasinatdwasnd
=

ﬁmimvlﬁmﬂqm%gﬁluummﬂmaLmﬁ'izﬁu 0.35-0.60 m %aﬁmgolwﬁw 950-1020°C LazNNIAARY
284 0, agITIATIIUAAENBENIN 2% Usznauny CO USunanntrsduduionisiianisn lngd
athsannluusimasnan sawmaen lndam e ldiAaduusnamiarumiwafinadasiuldan
ﬂﬁiLﬁuﬁumaaqmﬁgﬁluﬁnm@ﬁﬂﬁm

2. uAgluwlasiaueanlofAeduiosnisldsunimiafinadadunaaasaniniiadas
SEdefiTedussnaia NO, fum AN Tw g NO, twiarduniniinannisiydisenvesans
FRINNITOIWAIR O, INNMARINTANILS

3. miw’i’ué’@]shumiwaumuﬁuﬁﬁﬁﬁfaaioNa‘lﬁuﬁ”avl%ﬂﬁmaaamm@”af: Ao U5um 0,
CO, NO, uaz SO, SumaliuAndu  TasUSunnudavaiuengg fiszey 0, sauifin 6% Jasil lag CO
waz NO, Denluga9 120-230 ppm  uas 250-430 ppm MUESU & SO, dentAndulugag 10-120
ppm

4. ﬂizﬁ?‘ﬂ%ﬂ’]Wﬂ’]iLN’]vL%ﬁ‘qﬂLfiiauv[ﬂlﬂ’li“n@aﬂdﬁ@i’]gdﬂ’j’] 97% dauqm%nﬂﬁm@lmmﬁ

a a

ix@”ﬁ.lmmga 0.35 m denlusg 950-1020°C I@UﬁLLuaIﬁua@ammé’admmmﬁumuﬁuugﬁ ]
LeNYas

2.1.2 Mt lvaiunausinnuaiminnalaamnpiiiunai
Tuduildrimsdnsuansznuvasgunndivain wdnmaluenidiensg da 700, 800 uaz
) ) . o ! o a o
900°C Fevinmsdnmlunsdiian lnalinavesnaden uazmamn lndunausiunuawdnlugasiu 75:25

(auWaIIN®) msmuquqm%nﬂﬁm@ﬁﬂ@ﬂnﬁsﬁ@ﬁmm@ﬂaﬁﬂfmﬁaLm}Lﬁaﬁamm%”auaam’m
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VI UAINET? @Tﬂgﬂ‘ﬁ' 25 midnmnlevnmsdsusanmaandaindsmisesriiassduiesiaeslile
USunaamas iYL 88% (30 kg/h ERTLUNALBENILAEY Uaz 27.12 kg/h lwnsdinsiun bns
W) s slsusanmswavasinvsaiudisedn lsinsenutaufiaariessunanuon
Lﬁamuquqmugﬁm@ﬁszﬁu 043 m wal#laauSanlamnesss Wasnensienue e
"LmeTw;jannmm”auﬁﬁaL'%'&Jﬂ'uﬁﬂm@m 9 faiae qm%gﬁumﬁaﬂmaLmﬁim"'mms] fa 0.43,
0.98, 1.23, 1.45 m ilaudunIzansaIMe waziiviansaaniauinlna (szau 1.65 m) (@Tﬂgﬂﬁ' 26) 174
lugssunadrfianlaainlalaan Lﬁﬂﬁﬂﬂiﬂﬂ:ﬁmm{uauﬁ"l,aigmm"l%ﬁ I@m‘fagaﬁ"lﬁazgﬂ
i lddramdszanTawnsen lnd (E,) Namsﬁnmﬁ‘n%wamaaqm%gﬁm@lumimﬂﬁﬁﬁ@?’dﬁ

®  N1INITIVYWMANAUBININANILAH L8]
Al £ v 6 Aal 6 A 1 [
nmnavganiiluumininasaen lniiesina-wadladiuanudazszauanugs
wilaununsznsamansldniaen ininamnadiue 800, 850 uaz 900°C gnuaaIaszLfl 27 lao
wuhnmsnsznsganndnmalwenvasnadin lniinavednadon (U1 27 (n) uaznadin lnaiinay
uazdwAnludgasIu 75:25 (3UN 27 (1)) HdnsozgduuufiadoafnuuszamnnInazay 045 m
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%277 m

TG gladm

6 n

T4 7145 m

Tertiary Al —————p

Vortex ring —— = ]

Ly
Primary air + Coal 0,20 m.

0.3 m. | 0.20m | 1.1 m.
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=
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L
__———— TG0 043 m
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2 Cooinzcot |
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{L201m
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Secondary air
(Muidizing air)
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317 26 @l’]Lmu\‘iﬂ’]‘i’mqm%.fq]&lLLﬂ:LLﬂﬁLNUﬂ’]UI%L@HLN’]

N3t 9n3UN 27 wuhgunndnazal 0.98 m ganinNszey 0.43 m Tasdialunie 840-
970°C 1348991NN32AU 0.43 m mw%’aumﬂmsLmVLﬁﬁzq]m:mUaaﬂimﬁmdaLﬁu sznaunuNIzau
AN 0.98 m i ﬁ]ZLﬁ@ﬂ’ISLNWVL%ﬁE]Ei’]d@iE]Lﬁa\ﬂladL%E]Lwﬁdﬁgmﬂ’]lﬁvﬂdﬂim’]EJ“/]V’JVTGL@HI%R@TU

(% ' A v ' . 4 o A X a
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Wdunaunanmagyisanuawlldisismanisuen WalSouiisuszwitansdinawn lniunay
1 v 1 { Qs R 09: 1 a &
atnaLagarmM I InasunuIn NTZAUANNFIALINUIY WU TUWININAIINANVDINTILHN
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(N) WNaUDL1ILaeN

(1) WNAULAZTNWAK (75:25)

{ a A v 1 Qs 1 a
Eﬂﬁ 27 ﬂ’]iﬂizﬁ]’mqm%ﬁ&mu?ﬂdﬂa']dL@ﬂLN’]VL%N”L%THSLN”IVL%&JLLTTQU BERSHENRUIINNUIT U
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=
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HenlnflAeanis (6.9-7.1%) LEWLALIALNTHANTINN IR0 (Uszanth 7.3%) LHhadannnaien lnauaand
dt:? a tg’ v 1A 1 a lﬂl 1 s dl a di
sasnsdiiiaduasldUSinmemeasiwfinivinnudszunm 88% lunniteulvgmnndiua e
= = a qul a v a 1 a v a A 1
WisuiiaudIinm 0, vesvissasnsdlnmaldamngiiengg wudnsdinmasnndsnduionm o, ganh
& o A aXa a A o | = o @ @ o
Wniae iasanlunsdldduiungan lnfldonniunaunaseg 33813vi1% 0, sansaidr v
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(M) NO, () SO

31N 28 aaﬁﬂ‘szﬂauLLﬁ”a"LaLﬁmnﬂm‘nmvlmﬁLmauiawﬁudmﬁummlﬁqmﬁgﬁm@@m6]

madasuidasvasdSunmuiaasuanuanaantad (CO) lumTe lndunay wazns
L A L NALSIN AL TN A muldgaunndiuadnig asuaaslugti 28 (1) wudmsiwugurniuaLa
i RINa 1RSI CO RARINIREINTDE LAULRNIZNIINITLEN IRNTINGS CO AAada1N 225 1WwAa 150
ppm (1 6% O,) MaaAnIAM TN I UNEIE1NT CO FeUszanas 120 ppm (1 6% O,) lag
a o vl & X A y & o
ANQUINNTAARY  CO fAa a@]i’m’mmvl,mmwmmrmqmﬂgmumm"l,m wanaNHINIUN 28(2)
v A ~ Y ' A A ' Y ' a A
HIWLANIN CO Iummm‘sl,m"l%mmauLmzmu%uumgoﬂ’nmﬂm"lmuLmauamammlunmaauvlm
a v 1 a & 1 1 v 1
g dLua me:mﬂmvlmagl,mﬂmu%umﬁmﬁwmLLuuMﬂmwLLazmsLvawmﬂmnmau
o v v v J 1 = 1 a Qq: =
Fduaasltrzozainisiid lradu1ndu a9 137e18 ANNLANATIVDIUSNII CO VBINIRAINTHAL
; R . . X - wd
aaaddlognndiuaiiugItu Lﬁaamﬂa@mmsmﬂma:gwumuaqmmn“mumm"l,mmmmmvlﬂ
TN daumamuAuisnniunay 317 28(A) Lm@aNam:mmaaqm%nﬂﬁm@iumnm
lrdfszau 043 m davSuae NO, luudalotduvasnmsintnanay  100% wazm e ndsinlay
, a a { [ , v |1a a gz & A @
WuhmaingurnAiuanazal 0.43 m &Inali Y3anm NO, iWngsiuisresnIddadunanaIngan
o aaa dq, a Qs n:i n‘ g a A 1
sy gisorvasiulasanluibawdnu o, MnaMANANgIT U dLLe TaasianTerning
150-265 ppm (N1 6% O,) MNITUNTHVBILNAL LAz 275-305 ppm HbATHNNTLEN AN wananiile
WisufisudSunm NO, 2a9ndgaInsmwuinlunsin bmaisiniuddSanm NO, FINTUNTIZNIHFN
U =) o v =Y g a QI &’ 4 o v U ¥ =) 1 =) v
AR IAUS U1 bl AT LA W LT AL WAILN N AIND W DIV AU b TN LT AL NRILN AU LA TN WAUAL L
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anmasIniniouazduiaularsuniniadina "lu‘[mmw’fiagﬂﬂa@ﬂdammmnﬁal,wﬁaﬂgoaaﬂugﬂ
28981332698 (NHy) 01l JATenny 0, :nameagassiutisauuainaisidu NO, R ERILIIIRIER
USumuiasatnasaoanlos  (SO,) qum%gﬁwmm%ﬁﬁszﬁu 0.43m VaIMILHN IRNTINVD
wnavwazauAnlugasIn 75:25 (auNaIINU) @”@LLaﬂﬂugﬂﬁ 28(3) WuiL5unm SO, LANTUAY
gD AL Tnal Lﬁaamﬂﬁmzﬁ'ﬂmgaLwﬁorhuﬁm‘i'}ﬂﬁﬁ%mvl,@ﬁﬁwmﬂ*’fumuﬂ’mﬁu"fmaa
RIIVHETRIT I@ﬂlunmf‘fauvlmﬁﬂ%mm SO, lu119 23-40  ppm (A 6%  0,) N9ih LufisinLFuasT
USuaw SO, lunsdlvasm s lndunauiissasnadordddasuindsliaansadtad e

=\ s v
e iszansnmwmsunlng
3UN 29 usaadsznEamnman vl () sesmanndinaveiaduiwaznismn
v 1 a 1 a v a 1 1 1 J AI .2’ a {
Indunauinnumuin mildgunpiiiuadnig laawud £, Sdgeluanunsiiuiusesgunniiiuad
o & a A o ) ] o X ad A X A A o
Iglumaenndnasasnsdl iasndanmasn indgnissldgaduaugunpiniiadu 49 £, 1ldan
nminaaassiulngiialugag 99.0-99.6% atslsfidaniun 5 dedsnaiuiy £ lunsdinisunlnad
1 v a { 1 :; { 1 ot A v 1 a 1 ' ]
Hunmoldgungiiiuei 80 C dednngainiu 97.5% Swusedliiduigunpiiiuasinada £, ot

~ v £ Rt a { a J a
Wnlada laugaansainulsanm CO ﬁm@mugoq@mgﬂ 28(7)

37 29 U3z ANTNINMTLEN [N leannmInaaas

*  FIUNANIIMARBINANTZNUYDIRYNLUALK L8]

MNNInesasdnsnansznuvasamrndiuavaInsien lnlunavegadsiuazniamnlnd

1 L= 1 =) =) a W A v a 1 =) d‘ U Qs dq/

uwnaudmnuiuAndninadeldUTunmduiun 88% mannasUualaaai

a { Qs 1 1 { Qs & al v 4
1. qm%guﬁi:@u 0.98 m ﬁmgamwﬁiz@u 043 m mgnmuguqmwgﬂmwL’f‘iauvlm
mi‘mﬂaaaLLa@alﬁLﬁuﬁammqmﬂﬁ’msiwﬁlumnm"lmﬁ’l,w,@nl,mvl,ﬁﬁ

2. Y3 0, luudalaidvvasnsdiimnIndirndidrganiininmnindunauidnias

Lﬁﬂx‘]"ﬂ']ﬂﬂ']iLN’]vL‘lﬁﬁ"’]Ja\‘i a%ﬂﬁﬂﬁﬂuﬁ%ﬁﬂﬁﬂﬂ’h
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3. CO a@momwqmunﬂﬁmmm%ﬁﬁﬁmﬁ laansdlvasnisen lmaisindaunnninns
wlnafinauegnaidsn TagSunm CO fissauanuduvas 0, 7 6% Ao 1Uszunm 120 ppm §1AIL
NTRVBILNALUAT 150-225 ppm MNTAVBINTLHN MAaISa

4. USu1ms NO, uaz SO, (i O, 6%) ﬁcshLﬁ'm'fumwqmﬁgﬁm@ﬁlﬂuﬂ’mm%ﬁ%dLfluwa
°11aoé’mwmsﬁwﬁg‘jﬁ%mﬁtﬁugai‘fu lag NO, ddlug9 150-265 ppm lunsdlvasnisn lndunay was
275-305 ppm §1WIUNNTHEN WANTIN §udSuna SO, saldannznadivasmaen sy deiien
I2WI9 23 LAY 40 ppm

5. dszdnSawnman ndswlugldruinnit 99% laglunsdiniswalndsan nnale
aunniiua 800°C ﬁ@h@‘%’lqﬂﬁ 97.5%

6. L'f'il'auvlfnqm,vm“ﬁLu@ﬁmm:aulumimﬂ%mmauaﬂ'"ml,ﬁm A8 800°C uaz 850°C

FATUM TN AN LN UTINAL TN WA

2.2 Nﬁﬂ’liﬁﬂﬂ'\ﬂ’lilﬂﬁ\lﬁﬁllﬂaﬂElEi’l\‘l Gl

v 6 al 6 1 pf v s o A v Y 1
LmLmVL'vmmaiLm-wQaVL@mmﬂuﬂ’ﬁmaaamuu lmunszmﬂmmmmumm"hmumaqm
lnmuawia 300 pm 3 15 kg lueymauaialiiiengdlowtu lagldrimdnmaassiu
A = ' A v A A o A oA o ~
da wansznuzasanuiiemadiuidelfifongdlastudifitenlanmmansidsnnmn 6 uaz
NANTENLVAIANULS IO NIARIUNFAI MBI MR TaLWAILNAL @IANTNN 7 ATNR19L STRTUNS

=2 v ' a Ao &
ﬂ"l‘iﬁﬂiﬂ’]ﬂ’]iLN’]vL‘HﬂJLLﬂE‘l‘U?JFJ"Ix‘]L@ HINAIU

a A s: A v a al @
@139N 6 L\'ja%VL?lﬂ’liY](ﬂaﬂdNﬂﬂﬁz‘ﬂ‘U“ﬂﬂdﬂ’NﬂJL‘i’)El’m’]ﬁ“(lﬂﬂlﬁl,ﬂ@wgﬂvl,@l,‘ﬁ"ﬁ%

Run number
Testing conditions

1 2 3
Fluidizing air velocity (m/s) 0.50 0.60 0.70
Mass fraction (-) 0.43 0.47 0.51
2nd air velocity (m/s) 13.00 | 13.00 | 13.00
Mass fraction (-) 0.46 0.43 0.40
Tertiary air velocity (m/s) 10.00 | 10.00 | 10.00
Mass fraction (-) 0.11 0.10 0.09
Excess air (%) 66.12 | 80.37 | 94.64
Rice husk feed rate (kg/h) 22 22 22
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Run number
Testing conditions

1 2 3

Fluidizing air velocity (m/s) 0.5 0.5 0.5
Mass fraction (-) 0.47 0.43 0.40

2" air velocity (m/s) 107 | 13 15
Mass fraction (-) 0.41 0.46 0.50
Tertiary air velocity (m/s) 10 10 10
Mass fraction (-) 0.12 0.1 0.10
Excess air (%) 53 66 78

Rice husk feed rate (kg/h) 22 22 22
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1 0.5 0.02 0.04 99.94
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NANIZTNUYBIANNULSIONMATIWN RAINTADLARNANHNNIIDBNLALNT bAN VFBC LA
x> { ' a = ' ¥, v 1a a £ ')
"L@mgﬂﬁ 39 lagWuINMITIRNAMNLTIINAEIUBEINA USU e O, LANDUAN 9.65 1TU 11.5 % @4

{ é a U { =) { nl ; 1 =) qul U
3UN 39(n) ardunamnanySunmenmadiuiiiuiiuduan 53 i 78% sudiunas CO wuwuind
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LA oy .4 e A A -

AnAnduaIuMIARIRTaIaNUTIMATIuAiaes ai3UN 39(2) landa1lugae 32-69 ppm (11 6%
A 5 ! { § a X A ¥

0,) TadnIuaIzui 740 ppm  lunniFenlaminaass mududuvesIanm co wdunaiain

= [23 { QI &/ o v v (24 \‘I)

anuswdamelwaniisdudevinlwszoznamsien iz co meluananas uaznsaadiaivad
A a A A A 0% o o A a &

ganpiinmpluandudninananiefineides dniunadfvuudassTanmeenlodueslulasian

(NO,) auANUITIIMARIUNFIAIFUN 39(A) UUWLINHAINAGINIIIN 296 LhAB 249 ppm (11 6%

& % o A PR A o & A %

0,) lagn1Iaandned NO, maandasnuamnndnioluiarfdias SousasliiAunansznuniule

Tauvasgmnnivnnddaniafia NO, [12] athelsiaudIanm NO, ialdlunniFanlunisnaass

wudinadengIninanasgiwi 220 ppm (11 6% O,)

(M) O, (¥) CO () NO,

P & o A A A 4 = . A
El]‘ﬂ 39 3AUTENAULARLELNNIN2 NI NLURLBLUAIANAIULIIDINIARIBNF DY

=Y =Y v
o ilszANSAMNAINNT LA
1 =) a v v d o v 4
Tuudra9lszANTAIWNITN I e k1 vy VFBC  Gevinawniulatianlanig
= = ' ~ & ' A A A A ' & a
LiJaU‘u,u,ﬂmmmmmmﬁmu‘naaauuwmwﬂizaﬂﬁmwrml,m"l,%aﬂu‘qﬂLaauvlmumgam’] 99% @94l
@ 5 o A & ' { o {
L LU AAEIRIL AN AT UNITIAN LT WY DIANLSIONNIARIUNRAIIN 99.94 111D 99.85% AIA1ININ
L = Qs 1 L 6 dl 1 v & 0 = (23 dl é/

8 I@ﬂwaomugzyLﬁmmmagluanwm:mmauﬂmm"tm TaanaindunavasvesnnuuAangiin

LLa:qmmﬁm UI%L@I’]ﬁ@i’]aG

aNT97 8 WAIUFYLREENI 9 uaztliznSmwniain nal

Energy losses
V, Combustion efficiency (%)
Run no. (%)
(m/s)
Efg Eash Ec
1 10.7 0.02 0.04 99.94
2 13 0.03 0.07 99.90
3 15 0.05 0.10 99.85
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° aqﬂwamswmaaa

ﬁrmmsﬁﬂmQmé’nwmzmnm"lmﬁmaamuammuzmaaLmLmvl,mTaaﬁm-wQS"LWEm@ (Y-
A o @ @ o A { = ' {
FBC) sltnneduiuauazldvifdanszaivarnmea meldizaulunsidfsuudasnnuiiianmeasiud
& 1 { o g = v 1 v ¥
aademLﬂummﬂmuﬁmL%aLwaaLmauLmqm'}uuummu mmma;ﬂwavlmmﬁ
QI J =) v U =) 1 1 Q
1. n’mwmwnaoqm%gmm:msa@awaammmmuaaﬂmﬁmamasmﬁﬂumasmu
=3 =} o A £Z 6 1 dq’| v v a &’
ANUEY 0.20 D9 1.30 m whavadanizanuenma (d9urmIniasing) taainmsen lndwaniiadulu
USLIWAINEIN I@slmsl,‘ﬁwmwL%qmmﬂdauﬁaadﬁdaNalﬁqmﬂgﬁmUluLmﬁa@@iﬂadLL@idowaiﬁ
USunneandlanwugidu
2. My fAsenvasansszmeanidanaslasianizodnails NH; U O, Adumniis 1.30 m
malﬁqmﬁgﬁgaﬂdw 900°C Lﬂumm@ﬂﬁmwﬁuﬁmm NO, ﬁ@‘i%mﬂ&éﬁménﬁ@hg@q@
P~ A o A, A A £ = ' A
3. S 0, WAz CO G9lanviantdaanianmuduainainuisSiannasIungad tag
{ ﬁl &/ 1 v a 1 a 23 QI J o %
AL 0NIANLA NI BEINA LA US U e NIAEI B ABLAZ AT TaILA RN 8 TN AN T UA N A AL
a { o v @ \ \ A o ) §
1SN CO NIzauUaNUTNTY O, 6% Halus39 32-69 ppm mmmwmmsﬁmmgmlunmﬁauhms
NARDI
a A P o a & = ' ~ =&
4. U331 NO, Nvian19ean Tuid liluanadanIunIsRNTU8IANNSINMARIWN §8IT
Lﬁuwamﬁnﬂqmugﬁmylmmﬁa@m laafianlugg 249 69 296 ppm (M1 6% O,) sﬁogaﬂ’hmmmgm
71220 ppm
5. Yszdninmwman bnel (E,) 1unm3‘au"l°nm‘smaaaﬁmqaﬂ’h 99% lagmILNLAINNLS)
amasIwnaasdum lduri A £, fddas
6. LIaUIIANUITIANNARIBNFINANIZRNINNAIINAR D LN THANINTI bbb dVAINTT
1 =) { CI) =1 { & v Q 1 a {
Uaadaasuani (NO,) ﬁ@nq@ fa AULTIaNAN 15 mis TIFAAARAINUDNNARIULNAUN 78%

3. . inaingd ladiuauuumnsw3gn (Circulating Fluidized Bed Combustor; CFBC)
o A & a A =2 M e \ v X . Aa o
L@an"LmJWQa"l,@smummumqlunwﬂ‘lﬁlumsﬂﬂmﬂ@gﬂﬂaaﬁwumlmiﬂmu‘wm}ﬂizmm
o { [ ) A 2 o '
50 kW, @93Uf1 40 anwmuzvananm wdnadladiuauuunywisudedznavldean vielawesi
2 1 6 1 6 o 6 % ' 6
PINALFUHIUGUENAE 150 mm §9 6 m viaandauuaivnaidusiuguanatanel 100 mm s
Lmaim:maﬁﬂ”uLuai‘gm%amiaﬂ”umaﬁmuuﬁaﬂvl,ﬁﬂﬂau@”ﬂﬁ'uagummmzéi’nwmwiaﬂauné’mﬂmwu
L-valve Wazdidnuniavial@nannne (Aeration tap) gdmnﬁ;@quﬁﬂmmaﬂauﬂﬁu 1 YN TaILEwEI
Autina19vadriadawnal uNwnIzBINA (Distributor) IIULLLWIRATIWIN 6 W2 GazN 41
= o a & a Moo . A =
slumiﬂﬂmlw,mLmvl,mwQavl@mumLuumunﬂuu"l,@Lu_laaaﬂLﬂuaaamuﬂamiﬂﬂmvlaim
vl,@mﬁﬂﬁmadakl,mﬂsl,umwm:ﬂ'&vlajﬁﬂﬂ’mmvl,%ﬁ LRZANINARAILNT ANLTaLNAITINaL T ad % Loy

%

AMINARDILRZNANITANBIN NI



45

{ 1Y) a a o i, v & o
gﬂﬁ 40 LmLmvlmJWQavlmimLLuuwuﬁumm@wm 50 kW,, NHa&3 911 ILNaaes

3.1 nadnwlalaslewdindvasanmalmam insinad ladiuauuunsawiaw

mienslalaslamndngmoluiein vlasmsianinudi o dumisens g nanua 10 9 (P
84 Py @T@gﬂﬁ 41) myraanuisuazUsinmenmeaninslveulsiesuazain L-valve ’Lfnuﬁ%ﬂ@?ﬁﬂ
MIROULAY UL LT WTa S A NuaRLANANTIdanunsIaaRean + 3% va9tunyia
aUnInilumsinanuiiuazdannsinazesonia mylaanuau o duniidglalduuaiiaad
inlumsiannuawfsuiuanusuuTsIN A
WaNN13IYiN9 ey CFBC mmm:gﬂﬂami’]g’(@i”ﬂu"l,ilfﬁa{muéﬁmzmUmﬂ'ml,l,uuﬁfsﬁmﬁ“’m
mmL%’Jvdgﬁvlmswﬁ'umm‘ﬁlauvlwha6] Lﬁiav‘iﬂﬁagmﬂLmﬁmil,ﬂﬁlam‘i"mmﬁmmmuaanmn"l,smm{
Liﬁvlsﬁiﬂaué'ﬂﬁ'uagkﬂWﬂ aUNALUAZANAIFAIUANIRANLNDT Segusnspesaniauuesaziiuve
Uaunsuuuy Lvalve ussluusimitazimsduanmedissasimslnasuiionfiiimue liayna
m@ﬁayjﬁwumaﬁﬁmwai‘gnﬂauné’uL?Tﬁgi@i”m"l,wnaﬁ(ﬁﬂﬂ%%ﬁa fwsuiianlunmasssuaaseInsng
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Ellﬁ 41 aNBHVA L@I’WLN’]%%&TW%avl(ﬂ"fL‘]J@LL‘]JU%&J%L%El%LLﬂz(fl’]LL%ﬁGﬂ’ﬁ’s‘(ﬂﬂ’NN@vuluﬂ’]‘iﬂﬂﬂax‘]

A A 2 A € o A & A
AN 9 Ldau"lmmsmaaomiﬂﬂmvl,a*[mvl,@muﬂammagl,nmsl,mmm’]vlmwQavl,@mummumunsm,

R II f"\\.\‘ﬁ. AR R T

\1.\.\\\\\\\\\\\\\\\\\\\\1\.‘-\.

P

ey II \\\\i

‘L‘L‘L‘L\.\t\\\\.’\.

3

A R

—<— Aeration
I~ P9

I

f:-—' Air distributor

!

Fluidized air velocity

5 nyablad nyBLAa
aauys . 5 . 5
MILWNAU MIUUNAY
UIuouanay (kg) 7,9 20
PUWAVBIBBNALLA (um) 300, 500 300
anuigdladu (mis) Unp, 2.5 3.5
USunmarmaans L-valve (I/min) - 200
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ni# lunsfnmlalaslawfindldudmmasasutseanidusasnan Aa 1) quanwuzngalo-
irtumeluaninn IndWadladluauuunywion uaz 2) nfwazasswiaaunaiuadanninizany

ANUATAN Ui%L@]']LN']VL‘ﬂﬂj’WE\}SVL@ﬂj{LU@LL‘LI‘IJ‘V\&J%L%U% I(ﬂ HNANINARDILEAIAITh

3.1.1 qmé’m&mzmﬂﬁﬂﬂgmﬂm%’umﬂ‘lmmmﬂwﬁﬂg%lwﬁmmLmumgm"’mu
Sﬂ%wamaoﬁ’mﬁfmummzmm@maaagl,mﬂm@*ﬁdaNa@iaé’nmmzmnﬁ@ﬂgSvl,msn"ﬁ'u"l@ﬁm@ﬂu
gﬂﬁ' 42 uaz 43 laglunsnaassdiausn (gﬂﬁ' 42) lumsdnnfsnavossinwinuense laglals
NTILVUIA 300 pm AEARENLLANTIE 7 kg Ua 9 kg URZNITNARBIAANN (gﬂ‘ﬁ' 43) 1 uwnmsAnfIng
VBIDUNALLA Toeldnsesimein 7 kg fluwialuanss 300 was 500 pm audey atnelsianulu
M INARBIFIBHAL AT RTINS ULAR WQ5VL@L6n°ﬁ'uLﬁﬂifu

4000

3500 -

3000 -

—e— sand 7 kg
—&— sand 9 kg

Apacross aNozzle Plate (Pa)
N
=)
S
S

| I
|
\}/ |

]
O T T T T T T T T T T T T T
0001 02 03 04 05 06 07 08 09 10 11 12 13 14

Fluidizing air velocity (m/s)

U7 42 quanszvasmafiengd lawtunmolulaises laglmmouuwe 300 pm

AWRUNNITGY 7 WA 9 kg

msmmwm%aoﬁﬁq@maamnﬁwlgS"L@Lénﬁ'umnmsmaaaﬁfu A0V L LasNITULITIINE
o & ' @ ' A . A ' { ' o o
MIaaadash lugagunaw A-B 1luanaiuadls (fixed bed) smLﬂumoﬁagmﬂLu@VLsJﬁmiwum
Y = 1 1 q’ﬂ/ 1 J U 4 QI
LﬁaoﬁnﬂmmL%‘uaammmmzmnmumﬂmauLmlumoﬁmvlummmUﬂakl,mmmwvlﬂ uazLiaLn
mmﬁ’maammﬂaum:ﬁ'@Lfé'fum’]wguﬁaqm C agmmum’%uﬁmwﬂ'm”’aLﬁaoﬁl’mmwm%’;mmﬂﬁ
ﬁhﬂLiﬁvlﬂﬁfuﬁﬂﬁl,ﬁ@mwé’u@ﬂﬂiauLmﬁﬁﬂ'mmﬁq@ LL@iﬁﬂi‘ivl,sjmﬂwaﬁﬁ]zﬁslﬁLﬁ@LﬂuWQSVL@LGﬁ"ﬁ'uVL@T
A A = =< ' = & & A . v a a o A =
WaliuAuLTIRIMAINAILG D mmwmmmﬂmﬂumwLsaﬂﬂaiﬂLﬂ@WQa"l@Lsﬁmu NANLI
217 B4 90 UTANNAUANATENLLARANINNIATNTANUALFIFA (3@ C) LanKpaiitasanannaLua
=) Qs o v 1 1 1 Qs A’ o v ] v
m@mimmummlmw:mas:mwamql,mﬂﬁszmmaﬂumn"uumi%mmﬂmmmvlviamw,um"l,@mﬂ
& ° ) o ' ' { o & ‘g
A% ﬁm’ﬂﬁmmmu@ﬂmawLmﬁma@aamﬂﬁ;@ﬁﬁm’m@ug\aq@ RANANNLSIVAIDNNNA T i
=3 ; dl 1 U A al a
mmn’amq@malﬁm@mlgavlmmw
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3UN 42 wsadliiduifishwinenne 7 kg azfidranuiidganineldifiangdlaisdu

Aa a

WAL 0.18 m/s fufihwiniuane 9 kg anudgadinaliifiansd

U

o sulanyvinny 0.46 m/s

'
=

%omﬂmimaaa‘mmwL%@@%ﬁﬁ;{@ﬁﬁéﬂﬁﬁ@ﬂgﬁ%Lm{umaavﬁmamaﬂmﬁ wulaiminiuaAnd
a:dawﬂﬁmmL%@‘ﬁ'ﬁalﬁLﬁQWQSVL@Léﬁ‘fmﬁwmﬂﬂﬁasJ iasanidadiminiuaisdusndudaslduss
@}@ﬁnnmmﬁﬁdwﬁmmuﬁasmmmﬁm‘fu ToaussAlEoniuaaz RNT WA UM T ANLTIN LUANTI T
FaAARINUM AN HYIANNARANAToNLUA WA TAIRENWINLLUG 9 kg

gﬂ‘ﬁ' 43 Lflumsmaaa‘mmmL%’J@‘%ﬁq@ﬁﬁalﬁLﬁ@mﬁ%mﬁmawm@m@m’m 300 um Waz
500 pm laslguSunmiuansng 7 kg %owudwmmL%@%ﬂq@ﬁﬁalﬁtﬁ@wgﬁ%Lmﬁumaomwmlmﬂ 300
um Uaz 500 pm Hdviri 0.18 uaz 0.42 m/s awaey laswudinildaunaarwalngazsing
1ﬁmmLfn@‘%wq@ﬁﬁalmﬁﬂwQﬁvl,mmfmﬁlwfu LWiﬁzjﬁﬁﬁﬁﬁﬂTa\‘ia‘yf.ﬂﬂﬂLU@@]&LW&J%%@’]&J“D%’]WU@G

v & § ¥ 'Y a £ o o 4 Y
E]Haﬂ’]ﬂl;ﬂ@ @Guulxﬁau’]%uﬂmﬂﬂi’]klvfnﬂL']J@]LWN"U%Q’]Lﬁu@]ﬂ@l%LLiG%@NWﬂT%@WN‘lﬂ@'}U

4000

3500 -
3000 - v v o9y

2500 -

2000

—e— 500 um
v— 300 pm

APacr0§ aNozzle Plate (Pa)

00 01 02 03 04 05 06 0.7 08 09 10 11 12 13 14
Fluidizing air velocity (m/s)

U 43 Qmé’numzmaomﬂﬁﬂwQS‘l@mﬁumﬂlu"lﬁma{ laglgnaeauwia 300 Laz 500 um

2

NERBNNTY 7 kg

3.1.2 Sﬂ%wawaaﬂ%mmm&mﬂLum@iamsnszmﬂmwﬁumzﬂmm

° nm‘isfaZ.&iaﬁﬁmiﬁﬂuna"’uwaomﬁmmum
¥ - 4 v ; .

Iuﬂwsmaaaﬁuamlugﬂﬁ 44 waz 45 FudunIAENEINAAIINRENIUANFINAGaNITNTZANY
anuaumelurainan ndWgdladiuauuunywisn lasldnaeauwa 300 um uiuanimin 7 kg

' = A v A A & A @ =& & Ao Y a
U8z 9 kg mumnmammemnalmnwl@avl,wmmumm’mu 2.5 m/s GadwanusINylvnaesy
%q@aaﬂaaﬂmﬂviavlnsﬁa{whﬁfu Ll ﬂ'avlaiﬁmsl,"”muﬂé'maaakl,mﬂLm"l,ﬂﬂ‘wiamaﬁﬂ”mua'g Tagluen

6 o e 1A 1 d' o v c.i 6 « > Y 6 o o
anenmaiidinamnueg 11 kg LNaYINRUNNL T W82 89N a1 lMaaInew b TaTUN LI

AANLNATHIWNNY L-valve uazliin1sanuanmenan L-valve
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(62}
L

o
.];\I
il

Height (m)
w

0 1000 2000 3000 4000 5000 6000 7000
Pressure (Pa)

UM 44 mItdasuilasanuannialuiel CFBC ﬁm’mL%’amﬂmﬁﬁalﬁl,ﬁ@w;ﬁvlmsﬁ*’ﬁ'u 25m/s

{ = { a &‘ {
37U 44 1 Junanaassmenuauiiiaiunaly CFBC 289n318211@ 300 Um 1
: a v = 1 4 Z’ a A' &‘ 1 v Rt 1 1 >
TRUNLLA 7 kg ua2 9 kg WaadlAlAwIN WathwiniuaudwazaInalianuawluria lsioastiavzay
a ' A X { A , o
ANFY 0-1.8 m (AWFILITNANUHUNTZNBAIMA) LAY LiTaRTaNTUTIIzALANES 1.8-5.3 m
1 ot { a J aq/' 1 1 o b
WUIANUABNAAD UV INIFINTH LI LANGIAUNINN
NNNATBIANNARN lFINMINaRI kARG IHE19A10g9 0 - 1.8 m Hanuaugs
P P ' ' KA a ] ' ! ' a
nihtsauwimdwnnzi lusienugeifivsunauueagatanuiuiu sulugieanugs 1.8-5.3 m i
ANUAREINIIUTIANNEI 0-1.8 m  IWTzIIAN1INTTANLENVRIARMALLLLLILNIANBAAIINGS
, & o o 1y & & o & o . o &
luga9ft wnFanaanuawnaanlsisasiazantauiues (P2 1Judnly) wuinanuauaaindaas
Y A a o A v a ) o a o @ ) & o A v a [
duiiianuaunlndidosnuann Wuldlddraungnildanuausesnssasdudalndifoaiu
A AN A A (% o A a £ Y & @ &
asunnluninesesilidnadvunavraseymaiuaanuaniiiaduluduaniiauinesiduns
NMNINITZANUANNAUNNIU T TasIvintn
WINTNHATININTZNEANNABAE LU CFBC th dnUniaeng g ﬁnﬂgﬂﬁ 44 U mmaasIw
TaITNANFUNIN (6) ﬁ]zmmmLtamﬁomiﬂ‘s:mm‘i”maoz%'@mwﬁaaha"l,ﬁ@”agﬂﬁ 45

AP

e=1-—
ALgp,

lag
€ = FAFIKTBIN (-)
AP = Nad19nNNalUBIaNATEIRRIGLANAANY (Pa)

AL = szpzvivszninagaiaanuauemagasdiunidani (m)
' = 3
p.= ANURUWILLUVBIVBILTY (kg/m)

o ' A . @ 2
g =usshiludrsvaslanidnyinny 9.81 mis
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—e— sand 7 kg
—&— sand 9 kg

Height (m)
s

w
!

2<

092 093 094 095 09 097 098 099 1.00
Voidage

317 45 é’mﬁ’m‘*ﬁaa'j’mmﬂuvl,wﬁa{ﬁmmL%’;mmﬂﬁfialﬁl,ﬁ@wQSVL@Lsﬁﬁ'u 2.5 mls

3“1]“7‘1' 45 wudﬂwﬁaas:é‘ummqa 0-1.8 m ﬁﬁ@muﬁaadnﬁmaglumo 0.93-0.96 G9tkaenin
é’@ﬁi’m‘*}j’aodﬁlwﬁ’msz@”ummgo 1.8-53 m LLamdﬂumasm”ummgo 0-1.8 m ﬁﬂ%mmm@ayjama
AW LLaﬂwﬁNmfluga@iamnfﬁ,ﬂauﬁw’maanmaﬂsuﬁas’ﬁé’wd’mﬁao'jnmmugmﬁau'ﬁwﬁ
aRMALLABLLLILINNN LﬁaaﬁnﬂmwL%ﬁl‘*ﬂumsmaaaLﬂuLﬁmmﬂm%aﬁ'ﬁﬂﬁmmL’éwqmaﬂ
L3k ﬁaﬁﬂﬁagmﬂm@gﬂﬁhifuvlﬂﬁmuwaaLm"l,&imﬂﬁfﬂ Lﬂuwalﬁmmﬁmzijﬁ;@f@LL@ia:ﬁ;@

A \ v & @ o @ o \ ! Aa X a., ' @
(Eﬂﬂ 7) @]"Iﬁﬂul’ﬂﬂuaUV]']EL%Nﬂma@ﬁ@a’]uﬂjﬂﬂﬁnﬂ‘ﬂLﬂ@"llu&lﬂ"llﬁﬂ"llﬂa 1

® N3LNANITIYHNAUYBIBNMNAILA
o o A AN A = ') A o & A
msﬂ@aaalummaﬂmumLﬂumm"lwmsnyuﬂawaoagmﬂ LHadInNANT I TA21NLSIN
fiaslﬁl,ﬁ@vxlgﬁvl,msmﬁ'u GUNLS 2.5 mis @ nTulurataihlatinguanan1INaaaINyinn1sUsuLIaw llv
WaMIAEwNaUIaIaBMALLAGIRAD IATNLLANTIE 20 kg (HasanTzuLdMIAsUNaLYaIaLAA
wa Saflagmaiuanmanszansagnidulaimasuazaiauies) Winaimanuaainas (L-valve) dan
@ e . ! N , | o A
AAIINITIAALYINAY 200 I/min  &IUANNLIIOMALFLHUATZLMARANYINNY 3.5 m/s DIl
anuivhar  Wadlawwti (Fast Fluidization)
a = % [ 1 ' ' d' a g
NNINARBIT NI DININTZAN LA NN I wLarRaa Wt 93198 lule1 CFBC  MLAadw
INNIINAFAIVTN 2 AT luleaznIdh I@Uwamimaaw,amvlﬁﬁagﬂﬁ 46 WAz 47
mngﬂﬁ 46 LA MALAK LIIN1INIZ LAV aIANNARNE uYia LSl TasaIueLpN NIz L NE
% % nl'd % s =3 (%3 % 1
(P0) 1130 TAANMUAUNTANUAUFIFA LATANNAUIZAARIINTIIATAAUGU P2 (AINFINWHL
H Q = 1 Qs QI é/
NIANIMNA 1.8 m) LazNINIAANNAYK P3 (ANUFINNUHKNTZINLANA 2.8 m) HANUAWANYL
LaNIta Y
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--——p
5_
P—> ¢ <——p —e— first test
4 4 ° —A— gecond test
B
= 31
ey
=)
‘D
I 5]
19p

0 1 2 3 4 5 6 7 8 9 10
Pressure (kPa)

U7 46 madasuudainnnuauniolu CFBC 1021813181019 8 mis, N3 20 kg,

yJSu1wanie L-valve 200 I/min

mﬂwamsmaaaﬁluﬁfsaq@i’@mwﬁu P8-P9 fanumeraInNueuiL AN wa I TIAL5
1H8991N szwj’m;@’i"mﬂ’nm”u P8 — P9 ﬁ@‘hl,mmi,waa"ﬁaolﬁuam’mag lasganyrazadsannaian
WYinNU 200 1/min mﬂﬁmmnmmﬁuﬁﬁm P9 Uz P1 (ANuaRANATaN L-valve) 'il:Lﬁ%vLﬁ’jTﬁIQW P9
9z{lANNAUFININ9a P1 é'fi@LﬂuwaﬁﬂﬁagmﬂLmﬁagﬂuﬁ’m ANANLNDS LAREUAIHNY L-valve N1
Liﬁqﬁﬂuﬁa"hwnaﬂﬁ FamonaRInUNANINARDIRaURINT (Eﬂﬁ' 44) ﬁ@ﬂi’@lﬁmﬁu ANBIUTVDIAINY
AUANATEN L-valve ﬁ'fg@ P9 azlinnuauiasninge P1 W= Lvalve Lifimsidnenmeghaniarn
11;%"@11?&@”%‘*7‘1'@@’3‘@1 P9 fifanuaniaenINaianuaL P1 LﬂuwaﬁﬂﬁagmﬂLmﬁmmaﬁﬁ‘mwaﬂaj
mmmmﬁam‘ﬁné’mjﬁm"hmaﬂﬁ

INNANHILVAIANVAUANATEN Lvalve  wazawannisluiaifidnsnusasewlsimafuay
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This study examined the combustion characteristics and performance of rice husks co-fired with coal in a short-
combustion-chamber fluidized-bed combustor (SFBC) with a 225 kW, capacity. Rice husks were the main fuel,
and coal was a supplementary fuel in the experiments. The effects of coal size (<5 mm and 5-10 mm) and coal-
feed location (above or below a recirculating ring) on combustion performance were investigated. Various co-
combustion tests of rice husks with coal were performed, with different thermal percentages (10, 15, 20, and 25%)
Keywords: of coal. The results were compared to firing 100% rice husks alone. With the assistance of a stirring blade and a
Biomass recirculating ring, good combustion was feasible without using any inert materials mixed into the bed.

Coal Combustion efficiency in an excess of 98% was readily achievable. CO and SO, emissions (at 6% O,) were in the
range 64-104 and 10-22 ppm, respectively, while NOy emissions were in the range of 208-281 ppm. Although

Co-combustion

Fluidized bed the CO and SO, emissions were acceptable, combustion of 100% rice husks and co-combustion with <20% coal
Rice husks failed to comply with Thai NO, emission limits. Therefore, to minimize NO, emissions (208-244 ppm, at 6% O,),
Vortex

coal of both sizes was introduced below the recirculating ring. The results demonstrated that the thermal
percentage of coal in the fuel mixture should be 20-25%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The critical impacts of climate change, such as the melting of
Greenland's ice, rising sea levels, and decreasing agricultural yields
across most of the world, are some of the greatest challenges of the
present day [1]. Biomass is a potential CO,-neutral and renewable
energy resource. Several thermo-chemical conversion technologies
have been used to produce energy from biomass, including combustion,
gasification and pyrolysis. Combustion has been shown to be the most
efficient process [2-4]. Biomass combustion in the context of maintain-
ing the levels of CO, released into the atmosphere by fossil fuels while
generating heat and electricity is increasingly attractive to many
researchers. Among combustion technologies, the fluidized bed com-
bustion (FBC) is a promising and versatile technology for converting
biomass to useful energy due to its ability to use a variety of fuels as well
as the low pollution associated with its low operating temperatures.

A significant amount of research has been carried out on FBC for
mono-firing biomass fuels, including rice husks [2,5-10], sugar cane
bagasse [11], sawdust [12], olive cakes [13], and cotton stalks [14]. To
moderate emissions from coal combustion and enhance combustion
efficiency, many researchers have intensively emphasized coal co-
firing with supplementary biomass fuels such as rice husks [15,16],

* Corresponding author. Tel.: +66 2988 3666x3107; fax: + 66 2988 3655x3106.
E-mail addresses: thanid_m@yahoo.com, thanid@mut.ac.th (T. Madhiyanon).
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palm kernels [16], rice straws [17,18], forest residues [19-21], olive oil
industry residues [22,23], and peach and apricot stones [24]. Contrary
to these studies, which typically utilized biomass as a supplementary
fuel, our previous studies [25,26] have stressed firing biomass as a
primary fuel, combined with coal as a supplementary fuel.

Thailand is well-endowed with biomass energy resources, particu-
larly rice husks, the by-products of the rice-milling process. However,
because rice husks are a seasonal crop, stand-alone rice husk firing to
generate heat and power can be problematic due to the lack of biomass
in a deficient season, resulting in an unreliable fuel supply. Coal is
considered suitable for co-firing with rice husks because it is abundant,
easily transported and easy to store. Therefore, this study aimed to
investigate the co-firing of rice husks with coal. Due to the irregular
shape and low bulk density of biomass, an inert material is usually
mixed with it to encourage fluidization during combustion. However, in
our previous works [9,10,25,26], instead of using an inert material, an air
(or water) cooled stirring blade was employed to prevent defluidization
of the rice husks during combustion.

Recently, Madhiyanon et al. [10] and Sathitruangsak et al. [26]
developed a short-combustion-chamber fluidized-bed combustor
(SFBC) with a capacity of 250 kWy,. The combustor was equipped
with a recirculating ring, which promoted solid recirculation within
the bed below the ring.

The performance of co-combustion of rice husks and coal affected
by fluidizing velocity as well as the coal mass fraction was described in
our previous study [26]. However, coal size and coal-feed locations at
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Fig. 1. Schematic diagram and dimensions of the SFBC.

different coal thermal percentages also affect combustion perfor-
mance and emissions, particularly NOy. Size, feeding location and the
fraction of coal may closely engage with the heterogeneous reactions
between NO and char, renowned for NOy decomposition. Therefore,
the main objectives of this study were to evaluate the combustion
characteristics, such as the axial temperature and gas concentration
profiles, of rice husk co-combustion with coal in a short-combustion-
chamber fluidized-bed combustor (SFBC). Additionally, we intended
to investigate the effects of coal size and coal-feed location on
combustion performance (efficiency and emissions). The main fuel
was rice husks and coal was a supplementary fuel. The results were
compared with the combustion of rice husks alone. The influence of
coal-blend ratios was also described.

2. Experiment set-up
2.1. The short-combustion-chamber fluidized-bed combustor (SFBC)

The SFBC used in this work was described in our previous studies
[10,26]. A schematic diagram of the SFBC with a capacity of 225 kWy,

and its dimensions is presented in Fig. 1a and b. The cylinder part of
the combustor had a circular ring named a ‘recirculating ring’ made of
refractory with a 300 mm opening diameter. The ring was located
1380 mm above an air distributor. This recirculating ring was
designed to capture the entrained particles in the combustion gases
impinging upon its bottom side.

The fluidizing air (primary air) was supplied vertically at the
bottom of a conical base through an air distributor (Fig. 1b) to
generate fluidization. Secondary air was diverted above and below the
recirculating ring, which will be called upper- and lower-secondary
air for the remainder of this paper. The lower-secondary air was
introduced via four air nozzles as shown in Fig. 2a. Upper-secondary
air was introduced tangentially through the two opposing air nozzles
(Fig. 2b). To investigate the effects of coal-feeding location, one
upper-secondary air stream was shifted down to an elevation under
the recirculating ring (1290 mm) for a lower coal-feeding scenario.
Afterwards, this stream was called the second lower-secondary air,
whereas the existing lower-secondary air injected via four nozzles
was specified as the first lower-secondary air. Water-cooled stainless-
steel stirring blades were installed inside the conical base (Fig. 3) and
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Fig. 2. Arrangement of tangential secondary air injection, (a) lower-secondary air at
1030 mm and (b) upper-secondary air at 1490 mm.

operated continually at 6 rpm to prevent loose agglomeration
[9,10,25,26]. As seen from the figure, the stirring blade was simple
so that only a small amount of water was required for blade cooling,
and the cooling water can be recovered just by circulating it through a
small cooling tower. Therefore, a system with a stirring blade would
be feasible for scaling this system up to commercial scales.

2.2. Measurement

The desired fuel feed rate was regulated by a variable-speed drive.
Air velocity was adjusted manually and measured by calibrated
Venturi meters with differential pressure sensors (accuracy =+ 2%).
The temperature profiles inside the combustor were monitored using
a data logger with an accuracy of 1 °C and type-K thermocouples at
640, 960, 1280, 1630, and 1980 mm above the air distributor. Gas
concentrations were monitored by using a multigas analyzer (Testo
350XL). A Leco C-H-N-S analyzer was used to analyze unburned
carbon content.

2.3. Fuel and ash characteristics

The rice husks, derivatives of the rice milling process, were used as
the primary fuel. Bituminous coal was the supplementary fuel in the
co-combustion experiments. The proximate, ultimate, and ash
analyses of fuels are shown in Tables 1 and 2, respectively. Two
different sizes of coal particles—<0.5 mm and 5-10 mm—were used in
this study. The particle size distributions of the coal are shown in
Table 3.

2.4. Experimental procedure

The SFBC can be started easily by igniting rice husks preloaded in
advance to the combustor. Combustion continued until the bed
temperature attained about 800 °C; thereafter, the rice-husk feed
increased to the desired feed rate, and bituminous-coal was then

Fig. 3. Schematic diagram of the water-cooled stirring blade.
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Table 1
Analyses of rice husk and bituminous coal.

Table 3
Particle-size distribution of coal.

Rice husk
(wt.% in fuel, kg per 100 M] (wt.% in fuel, kg per 100 M]

Parameter Bituminous coal

as received)  heat input as received)  heat input

Proximate analysis

Fixed carbon 20.1 1.3418 38.92 1.588

Volatile matter 55.6 3.712 32.20 1314

Moisture 103 0.687 24.69 1.008

Ash 14.0 0.935 4.19 0.171
Ultimate analysis

C 38.0 2.536 52.71 2.152

H 4.55 0.304 3.04 0.124

(o] 324 2.160 13.08 0.534

N 0.69 0.046 1.11 0.045

S 0.06 0.004 1.18 0.048
Higher heating 14.98 24.5

value (M]/kg)

introduced. No bed material was mixed into the fuel mixture to create
fluidization. After the system reached steady state, gas concentrations
and temperatures along the combustor height, fly ash at the cyclone
outlet, as well as gas emissions at the exit pipe were recorded. The
details of those experimental procedures were given in our previous
study [26]. For all conditions, the velocities of air supplied to the
combustor, shown in Table 4, were held constant regarding the
suitable conditions reported in our preceding study [26]. Total fuel
feed rates depending on coal blends were adjusted between 49 and
54 kg/h. The corresponding excess air ratio was 2.15.

3. Results and discussion

Coal of two different sizes, i.e.,, <5mm and 5-10 mm, was
employed in co-combustion tests to investigate the effects of coal
sizes on gas emissions and combustion efficiency. While determining
the influence of coal size, coal was fed into the combustor beneath the
recirculating ring. Experiments were also performed to determine
how the coal-feed location affected combustion performance. The
results of feeding coal above and below the recirculating ring were
compared. While studying the dependence of combustion perfor-
mance on coal-feed location, 5-10 mm coal was utilized. Coal share
varied between 0 and 25% (thermal) when the coal size and coal-feed
location were changed. Axial temperature and gas concentration
profiles were demonstrated when feeding coal with a diameter
<5 mm below the recirculating ring.

3.1. Axial temperature profiles

The evolution of temperatures for various coal shares along the
combustor's longitudinal axis is depicted in Fig. 4. Typically,
temperatures at 640 mm, near a rice-husk feed level, ranged between

Table 2
Analyses of rice husk and bituminous coal ashes.

Composition  (wt.% in ash) kg per 100M]  (wt.J% in ash) kg per 100 MJ
heat input heat input
Si0y 90.30 0.8440 19.40 0.0332
Al,O5 0.17 0.0015 10.30 0.0176
Fe,05 0.22 0.0021 11.20 0.0192
MgO 0.34 0.0032 4.69 0.0080
K>0 2.68 0.0250 0.84 0.0014
Na,O 0.03 0.0003 11.90 0.0204
Cao 049 0.0046 13.80 0.0236
P,0s 0.54 0.0050 0.40 0.0006
SO3 0.34 0.0032 21.8 0.0373
TiO, 0.01 0.0001 0.38 0.0006

Sieve size Solid fraction retained on the sieve (wt.%)
range (mm) <5 mm coal 5-10 mm coal
<15 5.25 5.46

1.5-35 57.28 4.04

3.5-6.3 32.52 33.19

6.3-9.5 495 57.28

940 and 1045 °C. Higher in the combustor, temperatures gradually
decreased and ended up at the exit with the values varying from 840
to 935 °C, depending on the amount of coal added. High temperatures
below the 640 mm level indicated intense combustion in this location,
in accordance with the huge consumption of O, and production of CO
below the 640 mm level. The temperature rise at 960 mm occurred
due to the continued burning of volatiles released from the rice husks
fed below that level. A steady drop in temperature beyond the
960 mm level, towards the exit of the chamber, was ascribed to the
cooling effect of the secondary air. Heat loss through the wall may be
another contributing factor. When comparisons between coal shares
were made, a reliance of temperature based on the percentage of
(thermal) coal added was noticeable. Because coal is heavier than rice
husks, the coal particles tended to stay in the combustor longer than
rice husk. Therefore, as coal share increases, so does the temperature.

3.2. Axial gas concentration profiles

Changes in the concentration of species along the center-line of the
combustor, for various fuel mixtures, are presented in Fig. 5a-c. A
similar pattern of profiles was seen for different coal fractions.

3.2.1. Trend of O, concentrations along the combustor axis

Fig. 5a shows that, starting from the bottom of the combustor and
changing towards the exit, O, at 200 mm was available in the 5-6.9%
range depending on the coal share. Further up, at the 640 mm level, O,
concentrations fell to a minimum range of 1-2.6%, then surged to
7.3-11% at 960 mm. Beyond this level, a slight alteration between
increases and decreases in O, was observed, but seemed to stabilize at
1630 mm. At the exit, O, concentrations ranged between 9.6 and 11.0%.

Tremendous O, utilization at 200 mm above the air distributor and
extensive depletion of O, at 640 mm strengthened the occurrence of
energetic combustion in this zone, coinciding with high temperatures
in this area. The boost in O, at 960 mm was a result of the penetrating
0O, from the first lower-secondary air. The reduction in O, due to
continued firing of combustible gases and char, as well as the
simultaneous generation of O, due to the secondary air injection,
caused O, concentrations to oscillate between 960 and 1630 mm.
Most maturity of O, above 1630 mm revealed that no major
combustion took place in this area. The dependence of O,

Table 4
Operational parameters.

Test parameter Independent variables

0, 10, 15, 20, and 25%
<5 and 5-10 mm
Above or below the recirculating ring

Heat share of coal

Coal feed size
Coal-feeding location
Air supplied to the SFBC Flow rate (m>/s)

Velocity (m/s) Proportion (-)

Fluidizing air® 0.4 0.0286 0.233
1st lower-secondary air 19 0.0474 0.389
2nd lower-secondary air 25 0.0156 0.128
Upper-secondary air 15 0.0093 0.077
Tertiary air 4.64 0.0211 0.173

2 Determined from fluidizing air flow rate per cross-section area of truncated-apex cone.
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Fig. 4. Axial temperature profiles for firing various coal shares, feeding coal under the
recirculating ring (coal size <5 mm).

employment on the amount of added coal was evident at 1630 mm
and above. More O, was consumed when co-firing was performed
with more coal. This was because the descent of coal and coal char to
the bottom of the combustor was prolonged, due to much greater
density of coal than rice husks.

3.2.2. Trend of CO concentrations along the combustor axis

Fig. 5b depicts the axial CO profiles. The absence of a CO profile
beneath the recirculating ring was because of it exceeding the CO
detection limit, consistent with vigorous O, consumption below the
ring. The proliferation of CO resulted from the fact that fuel particles
tended to be circumscribed in the lower compartment because the
recirculating ring hindered elutriation of particles from this zone. This
trend was also noted by Sathitruangsak et al. [26] and Madhiyanon et
al. [25]. Although O, between 960 and 1280 mm was sufficient (~8-
12%), massive amounts of CO were produced at this level, which was
attributed to there being insufficient time to convert CO to CO,.
However, when evading the upper part of the combustor, above the
recirculating ring, CO diminished considerably. This result may have
occurred because there was a plentiful supply of CO, but a scarce
supply of other O,-consuming competitors, such as volatiles and
unburned char particles. Therefore, bounded by ample O,, copious

Fig. 5. Axial gas concentration profiles for firing various coal shares, feeding coal under the recirculating ring (coal size <5 mm).
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amounts of CO were abruptly transformed to CO,. Beyond the
1630 mm level, 10-50 ppm increases in CO concentrations indicated
almost complete cessation of combustion. At the exit of the chamber,
the amount of CO seemed to follow the ordering of the coal share.

3.2.3. Trend of NOy concentrations along the combustor axis

The axial NOy profiles are presented in Fig. 5c. They were
composed of two distinctive features: an undulating pattern in areas
below the recirculating ring (<1280 mm), and a rather fully-
developed pattern in areas above (>1280 mm), towards the exit.
Compared with the O, profiles in Fig. 5a, the profiles of both species
were comparable, inferring that the development of NOy was
profoundly engaged with the development of O,. The fluctuation in
NOy levels below the recirculating ring occurred not only because NOy
was formed where fuel-N could access O,, but was also decomposed
via heterogeneous reactions, particularly in a reducing atmosphere,
i.e., intense CO but weak O, concentrations. At 200 mm, NOy in the
range 116-147 ppm was created. The formation of NOy at this
location, or wherever O, was obtainable, complied with the
homogeneous and heterogeneous reactions in Eqs. (1) and (2)
[4,26-28]. This accumulating NOy, however, decayed afterwards to
19-63 ppm at 640 mm, where little O,, but abundant CO, was
apparent through heterogeneous reactions—Eqs. (3) and (4)
[3,15,25-28]. The recovery of NOy formation at 960 mm, in the
range 186-237 ppm, was ascribed to finding the O, of N-volatiles
released from rice husks. The small decrease in NO at 1280 mm was
also due to NOy destruction according to Egs. (3) and (4). Further up
in the chamber, towards the exit, NO, remained largely unchanged.
The unvaried development of NO, was due to the lack of contribution
to the formation (char-N and N-volatiles) or decomposition (char and
carbon) in the upper part of the combustor.

NH;0,+0H —>NHTOE'+OH‘+O—>NO (1)
NH; "% »NO (2)
2NO + 2C—N, +2CO (3)
N0+char+CO_>N2 +Co, @)
HON' OO L NCo ™M N O 1010 _No 5)

3.3. Flue gas emissions

3.3.1. The effect of coal shares and coal-feed position on emissions

Emissions for different coal shares are exhibited in Fig. 6. The
influences of coal-feed positions, i.e., above and below the recirculat-
ing ring, were also addressed. The coal was between 5 and 10 mm in
size.

Fig. 6a demonstrates variations in O, according to different coal
shares. For both coal-feed positions, O, concentrations had a tendency
to decrease as coal shares increased. When feeding coal above the
recirculating ring, 13.15% of O, remained in the flue gases for pure rice
husks. This amount was reduced to 11.42% for the 25% thermal coal
fuel mix. For the feed level below the recirculating ring, exit O,
concentrations were 10.87% for pure rice husks and 9.3% for the 25%
thermal coal. Due to coal being heavier than rice husks, attempts to
push it out of the combustion zone necessitated more force. As a

result, the coal may have settled longer in the bed than the rice husks,
thereby exploiting more of the available O, for the reaction. A
comparison of the results for each feed level showed that feeding coal
above the recirculating ring contributed to higher concentrations of
0, being retained in the flue gases. This surplus O, arose from the
penetration to the combustor exit of some of the air injected with the
coal.

The dependence of CO emissions on coal share is shown in Fig. 6b.
Rice-husk firing alone produced CO emissions of 64-70 ppm.
Predictably, fuel mixtures with larger amounts of coal emitted more
CO. The increase in CO with increasing coal entailed a greater difficulty
in burning coal than rice husks, which is a consequence of the lower
volatile and oxygen contents of coal. As seen in the figure, CO
emissions were between 69-87 ppm and 94-102 ppm when coal was
injected below and above the recirculating ring, respectively. These
low CO levels appeared satisfactory for the Thai emission regulations
(<740 ppm). More CO was generated when coal was introduced
above the recirculating ring because part of the CO created above the
ring was picked up by the flue gas moving upwards to the exit with
insufficient time for CO to convert into CO,.

The NOy emissions relying on coal shares are shown in Fig. 6c.
Firing pure rice husks generated 263 ppm NO,. Feeding coal below the
recirculating ring had results that were distinguishable from feeding
coal above the recirculating ring. Increases in coal shares appreciably
reduced NO, when the coal was fed below the ring, but not when it
was fed above the ring. Interestingly, although the nitrogen input
(energy basis) through rice husks and coal was almost comparable, a
sharp decrease in NOy emissions was observed for coal feeding below
the ring as the coal share increased. This trend implied that the
influence of feeding location could be significant. NO, emissions
peaked at 267 ppm for 100% rice husks and plunged to 208 ppm for
the 25% thermal coal. Utilizing coal below the recirculating ring could
mitigate NOy emissions because, before eluding the lower combustor,
more NO, was generated from rice husks and coal was destroyed by
an interaction with a surplus inventory of char derived from coal
build-up in the bed. This interaction occurred in response to a
heterogeneous reaction, either a non-catalytic reaction (Eq. (3)) or a
catalytic reaction if reducing gases were available (Eq. (4)). In
addition, Eq. (4) suggests that NO, reduction can be enhanced by a
CO-enriched atmosphere, as was found in the lower section of the
combustor. In addition, part of the decrease in NO, while feeding coal
below the recirculating ring, could be due to almost the doubling of
calcium oxide (based on energy input) and decreasing oxygen. As
reported by Abelha et al. [29], the presence of calcium can reduce the
emission of N,O probably by interfering with HCN chemistry and that
while coal releases nitrogen mostly as HCN residues like RDF and
sewage sludge, it provides fuel nitrogen in greater quantities in the
form of NHs.

In contrast with feeding coal below the recirculating ring, where
NO, depletion was effective for fuel mixtures, when coal was fed
above the recirculating ring, the destruction of NO, seemed less
effective and irrelevant to the amount of additional coal. Instead, NOy
emissions, varying between 266 and 269 ppm, increased slightly with
the addition of more coal. For one thing, this was partly explained by
the existence of cyanide compounds, e.g., hydrogen cyanide (HCN),
which was produced during the devolatilization of the coal above the
ring with further oxidization to nitric oxide (NO). The creation of NO
from HCN was encouraged by the suitable oxidizing atmosphere at
that location, according to Eq. (5) [27]. This NO could escape the
combustor without an interaction with the char piling-up in the bed
below. An algebraic sum of this extra NO from coal and NO destroyed
by char in the bed below was reflected in a slight increase in NOy
emissions. In addition, the culprit of the slight increase in NO, was
also the reduced char inventory remaining in the bed, which was due
to the early firing of the coal in the upper section that exacerbated the
reduction of NOy with char. Only feeding below the recirculating ring,
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Fig. 6. Effect of coal share and coal-feeding location on emissions, (a) O, (b) CO, (c) NOy, and (d) SO, (coal size 5-10 mm).

with 20 and 25% thermal coal (NOyx=208-230 ppm), complied with
the Thai regulations for co-firing, i.e., 270, 260, 235, and 215 ppm NOy
for 25, 20, 10, and 0% thermal coal, respectively.

The reliance of SO, on coal share is presented in Fig. 6d. The
experiments performed for 100% rice husks released SO, emissions of 10-
13 ppm. Co-combustion with upper-level-coal-feeding produced SO,
emissions of 10-14 ppm and 13-22 ppm for lower-level-coal-feeding.
Both feeding procedures emitted considerably lower SO, emissions than
the Thai regulations (<236 ppm), and both had a common agreement
that an increase in coal induced more SO, emissions. This result could be
explained by the higher sulphur content of the coal than the rice husks.
Furthermore, the expectation of greater elutriation of coal introduced
above the recirculating ring was responsible for lower SO, formation.

3.3.2. The effect of coal size on emissions

To investigate the effects of coal size on co-firing emissions, further
experiments were conducted with a coal size of <5 mm. The resultant
emissions, plotted in Fig. 7a-d, were measured for coal fed below the
recirculating ring. For comparison, the emissions data for 5-10 mm
coal in Fig. 6a-d are duplicated in Fig. 7a-d.

Changes in O, and emissions levels with different amounts of coal,
as shown in Fig. 7a-d, had a similar proclivity for both coal sizes. As
such, the explanation for 5-10 mm coal also fits for <5 mm coal.
Generally, Fig. 7a shows that O, levels were in the range 0f 9.3-11%. In
view of the impact of coal size, it appeared that the larger-sized coal
consumed more O, than the smaller-sized coal, thus leaving less
unreacted O, in the flue gases. This trend occurred because,

comparatively, small coal was lighter and consequently more easily
entrained by the upward flue gases without utilizing as much O,. The
influences of coal share and coal size on CO emissions are shown in
Fig. 7b. When firing 100% rice husks, CO levels attained the minimum
values (60-64 ppm), while co-firing with different-sized coal typi-
cally produced higher CO emissions of 69-104 ppm, which were still
acceptable according to the Thai regulations. Fuel mixtures containing
smaller-sized coal liberated more CO emissions. Since we were unable
to circumscribe all of the small coal particles in the lower part of the
combustor, some incompletely-burnt-particles migrated into the
upper part. With a shortened combustion time, the escaping coal
particles generated CO, which was not yet converted to CO, before
leaving the combustor, therefore leading to higher CO levels.
However, CO emissions of 97-104 ppm were still satisfactory when
smaller coal particles were co-burned.

Fig. 7c shows that 267-281 ppm NO, were emitted from 100% rice
husks, while NO, emissions from co-combustion were 241-265 ppm for
<5 mm coal, and 208-254 ppm for 5-10 mm coal. The figure shows that
NO, diminution hinged on an increase in coal fraction. However,
coalescing small coal formed NOy to a greater extent. The small-
diameter-coal particles facilitated, and then expedited combustion,
resulting in a low char inventory in the bed and a detrimental reduction
of NO to N,. However, NO, emissions of 240-244 ppm from co-firing
with small-sized-coal at 20 and 25% thermal fell within the Thai
regulations, while 0-10% thermal coal failed to meet these standards.

Fig. 7d shows that SO, emitted from co-firing smaller coal varied
between 12 and 14 ppm as the coal fraction increased from 0 to 25%
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Fig. 7. Effect of coal share and coal size on emissions, (a) Oy, (b) CO, (c) NOy, and (d) SO, (feeding coal beneath the recirculating ring).

thermal, indicating that the formation of SO, progressed to a small
degree with increasing coal. This stabilization occurred because rather
than segregating from the rice husks and prolonging the exposure to the
combustion process in the bed, part of the fine coal particles joined the
flue gases, providing little time for sulphur to be oxidized to SO,. The
results suggested that rice husks co-fired with both sizes of coal particles
created SO, emissions under the Thai emission limits (<236 ppm).

3.4. Combustion efficiency

The combustion efficiency (E.) employed in the present study can
be expressed by Eq. (6) [9,26].

E = [(Ef—Efg—Eash) /Ef} x 100% (6)

where Er is the higher heating value of the fuel, E.g, is the energy loss
as unburned carbon in the ash, and Ej, is the energy loss as carbon
monoxide in the flue gas.

3.4.1. The effect of coal share and coal-feed position

In general, E. >98% were attainable. Fig. 8 depicts variations in E. and
bed temperature (at 640 mm) between coal shares. All results were
obtained from firing 5-10 mm coal in two coal-feeding scenarios:
introducing coal above or below the recirculating ring. In both cases,
better E. were stimulated by co-firing rice husks with coal. The more coal
that was blended, the higher the E.. In conjunction, bed temperatures
tended to escalate with increasing coal fraction. The lower E. obtained

from feeding coal above the recirculating ring may be attributed to a
higher elutriation rate of fine particles formed by fragmentation.

3.4.2. The effect of coal share and coal size
Fig. 9 illustrates how coal share and coal size affected the
combustion efficiency. The bed temperature on which E. was

Fig. 8. Effect of coal share and coal-feeding position on bed temperature and
combustion efficiency (coal size 5-10 mm).
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Fig. 9. Effect of coal share and coal size on bed temperature and combustion efficiency
(feeding coal beneath the recirculating ring).

contingent was also of interest. All experiments in Fig. 9 participated
with the below-feeding cases. Generally, E. >98% were achievable. Co-
firing rice husks with coal has been proven efficient in E. enhance-
ment, particularly for 5-10 mm coal. Firing rice husks alone gave the
minimum E. of 98.3%, while co-firing with 25% thermal coal reached
the pinnacle of performance of 99.5% E.. Mixing 5-10 mm coal at 10%
thermal, a rise in E. was observed, but adding more coal from 10 to
25% thermal, E. tended to be insensitive to the extra coal, probably
due to comparable resident times for all coal fractions. For <5 mm
coal, E. also increased as coal was blended at 10% thermal. However,
with the continuous increase in coal, there was an inclination for E. to
drop with respect to coal increment. This drop likely occurred because
of higher elutriation rates from merging more light coal. When the E.
of the two coal groups were compared, E. was lower when co-firing
was performed with small-sized-coal. This smaller value was the
result of fine coal particles effortlessly escaping the combustor as
incompletely-burnt-particles.

4. Conclusions

A short-combustion-chamber fluidized-bed combustor (SFBC) of
225 kWy, capacity was tested to evaluate its characteristics and
performance. The effects of coal size (<5 mm and 5-10 mm) and coal-
feed location (above and below a recirculating ring) were investigated.
The influence of coal-blend fraction (0-25 thermal %) was also
analyzed. Axial temperature profiles revealed vigorous combustion
beneath the recirculating ring. NO, development along the combustor
height was closely linked to accessible O,. The formation and
decomposition of NO, within the combustor via homogeneous and
heterogeneous reactions were apparent. An environment with a lack
of O, but an abundance of CO seemed to impede the formation of NO,.
Regarding the effects of coal share and coal-feed location on emissions,
when coal was fed below the recirculating ring, NO, emissions could
be alleviated by blending more coal into the fuel mixture due to the
appreciable increase in calcium oxide and moderate decrease in
oxygen (energy basis). However, when coal was fed above the
recirculating ring, high coal content did not seem to be beneficial to
NOy reduction. The NO, emissions from co-combustion were com-
pared for feeding <5 mm and 5-10 mm coal below the recirculating
ring. Co-firing with large-sized coal (5-10 mm) tended to reduce NOy
emissions more effectively, presumably due to the higher char
inventory in the bed.

Finally, the results suggested that, although stand-alone combus-
tion and co-combustion in the SFBC can satisfy E. (mostly >98%), CO
emissions (64-104 ppm, at 6% O,) and SO, emissions (10-22 ppm, at

6% 0,) under all tested conditions, NOy emissions under some
circumstances exceeded the Thai regulations. Therefore, for NOy
emissions (208-244 ppm, depending on share and size of coal),
feeding coal below the recirculating ring is recommended for both
<5 mm and 5-10 mm coal. Additionally, the thermal percentage of
coal in the fuel mixture should be 20-25%.
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This study extensively investigated temperature and emission characteristics, and the performance of
co-firing rice husk with coal in a cyclonic fluidized-bed combustor (\W-FBC) of 125 kW, nominal capacity.
The W-FBC integrated the distinct features of cyclonic/vortex and fluidized-bed combustion. Fluidization,
without any inert material, can be accomplished by the stirring blades and vortex ring. The combustor
was equipped with a multi-passes water coil to regulate the bed temperatures, varying 800-900 °C. Rice
husk was co-fired with coal, a supplementary fuel, with coal blending ratios of 0-25% by thermal basis.
The radial temperature profiles displayed vortex combustion along the wall, while the axial temperature
profiles suggested a well-mixed condition in the lower part. The large depletion of O, and proliferation of
CO in the lower part revealed vigorous combustion beneath the vortex ring. A reducing atmosphere
appeared unfavorable to NO, formation. The combustor showed satisfied E, mostly >98.5%. The optimum
operating conditions with respect to NO, emissions were: (1) the thermal percentage of coal not >20%,
and (2) bed temperatures between 800 and 850 °C. Otherwise, NO, emissions would exceed the regula-
tions; even CO and SO, emissions were well acceptable.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid economic growth of developing and developed coun-
tries results in a high energy demand all over the world. The energy
resources nowadays are mostly derived from fossil fuel combustion
which is acknowledged as enhancing global warming caused by the
release of greenhouse gas emissions. Besides generating air pollu-
tion, fossil fuels will not last long; therefore to serve the increasing
energy demand and to mitigate the greenhouse effect, renewable
energy resources such as solar, wind, hydraulic and biomass are
recognized as another alternative for heat and electricity genera-
tion. To produce energy from biomass, the thermo-chemical con-
version technologies including combustion, gasification and
pyrolysis have been utilized but combustion has been shown the
most efficient technology [1-3]. Biomass combustion is an increas-
ingly attractive position in energy and climate change combat
issues in many regions of the world, due to its “CO,-neutral”. The
amount of CO, liberated from combustion of biomass is comparably
consumed by plants in the photosynthesis process. Thus, there is no
additional burden of CO, in the atmosphere. Among the combus-
tion technologies-grate-firing, suspension combustion and fluid-
ized-bed combustion (FBC)-, the FBC has been proven to be the

* Corresponding author. Tel.: +66 2988 3666x3107; fax: +66 2988 3655x3106.
E-mail addresses: thanid@mut.ac.th, thanid_m@yahoo.com (T. Madhiyanon).

0016-2361/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fuel.2011.02.019

promising and versatile technology for converting biomass to use-
ful energy due to its inherent advantages in fuel flexibility, and
low operating temperature and low emissions.

A significant amount of research has been carried out on FBC for
mono firing of biomass fuels such as rice husk [1,4-9], sugar cane
bagasse [10], saw dust [11], olive cake [12], and cotton stalk [13].
Aiming to moderate emissions from coal combustion and to
enhance combustion efficiency, many researchers have intensively
emphasized on coal co-firing with biomass fuels as supplementary
fuels—rice husk [14,15], palm kernel [15], rice straw [16,17], forest
residues [18-20], olive oil industry residues [21,22], and peach and
apricot stone [23]. Contrary to the above studies, which typically
utilized biomass as a supplementary fuel, our previous studies
[24,25] stressed firing of the combination of biomass as a primary
fuel and coal as a supplementary fuel.

Thailand is well-blessed with renewable energy resources. Rice
husk, a by- product from the milling process, is the most promi-
nent agricultural residue in quantity which is annually generated
approximately 5 million tons or equivalent to 7.5 x 107 GJ. Usually,
biomass fuels can not easily be fluidized due to their irregular
shape; thus an inert material is used to facilitate the fluidized
bed of biomass fuels. Recent studies [8,9,24,25] exploited air/water
cooled stirring blades to foster the fluidization combustion of rice
husk and to prevent the loose agglomeration formed by burning
char particles adhering together. Consequently, no inert material
is necessary to mix with rice husk.


http://dx.doi.org/10.1016/j.fuel.2011.02.019
mailto:thanid@mut.ac.th
mailto:thanid_m@yahoo.com
http://dx.doi.org/10.1016/j.fuel.2011.02.019
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel

2104

Recently, Madhiyanon et al. has developed a novel cyclonic flu-
idized-bed combustor (W-FBC) which integrated the distinct fea-
tures of cyclonic and fluidized-bed combustion. The experiments
were conducted on both stand-alone biomass combustion [8],
and co-firing with coal [24]. The comparisons of the significant per-
formance parameters—emissions and combustion efficiency-for
various technologies, including the present study, are summarized
in Table 1. The comparative data were made for firing pure rice
husk and co-firing rice husk with coal experiments.

Since rice husk is a seasonal residue, by co-firing with coal used
as a complementary fuel instead of stand-alone rice husk firing, an
intermittent supply of biomass would not be an issue; otherwise a
lack of biomass in a deficient season may result in unreliability of
fuel supply to the biomass power plant. Therefore, this study aims

T. Madhiyanon et al./Fuel 90 (2011) 2103-2112

to investigate the combustion characteristics of rice husk co-fired
with coal in a cyclonic fluidized-bed combustor (\W-FBC). Rice husk
is used as the main fuel while utilizing coal as a complementary
fuel. In contrast to our previous works [8,24], the swirl flow of
the primary air started above the vortex ring. In the present study,
to circumscribe two distinct features of combustion (i.e., the vortex
and fluidized-bed combustion) to take place beneath the vortex
ring, tangential injection of the primary air was shifted down to
an elevation under the vortex ring. Besides, the present system
was equipped with a multi-passes water coil placed in the combus-
tion zone in order to regulate the bed temperatures as desired,
while they varied for the previous experiments, depending on
the excess air and coal shares. Therefore, among the objectives of
this study is to clarify the consequential influences on the

Table 1
Comparison of combustion performance between the W-FBC and other combustion technologies when firing pure rice husk, and co-firing husk with coal.
System description and operating conditions System capacity and blend parameter Results Refs
Emissions (ppm at 6%0;) Combustion
o NO, 50, efficiency (%)
Cyclonic fluidized-bed combustor (\¥-FBC) 100 kW4, 100% rice husk 50-400 350-425 N/A >98 [8]
- fluidizing air = 1.0-1.9 m/s
- Excess air = 67-130%
- bed temperature > 1000 °C
Circulating fluidized-bed combustor (CFBC) 1000 kW4, 100% rice husk 200-800 150-220 50-100 >97 [5]
- fluidizing air = 0.8-2 m/s
- air split ratio = 5:5-7:3
- Excess air = 10-20%
- bed temperature 800 °C
Short-combustion-chamber fluidized-bed combustor (SFBC) 250 kW, 100% rice husk 50-550 230-350 N/A >99 9]
- fluidizing air = 0.5-0.9 m/s
- Excess air = 80-130%
- bed temperature >1000 °C
Cyclonic fluidized-bed combustor (*¥-FBC) 120 kW4, Co-firing at coal shares 60-260 260-416 15-180 >97 [24]
- fluidizing air = 1.35 m/s of 0-25% thermal basis
- Excess air = 60-120%
- bed temperature >1000 °C
Short-combustion-chamber fluidized-bed combustor (SFBC) 250 kWy,, Co-firing at coal shares 15-130 290-310 20-230 >97 [25]
- fluidizing air = 0.4-0.7 m/s of 0-25% thermal basis
- Excess air = 76%
- bed temperature >950 °C
N/A: Data were not available.
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Fig. 1. Schematic diagram of the W-FBC testing facilities.
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combustion efficiency and gas emissions, particularly NO, emis-
sions typically high when N-volatiles is subject to a high bed tem-
perature as reported by our previous works [8,9,24,25]. The effects
of blending ratios at different bed temperatures on the combustion
efficiency and gas emissions are also investigated.

2. Experiment set-up
2.1. Apparatus

The current cyclonic fluidized-bed combustor (W-FBC),
designed to combine the distinctive characteristics of cyclonic
(vortex) and fluidized-bed combustion, has been developed from
one described in our earlier work [24]. A schematic diagram of
the W-FBC with a capacity of 125 kWy, and its dimensions are
shown in Figs. 1 and 2, respectively. A section of a multi-passes
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Fig. 2. Dimensions of the W-FBC and temperature and gas emissions measuring
positions.

Primary air + ri%e husk

(a) Primary air

water coil has been additionally incorporated into the combustor
to regulate the bed temperatures. In addition, instead of introduc-
ing rice husk above the vortex ring as before, rice husk in this study
was fed beneath the vortex ring to restrict vortex and fluidized-bed
combustion to take place in the same area. The W-FBC comprises
two main parts: (1) a cylindrical combustor, 0.4 m ID, 1.40 m high,
and (2) a conical base 0.10 m ID, truncated-apex cone 0.25 m high.
A circular ring named a ‘vortex ring’ made of refractory with
0.24 m opening diameter, located 1.30 m. The vortex ring is used
to trap the entrained particulates in the combustion gases imping-
ing upon its bottom side.

Primary air is injected tangentially just below the vortex ring
(Fig. 3a) so that a vortex flow (or swirl flow) of fuel particles
descending along the wall is established. Secondary air (fluidizing
air) is supplied vertically at the bottom of conical base through an
air distributor. With an introduction of secondary air, and assis-
tance of the stirring blades, fluidization can be achieved. No bed
material was mixed into the fuel mixture to create fluidization;
instead, the generated char and ash during combustion behave as
a secondary solid in the bed [8,9,24,25]. Tertiary air, supplied tan-
gentially just above the vortex ring (Fig. 3b), is designed to sweep
any particulate materials residing on the upper side of the ring
towards the fluidized-bed below, and to assist in burning the
combustible gases invading the upper part. Rice husk and coal
were fed separately into the combustor via two screw conveyors
each equipped with a variable-speed drive to regulate the desired
fuel-feed rate. Water-cooled stainless-steel stirring blades were
installed inside the conical base, and operated continuously at
6 rpm to prevent loose agglomeration [8]. With our previous
experiments in a cold flow behavior study [26] and combustion
studies [8,24], we found that vortex (swirling) flow took place
along the combustor walls of a cold W-FBC model and W-FBC
combustor during air-fuel particles descending flow, while fluid-
ization dominated the flow behavior within the entire space below
the vortex ring. After injection by the primary air beneath the
vortex ring, fuel particles descend along the combustor wall to
the conical base, and then were entirely fluidized within the
lowest part underneath the vortex ring by the upward secondary
(fluidizing) air stream. When part-fluidized particles strike against
the bottom surface of the vortex ring, it will cause them to fall back
into the fluidized bed. Meanwhile, coarse eluding particles crossing
the eye region of the vortex ring were trapped by the centrifugal
force generated by tertiary air.

2.2. Measurement

The desired feed rate was regulated with a variable-speed drive.
Air-flow rates were adjusted by Venturi flow meters linked to man-
ual valves and differential pressure transmitters. The temperature
profiles inside the combustor were monitored using a data logger
with an accuracy of +1 °C, connected to type-K thermocouples at

Tertiary air

(b) Tertiary air

Fig. 3. Flow directions of tangential primary and tertiary air. (a) primary air (below the vortex ring at 1.25 m), and (b) tertiary air (above the vortex ring at 1.40 m).
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Table 2
Analyses of rice husk and bituminous coal.

Table 4
Summary of operational parameters and conditions.

Parameter Rice husk Bituminous Test parameters Independent variables
Proximate analysis (%, as received) Thermal share of coal 0%, 10%, 20%, and 25%
Fixed carbon 20.1 38.92 Bed temperature at 0.43 m 800, 850, and 900 °C
Volatile matter 55.6 32.20
Moisture 103 24.69
Ash 14.0 4.19 Fuel-feed rate (kg/h)
Ultimate analysis (%, as received) Fuel type Coal blending (% thermal)
C 38.0 52.71
H 455 3.04 0 10 20 25
o 324 13.08 Rice husk 30.04 27.04 24.03 22.53
N 0.69 1.11 Coal 0 1.83 3.67 4.60
S 0.06 1.18
Higher heating value (MJ/kg) 14.98 245 Air supplied to the W- Flow rate Proportion  Air equivalent ratio
Physical properties FBC (m3[s) ) ) (=)
Equivalent mean diameter (mm) 1.60 2.58 N N
Sphericity (-) 0.175 0.758 Primary air o 0.042 0.7241 133

Secondary (fluidizing) 0.010 0.1724 0.32
Ash chemical analysis ($wt) air?
Si0, 90.30 19.40 Tertiary air 0.006 0.1035 0.19
Al,04 0.17 10.30 - - —— -
Fe,0, 022 11.20 Determined from fluidizing air flow rate per cross-section area of truncated-
MgO 0.34 4,69 dpex cone.
K;0 2.68 0.84
Na,0 0.03 11.90 combustor. The duration of each run was about 8 h, of which
Ca0 0.49 13.80 1.5 h were used to reach steady state. Thereafter, gas emissions
2605 g'gj 2?';10 were monitored every 2 min for 2 h, and averaged over the mea-
Ti032 0.01 0.38 surement period. To analyze unburnt carbon content, the values

Table 3
Particle-size distribution of coal.

Sieve size range (mm) Solid fraction retained on the sieve (wt.%)

<1.5 525
1.5-3.5 57.28
3.5-6.3 32.52
6.3-9.5 4.95

vertically spaced elevations of 0.43, 0.98, 1.23, 1.45, and 1.65 m
above the air-distributor plate. In the same cross-sectional plane,
temperatures were measured radially outward from the combus-
tor center, approximately 2 cm apart. Gas emissions were moni-
tored at 2.77 m using a multigas analyzer (Testo 350XL). The
measuring principle was based on electrochemical cells for CO,
0,, NO, NO,, and SO,. A Leco C-H-N-S analyzer was used to ana-
lyze unburned carbon content.

2.3. Fuel and ash characteristics

The rice husk, a derivative of the milling process, was used as
the primary fuel, while bituminous coal was the supplementary
fuel in the co-combustion experiments. The proximate, ultimate,
physical properties and ash analyses of fuels are shown in Table 2.
The particle size distribution of the coal is shown in Table 3. Based
on the ash compositions (Table 2), the slagging and fouling
indexes, reported in our previous study [25], showed that coal
share up to 25% (thermal basis), can be applied for co-firing with
rice husk, without confronting the slagging and fouling problems,
due to high silica (SiO,) content in the ash from fuel mixtures.

2.4. Experimental procedure

The W-FBC was heated first by igniting rice-husk loaded in ad-
vance into the combustor. Rice husk stored in a hopper was then
fed gradually into the combustor by primary air. Combustion con-
tinued until the bed temperature accomplished about 800 °C;
thereafter, bituminous-coal was injected separately into the

of which were used to determine combustion efficiency, ash was
collected regularly from the cyclone outlet (every 15 min). During
testing, axial and radial temperature profiles inside the combustor,
and concentrations of O,, CO, NO,, and SO,, along the combustor
height were continuously monitored. To measure gas concentra-
tions at the center-line of the combustor, a gas sampling tube
was inserted into the combustor at the center-line with one end
connected to a gas analyzer probe. Primary air velocity, high en-
ough to send rice husk and coal into the combustor, was main-
tained at 15.5 m/s for rice husk, and 22 m/s for coal. Secondary
air (fluidizing air) velocity was kept constant at 1.35 m/s. To ensure
no more particulates resided on the upper side of the vortex ring,
tertiary air was injected at 11.2 m/s. A corresponding excess air,
therefore, was also kept unchanged at 88%. The corresponding air
equivalent ratios (1) estimated for the primary, secondary, and ter-
tiary air were 1.33, 0.32, and 0.19, respectively. The operating
parameters and conditions were summarized in Table 4.

To evaluate the impact of bed temperatures and coal ratios on
combustion characteristics, the evolution of gas emissions, and
combustion efficiency, bed temperatures and coal-blend ratios
were changed. By adjusting flow of water flowing through a mul-
ti-passes water coil, bed temperatures at 0.43 m can be regulated
at 800, 850, and 900 °C, respectively. Coal was fired at co-firing lev-
els of 10%, 20%, and 25% (energy basis). The bed height declined
from 0.25 to 0.20 m accommodated with 0-25% thermal coal.

3. Results and discussion
3.1. Radial temperature profiles

The radial temperature distributions at different levels, i.e., 0.98,
1.23, and 1.45 m are plotted in Fig. 4 for the co-combustion of rice
husk and coal at three mixing ratios including firing with 100%
rice-husk. The bed temperatures were controlled and varied be-
tween 800 and 900 °C. However, because of very similar results, only
the results of 850 °C bed temperature (at 0.43 m) are present. The
coal blending ratios had no significant influence on a common tem-
perature-profile pattern, probably due to also being somewhat high
in volatiles of bituminous coal; thus alleviating coal to be fired while



T. Madhiyanon et al./Fuel 90 (2011) 2103-2112 2107

Fig. 4. Radial temperature profiles for co-firing with various coal shares at a bed temperature of 850 °C.

descending along the combustor wall as was experienced with rice
husk. Typically, the temperature peaked at the core region, where
entrained particles and flue gases were ascending, and decayed to-
wards the wall that would be precipitated by tangentially injected
the primary (1.25 m) and tertiary air (1.40 m). Since the primary
air was introduced with fuels at ambient temperature, a surge in
temperatures near the wall up to 770-820 °C implied the occur-
rence here of meaningful vortex combustion of volatiles, mainly
composed of CO, H, and CH,, which would be expected to vaporize
readily when immediately exposed to high combustor tempera-
tures. This accords with the fact that rice husk volatiles are released
promptly and fired vigorously merely under moderate tempera-
tures, of 180-500 °C, as reported in the previous works [2,8,9,24].

3.2. Axial temperature profiles

Changes in temperature along the combustor height, for 25%
thermal coal, with operation at three temperatures— 800, 850

and 900 °C- are depicted in Fig. 5. The axial temperature profiles
for the other coal fractions and 100% rice husk bear much resem-
blance to what are present in the above figure. As reported in prior
studies [8,9,24,25], rather than routinely using sand as a secondary
solid mixed with an irregularly-shaped biomass to encourage
fluidization, the mixture of rice-husk char and its ash derived dur-
ing ongoing combustion can itself behave as a bed material and
aided by the stirring blades, fluidization can be accomplished. Prin-
cipally, all profiles participated in a common tendency that from
0.43 to 0.98 m temperature increased, but to a less extent. Further
up the combustor towards 1.23 m, near where fuels were injected,
it declined dramatically, and subsequently rebounded just above
the vortex ring.

The increases in temperature between 0.43 and 0.98 m were
because the mixtures consisted of high volatile-containing fuels,
in particular rice husk. These volatiles released during either
descending along the wall or flowing upward with the flue gas.
They tended to emerge particularly above the bed, thereby
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Fig. 5. Axial temperature profiles for co-firing with 25% thermal coal under
different bed temperatures.

allowing the continued firing of volatiles and eventually resulting
in increased temperatures. In addition, further burning of ascend-
ing char particles was another contributing factor. However, a
small difference in temperature in this area (0.43-0.98 m)
indicates a well-mixing of various combinations of materials
derived during combustion (char and ash) and the incoming fuel
particles. Besides the stirring blades, the vortex ring has an impor-
tant role in fostering a suitable mixing-environment by creating
solid recirculation within the bed. Entrained particles were blocked
from striking the bottom surface of vortex ring, while being
impelled up towards the upper section and were forced back down
to the bed, to be re-fluidized by the upward gas stream [8,24,26].
The marked temperature decay towards the 1.23 m height was
applicable to the cooling effect of the primary air. A rise in
temperature observed beyond this level towards the top of the
combustor was concomitant with the appearance of very high CO
concentrations in the lower part below the vortex ring, which
afterwards was carried to, and finally burnt in, the upper part.
Conversely to 800 and 850 °C, a slightly decreased temperature
was found at the top at 900 °C. This was suggested by the higher
temperature causing less residual CO in the top, and thus the heat
delivered in this region was so small as to not overcome the
cooling effect of the tertiary air. Moreover, although bed tempera-
tures varied, the temperatures became closer at the top than the
bed temperatures might suggest from their differences.

3.2.1. Effect of blending ratios on axial temperature profiles

The axial temperature profiles for the various fuel mixtures
with three different bed temperatures are presented in Fig. 6a-c.
Fig. 6a presents the temperature profiles for a bed temperature
of 800 °C. As seen in the figure, temperatures peaked at a height
of 0.98 m, but not in a sequential of the coal shares. Ranging in a
narrow band of 830-840 °C, these maximum temperatures showed
no reliance on changes in coal blend. Further up the combustor, to
a height of 1.23 m, the temperatures were lowest, due to the cool-
ing effect from the primary air, and varied from 745 to 782 °C.
Among them, 25 thermal% coal rendered the lowest temperature
and the value appeared to differ significantly from the others. This
is because a phenomenon of the combustion of volatiles carried by
the upward gas stream may have been reduced for 25 thermal%
coal, compared to the mixtures with lower coal content, thereby
mitigating substantially the temperature development of 25 ther-
mal% coal in this site. At the top, the temperature (820-832 °C)
increased as rice husk portion increased, indicating that more
volatiles in rice husk facilitated burning of fuel, and the better
energy conversion would be anticipated.

The temperature profiles for a bed temperature of 850 °C are
shown in Fig. 6b. The highest temperatures (865-880 °C) were

Fig. 6. Axial temperature profiles of various fuel mixtures at three different bed
temperatures. (a) 800 °C, (b) 850 °C, and (c) 900 °C.

observed again at 0.98 m height, and did not follow the ordering
of the coal shares. In concurrence with the 800 °C-bed temperature
scenario, Fig. 6b presents that the top temperatures (825-865 °C)
have a consistent tendency to increase with decreasing coal.

Fig. 6¢ illustrates the temperature profiles for a bed tempera-
ture of 900 °C. The temperatures attained their peak values (952-
975°C) at a height of 0.98 m. Compared with the lower bed
temperatures, a sharp rise in temperature at heights of 0.43-
0.98 m were apparent for 0 and 10 thermal% coal. This inferred that
the high temperature tempted a rich-volatile fuel blend to liberate
more volatiles, thus intensifying volatile combustion in this region
and contributing considerably to heightened temperature. Besides
being affected by the cooling of the primary air, the steep drop in
temperature at 1.23 m for 0 and 10 thermal% coal was a conse-
quence of less heat gained from the volatile combustion in this
region. This was because most of the volatiles were expected to
be burnt vigorously in the regions below the 0.98 m level due to
the high bed temperature (900 °C), so that less volatile remained
for continued combustion at a height of 1.23 m. The temperatures
at the top (840-890°C) differed little from those at 1.45m,
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implying that no influential combustion took place here. They also
showed an explicit relation to coal blending ratios: firing rice husk
alone gave the highest temperature while 25 thermal% coal had the
lowest temperature.

3.3. Axial gas concentration profiles

Gas concentration profiles along the axial axis of the combustor
for various fuel mixtures performed under a bed temperature of
850 °C are presented in Fig. 7. The evolution of all species tended
to be the same, regardless of coal-mixing ratios. Fig. 7a shows the
coincidence of O, profiles of all fuel mixtures, suggesting no vital
difference in O, consumed. Considering the profiles from the bot-
tom to the exit of the combustor (2.77 m), the O, concentration
<2% at a height of 0.43 m showed a huge depletion of O, from the
fluidizing air, with a mass fraction (fluidizing air mass divided by
total air mass) of 0.17. Further up, to the height of 0.98 m, O, was
increased marginally, and then boosted appreciably to around 8%,
at height of 1.23 m, by the additional O, from the primary air em-
ployed with the fuels beneath the vortex ring (mass fraction = 0.72).
The finding that O, in the lower part accounted for most of the com-
bustion air, with a mass fraction of 0.89 (sum of primary and fluid-
izing air), was utilized extensively so that only ~8% of the original
0, remained active at 1.23 m, suggesting that combustion took
place energetically in this area. This accorded with evidence of
marked CO proliferation in the lower combustor. Above the vortex
ring, towards the top (1.65 m), although conveyed to this site by the
tertiary air (mass fraction = 0.1), O, diminished progressively from
8-8.5% to 6%. This phenomenon concurred with the enormous
amounts of CO subsequently converted to CO, while invading the
upper combustor. Above this point, the concentration of O, flowing
through the exhaust pipe remained almost unchanged, indicating
no further combustion along this route.

The axial CO profiles are presented in Fig. 7b. Even though, rice
husk fed into the combustor below the vortex ring was previously
injected from the top of the combustor [8,24], both methods dem-
onstrated an agreement in common that CO in the lower section
was produced in abundance. This concurred with the marked
depletion of O, in the same place. It was expected that the conver-
sion of CO to CO, would be triggered at a height of 1.23 m by en-
riched-O, from the propagating primary air; this CO conversion,
however, was effective just above the vortex ring (1.45 m), and en-
tirely accomplished near the top (1.65 m), and mostly <180 ppm.
The CO concentration kept quite constant throughout its transit of
the exhaust pipe.

Fig. 7c exhibits the characteristics of NO, development pro-
foundly involving O, consumption. NO, formation via N-volatile
complies with the homogenous reaction as Eq. (1) [2,27,28]. At a le-
vel of 0.43 m under a reducing atmosphere condition, i.e., the defi-
ciency in O, (<2%, Fig. 7a) and huge amount of CO (Fig. 7b), NO,
was generated by a small amount (<30 ppm), probably due to low
conversion of fuel-N into NO,. A slight increasing trend towards
the 0.98 m level was due to a small increase in O, at the same loca-
tion. Manifestly, NO, flourished at 1.23-1.65m height (190-
330 ppm, depending mixing ratios) to which the additional O, was
sent by primary air. This evidence strengthened the influence of O,
in intensifying NO,. From the level of 1.65 m up towards to the exit
(2.77 m), NO, seemed to decline slightly, probably due to dilution by
tertiary air, consonant with minor increasing O, in the same place.

NH;O&OH N NH?OZ,+OH,+O . NO (1)

Fig. 7d shows that SO, firstly came up with low values (10-
30 ppm) in the lower compartment. With the similar reasons given
for the NO, evolution, because most of the O, had been consumed
to produce plentiful CO in this area, less O, was left for reaction

Fig. 7. Axial gas concentration profiles of various fuel mixtures at a bed temper-
ature of 850 °C. (a) Oy, (b) CO, (c) NO,, and (d) SO,.

with the sulfur in the fuel. That SO, had become extinct at
1.23 m was attributed to its concentrations being lower than the
detection limit (<5 ppm), as a result of the dilution effect of the ex-
cess O, there. However, it escalated sharply in the upper part due
to there being sufficient time and O, to form SO,.
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3.4. Flue gas emissions

The concentrations of flue gases emitted from the combustor,
plotted in Fig. 8, are presented in ppm, based on 6 vol.% O, in the
flue gas. The governed bed temperatures are 800, 850, and
900 °C, respectively. The percentage (energy basis) of coal in the
fuel mixture varies in a range of 0-25%.

Changes in O, levels with bed temperatures for various coal-
mixing ratios are depicted in Fig. 8a. The slight differences between
the O, concentrations measured in the different tests (7.0-7.4%)
are simply a result of difference in global air-fuel ratios.

Fig. 8b reveals the impact on CO emissions at different bed tem-
peratures measured at the 0.43 m level for firing rice husk alone
and co-combustion with three different coal ratios. Noticeably,
employing a higher bed temperature can substantially mitigate
the CO emissions, due to better combustion. CO emitted at
800 °C ranged between 165 and 267 ppm, and shifted downwards
to a range of 144-252 ppm and 114-135 ppm at 850 and 900 °C,
respectively. When considering the influence of coal shares on
CO emissions, it was found that the amounts of CO increased with
the increased percentage of coal, regardless of bed temperatures.
For instance, the co-combustion with 25% (thermal) coal at
800 °C yielded the highest value (267 ppm), while firing 100% rice
husk came up with the lowest value (165 ppm).The reliance of CO
emissions on the coal shares was because, for one thing, volatiles in
coal were around 1.7 times lower than those in rice husk. There-
fore, compared with the mixtures with low-coal content, high-coal
content mixtures had more char remaining after devolatilization,
thus requiring more effort to burn, and resulting in the increase
in CO. Second, later broken facilely into fine particles during fluid-
ization, these delicate char particles from rice husk may need a
short resident time for complete combustion compared to the lar-
ger size char particles from coal. Finally, the higher reactivity of

biomass char with respect to coal char would also play a significant
role in this result.

Fig. 8c presents the dependence of NO, emissions on bed tem-
peratures and percentage of coal blends, as well. Obviously, NO,
development hinged largely on the bed temperature and a propen-
sity to form NO, increased as the bed temperature increased, par-
ticularly at 900 °C. The amounts of emitted NO, depended also on
the amounts of coalesced coal and varied from 152 to 275 ppm at
800 °C, while it ranged from 160 to 287 ppm and 269-308 ppm at
850 and 900 °C, respectively. However, Thailand’s regulations for
co-firing biomass permits NO, emissions not >270, 260, 235, and
215 ppm, when coal is blended with biomass at 25%, 20%, 10%,
and 0% (thermal) coal, respectively. The results showed that all sce-
narios of co-firing at 800 and 850 °C, other than for 25% coal, gen-
erated NO, emissions in a range of 152-259 ppm which conformed
to the regulations but not for co-firing at 900 °C when all coal
shares possessed NO, exceeding the standards. The fate of a
momentous rise in NO, at 900 °C was attributed to expediting re-
lease of vast NH; which was promptly oxidized and converted to
NO, associated with the homogeneous reaction, Eq. (1). Compared
to the resultant NO, emissions (260-420 ppm) of the preceding
studies [8,24], conducted in the same type of combustor but with
an appreciably higher bed temperature (1000 °C), the current
NO, emissions were enormously low. That the high temperature
is at the forefront in fostering fuel nitrogen conversion to NOy
has been extensively explored [3,7,14,27-30]. For example, Tour-
unen et al. [30] reported that the NO conversion above the dense
bed of CFBC using bituminous coal doubled when the bed temper-
ature rose from 752 to 912 °C. In addition, not only did the higher
temperature directly contribute to an increase in NO, formation by
accelerating the NO, reaction, but also exacerbated NO, situation
by the resultant lower CO (providing a reducing atmosphere for
NO,). A weakness in a reducing atmosphere (low CO amounts)

Fig. 8. Effect of bed temperatures and coal blending ratios on gas emissions. (a) O, (b) CO, (c) NOy, and (d) SO,.
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may detract somewhat from the ability to alleviate tenacity of NO,
development, and tends to speed up NO, generation.

Besides, the figure testifies to the fact that the amount of the
additional coal in the fuel mixture has an indispensable influence
on NO, creation, as previously acknowledged [16,19]. At a given
bed temperature, an elevation of NO, emissions was manifest
when coal was utilized; however, this increment may not be ex-
actly commensurate with the increased nitrogen from coal added.
Although nitrogen in coal (1.11 wt.%) is about twice as much as rice
husk (0.69 wt.%), blending rice husk with a certain amount of coal
may affect NO, generation more than the added coal amount might
suggest. For instance, merging 25 thermal% coal, corresponding to
a 15 wt.% increase in nitrogen, brought the emitted NO, to around
80% higher than firing of pure rice husk at 800 and 850 °C. Never-
theless, this increase plunged to about 15% at 900 °C. The contrib-
uting factor to the increased NO, due to coal mixing is perhaps
because of less production of hydrocarbon radicals basically origi-
nating from swift vaporization of volatiles from biomass. Hydro-
carbon radicals establish a reducing atmosphere which is able to
suppress NO, development; therefore a decrease in rice husk, on
the other hand an increase in coal of the fuel mixture is account-
able for an increase in NO, emissions. This explanation was also gi-
ven by Varol and Atimtay [29].

Fig. 8d presents the variation of SO, with bed temperature as
well as the effect of coal shares. Since the amount of S injected var-
ied with the fuel blend, to aid in interpreting the changes in SO,,
the fuel-S conversion to SO, in each case is calculated and given
in Table 5. The calculations were accomplished by normalizing
the measured SO, emission with respect to the theoretical SO,
emission (estimated by assuming 100% burnout and 100% conver-
sion of fuel-S to SO,, using the ultimate analysis and the O, concen-
tration in the flue gas). From Fig. 8d, altering between 106 and
140 ppm for all circumstances, emitted SO, fell within Thailand’s
regulations (<236 ppm). SO, emissions at bed temperature of
800 °C were between 106 and 115 ppm, depending on coal
amount, and then climbed to a range of 124-140 ppm as bed tem-
perature was elevated to 900 °C. With respect to the increasing bed
temperature, the enlargement of SO, shown in Fig. 8d agreed well
with the increasing fuel-S conversion shown in Table 5 that was
presumably encouraged by better combustion. The figure also dis-
closed the relationship to the enhancement of SO, emissions to the
additional amount of coal in the fuel blend. However, the fuel-S
conversion had an uncertain relationship with increasing coal
shares at a given bed temperature. This indicated that an increase

Table 5
Summary of percentage of sulfur conversion and percentage of energy losses under
various conditions.

Coal blending Bed temperature Percentage of sulfur  Percentage
ratio (% thermal) at 0.43 m (°C) conversion (%) of energy
losses (%)

Efg/ Eash/
Er E¢

0 800 N/A 0.08 0.81

850 N/A 0.07 0.57

900 N/A 0.07 0.36

10 800 16.8 0.10 0.83

850 26.6 0.08 0.41

900 30.8 0.08 0.29

20 800 18.5 0.13 0.99

850 21.2 0.11 0.29

900 249 0.07 0.30

25 800 16.9 0.13 238

850 238 0.12 043

900 284 0.07 0.32

N/A: Data were not available because SO, concentrations were below the detection
limit.

Fig. 9. Effect of bed temperatures and coal blending ratios on combustion
efficiency.

in SO, emissions with increased coal shares was simply a conse-
quence of the higher sulfur content of coal than rice husk, not of
better fuel-S conversion.

3.5. Combustion efficiency

The combustion efficiency (E.) employed in the present study
can be expressed by Eq. (2) [8,25].

Ec = [(Ef — Etg — Eaon)/Er] x 100% (2)

where E; is the higher heating value of the fuel, E.q, is the energy
loss as unburnt carbon in the ash, and Ej, is the energy loss as car-
bon monoxide in the flue gas.

The energy loss is a combination of losses due to CO in the flue
gas and unburnt carbon in the ash. Since there is no drainage sys-
tem provided for ash at the bottom, instead ash is entrained by the
flue gas and trapped by the cyclone, unburnt carbon used to calcu-
late combustion efficiency is measured for the ash collected at the
cyclone. The percentage of energy losses in terms of Egy/Er and E,gp/
E¢are provided in Table 5. Obviously, the unburnt carbon is a major
contributor to loss (0.3-2.4% of fuel energy) while energy loss by
CO (0.07-0.13% of fuel energy) is much less important due to con-
siderably low CO emissions, as seen from Fig. 8b. Changes in com-
bustion efficiencies with respect to coal shares for three bed
temperatures are plotted in Fig. 9. Mostly, E. > 98.5% was achiev-
able, except in a case of 25 thermal% coal at a bed temperature
of 800 °C which gave a minimum value of 97.5%. E. increased as
bed temperatures increased. Combustion undergoing a bed tem-
perature of 800 °C had E. of between 97.5% and 99.1%, of which
the highest value corresponded to 100% rice husk firing. At this
temperature, E. slightly decreased while coal up to 20 thermal%
was added, however, it slumped to the lowest value for 25 ther-
mal% coal. Greater hindrance to burning of coal resulting from
low volatile content was responsible for the degradation in E..
However, coal share no longer appeared a dominant factor at a
high bed temperature. E. changed between 99.4% and 99.6% at
850 °C and remained virtually constant at 99.6% at 900 °C. This
may be ascribed to the dynamic reaction stimulated by the high
bed temperature, which could surmount the intrinsic difficulty of
firing coal.

4. Conclusions

A cyclonic fluidized-bed combustor (W-FBC) of 125 kW, nom-
inal capacity was tested to evaluate the characteristics and perfor-
mance, in terms of temperature and gas concentration profiles, gas
emissions, and combustion efficiency (E.) for rice husk co-firing
with coal. The stirring blades were utilized to create fluidization
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of rice husk, instead of inert material use. In contrast to previous
works [8,24], with an assistance of a multi-passes water coil, bed
temperatures were regulated at 800, 850, and 900 °C, respectively,
while rice husk was tangentially injected beneath, instead of above
the vortex ring as before. The percentage (thermal basis) of coal in
the fuel mixture varied in a range of 0-25%.

(a) Radial temperature profiles of all shares had a similar pat-
tern and characterized the influential vortex combustion of
fuel particles descending along the wall.

(b) Axial temperature profiles demonstrated the near isother-
mal environment between 0.43 and 0.98 m, indicating good
mixing of various combinations of the combustion products
(char and ash), and the arriving fuel. In addition to the stir-
ring blades, this well-mixed situation was due to the proper
function of the vortex ring to create solid circulation within
the bed. The combustion of volatiles took place more at the
high level when biomass portion increased. The top temper-
atures tended to increase with decreasing coal.

(c) 02 was consumed largely beneath the vortex ring, suggest-
ing that the main combustion occurred in the lower part of
the combustor. Concomitant with this phenomenon was
the proliferation of very high CO concentrations at the same
site. A reducing atmosphere—low amounts of O, and plenti-
ful CO—appeared to impede the formation of NO, in the
lower part. NO, formation, like SO, formation, retrieved
where there was sufficient 0,. SO, was restricted to form
due to the scarcity of O, supply.

(d) CO emissions ranged between 114 and 267 ppm, depending
on bed temperatures and coal shares. Not only were NO,
emissions relevant to bed temperature, but it also pro-
foundly engaged with the percentage of coal added. Increase
in bed temperatures and coal shares encouraged NO, forma-
tion. Co-firing with coal up to 20% (thermal), at 800 and
850°C, generated NO, emissions in a range of 152-
259 ppm which complied with Thailand’s regulations. How-
ever, all scenarios of co-firing at 900 °C provided NO,
exceeding the standard. SO, emissions, varying between
106 and 140 ppm for all circumstances, were desirable to
meet the regulations.

(e) The W-FBC showed promising E., generally >98.5%. E.
increased as bed temperature increased. An increase in coal
share had an adverse effect on E. when combustion took
place at a bed temperature of 800 °C, but had no effect at
higher bed temperatures (850-900 °C).

These results suggest that coal, used as a supplementary fuel, up
to 20% (thermal basis) can be co-fired with rice husk in the W-FBC
with satisfactory E., while, to circumscribe NO, generation, the bed
temperatures are recommended to be 800-850 °C. However, to ex-
ploit coal in the fuel mixture >20%, and/or even bed temperatures
>850 °C, sub-stoichiometric of the primary air injected simulta-
neously with fuel should be considered to weaken the homoge-
neous reaction of the N-volatiles (Eq. (1)).
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Effect of Swirl Secondary Air Injection on Rice Husk combustion in a Short-

Combustion-Chamber Fluidized Bed Combustor Using Nozzle-Type Air Distributor
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Abstract

This research presents the effect of the lower secondary air velocity (V,,,) on combustion
performance for firing rice husk, in terms of gas emissions and combustion efficiency (E.), in a short-
combustion-chamber fluidized-bed combustor (SFBC) using sand as an inert material in the bed, and
using a nozzle-type air distributor. The combustion behavior inside the SFBC was also presented. In this
study, V,,,w Was varied at 10, 15 and 20 m/s, corresponding to the excess air (EA) of 66, 85, and 102%,
respectively. The temperature profiles along the combustor indicated that well-mixed combustion occurred
in the bed, while increasing V,,, caused a drop in temperature. In view of gas emissions at 6% O,, CO
emissions, ranging 2353-8470 ppm, were reduced as V,,,, increased; conversely, more NO, emissions
ranging 358-457 ppm were formed. Moreover, the increase in V,,,, was capable of E;, enhancement,
rising from 92.7% to 97.7%. The results concluded that the optimum V,,,, was 20 m/s.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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Abstract

This research presents the effect of the fluidizing air velocity (U;) on combustion performance for firing
rice husk, in terms of gas emissions and combustion efficiency (E.), in a vortex-fluidized-bed combustor
(VFBC) using sand as an inert bed material, and using a nozzle-type air distributor. The combustion behavior
inside the VFBC was also presented. In this study, U; was varied at 0.8, 1.0, 1.1 and 1.2 m/s, corresponding
to excess air (EA) in the range of 48-90%. The temperature and O, profiles along the combustor height
indicated that main combustion occurred beneath the vortex ring, while increasing U; was responsible for a
drop in temperature along the combustor height. In view of gas emissions at 6% O,, CO and NO, emissions
tended to increase as U; increased, ranging 25-90 ppm for CO and 332-397 ppm for NO,. Moreover, the U;
increment was accountable for E, degradation, mostly>98%. The results concluded that the optimum U; was
0.8 m/s, corresponding to EA = 48%.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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Combustion Characteristics of Rice Husk in a Vortex-Fluidized Bed Combustor
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ananananssnuzm s ndluivasdszinsmwmaenlvg (E)  ussufsFsfiniseanien minasasle
UsudsuanuiSranmeasiuiaes (Vo) Gﬁﬂﬂumiﬂam%aLwﬁatfﬂgmﬂuéﬁwm:mﬂmuﬁ 10.7, 13 w8z 15
mis SegaansaanuUSuimanagiuin (EA) lutag 53-78% HaMTIagmnnduazauITuTwIaIeanGiam
molwanadinmanndnsnifeduluiasen lnfldsunimading lnsnefnsiRvenusionmeasiui
a&awalﬁqmwnﬂﬁmﬂmma@m TuwdvasasdilsznauufsmasfiUSumaondiaudiuin 6% fAnsaanwudi
co fisnRuduanumsiiuduaas V, Taodalutas 32-69 ppm luwmsi NO, fumlifuanasaunisiindu
vV, Gaflenluging 249-296 ppm wenanit E, nﬂLﬁiau"Lmﬂ'limaaaﬁmgoﬂ’jw 99% ARDAIUNLIN V, Mz
Tuudvasufauadin NO, lumsanunitae 15 mis Sadaiiln EA = 78%

AAN: WAL/ WARLAL/ Wgﬂmﬂm/ 187NA

Abstract

This research presents the combustion characteristics of rice husk fired in the vortex-fluidized bed
combustor (VFBC) using sand as the bed. The combustor performances, in terms of combustion efficiency
(E.) and gas emissions were also evaluated. In this study, the velocity of the secondary air (V,), swirly
introduced to the combustor with the fuel, was varied at 10.7, 13 and 15 m/s, corresponding to the excess
air (EA) in the range of 53-78%. The temperature and O, profiles along the combustor height indicated that
main combustion occurred beneath the vortex ring, while increasing V, was responsible for a drop in
temperature along the combustor height. In view of gas emissions corrected to 6% O, CO tended to
increase as V, increased, ranging 32-69 ppm; but NO, seemed to decrease with the increase in V,. Moreover,
the E, for all conditions were satisfying, mostly >99%. The results concluded that the optimum V,, in terms
of NO, emissions, was 15 m/s, corresponding to EA = 78%.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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Proximate analysis (wt.%)

Fixed carbon 201
Volatile matter 55.6
Moisture 10.3
Ash 14.0

Ultimate analysis (wt.%)

Carbon 38.0

Hydrogen 4.55

Oxygen 324

Nitrogen 0.69

Sulphur 0.06

Moisture 10.3

Ash 14.0

Higher heating value (MJ/kg) 14.98
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Run number
Testing conditions

1 2 3

Fluidizing air velocity (m/s) 0.5 0.5 0.5
Mass fraction (-) 0.47 0.43 0.40

2" air velocity (m/s) 10.7 13 15
Mass fraction (-) 0.41 0.46 0.50
Tertiary air velocity (m/s) 10 10 10
Mass fraction (-) 0.12 0.1 0.10
Excess air (%) 53 66 78

Rice husk feed rate (kg/h) 22 22 22
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Effects of Fluidizing Velocity and Bed Weight on Hydrodynamics of Particles Inside

a Circulating Fluidized Bed Combustor (CFBC)

% a nq a 6 a (‘,*
Usran yadssdnd uaz 31Uad LTy

14 a_ a 4 a a o 4 o @
FanaImIaInTINNGaINa A IAINTINEAT N%']’J“/]?JWREJLV]F]I%IR@ZJW‘I%FI? 140 DUBLTOURUNHT
ﬂi:?’j&li’]&l AUDIAN NPNWURINAT 10530

*Bj@@@ia: E-mail: thanid_m@yahoo.com, twasinsdwt: 0-2988-3655, waslnsans: 0-2988-4040

unAaga
nwitsiihiauenansznuvaianuimanalfifansdlastuuazdSinaueseymaiafdng
] a 6 v a 6 a dl 1A v
dawndnysuniswamaninisinazasaunmameluain ndwgdladiuauuunyuisud lidniswe nsd

=1 U ' 6 ] 6 6 o 6 et

lasganaaaidanugs 6 m uazduruguinameluvalugsefuazaiidauiuesiviiniy 150 uaz 100 mm
audey nsdeunavzaseymegnaigulasmuduameadiluninmueans (Lvalve) lun1sdnm
"L@Tﬂ%’uLﬂﬁﬂumﬁm%mmﬂﬁﬁalﬁﬁ@ﬂgﬁ"l,wﬁfu (Uy) 7293 3.5-4.5 m/s UTunmluaning 20-25 kg Las

YSunmarmanvialina1nef L-Valve ¥innu 150 Limin HAN1INAREINLIIMITIAN U, S9HALHRAINNGL

molurielsimefiiuduain 137-303 mmH,0 1lu 242-384 mmH,0 luwmsfisagiutasine (€) lugaszey
AWEI 0-2.3 m ANAUINN 0.966-0.995 1w 0.986-0.997 wBNINNHMILANT UV U, S989HALABATINNT
Lﬁ'muﬂéi'umaaagmmﬁuifmﬁﬂ‘?i'aLﬂuwammﬂm'm@”umﬂm'au L-Valve ftAndn d1% MItANUSunaue
'vmm%awalﬁ@hﬁ'@mmiad'mlumam’]uga 023 m aaadaddRwlaTANN 0.966-0.995 wABLNL
0.887-0.998 ﬂgdﬁﬂﬁﬂﬂﬁiﬁﬂﬂﬁaﬂﬂﬂéi'l’JvLGT’j’lﬂ’J'mﬁ’JEl’m'lﬂﬁiﬂ'alﬁLﬁ@W§§1@meuﬁ5ﬂﬁwa@iE]ﬂ’li
Lﬂﬁ‘ﬂuuﬂawadmiﬂszmUmwﬁumUsl,uwnLLa:é’mwmiL”iwné'waaagn'}ﬂl,umu'mm"lﬂ?mml,m lag
oATMINLUNALYBIBBNAIULINUANNUANUAUANATEY L-Valve

ARAN: WAFNRATAT bAR, WQSVLWELWLLUWWL%W, FAFIUTDIINY, auNIALLG

Abstract

This research presents the effects of the fluidizing air velocity and amount of bed material on
hydrodynamics of the particles inside a non-reactive circulating fluidized-bed combustor (CFBC). The test
rig, 6 m in height, has inside diameters of 150 mm for the riser and 150 mm for the downcomer. The
circulation rate of the particles was controlled by an L-valve. In this study, the fluidizing velocity (Uy),

ranging 3.5-4.5 m/s and the bed weight, varying between 20 and 25 kg, as well as the aeration at L-valve
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of 150 L/min were employed. The results showed that an increase in fluidizing velocity resulted in the

riser-pressure increments, increased from 137-303 mmH,0 to 242-384 mmH,O, while the voidage (€) in

the level of 0-2.3 m increased from 0.966-0.995 to 0.986-0.997. Moreover, as U; increased, solid

circulation rate increased as a result of the rise in pressure drop at the L-valve. An increase in amount of

bed weight significantly reduced the voidage at the level of 0-2.3m, decreased from 0.966-0.995 to 0.887-

0.998. The results concluded that the fluidizing velocity had more effects on changes in pressure

distribution, solid circulation rate than the amount of bed material. Finally, the circulation rate of solid

normally directly proportioned to the pressure drop at the L-valve.

Keywords: bed particle, Circulating fluidized-bed, Hydrodynamic, Voidage bed.
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Abstract

This research presents the effects of the amount and size
of bed particles on fluidization characteristics as well as pressure
distribution inside a non-reactive circulating fluidized-bed
combustor (CFBC). The test rig, 6 m in height, has inside
diameters of 150 mm for the riser and 150 mm for the
downcomer. The circulation rate of the particles was controlled by
an L-valve. In this study, the minimum fluidizing velocity (U, of

sand, having a diameter of 300-500 um and a weight of 7-9 kg,

was determined and showed that increased size and amount of
bed particles resulted in a surge of U, varying between 0.18
and 0.46 m/s. The study of pressure distribution inside the test rig
was divided into two cases: 1) without bed-particle circulation
(fluidizing velocity 2.5 m/s, 300 uym, sand weight 7-9 kg), and 2)
with bed-particle circulation (fluidizing velocity 3.5 m/s, and sand
weight 20 kg, airflow at L-valve 200 I/min). The results showed
that the highest pressure drop (5,700-6,210 Pa) occurred
between the levels of 0-0.18 m above an air distributor, indicating
the dense zone of bed particles there. Moreover, the pressure
profiles inside the combustor could explain the behavior of the

circulating fluidized-bed.

Keywords: bed particle, Circulating fluidized-bed, Hydrodynamic,
Voidage bed
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Abstract

This research aims at the influence of the fraction of secondary air injected at various levels of a
short combustion-chamber fluidized-bed combustor firing rice husk and using a nozzle-type distributor.
The combustion behavior as well as combustion performance, in terms of combustion efficiency (E;) and
gas emissions were also investigated. In this study, the secondary air fractions injected at 3 levels i.e.,
1,030, 1,290 and 1,490 mm above the distributor were varied, while the excess air was held constant at
92%. The temperature profiles showed that the combustion occurred continuously along the combustor
height. Increased secondary-air injection points resulted in lowering CO while NO, seemed to be
unchanged. CO and NO, values at 6% O, were varied in the ranges 5,080-9,000 ppm and 315-330 ppm
respectively. The E; was peak at 96.8%. Moreover, the results concluded that 3-levels injection of swirl
secondary air was a suitable condition in view of CO and E..

Keywords: Biomass/ Emissions/ Fluidized bed/ Rice husk
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Testing conditions

Run number

1 2 3
Fluidizing air Vel. (m/s) 0.9
Mass fraction (-) 0.63
1s‘secondary air Vel. (m/s) 15 10 10
Mass fraction (-) 0.37 0.25 0.25
2ndsecondary air Vel. (m/s) - 20 10
Mass fraction (-) - 0.12 0.06
Srdsecondary air Vel. (m/s) - - 10
Mass fraction (-) - - 0.06
Excess air (%) 91.70 91.62 91.62
Rice husk feed rate (kg/h) 50
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3.3 szansnnn s Inal
luwdvestsz@nsainmsiunlng (E) vo9
W1 bl SFBC lumstn Insunaunlanineg
Wwuanazldnifantzatgainiassvinaway e
A o A o ' ' ' A
Panlun U U R ndIuriin1IansanAsInn
A o . ' A
FRINTLALANNFIFN Y WU E, 1unmaauv|fnms
NanoINa1lug19Useu1m 95-97% lauduwility

o . . . .
LAUDBANUTIWIBE LN UIN TN BN AU T
o A ' o = [ '

@9013497 3 laswudwasnugiionanagiu
snwaeuis CO luuialalde (E,) asgunisn (1)
Y9t NIAAIVDINAINUFYLFUOULRBINNUAT
CcOo wazansuaunenlndldvue (E) wuwanansa
YA AuDINanITnULazanuInduraInI TRy

@‘hmemﬁhﬂmmﬂmuﬁaaqLLuumqlmu

ENETT8-AP14

6/8



msﬂiz"qu’immsl,ﬂ?mh HWAIINWLAILTEINA INeATIN 8

W 2-4 WOBNIAN W.6. 2555 TIRIANRIENTAU

MINN 3 WAIUFYLFEA1 9 uazlizANTNIwW

ML Inal
2™ air fraction at Energy Combustion
Run each level losses efficiency
no. (-) (%) (%)
1030 | 1290 | 1490 | E E, E,
1 0.37 - - 475 | 0.35 94.90
2 0.25 | 0.12 - 3.20 | 0.31 96.49
3 0.25 | 0.06 | 0.06 | 2.91 0.25 96.84

4. dyduanisnaasg

INNNIANBINANTENUVBIFAFIND N AR
aaaLl,mmymuﬁslfﬁlumnmvlﬁﬁLLﬂauiumeLm
Vl%ﬁvxlgﬁ"l,wﬁmmmuﬁaaLm"l,%ﬁazu Ga'le
ﬂ%’uL‘]J?1'ﬂuﬂ%mmmmﬂdauﬁaaaﬁgmhrﬂ,u 3
J2@UA8a 1,030, 1,290, 1,490 mm LnHkaUHY
nyzawame lagastSunmatmagiuwinlined
vz 92% mmsna;ﬂNaﬂ'ﬁmaaa"lﬁ@”af:

1. s ndidamadsunaufiinduadis
@imﬁamuﬁas:d’ummga 1,630 mm lagRasan
vl@i”’mnqmmq]ﬁmﬂmmﬁﬁlmﬁuluﬁwmwga
WABINU NINAaITRIgAAYITlUIZAL 1,630 D19
2130 mm UHANIIINNIIHENTIDNNARINA
aaa%a"t&ignl"ﬁl,mvlﬂﬁﬁ'uLLﬁ”aﬁ"awfimaﬂmmﬂ
ANUAI

2. mMsingaginenaginigesluszaui
ggoﬂfu (1,290 WAz 1,490 mm) &INabdaINa
mad’m%q@aas"lﬂw%”awri”uuﬁ"avl,m?xwﬁaﬁﬂﬁ
Um0, luwuAxladsiRuduwlasfarlugis
11.3-14.2%

3. e wues CO  luufalaiiafian
aaaddaiugasgInonAsInigaInszaul,290
Wae 1,490 mm Fariag s ngaeluien s
mmaugszﬁmnﬁu laodSuna CO amadann
9,000 L8 5,080 ppm (1l 6%0,) luumeiinm

Wutuwues NO, 716%0, dAdrlnaidsrnulugae

315-330 ppm laglidanusunusesniTaanny
Goulummesasimdasuudasld vl co uaz
NO, lunﬂnizﬁﬁmgandﬁmmmgm%aﬁaam
5myieadely

4. MIRuFAFIREINAFIuTI§EINTEAL
1,290 uaz 1,490 mm Trelmaenlvisainaed
%uﬁawa’[ﬁwé’amugfyLﬁylugﬂmaa CO aAdad 7
lﬁﬂsxﬁ?ﬂ“ﬁmwmsmﬂmﬁﬁugdﬂfumn 94.9 1Ju
96.8% lagmsinwanmeadinfigans 3 szauiiu
Lfiiauvlﬂnﬁaq@slumsﬁﬂmf: TuudvasUss@ntan
M nsdiazuda CO

5. naanssudsend
VOVALA I IBNINUNBINUFULABUNNTIY (307
funuAULNITAINIINTRANAN (8N8.) Alw
MIFRLARUNUIE
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svswavasaEIInanne Wiiangdlawduniideamaneazniswilvdunauly
wknludinasina-wadladiuaiildnsneduun
Effects of Fluidizing Air Velocity on Combustion Characteristics of Rice Husk

In A Vortex-Fluidized Bed Combustor Using Sand as a Bed material

1 2

a ca o £ A ¢ a «1* a £
Uszau dnpeLInsng , ZIUAY LUBEIUUN LLASENYIA Iﬁﬂﬂﬁm‘q‘l’]ﬁ

1 a '3 a @ a o v & '
AMEIAINTINAIERNT WNINEISEWALLlaNMIUAT 140 auUUIToNFUNUS BYRNTENUINY M UANUDIIBN NIANWUNIUAT 10530
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UnAnga

nuiTeithiauenudnvarnmasimiunaulunsnlniheima-igdladiunilinmodun naonau
aussaugmswnlvilunivewszandnmmsunlvgd () wasufadeiiniseanian nmswaassldufuasy
mnuiremadudivia (V) Aersniioinmafideliiiangdlawtud 0.5, 0.6 uaz 0.7 m/s Jsaenndosiu
Usinasenmadiuu (EA) g 66-95% nan1singampfiuazauduturesesndiounielumusdiinisin
ndmdniAnduluiousludliuwmuioding Tuaziinsdivenusonmaduidmaligungiiniglum
anas TuwdvesesdUseneuufadefiusinmesndiaudiuiu 6% iniseenwuit CO dadesandnifosniunis
fiutues v, Tneiidsnludas 36-73 ppm Tuvauzdi NO, fuunldfufudununisiauty v, feiielugag 296-
328 ppm wonanil £, ynideulunvaassiiigandt 99% maeasunuin v, fwzaslunisfineiiie 0.5
m/s
AEnN: unav/ uimae/ Wadladiue/ 105me

Abstract

This research presents the combustion characteristics of rice husk fired in the vortex-fluidized
bed combustor (VFBC) using sand as the bed. The combustor performances, in terms of combustion
efficiency (E.) and gas emissions were also evaluated. In this study, the velocity of the fluidizing air (V,),
was varied at 0.5, 0.6 and 0.7 m/s, corresponding to the excess air (EA) in the range of 66-95%. The
temperature and O, profiles along the combustor height indicated that main combustion occurred
beneath the vortex ring, while increasing V; was responsible for a drop in temperature along the
combustor height. In view of gas emissions corrected to 6% O,, CO tended to slightly decrease as V,
increased, ranging 43-48 ppm; but NO,, ranging 296-328 ppm, seemed to increase with the increase in
V. Moreover, the E. for all conditions were satisfying, mostly >99%. The results concluded that the
optimum V4, was 0.5 m/s.

1. umin TnUszmalngldfinsivuaulovisnsivdndiu
Jagtuinganisaliundsnuihduiifuunldy wassunaunudu 8% Tul 2554 [1] vildszeziian
austeraifiosmugiunisiudiludosannslan  fwnimsdidemddunasmn wnav shedn
You danalfururusemalddinuaulouiefion wazdentsl tranduidemadunteletuuudngg

dguasuliinsliivemddnadudemdaiugdy  ludsswealveunavdulunanassldainnszuiuns
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417 Wudemasdusailasuaudeulunis
thunldge dhumaluladniswnlndildsunseensy
Tutagtuifiuseansnings Aensmnlnduuungs-
Tadiun Jaduflvansuiuognainiravineindumim
Ivsiisiuszansnings 12,31 uazidnduiifoueglu
a9ty Tneideundsiiingmirluwludldud unay
[4-7] v udee [8] nzaiurau [9] wazwnedn [10]
Jusu
AdeTEsnve sl dAn NI Il
wnavuarnIse bdunavsniuauiutyidaly
s lushesina-wgdladiun dalaildvandesidu
wakazianslunauneluuaiiedesiunisinie s
voudeainds [7,11]  FemanisdnwInudn VFBC
annsaunlvidemawnauviedomasanldoss
IUszanSnIn (>97%) uwasUanUasuuiaiy (CO
waz SO,  agluinueiInTFIU LIuwe NOy o
muANgaMniilualiiingl 800°C  Jsazanunsa
ol fedumslainauTandesluiunvesinn VFBC
dsnalidnsifalunsiummnlddluszgnldsu
FowdsiinduitliannsavilmAnanizgsloe-
Huldesnaferfuunau Seldusudsunsineun
Wunsldnsaduuauiunm 15 kg Fedndudos
Anwnansznuvestadesag fidwaseniswlngly
VFBC Faazivdsuuvatnudnuaizuainisvinaud
wUsidsuly
Fofulumidedsdladnenseninivnauly
wnlbnd VEBC  Aildnseifuiuauarldiada
nszeenna dudummidedeidesndiiiuan [12]
Tnefnuidenadnuugniselndiiiniulumn
pasnaulssliudussaugvoua v VFBC ngld
MsUsuAsumuSIomadinelAnvgdlawdy
fnqusvasdueanuiduifensinvinanseny
yosauir0nAainelMAngdlaisduiilide
aussouzgmswvdunavveam g VFBC #ld
nsrouduiun Fefinnsandednwarnismlagd
p9AUsENoUTLAdalalds LagUseanSnInnISian
ndf Tneynidoulunismaaessazuudasinisten
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Wowmdsazanudionnialudiuduglingg unay
Uuideuiissnnnusienniefineliinngdladu
Wit

2. gUn3aluaEIsN1MAaDY
2.1 wnludesina-vgdladiua (VFBC)

U 1 meﬁwmeﬁm@?qqﬂmaimimaawad
wlnhesina-vigdladiun (VFBC) Taeimiunlud
vreC  flldlunavmanesiugnesnuuulagsauien
anvaziuvankuulglaauAon s lndhuy
YUILTOIRSMAKAE NS lndiaunAkvIuaayly
a1nAvasakILUUNgdladiuaiimeiu Javinli
wvdaiiiuseAnsamgs sunwasa VFBC Ao
wuiugudnansnglunenludiviiiu 40 cm wag
49165 cm  lagdnwae e dn i lndlanunsowus
ponilu 2 dau faguil 2 Aedudindadugunss
NTemNefngengs 30 cm  lagivoswlud
nasnszvenazdinisindneumulefinedsdiouin
Youdavosgiiu 24 cm Tasrswmuwiednaiay
Prelunisdneyniademdsisanlndlunun Tinn
asnfauadezansnsaiinszoziatlunismnlug
druduasressuniidunnenneduanud
sossuaymaUnuaziiaiasTurasmmiiuuigs-
ladiun Fefinsfndeianszansornauuuiadnaly
AuadEn d1msunisIngeniae R bndazuy
vonilu 3 dwde ormadiiniaduernadiud
vilhAnigdlawtudsgnanediuinasiuaises
WRIUFINTEANIMIALUUTER BnAdIuTiaDs
gnanglunududasunianmdeutuunauiidums
Thawnuiesine wazenmadiufianududiuiizie
Tumsunlnd Gaiwmisidnsegmierwmnueiive
Tunwndudafundaatuieifueiniadiudiaos
wona1ndl lunismeassldldnseauin 300 pm
USinm 15 ke dsAmdumiugaun 15 cm 1y
oumAaLie WiAngaladuy
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JUN 1 wananisinasgunsainisnaaesvean i lvndlesina-wasladiun

JUT 2 vunaenlugd VRBC suvisnisingaumgiiuazuialeidglunmeaes

A15199 1 29AUSENBUVBNTDLNAILNAY (as

received)

Proximate analysis (wt.%)

Fixed carbon 20.1
Volatile matter 55.6
Moisture 10.3
Ash 14.0
Ultimate analysis (Wt.%)
Carbon 38.0
Hydrogen 4.55
Oxygen 324
Nitrogen 0.69
Sulphur 10.3
Moisture 10.3
Ash 14.0
Higher heating value (MJ/kg) 14.98

2.2 asdusznauvastamAsililunmaans
domdsiidonldluauidedfounandad
psfUsznavteadaindsiauandlunsadl 1
2.3 TunBUNINARGY
mMs¥avimnaemedildlunimaassesauide
il dnugiihnsaouifisuudisuiueusosin
AnufuLAnFsTesiauAaAAdou £3% YedEy
n3¥a MsmuaunTnstoudomaunauazld
SunefineimunuauiiseuLemesildduans
Joudounas drumsingamgil (T lunsnaaesay
TmosTuduilavda K giugunsaiuansaadalinaiy
azBun +1°C §9vhnsTnsIuIu 7 Munusie 0.20,
0.65, 1.05, 1.30, 1.55, 1.90 m LUUBLAUNTLINY
91m1A wazdinola1tnludl (sedu 2.40) faguil 2
dmiulumsinaududuvenia (G) aelumde
0,, CO uaz NO, ﬁizﬁummgwmq fa 0.65, 1.05,
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1.30, 1.55, 1.90, 2.40 m uagfiien1soanian (3.40
m) dlalfiniedimseiuiialods Testo 350XL &4
aunsaiauia O, CO uay NOy melsuwesyin
wadadl du Co, Tuansiy liunainnisAuan
Jounduanusuim 0, fldanaiesin dmsu
Uszansamnisinbuddunildainnisiesiz
Usmnauansveuiilienlungdnieludiiignanlelaay
TngldiedesiinneviosdUsznausig Leco CHNS932
saufudsinn CO iialdanuialewds
FupsunsmaanesuannsUsunuEauily
vas01nAdIure Wildauteulunisveaemy
m139 2 9nduihnsam sl TaeFuusey
n3eUsia 15 kg Whgwnlndiuddlviauiou
funmesenuliifaliug ugmmgilugatuds

400-500 °C Fafugamaiunavansainnisqn
ndifaedld vdanduiadudeuunauidnguniug
Tvdf Woannzmsvinuveumimnlnianganizas
# Beldnanysyana 60-90 uniiudrIautuiinn
#199 felife guugivurfsnaramuagauiudy
YoINARN19 (O,, CO, NO,) Viizﬁummqqmm (4
SUT 2: T=gaumgl, G=ufia) saufensimuSanaudni
antaanlelaau (Aunng 30 Wil WWunan 15
Junil) e luinsgsimansueuiilsigianlugd
Tnedoyaiilsazgninludmuiamuszansninnisin
Tl (E.) Temnuaunsd (1) [4,5,7,11]

L

.

1oy

£ = Usinaannudeudildannidemasdideuid
Wbl (MJ/kg)

E, = Usnannudeuiigadelusunsueudiliwn

LY

Tusiluien (MJ/kg)

a

= YTunuanuieuiiagduldvuianisuau

wsueenles (CO) luuhalodedamuials
1nUSHa COy AANNSEUVBS CO (MJ/ke)

Er

3. HAN1TNARDY
3.1 nsnszagaamgiilusuafenananunlug
N15n5¥38gUNYANUaITUAILgIluLYD
Asnanamienladf VIBC  aneldnnsivdsuntas
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anudromaiineliAnngdlaedu (e1n1adiud
wils, V) Tudeulusneg uandldfasud 3 Taowuin
nsnszaegungluinanlndivesmniieuled
anvazanteadaiy lagluylieaiiugs 0.2-0.65 m
(wo-wilatun) TeamgilndiAssiuluusazitouls
FeUaddednuazninfangdladuiifausili
ouMAUALazTaINAsluT TR UATNZIRINET
Aansagniadnfudusged dauiiseduaiiugs
0.65-1.30 m wuiluyateulvgumaifiuualiy
sty auandlifiuiinmanindidomadasansy
asTEmeIInuNaUinduegTIgl ndsangn
origmsnlusindeuiueniadiuiiassiisefu
ArNgs 1.5 m uenanimawnlvdiegnedeiiies
wiafidamlnifliauysaideassannuaiueinie
duiiaesihiudnimuandsiidmaliinafiuiuves
aamgidenas egalsinulugisszduanugs 1.3-
1.9 m wuirgumgilunnioulaiiunliiuanasedis
seLilos Falanmauiainnisineeiniadiuiiaos
(dadauana 0.40-0.46) wazeniaduTians (dndau
7@ 0.10) FevilsAnnsnanfuuamnlusiiluasn
Nnsuaaudinligumgisasmuanusiennie
dfinileiifintu dwiulutasenugs 2024 m
wuigampilunnideuleisnfindu iesandsasd
nsunbnsiufaf s lugdlianysaldinan co
Tugasfandnd Geaenndesiunisanasvesuiuna
poNTAY way CO lutanientuil (Fasufl 4 wae 5
ALEIRAY)

A15719% 2 Waulun1sMnaed

Testing conditions Run number

1 2 3
Fluidizing air velocity (m/s) | 0.50 | 0.60 | 0.70
Mass fraction (-) 0.43 | 0.47 | 0.51
"™ air velocity (m/s) 13.00 |13.00 |13.00
Mass fraction (-) 0.46 |0.43 |0.40
Tertiary air velocity (m/s)  |{10.00 {10.00 {10.00
Mass fraction (-) 0.11 | 0.10 | 0.09
Excess air (%) 66.12 |80.37 |94.64
Rice husk feed rate (kg/h) 22 | 22 | 22
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V2=13m/s,V 3=10nV/s mf|e=22kg/hr

E 26

g 2.4 1

B 22 A

o i

k) ig i Tertlary air

g i?l i Secondary air+rice husk
g i-%: —aA— V,=0.5 Ea=66.12%
g 08 1 V,=0.6 Ea=80.37%
i 0o —e— V,=0.7 Ea=94.62%
> 02

% 0.0 <———Primary air

700 750 800 850 900 950 1000 1050
Temperature(°C)

gﬂﬁ 3 msnszmaqmmﬁ%mwmemsﬁummqq
3.2 MsnsEangivauianigluminuszauaugs

anﬂiiuﬂﬂiLmiMﬁL%@LWﬁﬂﬂWimm VFBC 1
D19EIUNTONANTUNAINAITNILANYFHIVBILAALNT
Tvsfuszdiuaugs faguil 4-6 Tasnnsnszaned
maqaaﬂ%wuﬁqgﬂﬁ 4 wandliiualugianugs
R 0.65 m ndeudunszarpoInAnduty
299 O, anaswe9TINSINUTEUY 19.32-20%
widaufies 6.95-10% fiszduaugs 130 m Beusd
ﬁqmmwlwﬂaéqwiatﬁawmﬁaL‘wéﬂu‘u%nm
fanann wdsantu O, mvﬂ‘ummaa 155 uay
1.90 m mmmmuimsmﬂumq 12.08-13.30% (7
JEAUAINEY 1.90 m) eannnisineennimdiud
dosuazandefidndiusiuiuunnds 49-57% un
Tuvinasnan eglsinuiisziuanugslutis
2.40 m (pawn) Audigainufialodenisesn (3.40
m) WU O, Suwiltuanande 9.65-12% Feuans
Thdudanswnlwifdnintudeidomewian s
Ingiladanysal 91m3n CO Turasedumugaiang
yonNITanuinnsiiauEIve e nAdI L
piledu dwmaldanududures 0, fsedunrugs

4
' &
AN99) @9V
Y
V9=13m/,V 3=10m/s m¢,g=22kg/hr

—A— V,=0.5m/sEa=66.12%
V,=0.6m/s,Ea=80.37%
—e— V,=0.7m/sEa=94.62%

X Tertiary air

Secondary air+rice husk

Height above a nozzle plate(m)
COOORRREENNNNWWW
SREHSRSHSRSHSKRS

T T T T T T<<———— Primary air
6 7 8 9101112131415161718192021

O,concentrations (%)
JUT 4 N13N5¥M8AI0 O, WWININAIAINY
FEAUALEA
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Ul 5 wanseanduduvesufia CO musdy
AugevadalagnuIfisedualnugaiusuEy
nIzaILpINIAILRsIEAy 1.05 m iy arududues
CO fieelutag 20-68 ppm ﬁ’;uﬁszﬁummqq
130 m tu wuhenududures Co Senfindy
ogaiiuledn Wosnnluuiufinaniniswlng
\Fomdsogeguuss Tnsdanaldangumgiivigs (s
Ul 3) waznmsansiasvesUiina O, luudim
findn (@) Feilddiina O, Indestoalyl
annsndiufasern s lndifuidomasldedia
anysoiduiesnnszernailenadufulogslsfia
VRIINAMUL 1.30 m Aud 1.90 m ANududy
93 CO Fanasdaduvesnsingeinediudiaes
wazanuingnenindludnuagvyuwiuwa i iiae
nsnamedmelueIAty  wazdwaliAnnisim
il CO agnaanysal uonniiduiidunad co
fefiaududugefisedu 1.30 m u ldunsnszane
Juluamnrugeuesmilngd n1sinensnsiva
voslatdelagraumiutesimaiduduinnves
Usingmsaldsnan [7,11,12] maiiiuenaniiennea
dufianslidosdinaiednuuzniinszaedives

CO MNUARNIENTEAUAINGS 1.30 m Wiy
V,=0.5m/,V,=10m/smy g =22kg/hr

—A— V,=0.5m/s,Ea=66.12%
V,=0.6m/s,Ea=80.37%
—o— V,=0.7m/s,Ea=94.62%

Tertiary air

Secondary air+rice husk

Height above a nozzle plate(m)
OO0 ENNNNWWW
oNINONINONINONOT
QUIOUIOUIOUIOUTIOUTIOUIO

<—— Primary air
0 250 500 750 1000 1250 1500 1750

CO concentrations (ppm)
'31]1'71 5 N3NV CO WIAINAILANY
FEAUANGS

N15N3¥M8FIV03 NO, AUANEITBNA VFBC
wansdisgy 6 Taowudn NO, Slnududusdisydu
A1 0.65 m Tutaa 14-47.9 ppm upsLiindusy
seAuAINgeaEilAgeaniisyduniugs 130 m
Tuga9 255-308.85 ppm %aﬂwsﬁmﬁﬁ%swaqmi
sempndomdnavluzy NH; neldgnmnfil

(900-1000°C)

+02,+0OH,+O

ABULN9E PGB RPERIGHER
+O+OH

NH —>NH, —NO U3zt uduing
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vasAududugedanany  [11,13-14]  daulu
Y1AMUES 1.30-1.90 m wud1 NO, Huwiltuan
Masdsmnindunisiugitorves 0, Afegly
USNUAINAINU NH; mnﬁaméamadauﬁ%qmaaa
wnSeuduufadeniuaunisifediu lnediarlugae
173-200 ppm ¥A4INTEHUAILEL 1.9 m Fudevie
n19oen (3.40m) AuuTures NO, Tifiuduty

\Junavesuiua O, iansas (fagy 4)
V,=13m/,V,=10m/s mg o =22kg/hr

—A— V=0.5m/sEa=66.12%
V =0.6m/s,Ea=80.37%

—e— V,=0.7m/s Ea=94.62%
Tertiary air

Secondary air+rice husk

Height above a nozzle plate(m)
COOORRERENNNNWWW
SRSFISRBHSRIHASRS

T T T T T T 1 P”maryar
50 100 150 200 250 300 350

NOXx concentrations (ppm)
'31]1'71 6 NMINTAYAIVBI NO, WUININAILAINY
TEAUAINGS

3.3 seAusznavvasialodedinieeen
HANIENUYBIAILEIoNAdIuTIn T fidisou i
uafiwinseeniamlug VFBC wansladsguil 7
Tagmuinmsifiuanugronnadiuiidmaliiun
0, Wisduan 9.65 18U 12,50 % faguil 7(n) Fadu
a9 NS MAdUALTARiLT LN 66.12%
i 94.629% druusunas CO Tumuiniiuuilduanas

(M
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Endesmumsiiniuvesnnuidionniadiuiings
Ju 0.6 m/s faguit 7 @) Taedialurag 36-73 ppm
(@ 6% 0y Fafninasgui 760 ppm Tun
deulunsveass msanasesUSuna CO dilluna
wananduianielumn ifiugui vinldnns
Huthuvesnslnanelundailinsaaniadiitu
wdvinldufa Co finnseenanas  dwmdunis
WasuulasSinaeenlesvedlulasau (NO,) a1
mwmi'gmmﬂmuwmmsﬂm 7(A) Suwuiniin
meumn 296 LUu 328 ppm (7l 6% O,) Imami
\isuvas NO, ddenndesfiuanniddiuiudiiuty
Feawansliiunansznuiidiulddaauasoinie
druiusanisiin NO, [14] eghslsAnuyUsuna NO,
fitaldlunndoulunimaassdudansiiangand
mmgmﬁ 220 ppm (# 6% O,)
3.4 Uszansnnnisinlugd
Tundvesuszansnnnisintudveaniunlvg VFBC
Favhaunmelddeulunmsdsusdasenudionnie
dudindsdunuiuszgdniamniswnlndlunn
FoulaiiAngenin 99% @afuuliuansmaadnien
AuASIinT uYesAIEIe N Adufiniiaann
99.94 &8 99.87% FIN15139 3 Ingnasugeyde
‘waﬂasﬂuaﬂwmvmsuauwlmmim (! maumi
(1) sll\‘iﬂ’]ﬂ”.l’]LUUNWUEN‘UENWJ’IQJLYJLLﬂﬁVlﬁﬁJ‘L&LLau
gaumgiineluwniiina

(V) (M)

U7 7 esdUszneunfdleideiinasennn (Jafiszey 3.4 m) Adsuulamunnauiiennagiuivis
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M3199 3 wasugydd1euazUsEansainng
e bl

Energy Combustion
Run Vi .
losses (%) efficiency (%)
No. | (m/s)
Efg Eas;h Ec
1 0.5 0.02 | 0.04 99.94
2 0.6 0.01 | 0.06 99.93
0.7 0.04 | 0.08 99.87

4. a3UNanIIMAABY

1nN1sAnwIAudnvuznITlndnaenay
aussauzveumwndiesina-wadladiun (VFBC)
Feldnmeoduuasarldminnszarseinianisld
Fouluniswasuwlaiainudionniadiufindsds
Juemadiudineliiamgdlawdu  awnsnagy
waldall

1. miLﬁmﬁumaaqquﬁLLaxm'ﬁamawaqmm
WudueanBiauegesimiilugieszauaiuge0.20
89 1.30 m wilewm@anszangenie (drumuies-
) veidnnsnlusiudniintuluusnaiingn
Tnsmafivauenmaduivilsidsmaligungd
aelunnandn  asddinalivsunaeendiaudiy
qq%u

2. meufAtevesansiEmendemas
Tnganizeg198s NH, fu O, fisuwus 1.30 m

meldgnmgiigandn 900°C Wuamslinnududu
93 NO, fishusisfananidiangaae

3. USuw O, Fa¥nfivieniseaniiAnfiugunny
muErenneduiivis Tneauidiemaifiau
danaliuSuiaeniadiuiukazalusivesuia
melunifintunuddiu Usina CO fisziuaiy
Fudiu 0, 6% Telugas 36-73 ppm Fasninad
mmg’miunﬂL%ulmmsmam

4. Y31 NO, fiviemseen Suudlduiindumn
MsufintuvesAIEmAdufindsd e dunasn
TnemduAuTiinty Taedaludas 296 d
328 ppm (7l 6% O,) sﬁqqﬁﬂ'jﬂmmmgmﬁ 220
ppm

5. Uszansnwmiswnlngd (£) Tuynideulunis
NARealiA1aINd1 99% Tnensiiuanudiennie
druiivdefiuunlturinli £, feias

mMsUssinMaATetngimnssunianauialssmealve A 26
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6. Soulvaruidiomaduiivisiivanzauain
nrsnaasslunsdififiansanlundvesnisuanlass
nany (NO,) ﬁsﬁl’wqm fio AIEI91NAT 0.5 m/s B9
donndastuenniAdIAud 66.12%

a

5. AinAnssuusenA
vovuANdITNUNDIUATUAYUN1TITY
(8m.) drlinnuanignIsunsnIsgauAny (ane.) 1
Tn1saduayunuide wazdrdnaruiaun
Angreansuazinaluladusiand (amv.) Alvinng

Auayy

6. LONA1TD1984
[1] EPPO. Annual Report. Energy Planning and
Policy Office; 2006.
[2] Natarajan, E., Nordin, A, Rao, N., (1998).
Overview of Combustion and Gasification of Rice
husk in Fluidized bed rectors. Biomass and
Bioenergy, Vol. 14, pp. 533-546
[3] Werther, J., Saenger, M., Hartge, U., Ogada,
T. and Siagi, Z. (2000).
agricultural residues, Energy and Combustion
Science., Vol. 26, pp. 1-27.
[4] Madhiyanon, T,
Soponronnarits. (2010). Combustion behavior of

Combustion  of

Sathitruangsak, P.,

rice-husk in a  short-combustion-chamber
fluidized-bed (SFBQ),
Thermal Engineering, 30, pp. 347-353.
[5] Armesto, L., Bahillo, A, Veijonen, K,
Cabanillas, A., Otero, J. (2002). Combustion
behaviour of rice huskin a bubbling fluidised

combustor Applied

bed, Biomass Bioenergy, 23, pp.171-179.

[6] Fang, M, Yang, L., Chen, G., Shi, Z, Lou, Z,,
Cen, K, (2004). Experimental study on rice husk
combustion in a circulating fluidized bed,
Biomass Bioenergy, 85, pp. 1273-82.

[71 Madhiyanon, T,
Sathitruangsak, P., Soponronnarit, S., 2006 A
novel cyclonic fluidized-bed combustor (y-FBC):

Lapirattanakun, A,

Combustion and thermal efficiency,

temperature distribution, combustion intensity,



AEC 2030 nsUssgAnmsiaietnimnsseionauissmelng il 26

and emission of pollutants, Combustion and
Flame, Vol. 146, pp. 232-245.

[8] Kuprianov, V.I, Janvijitsakul, K., Permchart,
W., (2006). Co-firing of sugar cane bagasse with
rice husk in a conical fluidized-bed combustor,
Fuel, Vol. 85, pp.434-442.

[9] Ghani, WAW.AK, Alias, A.B., Savory, R.M,,
Cliffe, K.R., (2009). Co-combustion of agricultural
residues with coal in a fluidized bed combustor,
Waste Management, 29, pp. 767-773.

[10] Okasha, F. (2007). Staged combustion of
rice staw in a fluidized bed, Experimental
Thermal and Fluid Science, Vol. 32, pp. 52-59
[11] Madhiyanon, M.,  Sathitruangsak, S.,
Soponronnarit, S. (2009). Co-combustion of rice
husk with coal in a cyclonic fluidized-bed
combustor (y-FBQ), Fuel, 88, pp. 132-138.

[12] Uszanu aandisesdni, 1906 WU way
auvf lanusagns (2011). Aaudnwaiznisilng
wnavlumanlugiesina-vgdladiun Al4Waa
N3¥1881N"A: N1sUTEYNIVINITIATEYNY
%ﬂ?ﬂiillLﬂé@ﬂﬂﬁLLﬁﬂUﬁ%L'ﬂﬂ‘lVlﬁJ ﬂ%ﬂﬁ 25,
winendanunsmans Sariansed.

[13] Zevenhoven, R., Kilpinen, P. (2002). Control
ofpollutants in flue gases and fuel gases. 2nd
ed.Finland: Espoo/Turku.

[14] Madhiyanon, M.,  Sathitruangsak, S,
Soponronnarit, S. (2009). Co-firing characteristics
of rice husk and coal in a cyclonic fluidized-bed
combustor (¥-FBC) under controlled bed
temperatures, Fuel, 90, pp. 2103-112.

24-27 a1A 2555 JInLTeTY



SUAUNAINY:
EN-179

MUz IYINITATOTIENAN I UsEnAlnenT 9
8-10 WAL 2556 JINTAUATUIYN

Audnwuzn1s vdvamasdaulalunimindngdladiuanuunyuiisy

Combustion behavior of biomass in a circulating fluidized bed combustor

a ea o L1, A ¢ a &2
Uszdau dnmeLsndFng * LLASFIURY LHTUIUUN

2 4 - e Ao o
AAIYNIAIATTULATDING AULIAINTTUANENT NMW’JWUWaSLWﬂIu‘LaHNWWUﬂS

140 puUTeNATUS UYNNTTYUTIY LUAVUDIION NTUNHUIUAT 10530

*f@imsie: prasan_mut@yahoo.com

UnAnge

unAnuithiaueransaaedosturesn s vniidemdsdamalumwlndivgdladiuauuy
vyudeuldnoaiatu mmasedldldiulivun 8-10 mm Hudemadudnsnsiou 8, 12 uas 15 ke/h B
AnduuinuernmadauAuildlutig 11-118% nan1svaasswuinszuudesgnaulionmaigafeUszan
300°C Sranunsndeudomasasiusiolfaunsaiansanlviiedld mawnludandngntuluielages
Fsfinmsnszaegamnineluvielsiwesreutainatenasnrugs luvazfigumgiinigluvienifuesd
Asni masnludiintuldecwiodesdmiunsdisnsnsteudemasd 8 uay 12 ke/h wiiindlywinas
vaoudwondndemdstueyniawanselunsdioudemasiisnm 15 ke/h
Avan: mswnlungl/ e/ vigdladiun

Abstract

This paper presents the preliminary experimental results of biomass firing in a circulating
fluidized bed combustor, has been constructed. Wood charcoal, 8-10 mm in size, was employed as a
fuel with the feed rates of 8, 12 and 15 kg/h, corresponding to the excess air of 11-118%. The results
showed that the test rig had to be preheated to the temperature around 300°C before feeding the
fuel for self ignition. The main combustion took place in the riser in which somewhat uniform
temperature profiles along the height were found. The temperatures inside the downcomer were
lower than those in the riser. The continued combustion was attained at the feed rates of 8 and 12
ke/h, but the agglomeration of fuel ash with bed particles was formed at the feed rate of 15 kg/h.
Keywords: Biomass/ Combustion/ Fluidized bed

1. U

&)

NSAUIANAUEAAINNTTURAL YUY UAIHA LN
Fududeafinsiauiunamdanuiiesesiuniny
fioentslunisldon delusuuuuveandsaulnii
vsondeuausou  ludagdunisudaliily
Ussmalnefianuiasssuvmdudemania 70%
lViadesnmuazATLAINIIR I UNE1UD19
I§sunansenuluowian daduisuiadaldsuun
daasliinsmuramdsnunaunudue esessu
aonumsalluewian Famdanuandiawara iy

gnindinfundanuiiezidmiunum milkaside
wazitmuinaluladiiionisudssundsaruain
\domdAsisaesdsldsunnudesluilagdy

it nszvUMIIUsTUNEanuilesuanuden
geanden1sinlngl drumaluladiaiunlngdiil
wilinglasuanulisalugaselufewmmnlndivuy
Wadladluniuumyuiew mszdussansnmnisn
nifge uaziinisvanvassuaiivAsutianie

= = ) aa = I3 ]
Wisuifisuiumalulagdue) Wesandunisiunlugl
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meldgamgiiligeunninuszuia 800-850°C [1]
Tnefenuanlddnddosunmiaiidnuviniswa i
Tum i lvigsladiuanuunyudeudsldidemas
\Foumandied Wi dufiu [2-3] Tawaa (1, 4-5] wde
Ls'f'iyaLwaamuﬁuiwﬁu%ama%ﬁmm"m6] [6-7] Tauluils
oufusiutunmnvesdesigg [8-9] 1udu
a83lsfin nsfnw AU InsTluA L
Ingsuuviludszmalnededidoudasifauin
Ffrfunngiitedsldinnneatanmlvivgdlad
wanvumuisulusedusesufoRnstuiiofnw
WAL TA19) Aertestumawilusidoinasus
azwiindsaziangmsiauiesdninuiosnedadu
siolu Insluunenuifavihiauenanismaaeunising
Tydfanuliflussnludmgdladiunuuuvyuiouils
Aeadrvudnasudosduiiomaniizidemas
annsanlndldogiaseiies uazquansenuves
Sammsiloudomasiidnednuarnsmlg

2. UnIaluazIsNIMAADY
2.1 wnlndingdladiuanuunyuisy (CFBC)
Ul 1 Wudnwazveamsnlvsiigdladiuauuy
‘Mquﬁa‘u (Circulating Fluidized Bed Combustor;
CFBC) B9Usznavlussviolsiwesilvuiaiduriiu
Augnas 150 mm g4 6 m uazvientfuLLesnil

MUz IYINITATOTIENAN I UsEnAlnenT 9
8-10 WAL 2556 JINTAUATUIYN

uaLEuEugugnangly 100 mm lngviensass
v A I3 A
Jladnnsvasduusnulnuui 5 cm  tieannis
gadeanuiousengoinianisuen vielswosuas
viennitfuwesgniaueiunianuuumelslaay
ﬁﬂﬁuaﬁéﬂﬂﬂLLﬁ%ﬁaﬂQUﬂ5ULﬁuLLUU L-valve waydl
FLNUIYIBLALDINA (Aeration tap) N139188INA
4 val 1 A | d' 4! I3

WL s ianudiuAe 1) aniadlunniady
amandlieuniauaiinn1sngdlawdugagning
WINNAIUANHIULHUNSEN881nA  (Distributor)
P w a o ) | a =
FUVUBLUUIIEAIIUIU 6 91 2) DINAAIUNEDITS
gndsluszauaugeUseana 0.9 m  nllaury
AszngaIMAiatelunsenludanssevekaswia
dwnlniilaiauysel 1w uialalasaisueu (HO)
wazwhaAsuauuauanles (CO) Wudu wag 3) A9
INANNBLANBINALNBYIE M REU LA AANNS
WA UAIYBIBYNIAIINRIA AR S WsUlY
Failslswaslaagenaiio nawloinnisenluduia
lodavgnaneenmeinausyuie (Induced fan) T
Inarulelpaudnidnaeedeiuansdiyalsni3idusa
Jestuemasilvadn wenaintiyanaaesdalagn
AnRagnvaaInANTeudlddmiudueniauasy

Yy a ° ) = v a
seuulidgamgias dmsunsedddlueuniaiund
YUIA 300 um YN 20 kg

JUT 1 mMsfinnsgunsalvesnunindngdladiuauuunyuieu (CFBC)
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JUT 2 duntaimsingaumgiivesmunlnivgdladiuauuumyuieu (CFBC)

2.2 sadUsznavvaadawmdsildlunisnaass
Fowasidonldlunuiseidie dwlinenneiidl
s mthemuvissnainiall Sadesiiuniinisus
anvunliudeUssunm 8-10 mm lngesAusznau
veudomadasazSonaunsauandlunisnad 1

A15199 1 p9rUsEnauLtaLwatauldlnanie (310
AGED)

Ultimate analysis (wt.%)

Carbon 75.68

Hydrogen 4.87

Oxygen 10.42

Nitrogen 0.30

Sulphur 0.20

Moisture 553

Ash 3.0
Higher heating value (MJ/kg) 27.43

2.3 MIIALAZIBTNIMARDY
ms¥aviinuenaililunisvanosessnided
Iiltugiivimsasuiisuidsmiusugesin
AFuuAnEdafinuAaIALATou £3% vesgu
7N mim‘uQmé’mwmii’]auﬁaméqmﬂﬂmmq
wliBunefineimuaunuiiseuneinesilddy
ansfoudowds dunsingamgd (1) lummaaes
wldmesludulavin K giugunsaiuaninadsdl
Amaztden £0.1 °C Feilaviolsiwedvnisindiuau
6 Auvsde 0.20, 1.7, 2.7, 3.7, 4.2, 5.2 m uasils
Yo UALLNETYIINITIATIWIN 3 funisfe 0.4,
0.8, 4.2 m wilownunszALaINA
Funsumamnasaiiuanussaeyiina 20 kg
g ludanniuufuanuiioiniadaud
rolmAnmgdlateduiiuszan 5 m/s iilelvinge
Wansienszateuaznyulsunteluiaiunngd
antusiinisguszvuaanlul Tnsldynan
ameuFeudeilids 50 kw aunsziagumgiiiun
(T1) galugag 320-350°C  udadaisudounuls
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TnsnsluinadesidngmimlniiieliAnnisan
Aaluies Wedulifdeudrginmlvsianlvsle
ogsseiflosudnauiisgamgiiszana 650-700°C 34
Gudoudomadusnnidesnadiginumninsiuay
USuaransiauildvesernimaiudieg Tildmis
Foulummaasadanised 2 Tngagvinstuiinua
nsnaaesdiLdiiun1sguszuuLiielinsuds
sepzianineddlunmsiinsguszuy il donns
wrilnhdoumdenglunalviiddanneasi s
Tandszanas 300-360 windrdasutuiindnves
puminuifanatamnfiseduninugesie Suau
10 Auvs (TO-T9) fagudl 2 Tmetudinwaluyn
F91381 10 W

AN5197 2 [Weulvunisveans

Run number
Testing conditions

1 2 3
Fluidizing velocity (m/s) 422 | 385 | 3.95
Fluidizing air flow (mS/h) 123 126 117
Mass Fraction (-) 92.68 | 93.08 | 92.35
Second air flow (m’/h) 576 | 5.76 | 5.76
Mass Fraction (-) 4.34 4.26 4.53
L-valve (L/min) 68 63 69
Mass Fraction (-) 2.98 2.66 3.12
Excess Air (%) 56 57 62
Fuel feed rate (kg/hr) 8 12 15

3. HANTNARDY

3.1 mswasuwlasgamgiinnuan

msiasunlasgamaiifidiundasneg aely
Wl CFBC dausFumannaesuandldseguil 3
Fudunanmeassusnudaandiliiinisieaiayn
naaosdnat InoduduldRedgumniennadoy
riuynunainanuoudmiuguszuulin 450°C
(To) wazdSuUsuuemaliinnisilanszateves
ounAlUn nansingaumgiluraaiududadusis
N15gUIEUU (Heating period) Tutaataan 0-720 Wi
wuamnTlunndumisiiegstunusyeznatly
nstianuiou lnelloumgiiiun T, degeanuas
IndAgsfudmdudiumds T, 89T, ndeniuy
gamgfifledasmuaugevon s nidaduna
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WnMsEemaNuseulunuszezn1ensivaves
anfounumiolsiwes (T, waz T,) wazvielan1vdy
Wwes (T, wag Ty Muanau Lﬁaqmmﬁw@ﬁ
AUszanas 300°C (Wit 720) FeldBatouduls
LsﬁﬂgimﬁqwudﬁQmmﬁmalmmLémLﬁusﬁua&JN
IMsIdesThnsUTuUSInae A s Tl
pudoulunimaaesfesnsnisdeuitemasi 8
ke/h FeRnfuSinaemedniudl 118% wavan
gumglianouilesnantisuaainauiou (T, as
(49 Adjusting period) #sldarlunisusuaussuy
Fudhgannigasiilssanm 420 undl (10w
720 i 1140) Gedpudnldszayinauu oswnds
igunglunismaaeslueialndisuuuud e
szuulinganiizasiadsgud 4 udamudn gungd
whaluvieilslsiwed (T, f9 To) fanlnatAsaiuludos
770-820°C Fauanslifufanisianszaneveseymn
Hoindsegsasianonasannugeveselages
Tugaedend dmsuvaungineudnglalaau (T,)
wazenmgiilevionnufumes (T, uag Ty Harlugas
630-680°C dugnmgiifidumis L-valve (Ty) nu
fenanfies 180-220°C ilosnnluuinuiliians
wrlndfidomassznoufuiinsingeiniaiisiums
Fananiifsdamaligunglisas
mswdsuuvasgauvninglusiiiunasingg
FausEunmnaasludoulydufedivaanisdussuy
wazUsuan1glilanisinlngdasilinundienis
fu TaessfuuAiiioadisnanlunisguszuuiduas
wedarnutinguniudsaansaannanlunisgy
sTuuIMAeUsTam 180-260 11l daifu nsnaaes
Tudouludug Suhiauenanismaastanizlugiad
szuuidganiazasiudauiity Taelunsdiidiy
Sasnsteudemandu 8 ke/h 18U 12 ke/h Fefin
Wutiinaemeduiiud 48% wuitgamaiilavie
lswestlalndidsadn udguvgiluilindfues
gty Tefialurag 680-750°C daguil 5 ey
KaanaINMsTiamAsgnausndsilmntfuaesidy
wntu wennil Waifiudnsinstewdomaany
15 ke/h FedmduuSinaeniadiuiuiies 119%
wudwqmmﬁiuwmqﬁmﬂu 850-900°C uazinly
Fusuvesgumgiideudiann fsuil 6 Jeuandli
wiuRaaiosamlunsunlvsiflldesfianelmiouly
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mstloudemadiunnt el Wenasiuluuseanm
50 wfindsarninisusussuulildmudeuluns
naaes (U9if 220) WuIgunll T; uaz Ty i
wnltuanaaiiosanidomasdduusuaiunntuill
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annsagnadndulufnnisuyuiouldeilaani-
Auwesuazidunaligungiilalsivesingiany
Tuwaifiugstuauianmvasufveadiomas
fusymAlUARagURl 7

SUT 3 msiasuudasgamginnglumiaussesainsnaaeiisnsin1sdouaings 8 ke/h

JUT 4 msidsuudasgamgingluwdieninganneasiindnsinisleudewmnas 8 kg/h



-7}
INREUNAINAU: N9UsEmArInNIsASetenaw uIUsHalnem s 9
EN-179 8-10 WowIAN 2556 SaniaunsUIEn

JUT 5 msiasuudasgamgingluwmdleninganneasiindnsinisleudewmas 12 ke/h

JUT 6 msidsuuUasgamginglunidieninganneasiindnsinisleudewmas 15 ke/h

JUN 7 mvaeuimvetsuMAluaTINiudweImamansnsleudenas 15 kg/h
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3.2 miuJﬁ'aw,ulaeqmwgﬁmuszﬁuqua
dethgamniindsvesusazoulumnaasn
waonnsmnusziuaINgsfuandlusud 8 lag
wuirludouled 1uae 2 Fevhnstewdonds 8
war12 ky/h auddutiu Sonmndaelumiiils
lswesuazaiduueifindeadsiuie fgumngd
wa (T Tugae 820-830°C  uasdiuwiliuanas
\@ntfesnmunnugaueamauiafiiunua Ts Fauans
Wiudanisnsgatediveanisiniludnaen
Prseuganndaduendnualveanisnndlui
crBC  Mazldanuiivesuianislusielsiwesi
routsguilenaliidomannindnantasniiugs
YU QUNYITT UL T, wazianidfusiesiian
ans1as lneivgrandnyesnisanasuosgangiii
funtis Ty Aerufougade esandnisdaia
auszUIeANNFeusINAUINAITINA1NTElinnass
agauu Insauduazgniuiniuiavelsives
Frumilsiiudne FuduaungliiAnnisgaidoany

Downcomer
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Youiaoutrannluuiinad Tuilindduwes (T,
way To) nudilgaumgiilndiaeaiu T, Tugas 650-
680°C d@ufisunus T, wusiansuseann 200°C
Fanaindunauiainnisineeiniad Lvalve Liie
nanFuls AN Iy suveseynAanilan -
Sumedidngielawes dmiudeulunstioudeinas
7l 15 ke/n wuingauvgiluilavielsiwesynsiiumsd]
Arganiniaosdoulausn TnefdnadoUssunn
900°C Fauandliiuiimsmlvdidouasiiiiuann
Fulwiolsiwes edrslsAalunsalinsnludday
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Riser

Lab 1 m¢= 8 kg/h, EA=118%
Lab 2 m¢= 12 kg/h, EA=48%
Lab 3 m¢= 15 kg/h, EA=11%
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