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ABSTRACT

Gasification is one of the most promising conversion routes for biomass
utilization, but traditional gasification technology is flawed in some ways, such as
high tar content in fuel gas and difficulty in waste water treatment. A pivotal factor
that prevents biomass gasification technology from massive commercial application is
incomplete purification of fuel gas. To develop stable and efficient low-tar
gasification process becomes an acknowledged difficulty. Heat destruction for tar
removal is a simple and effective method which is easy to be engineered, but now it
still lack perfect research result and industrialized running device, therefore,
developing and perfecting effective low-tar gasification technology and apparatus is
of significant engineering value for promoting the massive application of biomass
energy. Due to the complexity of the tar composition, current numerical computation
on biomass gasification process seldom takes the tar composition into consideration,
which makes it impossible to analyze the cracking of tar in the gasifier. Hence,
building up a mathematical model of biomass gasification process that contains tar as
an impact parameter will make theoretical guidance to study on low-tar gasification
technology. In this paper, to take downdraft fixed bed for an example, many critical
issues in making plant biomass achieve low-tar gasification were investigated by
means of experiment and numerical computation, such as low-tar gasification device,
mathematical model with tar crack process and so on.

Pyrolysis plays a very important role in biomass gasification process, for tar is
produced during pyrolysis process and pyrolysis products are reactants of the
following oxidiation and reduction processes. In order to organize redox processes
well and gain low-tar gasification technology, it is neccesary to matser the rules of tar
production and distribution properties of pyrolysis products. A small pyrolysis
experiment platform was built up. The pyrolysis property of plant biomass was

studied on the platform. The distribution rules of the gaseous, liquid and solid



ABSTRACT

" pyrolysis products at different reaction temperature and time were obtained, and their
compositions were analyzed. The results showed that the reaction temperature had a
strong impact on the products distribution while the reaction time showed very little.
It was also found that the yields of liquid products and solid products decreased
obviously as the reaction temperature rising, while the yields of gaseous products
clearly increased. The mass ratios of solid, liquid and gaseous products took the
percentages of 40-45%, 45-50%, 7-10% respectively at about 400°C, and they went to
20-30%, 12-18% and 55-60% respectively as the reaction temperature rose to 800°C.
It could be concluded that the uncondensable gaseous products mainly contained H,
CO, CO,, CHy4 and light hydrocarbon (Cp,H;). As the temperature increased from
400°C to 800°C, the volume content of H, rose obviously, those of CO content and
CO; both decreased distinctly, the CH4 volume content increased slightly, and there
was no visible change in CyH, content. The yield of tar reached its peak at the
pyrolysis temperature of 500-600°C and decreased as the temperature rose.

In order to achieve the low-tar gasification process, a stable high-temperature
condition which should separate from pyrolysis and reduction stages is essential. A
step-by-step method can carry out the low-tar gasification. In this paper, with the use
of downdraft fixed bed reactor for example, a simple and maneuverable low-tar
step-by-step gasification technology was proposed, which made pyrolysis and
oxidation become two separate processes by physical space. Besides, a corresponding
device was built up, and the low-tar gasification technology was validated through
extensive experiments. As the results showed, in the step-by-step fixed gasification
device, the component, heat value, and tar content of the fuel gas were nearly bound
up with the temperature of oxidation zone which can be directly influenced by
pyrolysis temperature and equivalence ratio (ER). With other conditions remaining
the same, as the pyrolysis temperature rose from 390°C to 550°C, the temperature of
oxidation zone increased, the reaction intensified, tar decomposed more completely,
the residual ash content decreased and the carbon conversion ratio increased. Under

the conditions that air ER was 0.25, pyrolysis temperature was above 450°C and the
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temperature of oxidation zone was above 950°C, the raw tar content of the fuel gas
was less than 20 mg/Nm3, and the low heat value(LHV) was about 5MJ/Nm®, while
the gasification efficiency was higher than 72%, and the carbon conversion ratio was
over 90%. As ER increased from 0.23 to 0.3 at the pyrolysis temperature 450°C, the
temperature of oxidation zone rose, the volume contents of CO and CH, in the fuel
gas decreased while the H; content increased slightly, both the gas calorific value and
the tar content reduced. Under the conditions that ER was from 0.25 to 0.3 and
pyrolysis temperature varied from 400°C to 500°C, the gas calorific value ranged
from 4.2 to 5.3 MJ/Nm® while using air as the gasification agent, and the value
changed from 7 to 9.5 MJ/Nm® while using oxygen-enriched gas in which the volume
concentration of oxygen was 90% as the gasification agent. When air was used as the
gasification agent, as adding the steam, the temperature of oxidation zone reduced, the
H; content increased and the CO content decreased, while the CH, content and the gas
calorific value added up slightly.

Oxidation zone is the key to tar crack. In order to know the influence of reaction
conditions on the tar crack process, a dynamic mathematical model of reaction
process in oxidation zone was established, which made the reaction processes
visualize, and the changing rules of various reactants in oxidation zone could be
analyzed. It was concluded from the calculation results that ER had a great effect on
both the temperature value and the substance concentration in oxidation zone. As ER
growing from 0.17 to 0.32, the average temperature of the oxidation zone increased,
while the mole ratios of C(S), H,O, CoHs and tar all decreased at the outlet of
oxidation zone, in contrast to the increase of the ratios of 1\}2 and CO;. The content of
CO and H; declined after their initial growth. The growth of ER showed a little effect
on the content of CHy. The results also indicated that the higher the pyrolysis
temperature was, the higher the average temperature of the oxidation zone was and
the faster the tar cracked. With the increase of the inlet velocity of gasification agent,
the reactions in the field worked more perfect and tar crack became more complete for
intensification of gasification agent disturbance. While the pyrolysis temperature and
ER remained unchanged, the two gasification methods with separately air and

VI
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oxygen-enriched gas as the gasifying agent, in which the volume concentration of
oxygen was 90%, showed slight influence on tar crack but great effect on
concentration field. Seen from the axial cross-section of the oxidation zone, it showed
that all the components changed along the axial direction. Combustion reactions and
tar crack reactions mainly took place at the gasifying agent inlet surface down to
about 200mm and it was some reforming reactions in the horn part and the lower area
of the oxidation zone. The cracking speed of tar was mainly influenced by
temperature.

In order to systematically investigate the relationship between reactants and
products of gasifier in theory, this paper established a thermodynamic mathematical
model of biomass gasification processs with tar on the bases of mass balance, energy
balance and chemical reaction balance. The results were in good accord with those the
predecessors got, but had some difference in the content of CO and CO, with the
experiment results of step by step fixed gasification bed. The difference was mainly
resulted from that some reactions couldn’t achieve the balance in experiments while
in numerical simulations they were supposed to be balanced. The simulation results
actually indicated the ideal trends. Therefore they could be used to make theoretical
guidance to the practice on the view of macroscopic. The results showed that under
the conditions that air ER was 0.25 and reaction temperature was 1000°C, after the
reactions achieved their balance, the volume of CO and H, in the gas added up to
more to 40% while CH, took about 0.8% to 2.5%. The tar content was really a little
and the LHV of fuel gas ranged from 6 to 7 MJ/Nm’. As the air preheating
temperature went up, the volume ratios of CO and H, increased, while the volume
contents of CO,, H,0, CHs, N, and tar all reduced, as a result, LHV of the fuel gas
improved. Increasing moisture content in raw material could bring down the volume
ratios of CO, H; and N, and raise the ratios of CO,, H,O, CH,4, while making little
effect on the content of tar and the gas calorific value. The entry of water vapor could
increase the volume contents of Hy, CO,, H>O and CH, while decrease the contents of
CO and tar, as a result, which could make LHV of the fuel gas rise. As ER increased
from 0.2 to 0.3, the contents of CO, H,O, CH4 and tar decreased clearly, and the

vl
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contents of CO, and N, increased obviously, while the H, content varied
inconspicuously and the gas calorific value decreased.

In summary, this subject comprehensively and systematically studied the key
issues in plant biomass low-tar gasification technology with the use of theoretical
analysis, experiment research and numerical calculation. In this paper, the low-tar
gasification processing parameters were found through a step-by-step gasification
method. Besides, a dynamic mathematical model of oxidation zone in downdraft
fixed bed and a thermodynamics mathematical model for the whole gasification
process were established, in which the tar was both considered as effect parameters,
and the changing rules of various reactants in the furnace were obtained. The work
done by this research can offer theoretical support and practice guidance to the plant

biomass gasification industry.

Key words: Downdraft fixed bed, Plant biomass, Low-tar, Step by step gasification,

Experiment research, Numerical computation
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B, SRR S HARERAEM, SHXA k- WKLY, BEXAETE
NEAEEERHAER, SINMER. SR, FHAR. SUIBRRNER, RKET
SHFAERD D BED AR ERNERNZUNE. FEERET
HBNSE KRR, BABBIFH—FRE, HRERER ST RAEE LIRRTE
RN ESERRENESH, FEFFEFERBETER AT LERBTHHE
g1, AAEEZREZERBKR, FIURBNERERS . HTRREENRZ R
RZRGHKRIEYN, BRIRETEANN—FRLRSIHERE.

(2) BRI 3HHRE

SR, £MRSUREHNTR. A8, BRI M RER
ERSAFFIEHE, BERAAFAXBRKERE LUZERNFEHZHA
B, BiEFrNEENSERINRLEE. REFEHAR, BeRs)hEEl
ARG ATRAMERARKE. BTEERULF&RNKXSX AR, RIE
HRAMNERKAR, REEERERNEIRNXFTEN.

O TRAE R FEHIHE

ETRASUP D, EERNEBNMUIEBNBE—FT, ELERE
FTEREREHNER, REZEHMNERKH#TTHHERA. 1% Benny %
AP T —H T RAE KRN BRSUN—ERSH NEHE, EHET
VRFE. REFEMSH (PKATH) hERNTFHE, FHE
Langmuir-Hinshelwood RHESER T RRNF) H ¥ EM . ZREIA R FH 4R
TRENR, EEREFHRNRNEZRE, SOANERETRREMATREY
K, BRERELEETREEMOFE. FHEZ%¥E Gilrap FA X TR
ARNENERBRY TS —RRNESSHEEY, ERGREZT R X
FERTLES R ERPHTEESREER COy BATMN PR ERE,
EFEYERREEAYE. ZEATEIRRF2EBE, RERURR, HE
RXTRAMERE 5 ERFLRALEAR, XLAGRE T ZEHNINA. BEEE



F1E 4%

—

Babu % A\"¥I3¢ Giltrap % ANMBELHITT — BB E, ERNTEET RRME
HHEmM.

EREERX kMt B B E AR IS DREARESRR, LhridE
HaEmk, AEFYRIRAARRRERUY, EXZHEROEW, mA#EHA
BHEE, BREE. EHHE%. Gao. Jayah HFAPS RN THRHR, *
EERIEMEREMRNE. Gao FABREHEANTUFHE 0, HEHRRLE
Fibh COy M4 MR ANEE CO. CH M H0, BMERF T4
RECNOLEE, MERNBINIBEEEIANEEK, EERRNEIEFER
TRENERNZW, TERATARABTREENBENM AT R EW.
Jayah FANARRREE RERB AR, BBRIESYEEZET CO. Hy.
COzv HyO. CHi I Ny, BFSRFIEAERK SARERIRE . 550 RME
B, AEaTEXENEH MEERAESS SRR,

EEMRSMULED, ElETRER, NI FRIBEEEEEMLR.
A THRERORFEER, EELuc GerunZ NPIE AHAT TRABEHKEN
X#RMNHLE, MACFDRABIL T —MlX FRA 5 HF EER, R
RTESHRE. HETEABMEETESE, $RRANESSRANEZH, &
FHIRT R@RAN. SAHAEE. FRESERMNAUX EHRBNEH.
BRZET BMRRAMRN, RERNFX—KEERER, FLZ1.T 7
KM,

B A FColomba N34 TR K B 2 RSP 4 5I% F B S A K94
P ReRTFHRLT —SFREUEE, SETH. {#. Rk, TEN
MERRBI N FH R ERHT T K. SRR USSR R LERIF)
N AR RN W, BRRERE S REH AN SUIRNY
W,

© LEBAEEKRALEHFHARRT

BT ERASHP IR EH S EBRA, FLUAREELGFENAMAY
80, Bl ERASMUP[SUIBETHNEAANEEEAE,

RFXERIBEAN G SRR ERAEERSMNTBHT T H$4E
PR, BT HRRN—ERSHFEY. RRREYHETRENARE K E
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WIRKFE L ZAR

EHWOKITERR, RNIUBRTTERAFR, BUTHAHE, FAZE
RIRTDURBIGAP BT | B BRI SR 27, B k% REH R AR
Mo it Yang% NER) ER RSP BREZIINLRHET THA, B
TSR, BB UIBRYRTR. AENBRESU=EANR, %
EARSUBREZ N RS, EAERTEREE. SANTEASTE. £8E
BEERRXNEW, REBTHABEREL . ’

NHFRERNEAYEREL R, BREZNRE ER. ERALER
MEREMR, WBRAELRE, BEEMNNESERNAENESEET K,
EEERARMAP Z AR B, BENS N2 AR Y RSX
—HETHEFEEX, REMWRGRIERBERR.

o ERRMARE, BRAMMEMRUBRELBA T —EBENNA, B
MEERNT K, EEMRSPEMIFERKERE LEB T ROREHLLERE,
BB RERTUBEAREYRSUTI RS I Bz EWRS KR
HRAFERDNFHERBAEETRT AL LE, ERSFENFRELEE
A R SRR S

1.6 RERFESHRAR

WREREREEAATE “N\L” URELAEESTRRNERE XL
YRR R A R BOCRE, KB T —HEEERBEIHARE, BEHR
SRT TN ST BRI RE, TEEEEBRPRIRERSLAX
AR, #RREIHEAERG - EANENEIARRR. FBEERELERY
RIEBREEHAMABRLRE BEQFEABEEWM “500kW MRS KR
HEARGEEMA” (20066G1107010) FEK “863” BB AR KB TR B
WH “EYRESAFBEELAI I RBERANALRIE” (2009AA052214) #
Rl_E 3R R o

ASCER TRABEK AN R, NRBABET RN EYRIKE M
SAKBEEHITHR . RXRHTUTHRILE:

() BEPHEERFRRE, HARKKEYREBINK P AR,
BHARRNERE. AREERBTSE. ik, BE=RAE=YHERRE
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BIE #R

— V——— —

e, BRRRE R NEERSLT S, REEYRE R EHR RN LG
B 9088 s At '

(2) FASHERERNBREBENS, EHTRABZRSS, 21
—FEESRENRENSHTE, BURRETHLTRE, RIS
METSH, SHARESTRIUAR. BIBE. R PERE BESLISH

(3) FIF Fluent ¥, LM 2 HREULR ARRR YR EE R & w SR A2 00
HASHEHER, POARERE. BBH. HREFZEEM ARG ELL
REBNEEROYWEE,

(4) MR, SINEHEUIEARS, SHSHPHRARHY
R NBA%ETERERTEBEROEN RS ER SRR, SHESFH
B, BRAS . KEREME, YBHEREMRTME. SUNE. Y
BEIsRIOE MM, |
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F2F REKEYRIFH AR

F2E RELEVRALFHBIEXFHY

RTRAEDRIEE KIS R RO SRR TEFY, £—K
ARMBEY R ATBREXENRTE, BEFafiEvRESHERT IR
MRS AR BN, AR R YRS P22 e B R IR AT
G,

2.1 MR

EROMESERNEYRUIRAEERNEW, TEEHEKDY. BR.
HRER. Wit FEIWERE . KIS RS TE.

EEYRSULEF, BEERBRRT 4T, Kr—H7EE 8-20%
ZE. SRR EEMEDR, ETRIBTREAZHEERE, RENELIA
AeFaE, ESHEEPTRIMNANR.

2.1.1 R

RATAUNEDRIRH EZABEREDIT. BR. KB WE. &Y %F.
XBFEHEERER, KEA—, W 21w,

B21 AYRREER
FREERA ARG REBESHEERMEM. X T RIEHEK
faett, NREMABRMALL. ROMENER. FARREREEE, oL
AEFEKFEREATIN T, FEHRRRR. SRR, W 2-2 Fir.
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F2E  RHREY I F AR R

22 MIRBRERER

2.1.2 HRFEE

FRIRE R ARERRETUEBRMEE, BRI T BN
ARERE, REXDERZRE U RSHEENRT. 238 TH
WRAEEYREROHEREED, KPRBHEYRZT THSHE, RED

. III

%% E:K*% B R E?Ku R®E XB E&N BHH

8

T E /(kgm?’)
F S
S

8

A

BI2-3 & WRMIEEY IR R & B
M 2-3 FATLVE W, REEEYFEREEREEERNLRK, KEES
MER. EXBOEREESIARRANLTLAN, ABREREERE
300kg/m® Ze 5, [R4HJE (X PR R BURDE R R B B B K
FREBEEER, REEERE, PRUBANERERERS, 8BS
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R RF 247183

— —

BEBREHEE, EUIEEEF.
2.13 HRERH

YH ERERSTER—MES, BEBESRENLARY ERERA. 8
RERARRTWE MBI . R FOMRER MBS RLBE, R
REURIRZR MG, EBRER AN RBERF ORISR EOHEE,
BRERAK.

SRR, BRHSHREERAN R AR, BRERA—RTEL
45°, ERABFREENATBIING, EHEBRREAHANKNE. TE
KERZERRERDMOYR, BRRRENEREEES, LEMREEKART
T%, W ARBRAELEET 90° MR AAM), BRESUBRERES
PR FHSAR, BURRYTASMERE, BTPLERERNMREK
AIBHEE, LIHREFNFL.

2.1.4 HAEHMIRE

EYFRIHEATHERS, HRLEAREERLE, Bl LAENIRERE
X RN RS EE M. TR ER AL H R R TRAE, 47
KEERNE, FRARRE, FEREEERR, BHERMETFEILA,
FEAHSSR, BTENLETRRET REEMNERAEST. TXG. B
SESHRB RN ER B ENREER . R ER G LT LR
BRETEAR, T LA ILIRE BT B AT MM B RBER . 3 LA R R
BRETRRRRE, ERENRRAIES, TRHRERE. MRS
HETHESN, WERETEMFRELORRK.

2.1.5 KEBR

KIERREHPHKREE —EBEUE, REZY. KGR MR,
EERBARER. EMETKEBIBAER, EXAHURRE. BiRE. &
HHURE S REAMOMREE, AMAZ—wBER, KOS RS 5
e, BERENTH, BURBSEHIEE . BT RSP &R A TR,
BB AR —AEEE, MR- MEE, TR MHMERERER, 0%
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F2E REREVRERCERHRA X

B R, BB FHREENTINEE. K 2-1 ST HERREEEY FER
HIKAE S o
R2-1 RRABRKEERER KRR

JRE R BREE(C)  HKABBE(C)  FHRBECC)  HHBHE(C)

AB 1050 1070 - 1080 1100
% 1130 1230 - 1260 1290
EKFE 1040 1060 1090 1110
R 1000 1030 1100 1150
EXE 1030 1080 1150 1210

KERREMSWFRIERENEIERER, KBRENER, SAPRER
BEARGERR, BUSHTRERTTIREE. G5, BRIRYIIH, BES
BIZREK. AMBIKG & BRIE NIASTEZRED, MBEFRERK
DR, KEMESERAZAETZN, BRSUPHRIERE —REHERER
B

2.2 TERSTBE*RIE

REMMRENRANER LN TEM. A TEVRER K> & EZLR
K, ATETREMTMLEGE, —ROXATRE. X TFREVERE,
EYRTEAREERER. &, & &, 5.

AREHBUIBTARMERGERMFANERS Y. STREVRT LR
BB ABRARIE, X AR RAERNEARAERS, BEZE
AR FRFRREAER KBTCREAERDN: —MREHTEARKS, 5
—AREHFERESRERMERNK. R22EHTEREVRERKTES
B K RE.

22 HERARERER N TRMT

FHMHE Cd%) Hd%) Od%) No%) S(%) Af%) HHV(MIkg)

b ] 45.8  5.96 40 0.45 0.16 7.6 18.49
EXFE  46.8 5.74  41.4 0. 66 0.11 5.3 18.1
EXG 47.1 5.65  44.1 0.29 0.02 2.83 18. 4
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WIRKF L ZA R

—

JREL P Cd(%)’ Hi%) O4%) Ng%) Su%) A% HHVMkg)

7 39.9 5.1 37.9 2.17 0.12 14.8 16. 67
ik 46.6  5.42  41.4 0.84 0.23 5.5 18.6

AR 455 552  34.4 1.97 0.16 12.4 17.2
KB 49,2 5.7  41.3 2.5 0.02 1.3 19.8

MR 22 TTUE Y, TRELVEFEHTHRESEELR 40-50%, AEBEX
A 5-6%, EEEBELN 35-45%, =M TELBALE 90%, FKKAKGFD
BHG. R ERMEERIED, —REUFARENEDHER, EARE
RREAMEMNER, UREEHRN, . &. SR T RIOYR &5,
KERKHTHIETE, HEENHENRERMEEEREHNEW. 4BR
R, SHEER, ROHER, RABER. REEYRPERREFERR,
—HRECEENRARLEY, BENLERYHVEATY; 5—MEEEHK,
FERYHE, EERRRETARRE. £YRPEEURILEYNRRE
T, SSERE, BEHRE. SERBIRPIERRRDR, CHFEEHAY
TREYREARF MGG 3 A RE.

ETRART, EREHUTE, BALSERN: K2 EERE
fER, EREKFTH. HEREBERESUABET ALY AAR. BH%H
B, ERABHAYERER AR ATEROREY; REEENS, &
SATBIHNE HS\ SO SO3 %, XEMEBRAXNLERIFHKEARR
AR ERMEGR, BhitE, SETE,

FHREEYFREOAE—BAE 16-20MI/kg, SHEMAL, B—HEETER
KA EGRR. EMREPE. BEBELR, HATRRBEERKR, £HE
BRf ki EZRNEEFEHKBNSLEE.

2.3 TU5H

FRO T HREKS. K. ERBMEEHK, HHERBREREK
SRTREVNFERHMABHLEMERED AN SR, TERENRALEY,
BB EIT HER R ERENK, FERERHEREEREE. R2-34H
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F2E REEEYFEAUEERA R

THEREYFER BT
R2-3 WRRHRENFTFHM I 47

FEFE KD Mu%) ERS Va%) BEEKCa (%) KIS Ag (%)

=ZH 7.67 74.8 17.6 7.6
E¥ S 9.67 80.7 14.0 5.3
EXE 4.87 947 17.7 2.83
HER 7.88 70.3 17.3 124

S 678 75.1 19.4 55

A8 10.54 772 21.5 1.3

5 9.61 70.3 14.9 14.8

W 23 AILUEH, FERE T EYRBEROER G —BE 70-80%2 [, T
EREBAET 20% BERNLORENRUEBNEIREFEEN, &
SEA T AR ARIERD, BAMLESENRERAL, ERAKRY
HERD, ASEREEEATHENEEEL, ERERKERNIRE.

>

2.4 S FER

ATHBMAEYR, RETHREVROEDICFAR. SHIER. NE
WRESH, RRREYFRHARER. FAEE. AREURDERKH MR
MARK. FERMLFERTR BRI SWHEN, KRRURHHEKLEY
BE—RINEPNZE RN E R . SREYDR 18 T T KB AL A7 LRI
RUGYIR, EEYRPFTELABRDIC, GhR, AR, KRREZHH
b7 | REWREZEREE AR, ENRASRLH S ERI LY RERHES
WRABRHRIIT R, K24 50T IILHE LEVRERELHR.

24 BREVERENEMER (FX) '

MR AER%) EHER (%) KEE (%) REYRKE (%)

FH 39.9 28.2 16.7 15.2
EXKHE 41.7 272 20.3 10.8
AR 35.7 18.7 30.2 154
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R KZ AR

- R — M N

X HER%) EFER (%) ARE (%) B RKE (%)

b 420 12.0 15.0 31.0

B
W 41.0 24.0 278 7.2

L

28.6 286 244 18.4

MR 24 FLUEY, AEREEY RN ECARTRSLERR, HKREE
AEENKRR. MELHURE, AERRBEEHRARNKRS FLHE, ZH
MERER, BAMEAEEE AFEERNKERERRENLEEERE, &
— S RHRBER CO. COy Hyy BRULR—EEK, FANENRE, L4 EK
ARE—FGE, R—HESRENER, SBARE,. HEE. B85, 158
SR, XERBEALENARZRTHAERTE—R, XAEREH4EK
M, A FREAEHE, EXANERSSE, TEEELZNSERRONE
M REER—AEEHFEERREY, REXBATRERNRER, FehEET
ENRE, SHMHASRE. LAERESR, MR, NERmHs
MKE, FEFIBIEREE 300375CREGEN; LAEEIEREE
225-325CHEN; AFEE 200-500CHEANTREENR, BHREER
HREX (A% 7E 310-420C @RS,

EYFRBIBTUERRTEE. LAEENAREIETIENSM,

2.5 KE/NG

ATBRAERRTE, EREETPEFRMTEYREIMIEPHE
RAZMKEENE, AENMMERRNAE, BT TRAREYRIFR M
BAR, TEAEMR. #REE. Wi, ¥ENREE. KES. T84
B DA AUARE. TEBBUTER:

(D) REEYFEMARES, BRER, KES— BRERERLES
FHAEHEER, —BARR, KAREHOR,

(2) KBEFMBFLENFERERER S, RRERE, Fitnps
BENSURNERERTHEK, RN ERRETEREENRRELRE, BHE
PR LRSNRS, BARNEMNREN. EAREEER. Haitk.



28 RAREVRRMEHERA KM

FENMBEREDAERE. A THRIEHENEEH, BREFABRMEM. Rt
FE T ER

(3) RHREVMRERIKIERZHIE 1000CER, IBALEE, PARN
VP NI e AR IR LT

4) RAEVRERREBIERR, HHERET

(5) RREYREEHETHKSED, BEROTER, {EEEGELYE
B—RBABKRSE, NTSIEREEENZHRENEETL, AHERKERN
R E ’

(6) NEAAEST, RUREVFREIELRAER, FAER. ARE4
B RPASZRAIBEBK, HRREAUZAATE. AR ENEIEREE
300-37SCEAEGEM: AL R T ERELE 225-325'CTRE N KK FELE 200-500
CHEHAYTREENR, ESREERRNXEEEE 310-420CTEAAN.
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WIERKZ B 2R

F3M RERESHENBIEKERARTY
SHERRETFR

EMRARRAREYRORD FUEVELEESRERE T ZHMAL R
ER, BEPRUNSESYFENLENTE. ABREYRSUSREREEMN
— AN, AL, 2R REUERR NS RRAYERE. ¥
BT, AETYHNEESRANEE. BSHESEH, =PRI R T #
BN RNEAN. REZHENRNERRS, BREFEAREES, Xk
= A R R B K 4 R R IR R SR N (8] A T SRS A R R
B RBRER RSN, FLERAF RIS LR LY RARFE N AR R

3.1 AREERAENE

AT BELH RS, BRREERKHRE, TREYREEES
HTHRERE, ELRZRIHBET —ENEYFRBRRE . RERE
- W 31, LYEENE 32, REAERE 10-15kgh.

B 31 AREERErEE

LIDRHE; 2 BT 3 REEE; 409305, S HUAKRE,; 6. GRSt 7.45M
B 8. BERRSEBHRE
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B3E RG-S W X B PR A Y SR 0 23 A B R R A

e

E3-2 AEEEXYAE

BEMMERZEEHUT/LEBSAR:

() EEMHEE FEORE. BHEMEES AR R. ek
FEB S AR E R

(2) BEERAEY FEHRMRE. BiedEs. al. maRet kR
BEARK. WERARN 80 ZXK, MEN ICrI8NIITI; NEIMUKYSIFE Bk
Y, MABRKEN 2K EMBLIMURRES: WENTAEEEHLR, H—
SR AL B, YR —IREE R i, AL A,

(3) NEABRE FEAFEFLERER. HHE. RERESRSE:

(4) F|REESRHEE XENYEIEAERRER. RRARE. K
NEES, FRRESARETNERSRE, EdHaBNEAFEE, BE
WAL FER, JEENERREFEE.

RS FEHTF B R BRURFINE 3-1 .

£31 HELRFTANRER R

Fs 2R B R mMe BREGHE K Hi&
1 BRI MA30 0-100% 0.01% WRYE KR EE
2 #HfE WRPK 300-1100C  0.25%t WA RN

3 ST ZWBJ-90/99 3-20m*h 1% MEAERSHE
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WRKZEFTEMR

g e T e BEERR i R
4 BFIR ACS-30A 0-30kg 13000 HEYE
H, 0-50%
Co 0-50% ERATHBRTR
5 gASBESTL Model 1080  CO; 0-50%
CH, 0-20% v
0, 025%
6 St Agilent 6890 A GEEEEE
BRAEEHER S
7 Tk SDTGA 5000
58
3.2 REH*
1. RREH

REREER BRRTF A THERS. BR. 45, HEHHE Smm
R, K9 10%ER, BROEXRSHFLE 2 .

2. BHERRFHE |

EEHRE, WARBHERRTEY, HREARAEEETEEME B
MEEEA MY RERB PSR NE, BIERRRAENEREERT R,

3. AARRIE

WEWREIT, EMRERHAER. RAEZNRRRAR: NTLMH
b, £MREERFERBEEKAR. EYFRATIENE R EXRiR R
HRERITHERGMIRE, TUEERFER. LAEENAREARTEL
figgm, SE=RYRNAREETEEMIEEEDY, RNNTREABRR
B, REBREENZE 400-800°C2 18], K MNA AR EZE 6-24min.

BARRPBEABUT:

(1) EHEFRE, RELR;

(2) e k28 B It B8 0 AT EE SR A o 425 B e 8]

(3) T Mg, RelRRNEE, FRErNERIRERE e
20min FHAT AR

(4) BYHMAZIE LD, FFREH, BB hgERREARRP S,
RRgmA, REApaESEs, ZREE, BRFIENLERES, B
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FI3E REAEE SRR BRI A B B R

NREFEWABERARIERES, M FARESBEREITMAZRERE
TR

(5) FRGMAN LI ERHTHR. FREKY TR RYE P K
SEE, SIHEE, EX[GRE, MNEALEMBGTYERE. HE. RE
#TFT—IARR, EXRELRSR, TRAFRR.

3.3 AR REEEMERNE TARTHIHRE

33.1 E&=Y

HEREYFEAFTHERDGHSRE, RBERNERTY BB EER
7. BERAKBAR, ERAEE. FEFTAARNNEEG LR AIFEE,
AREENE. ARRNEELFETEXRE. BEAMEESR o mRENE
3-3 fimR.

5 -a-400C -4-500T ~4-600C 504 —a— 400T —A—500°C =600
—-700C —»—800C —4—700C -»—800C
4254
0 * .
® . ® 4004
> .\N > Y 4
& % LETY ‘ —
& ’\ﬁg_\__’_——.
LYy o 350
u w e — .
3254
:b. ‘\4\-‘_——‘ : 4\‘_%—_‘\‘
I —
* *1).0 , N
2 ’\’\’_“
» 54
54— NN R [ N [N S S Sy I 250 Aoty —r—
6 8 10 12 4 16 18 N 2 M 6 8 10 12 4 16 18 N 2 A
RN & @/ mn RN # @/ mn
(a) TKH (b) BFE

B33 EAFRFRNS AR
W 33 LB, FRRARARMEL A RERARNR R TR
B AL,
ERFRNH AN, AFRRVEE TEENTRAERK, BERENAH,
FERBENERETR. 400CH, FKBERBEKTY=E L 40%EH, 800
CHf, BEF=Y=ENL 20056 BERENT R, BA~E2HETRRLR
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IR KEHEEA R

S

K, XRBEARERACH, KoFREHR S ZEROWRARE LT, Tmk
RUXZFEVYRNREELET, BERBENA R, RLEYREABHHEH
& BEAR, BREFESHRIALEDNTE. 5EXBHEL, BERRE
B, #ERHSRK, FUARABREE TRENMEG=IHESLE.

F—ROEET, BEERNAEMER, BE=Y-EBETH, BRLR
K, BEASEVRBRENG, TR, Bk NE XL~ E L nRE
Mo BIRRHR, ARMBEFEET 400CH, REAREYREMABEEDRE
KERENREBRY 1-3nin, ZEEREWFIN HEEAXRE, Hik,
| MRS AR AR, BEKS RN RET. . ESHAREY
B4 R LA AR AR /D

AT HERIRNRE, A ISR T AR REEH T ERFEHE
YETERN SR, FRERLCALHTE 4 F.

20

—B—400C —@—500C —A—goT
—V¥—700C__—4—800C

-
>
2

-
(3]
I

»
'

w. ».
v

2 HEPEROERRESHI%
-

& Y
> a4

8 12 18
R N 8 8 / min
B 34 fEETERGAR

ME 34 FTLUEY, #REAESE, ¥ETERRSELD, RNNEZW
R #BRNEER 400CH, FEFERBERKRAL 15%%4, 500CH X
1% 10%, 600CHIERHEERAN 5% MLUHREBETE 800CH, Li&d
BERBEENS 0.5%E4, "JLUAARBRIEEME.

L1e «

o
<

3.3.2 W&~y

REAETNERABRE, — B2 LREABETY, XRBIRES
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BI3E RS 8 X B R A B 53 A B R

— —

A ARBINBATY FERFEKAEMBHE RS, ARETHEAE: R
B EA KRR PR EUERNAERNKS; EhRAEE R =ER
KA FHRENEY), RAMAESR, SHNARNEES RNER. RN Y%
HEQBMEK. ARGERE. RERNERE T 5K AR A7 % 0 E
3-5 7R

o P —a—6min |
AN . —e—12min
2“1 A s~ 18min
S —v—24min |
N | =Y <o
% 404 §§k\
& N
jm 354
1:3
"
8 )
0
& 20 4
&
15 4
- M T y T y T ’ T
400 500 600 700 800

RM&BEIC
Bl 3-5 WA Dr=F Ko

ME3-5ATLLEH, A—EBENEEGT, BERNRENAR, A=Y
(7= B BT M MIFE R — R AR T, = I (B 0 A = 7= R R AR D
400°CHY, WAAF=YIRIFZREEUT 50%, T 800CH, F=RBKE 16%4EH. MEK
W, MERBEFEYHRERE, HREDOERFRBIER M ERERENT: b
ENFERERE, BRETDHREEFME, THEIEHA.

ZHURELRAR, REFHEXMMBEOAR, EYRENTRBEXE
EFHEEHTBER YR, BESR, THOERMYREE. ARFEER.
A%E. AREOABRFERETMNE, SHMRBREIXET 400CH, K5
ERUEDRCEN T, HEEEARBREEAR, REESNEDRPITH L&
BRI, BRESFUH__RRNHET FEAR, KAFAREYRIA
e RELE. TERSESHBABR NG FURER. . 3X%, &
X SWMBRN, F2BEH—BAIYFTEAA /N FABREE, £
SRR TRAE AN KBRESERENEMREERRN, BESR,
TR I AR DTS, 13 R D M R 4 PR A AR AR 7 R BEIRFE O T R T
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IWR KL EAR X

EBTR, MABGTDTKIYERBRED, BREYREEFNREBLRENR. 5
FAKRY, RFEEE 500-600CH, EM=BREK; 7 S00CHEMMBTEE
AE. B BERUEY), 600CH EEAREEMANR, 700°CH H— L3
7)) U

3.3.3 4=

RESEFEYLLA HERBEEHTFEEE TRE=Y. BT RN
8] % E A=Y RMB A=Y= R RAK, BEAEN S G- EEREAR
K, WA ARRMEEZETEXBHSE=Y=FLE TE 3-6 9, Y
=& e ] T BX 18min.

70

N
N\

kPO MERB T/ %
8 =
-

-y
3

. 1 i !

ol . L N ]
400 §00 600 700 800

EEEEIT
3-6 AR RMNEETAE"W-ERRARR (T =18min)

B 3-6 87", RNBEEMSE=Y=EEELENEZW, £ 40CH, =%
{&F 10%, 800°CHf#IBL T 55%. X Rt FHMBARENRNK S FHRAKE
VERESHFNLRE, BERENOAR, KGFESHMRADMTF, NTIFES
B,

ERTAMSAEMEES Hyw CO. COp CHyw B2 Collh . CoH,
FEARE CQHy CH I Ci+ % (CGHEA FRPBRETFHERTET 3 MR
SAK). BREHE 18min. AR RARE T ERERBESE=YRSW0E 3-7 B
R, SSOCRICIRE. AFE B AT EXRBERESE=Y RS 0E 3-8 Fix.
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TN e 2 1A719°

L)

a0
p —H, <0, (0 % o =007 it
. - - Créh
£ 40 —¥-CH, —+CH * = =
~ ~ 304
B 35 & \\\_‘
& L & 3. e
o 30 \\ i
% %
$20 ¢15 v v v —
15
. %y
10; -2 R
r 5 ¥ s +
S — 0
400 450 500 550 600 650 700 750 800 R A R A A
REBE /C K% & @/ min

B 37 RERSBEEMEL (r=18min) B 3-8 KERYBENERZEL (T=550T)

ME 37 LVEE, REBEMNRSNARGEENEH. FEHEIEEEM
400CHEE]800C, KAV H, EBEEAE, N\MEAAGEE 35%AE:;
CO #1 CO, ZEHNME TR, 27IM 32.8%. 43. 9% FREZ) 19. 4%, 19%; CH, &
B M 8.3% EF 3 18.8%; CoH, K1 BT 4.4-7. ThZ[8), L7E 500-600CH & &
BK.

ZHUHR ERRE, RETHERBEENTH, BRKULEYIHEATE
BEMBRARRERBEMSP, AT H, EBEE LF. MBBERIKH,
COMCO, S BE R, RENABREYRMARENELAERSUELEMETF
SERENAEERA BRE. JENRE), XLERAERKEE TEIR
BRI TEE, WREERK COp BEEM CO. REFR H0', BERE
KIFE, ENSESHAKBRREZRRN, HEKEETEEK. &P
CH, (IRFEIERRE: BKEFEMEFERN., BEEEN R Eg RSl
9, {RBEEE, KO TRELSYBEBLN CLEE, BRN CH B4
B, ERRENAS, SAE=YP CH ARRENRARXERNEEERMN
43R, Colly WEUFERLUNTFENH, —FHEHEAS FHORESRBEN
CuHay 55— CuHa X2 CHy 1 Hyo

XL 3-7 A1 3-8 W[4n, 5 REEMLL, BEEEXSEFYEL I
MENIZ . HEEHENEMNEK, H, FBRFEHM, COMCo, EERE TR,
CH, M CoH, AR .
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WARKEF L FAR I

3.3.4 AEFRENRAMR DA R

AT WBARMREY FHRE=WIOR, K RMEE 550°C. 58
18min F KK, R, TeETRB WIS HLE T E 3-9 F.

@@=
B iRIE=Y)
0 Si55%)

ERA Tt %
B39 ss0CRAREMRENAM=HNAHERE (7 =18min )

M 39 ATLAE W, HAMBRELE SS0CH, ANFA YRR E &P
== R BEAEE 35-40%2 (8], SAFWHEAEIE 20-25%2 18], ZiHER
—AMEREMARAREE T, REREVFRRARMHEMZEFRR, A
FHRA —ERUE. ERBTRET, R B BRI G mE K
R FRRPER DU RAECARSGH, KRR SERFHNFRERS. K
WRAEYFRIREHE R 41 & B —REE 70-80%Z 18], R G EEAE Rt
PG T &M TrE (0-0-, -CH2 %) &M, XREEHETHASE
RESEERA. BWREMNR NS ERER. K. W B=#HEYH
fi LRDBER EER M T RE T E R G G EWARE K G & BIAR
Fralie.

3.4 ARG

PEREVRUIRIFEFEER DT, RREREN, 2EYA)E
SENWER RS RRBYTORIE. A T B ERBEM LSS, ARAAKK
PRIEEE, AEARRZNBIIRABRR S T EEMR T RRREV AR
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$3E RNEESHEXBIREYREAR=Y S P RHR

e re—r—r—— —

. RRHARYN, ERA—KEP, HARFTYIHEHBEKN R RRENR
Rl BEABER, BT REEEVREARIREE TSE, Bk, @
E=FABEFEY AR RE, ERRE.

(D) EMREEBHRABEED, WABFYSHEHBRKE RN &
RRNEE, BTG/ NEY RN EZRRDN,

(2) BERNBENRE, KO TFRALEGYESRR, BE. B~y
FEHETR, SEEWEEHE LA, £ 400CHEE. Bk, SEFY=E
SR 40-45%. 45-50%, 7-10%, S800CHIE/k. Wik, SIEF=Hr=%4 B4
& 20~-30%. 12-18%F1 55-60%; BEE RNVAEKIEK, EE. Bk, SE=YH
RN R R VEEREEL, ERLIEERD;

(3) ERNBENAR, FETERGEBEKREE. REEEN 400
CH, ¥EFHERBERRA G 15%%KHF, 500CHKLAHK 10%, 600°CH KLH
5%, MILHBEETZE 800CH, FEPERHEENSY 0.5%4k%;

(4) ERTHESAFYEEH Hy. CO. COp CHy B CoH AR, BE
FEBENRE HLEAEEE LA, 400CHZA Y 3%, T 800CHFEE 35%LH;
CO #1 CO, £ B S T, 4RI 32.8%, 43. 96 FEZ] 19. 4%, 19%; CH,&
BN 8.3% L7 18.8%; CoH, K& BT 4. 4-7. T2 [A];

(5) ER—HBXEHRAREET, FRAREEYRERNS. #. B
ERREEYZ AR EEREFAR, REAEEYREHARERLE —E NI
#, PEERIEOTREHNPERGHE. EUAREWTKE LG HARBTS
.

RERARERABEET P AAEKEERSUTZMRIT. AR IR
PRI R MR A 1 ¥ B RS R B R e T E6t.
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WHRRZE T ZAR

F4E LHPAREREVREEHSURETR

41 £HREFMS AU IZHREE

EEYRULREY, EHERTHARER, TRHRTRER. £HERE
B ESE, KT 200CHTHAR, RRERREG. FRTEREINEKRES
R, ETHLE, EERSEENRASRE, EWARLANRBEET. £l
HFEERKER LR T EMRSUE AR EIACN A, BN %R TRk
FEPARER AR, ARk LRI a .

RIBEAEHRRTH, PARRERERETE: — P RARE, — I EE
BOEALTRIEAT BE AL TR AR - KAUAR TV B P OB AL AR BR A2 1R A SCEL K 3RS
EIBIT, TERERERENNEZERK, BRUAE, TEHELHE. ARER
BREMREZNEER, AENRIUIEFREX B ENRBEFRRF A
R LA IR E . RMELL AR, TRRE RRERFAEK, H#E.
%, ERERNEEVEFE LA FARRAE, MAREFAELX, ZEH
K& R IRE, SAPRIERRRERE—BRE 800-1000C, MHHFZEMES
RAZRSH, BURSPEHITERR. ERASAPHORSFEREE
FEHE, WK 0N, FTERBMTFARSLTLHTREFHEF LA, &
FHPARULFALTRREX, RITEREERNBEBM_SEMH: TR
REMPHOBRSERETERD, 40 29N, FTRAKUPFABESTNE
FgEfRER, MEZERATITERELERK, €2 —ENEER, Sk
AT HERERER =AM, TAUKSLPNTREZE, PEHORSPE
MERAN 6gNm’, FEN_FH=REHCHS, EYRERERD, &
KA EBE, ARIESTHRSERR, ARERBGERANNRSE, EREE
RXE—-BEEFRERTELR, HRRT. WRFAR, BARNEREH.
AT EEBASRE, BRAZRATEENHEEERNBAFNRENRE.

MXERGR BRI LA AE, A T REEHRRBRRENE, BANEEE
SR T -HREBRTLIZ, DHBRER. FRAIXEFLTR, BRETELE
EREFAP, FHRTZTRE, FHRTEELREREBSUL, ERAET



F4E SPABEKREYFREHUARFR

WHBT R ARBEEBUEE.
RIBATRSHTE, ATHEMEIHE FERA—ARENHEELE,
ATERZ—BH, RULFABEERNBEZ RPN, FEMREAVEYRSE
B EAZAMRERLETR, DHASPATELRRER TR,
AEEBTRABCKRNE, R T —FHEESRENIPREBSL
IZ.

4.2 HPABEEREFERSUHIZ

A AEEKEERIUIZEEUIERF M TRABNELER L
SREYE T A AN ST AP #T. SR E T E BRSNS R
HAN, BNMTZEEMARE. SAKE., dEANEKE. AAEKENT
KEENABS, TZHENE 4-1 Fix. -

sr |
I—_J ‘

E4

—
- 3
XK
MRS |~
( FR g _ " |
i _._T ! -
|
0
St —e{ 0 O o) ot
SRS
X0 ams

B 41 APAREKENR T EREREE

AP AERKEYREEHUIENRETERENR:

EVFRERE M REANARRNAE, ESRFERERTRAEEBRRK
5, BMERENAE, AREVMRNTER. FAEZNMKRRERZHHR,
FERBNBHRRETH, BRI ES, BRMIFEHFEE, RAGERES
%, ERGEMN, YRESMNERT AN AMESE: 2#=Y (BEAES

41



WERKZEE L FA R

REALE) BEATULRRE, EEHRE R T FH, SRS L
3, WELK, SEANTUARREBDOMERE, KHARAE, B
SHAA RN, BESLKNEE, ERRBERIER, A4 TERX
YRENFGHER, R MEEmAERHERENSEREY (BH COy CO.
Hy CHi Npv HO %) BAFEHRANRE, BE5LERETERN, BT
FERR RN RHTE, B R RAT, EEEE A, BERNER,
SERAE AR, RSSO T RSB B A K,
EHAR RS A R BB T MR EA S,

PR LR A R AR E BRI

EYE—ZR L R NS TR,

VREH—T s~ AT
ERMR R ER RENEE RN
¥£+0,->CO,;

¥#£+0,->C0;

2C0+0,—>2C0O,;

2H,+0,>2H,0;

#4140 ,— H, +CO+CH, +CO, +H,0;

gt —BB 5 0O+ CH, +C0, +H 0+ K«
ESURNBHERERENEERFALE:
C+C0, - 2C0

C+H,0->CO+H,
CO+H,0-CO,+H,
C+2H,0-CO,+2H,

CH,+H,0->CO+3H,

HETRABERSAFF, WENTEREN, BINTHEL, TR #&
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F4E PRAEEREYREEHSURRHFR

e e

. B, BENAIEFRARD Y, MALEFERHRXX, 4FXERREK
EVMRSUTEAAME T RABNENERSEL FERNMERPHT, HE
BERR:

(1) TUERBHARMEFY IR R, RIERENRERE

K AMMBWTRIITHEST, TURREHRNSE, #ORERELTE
EZE LROMETHR. RESIHBUE, FIEREENRN S REEMRE
FHELE TBRRBR, ABRFYTTURESHFIEURHANTRE, XL
EMARALRELR, FAHBIIRENRHEFSE, RIEEREMNRE
g, EriEeRRBE ARG ERS.

Q) RELHMR, BT

AP ABRAREMREREBRIUKREDRBERNBNSURNEER RS
HETIRL AMERINEEHIARE R FRIEHEESS, SUREENERHTRR
BER, BEASERASEHER; RIREXSRATRERIER, EETTE
FERHEHRME, SURNBAFTREFHEE, REUFBEANRNT, BT
AAMEERATHATRASMUPRER L, BHETHEA.

(3) ERBRNETF, RANMBETR, RETERENHE

HTREREVRERER, B KDIEHNBEK, EEEKPESHAR
B fLR. THAGRERS, NTSIRRNFL. =S HFRE, XABHE
HAHUREE R, MET URIEAR RN ETRE, TEE LU HHR
B, TTERBAMRNRE, XRTEERRNSRE T REREN .

4.3 RBRRLEEN

KiELRTE, RHHBIALT-ENPABRREDRIREBTULRRSE,
BERGOEMERE. MARERE. #UANRE. ERRER. BRRE
B HERESEHEE. RIKEZLANEL.

431 BERHERARE

RERTEAEAERAAE, REAEKPMIERERGASE. ATRT
RERAABRANNRE, GEXRER, RAAEENLEREI Y
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IR KFEZA R

— s R —————
——— =

40-60kg/h. R BT T SR IE P AR BE S = AR B MRS

1. BEREHREEI

MAREZRBRENUREHXBEORE, HEERFTNE, REE
R RN RS R2,

PRRNBERHRZERESEE, RERHLEE. RREE. YHH
REY. FENRASRAEZERTEREER. RENBHEYH, RESHEHE
B YR P OB RSB F AN RS, RnssMNIESEEn®. A8R
&GS RN EEE, —RSREENARE. PRERTHE R
Wit RS, REE 6-30min A, MR Q235A KE, SEYE
F 1Cr18Ni9Ti.

S RREFERAFGEOMTRAB RSP ER, PEERRESNEE
B, PREEAEKK. ERX. KB, KE. HSBES/BIREZN. £
K, AEEYESUNRRERET BABERN, BRHOBEMNRER
%, REERRURE. SEATRAERKIUYPAE, SFRNEARKIIUR
NRMEAXUSEEANE, LERFHENAR, SABRSE=PHL, H@
FEEEREBL, EEHRSIRMERTEEUTITAE, SERARRNEE
ATHHEE. RESUNRERBT=Y — LB IR SBHERE, RAELR
NEREFEY, MEEPARSZEBEEED, BRI T RIEREE>Y
HRMEE, AP AEERTIUR LS PEARBEERTAEIUPFELER
HE. CRRNREFERRTERRNEEHTHRE, ZREEFEFHE
BE. ¥ENE., RNEHE, BHE—HR 600-1000mm.

2. RERERIH 55D

EEMBRETEONE. BRSEHEH M LRERNAR. b THLEY
EHER TR, BePRENMBEATG. MHEFREETRBBINEERE
#l. BEERL5XK, ®1X, WA -4 MIEHERE.

BURAHEECRERARLE. FRTEBMEEKXAHE. NP H
KBS —RTE 400-500°C, HHEH—E B KT, FEFULBEAREHER.
HFRSFLTFRET &N, 2EEXEXALTARE &, B&THEKGEE
BARE KISR0 E . RRBREBEMEAREFER; RAKRLBRIH




Faxw NPAEERKREYFRERTLRRAR

i

P, BESERW SR FESAME, B RI%, RAE&ERS K. W
KRAHBZRAEMEMEX, HEEE. |

B RS E BB ARG B R, B s 4 R A,
BARBERNBZESN, HARRNREFFGRE. 27HE, LEBHAE
400-600C, L Z TR RETRMEN 2. 5-3kg/h.

RAREBMEAREEENNIG, KPBARREBNFEELTERN
50kg/h, BETLIEES 0.7MPa; ERKERBENMFIEN, KATERMTK,
HEF=BHN I0Nm’h, 4R 90% L, HOKSH 0.4MPa.

3. BRUEHRRRA
AR NS RERK AN RLWE 4-2 ZE 45 Fir.

(a) ZEX48% (b)) —BEX6BR%
42 AEARARKEYRSURETERE

B4-3 ERMEKE B44 BEARER
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WA Ko7 1 2 3T

45 FARERE

432 FEREEWR 21

ATEFERABTERTHEESY, XREEHORESEHU TSN A
L, RASTBEMM ARG R, NREFPHEE. EN. BRIFSH
MBI X BRITRE, TENEASKIOET, SUN L BEERT
& HENEF. PEEEXAASER. ATRRHHR, REFRENE
N BEVSSHRE 4-1.

K41 BERTRE. AU —KR

e i KRS PrE e BrAR
1 Tl R AT O 3 e iR T
2 T2-T5  SAP N LB TRIRA 4 4 i f TN
3 T6 SAP AN HA R TN
4 @\E T RABRERAEH #fE T
5 T8 PR N B SBIEA O Hrifi TN
6 T9 AR RS EE S O RER Wi R
7 T10 E Y IVNEL ) RER W B

8 KA Pl ol Ak St ad THEH
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F4E HPAFCKEVREERSURRHFR

— M——

s %3 KRS i E e EFRHA
9 P2 plia et Ehfe#ad TN
10 PP ERABASHO URE  RHER
11 P4 KABREBHO URE RH &R
12 P5 REUFWO URE B8R

4.4 BRAZEESNRNE

RIBLFr&M, RRRAEKEHNER, BRRATRE, TFR®E, BRH
BEARHELSR 2 E,

44.1 BEBR

1. BHLAR
BHRREAEFAREL RN, TEARONEN REERREEY,
e —BER B AL TARSTHLEXE.
(1) R RS R R S M R F
RIS B FIRRIBF LR, RN TR ERRE. TR
FrE S SRR T B U2 MM R IR 42, R 5 e
B2 R U 4-6 FR.

n /'
- 60 - -/.
Se e
o A~
p e
20 _/'/
R S S S 2

B R R E rmin’
B 46 ERMHBENLEEESISRER
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R KRZELZMR

R42 FRAZGEESENEREE. BUHANXR

MEEFH XSk RXEE  WABEFHE  BELE RXEE
@Y ##@min)  (min) HEN ¥ (r/min) (r/min)

0 5 0.5 12 13.7 1.37
4 6.8 0.68 16 17.95 1.795
8 99 0.99 20 25 25

(2) FR5E M IR 2% F5 0 5 D RHE B (A ok 2
AR RN FREBHERELH YR, BElREENTFRABEARE,
TSRV REFiR R DL 2% A (05 B BT 18] o FRE TR R U S i R N B8 0 e 3
ZEMRAERLR 43, ARRNBLEFESYREENEZEHXATE 4-7
B
R43 FRIZEBSHEENBERERNXR

MEIGTFE: MREE AESEAE  #REE  ABEFE HeEE
P8 (r/min) R ER (t/min) B (r/min)

0 1.1 9 24 18 44
3 14 12 3.0 21 51
6 1.9 15 3.7 223 5.6
30 - -
25- \
c : "
E
-~ 20'
5 E
& 15
w ] \
Z 10- \-
§ ) \-
\\.
54 e
I T T 1 I 1
1 2 3 4 5 6

AMR N ¥ & & HE/ min’

47 FRRNBL R SWE SRR ENXR
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F4E SPABERREYRBEHSURRFA

oo et

2. BHLAR

ERFERE, REXPHRTEETR, BESLRNAXREES; &
bUEBN, FFRALFKR. Bl AN EREEHH, RESERARERT
E%: REKHELKMURBESR: RESLNUE. AREMRRFERERT L
TEERS, RIIBEEE. REREREREBLEY,: #TREASEURR:
B Z R MHEAR REIHFF BT R E

4.4.2 BEHRAS

MRPEMERTN R E, SBEFEFE GB 12208-90 (RHRSTEMH
MRLEEBMREFE) #1T, BERZENE 4-8 Bir.

i 710)]

48 MMBMERE
1. mn' 2. m##’ 3. ﬁi‘ﬁ*ﬁ!ﬁ‘

WARENUL—ERENRSEIEMERMNERE, UERTENEHHE
MRS A SHER, A EHRSPERELRNEE. BN, REAER
BEAMR, LA 3.5-4L/min AH, BHRKEREEASADT 2mg. BEKME LB
BARBAE, DENERETRSHIT TR, ARCEHRRMEESHKS,
F& 2h BFHE, #4T% 0min FHRRE, BEENERRAREZEZREL
0.3mg H1k.
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WRKEELEMR

4.4.3 FR{EE |

BT AR EAAZINMANSE BRI B3R HIHE. 2
FrRF. SEDHI BHP%, BRAK 44,
R 44 SPABRKERMTARERRAT AMALS

R RE EETH BE g
1 REKD DX MA30 0-100% 001% WAPEASEE
M B EH
2 N WZR-1T W EMERE
3 BTH ACS-30A 0-30kg 1/3000 /LSS
4 RFRF CPA225D 0-220g 00img HEEE. KERE
THEREREHE
5 BARBHEH LMF-2 0-0.5°m  0.025F 5
EZRARS TR
6 FE N KY-2F 0-25% 0.001% i
FELWAMS Hy &
7 #HEAESHE QRD-1102A 0-50% 0.01%
Bag
% ELRRARE P
8 AR HESTI Model 1080 €0 0-50% 0.01%
CH, 0-20% CO. CH, 85§
9 Stk Agilent 6890 BEZ AR
10 HREFHRIELL XL-100 0-1000°C +3C FRAKPEKE

4.4.4 BAEFRRITHE

MRAREN P AEEREERTUERE, TEFAARRNERE. ELER
BE. HEH. SUAIHEFERNRUOER. RHTE. TUBESHRE
MM, RS BREMT:

(1) WEEEFKDEE, HREHFHEDARSFHER, 8.

(2) B#ARS: FRESFIRH. BEHL, BaiRERNE, BBRIE

B, FHHBRNSEIANDREEEEMNTER.
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#48 SPAECKREVFRERLRKFR

I —e————

(3) BHAK: HHRMRNBRLOVREEETERER, FEANKER. ¥
KR BEhEEMEE, REENEEZMTE ABRZRANER, #5146
PR A RIFEMAERES, RERE L AER.

(4) BITIHE: ONEAUYAKERE, EHE%, FHEEROLHE
BRFFE 300mm 24, WESARRE, £k O0LRERFEE 800-1200C2 (4,
RIEY BIRFEE RIS E, RIERTRE; ORBREARAHKRE, REABR
NEESADEE. RABRLBMSADEE. FEANBSADBETELR
HEN: QOREFHR RGN, ENEPH. FREAREBHKRERL,
EEHR, RERZEEREET, EREKAE.

(5) Wik: HIMBEBITE, WE—HER, LREZTIRRNEMH, #
WRARHE, FEBEZNARNMER, HKE. HSE. RSKS £l
BERKPAHKESE. MRATER, BAT-IR, EFZLRASR.

4.5 BEESERERRER

451 RNEEREW

ENPAEEREVRSMLES, RNEEEEAEXERE. FAXEE
MEREXEE. REF 3 BRRERTRH, EPMEERBEETH=WHRE
MEANERERBRNEE, &ENEZRRD. ZEEYRSURMBEHA
PR, AW RNETRE— TS IMENE R R, BT LSRR B X B4 =
BSAREE— YW . SR BRI, R R AR %
B, SURKBEANAEBRNENERRERMATRE AUXKERER,
ERKEE AN, ERRN#THRRABES, RE—BEMNIE. L4
BN REBEEZ KA AR RG], BEGSEKEAUT. Bit, REXEEMNH
BRFHGFNEZEREERZ—,

TREBABRHLRE, ELFULBTESRGIZ, FRARERTLL
HHRGERM, ARRRERABREEBTENTEES . ZFENE 3 ERAR
SR REIBRLEETREBNAREE, S4REMH. BN FH%EHE
BHR, £oPAEERREHUEEPRBEERE 390-550C 26, FH
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WRKF B2

FEIRETE 12min £A. JUFBTZIARAA. YEWE 025 8, ARARK
BETHPABARRERSSUKMREERNE 4-5 Fi7R.
45 FRARNBETRAZS &SR
PREE EWBRE CO CO, CHZ O, H; M R KA
c) (T) (%) (%) (%) %) (%) &MNm®)  (mgNm’)

390 805 1.6 125 382 21 9.4 4130 276.74
410 888 128 133 355 16 107 4306 109.32
430 902 13.74 1528 328 1.1 1222 4473 84.66
450 932 1458 17.8 295 093 1436 4669 48.89
470 951 15.14 1742 277 072 1587 4826 15.33
490 973 1587 1726 2.66 0.65 16.65 4955 12.56
510 988 1623 16.87 282 077 16.95 5102 10.86
530 1014 1642 1652 268 0.69 1739 5113 8.11
550 1045 1687 1638 278 083 17.56 5231 7.22

E: RPESERAGRE ST H

%45 TLUE, BRE—TH, AREK. SURKEREMRTHA . B
MEFEEENLW.

EREERTENERT, SBREN 190CREH 5500, HAKERH
BB, A F AR AR F AR, FULK KRS SR
SE, MERERES, FHOISRES, ERLETREN SR b
2, FORKREREAE.

B AR R AWK ERNTE, FRAT CO. Hy & REM, ERKIE
EENRE, CO, & REMMERE: EABBRRIEH, MERMRENFE,
CHi O, & BMHE, LHBERAT—ZWEE, HESREHETHE: BTHA
EENH. XRET R RRFE, MEARSAENNNE, FLEKRE
BRMEMRES, MEANKARNEN, AnlEsEERRN, TEZE
B, EEREBRSATAEMAS, EikCO. Hy & REM, 00,4 Rk
WIERE, BTRMERE, Fs RAVEMANERENR N SR 0 LW
B, REHKEEETE SEH—TBER 0,k CHL NS BLIAHELE
.
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$£4F HPREEREVREEBSURRAA

R

MR 4-5 PRALEY, REBEMEREAKEEEEZWEEK, SELEK

BERT 900CH, BUNKRITFEHRREEENLGRER, YELXEEE
950CERR, BUNKBRRFEMERLETEE/NTER, YSUEEET
1000CH, B AFRMRIFERRKLAEBELNT 10 BER. XREAEES
H, EHRRBE, REEHBBESFTEEFHMMIRE, BREMEATR
2HARARAS, BRE KRB BRANAT A a, FHiE ks
w, ElMRREAEHD.

SR 4-5 PHEE, LHUBSARUNR. BB 0.25 , BRESAT
R AHRB T 450°C. SALBERN 950C, RS HEZE 5000k)/Nm®
kA, BEHERMT 20mgNm’, SAKE) 72% XHICER15] (931438, 5
EgE P, SPRERRKSUBERFFRIERTEARERE L 48
BREm, RRMERERHE.

ATEA N REFTHEE, MEEXBERESENFBRADHKENS
DukHE, FELEEDBHRE, RRARIRTRE, FEBDRF#T TR
PR, LB 0250, FRAXFEE T KEHXSEIIAK 4-6 H.

R 46 FAIRABHXSH

BREE (C) AHEE (C) BHEKE®%) KPEHE®%) - BKELE (%)

390 805 8.02 76.8 88.22
430 902 1.54 69.4 89.99
470 951 6.96 62.7. 91.65
530 1014 6.52 56.5 92.95

EEYRSALEF, BHREFRIMRERR, — T REHFHARSE,
B IRRERMNGEE. AR 2208, EXETERSTHXEEN 2.83%, &
iR 4-6 BAIATLAE L, BEERNEEREM, REME, HARMKTESKE
HEHFRE, BELENF. EDPPABRRKREBLKET, BOELRE
HHEE 90%LL L.

452 HEENEW

LEUEBEYRESUIETARENZSE (AB) 5xeMRITE
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UIR K LA 3

MERZAE (BB i, RASGANEEZMER. UHEBZS NS,
PREREFIELN 450C, EXTEAALBEAH THAMRRE R LK 4-7.
® 41 ARLRULEH T RAARBRI AR REHE

‘ . EmR KL
ER SHAXBECC) CO®%) Hy(%) CHi(%) HEKNm)
(mg/Nm’)
0.23 890 1625 14.14 3.18 4954 105.26
0.25 932 1458 1436 2.95 4669 48.89
0.28 1010 13.78  14.52 2.33 4318
<20
0.3 1080 1345  14.84 2.09 4208

MR 4-TATLLEH, MEXELM 023 53 03, EURKEEARE, RS
FCO.CH, B TH, S EREMMN, RINERK, EHEKLEETR.
EXRAABBISYRE—ER, BELRILKNRE, SUXMRemrY R,
LR ERL, REEHRBLRN—Bo AR, BEELXEERENE LA
BB, ERANERK, EBEKLARTE. COSETM, £FX ER i
LG, EEAXERN CORBHERD, CO,FEMM, REAETRELER
—#4 COo, BRBFRERNEEE, EARTE, NANMENEHERK, B
LACO BB TR, TRIRAZH DR B TFEXEFREEERXEE B
NRE, EREMME; CH AR TREHREERNIENERTEBRBE
R H, SERAE. BlRHE. RNEBSHAEANER, RABIEHH
RER BRURBIMRNERERRA, HAERERME.

4.5.3 AHIFREIZW

EEYRSUIED, FRANSMAUTEZS. 85, ZR-KERS.

HE 0.25-0.3. FAEEE 400-500°C. KALBE 950-1050'C &M T EXK 0
FUES. BESS (AERIRE 90%) AN FBRNRIRITIAE
4-8 h, FBRBREAMSHSHRL LA 4-9. B 4-10 FiR.

GEMHE 4-8. B 4-9. 410 TTLIEH, BESHE ESBERE 90%) Sk
BRERERTERAM, FRATSAUMRSIMET 42-53 MIND', BEX
SRS HETE 7-9.5 MIND . LU EESEASKA RN, BRIFHH
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F4E SIAECKEDREEHRBITIA

—

CO MIRWTEEAE 26-38%2 8], HEkzhilm—3, MERERILEE 1: 1,
BHREEET 60% B—HRANUIEHS. BTHEELSEEARS
Hge, BHSBRL™ R B NERRN —RALH, FUEEESHL—&
RELLERUSRBEARE 78S .

R 48 T4, BERUEAUAN ST E KRB

RS LAY (vol%) #
Sl kS
H; Cco CH, CO, N, 0,
Z5 13~20 13~20 1~3.5 12~25 45~60 <1.0 4.2~5.3

ERSH 2638  26~38 05~2 1625  8~10 <1.0 7-9.5

o84 3
2 -
1 9 o -+
] g
2 ‘ % 4 |
%
3 §30
124 %
ol T 55
2002 a
84 BCO r 20
Cl
L 15t
«
' 10
1] remremrrprrrmsssss ™ e 388888888888888888888
) R LR PR T LR R R E
VT T o “on
165400 16300 170600 17060 17400 112600 11400 172840 17:M00 1780 AoNNANNANNNNONNNEN0 T
KR 8jd
B 4-9 TSR —NRBAERS 410 BESEEE—HRBL
kg 1A CO. H2 R34 ik

R, KBARBRSESRE—ENRBEM. AT HHKERESK
SRTIER, HBUBSAULHE, LB 03, EHEEHAROFAT,
WARTKEEMAHEER RS REMKBRERUER, HERIIAK
4-9 F,

ME 49 FRILIEH, KERMAE, SEUKBRERER BIFTH 58
HERE, COSRTH, CHLEREN, SARERE. XREAKZKSIA

B, 2EERFTIIRNARE:
CO(g)+ H,0(g) © CO,(g)+ H,(g) (4-1)
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WIRKZEE 2R

— — —

il +H0 — Hy+ CH + CO+..... (4-2)
CH,(g)+H,0(g) & CO(g)+3H,(g) (4-3)
C(s)+ H,0(g) & CO(g)+ H,(g) (4-4)
C(s)+2H,(g) & CH,(g) (4-5)

KEREBRMUBRAREAE, BEEUXBERHEK: MRS ELE
RRE, KBAMAREEZRONZRH MR, B (4-1) # 4-2),

R 49 ABRMANEARUERS RIFROZILESR

; ARBRE A (vol%) #
e SRR SHXBE vo B AE

() H, co CH, (kJNm’)
an ! 1080 14.84 13.45 2.09 ‘4208
IR kK
1042 17.6 12.18 .68 46/
(KM 02) 2 26 06
ot 1135 16.38 14.62 2.24 4587
IR2 K&K
AR 0.15) 1108 17.65 13.54 2.79 4827
4.6 ARG

EAMRSUSES, ElrEETFARER, TENBRTRER, HLREE
OWEARE REREENRRRENRERE, B8R EEYETE L
ZX, AERHTASRUER, KAETRABZHRLY, Bt THSRE
EREAHSATE,

#HREERIUTELRRHUUT RN T RAENENTE B BEE
YEZE LM ATRT, SRASRS, TR R K B
B, WOXRNKYEZE EHAETR, ERNSTHEMRS: BHS
SHBELUR, TORE I 5 R R BT A BOK B, SR 4]
URASRFTEURFNTER, ERETUEMG XA AR, A5
RISRENREISE, FIFEREHORERE, L8 % E R A E)
EMEERZ.

KELERTE, BAIT-E4SAATREEMTLEE, RILEEHE
% 40-60kgh, BERAAEMEEE. MUREEE, BUANEE, AR

56



F4E SPABERKEVRRERTUERFR

——— A —— R — - —

E. BARESR. JERESHHEE. RIVKRZLAES . EERERE
RELHITT—RIMEXHR, TELZRTRNEE. YEH. SUARESRH
EXERRAR. BHAR. SUNESRENEENE, FELRNT:

() EXPRECKBERTUEED, LRUFFHLE—EH, BIRD.
HE BREPERSEEEAREERRMEX, RERE. YEHERENER
REEFMXMEE;

(2) HEWL—ER, FBEEMEREM 390CREE 550C, BEURRBEMZ
wm, REME, SRR, REMERN, HRERER, RELERRSWL
BEAE: FHEFCO. B, &M, BEKEEENHE, CO&EEMM
JERRMR; EARBRREN, BEAMBENAR, CH. O, FEMRK, LR
BEAE—EEE, RESETLETHE;

OZBFEM LB 0.25 B, AR BT 450°C EH KB EEL 950C,
FERSERSEDMT 20mg/Ne', MIMELN 5000k]/N’, SAKE) 72%, B
FACBE T 90%;

(4) HARRBEE 4S0CEAR, BHELEIM 023 £ 03, HULXE
EE, MSH CO. CHL A BT, L, 3 8REHMN, EHiETR, R
B

(5) H#gSuitt, #PRERRIUERFFRIERSRRAKE
%, R, SEFHEM, RIMEBEFRAE:

(6) JEW 02503, AMBEE 400-500CH, FREEURKHMBER
42-53MINm’, BESHK EEBIKRE 90%) SUMRSHER 7-9.5 MI/Nm®;
HUFESERSUATE, BET H A CO MERKTEEEE 26-38%2F, H
BEhEm—8, WENERILEE1: 1, SEREEET 60%;

(7) KFEAHBIBARE—EHEEER, JUTSASUAE, K&
EMANBEMXBEER K, MBS+ H, SBHERAF, CO 52T, CH,
BEMEM, SBRMEAR.
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WHRKEE 2RI

——————

F5E SPAEERELREETENETN

EN S AERKENRIRAEMTCRLS, FUXKAFF=PIRE R TR
ROUR EIR AT R BIFA ERFA BT RREREHNEE
FUE AR REZHASRIERE R RZNAE, THTREBETR. b
FHBABARNESMPETETENR R, BEENKHELTUEY “BF
WERE" BTRZUTEIT AT HEUME R KRR, LRI, #
PRIRE . ENERFE R R EHRBLROEN, FALERERTLH
RV, FFHF Fluent %43t 75 A B @ KX R LI AT 7 HEEM
.

5.1 JUREIME

KEF 4 ER PR RREYREERSUEE P MR EH R ELA
BE, WES-1. EARAAEFEPAD, SUFADSE LZRKERS 100m,
TR B O. F Fluent AT RTERM Gambit ERTL R, L4
JUA G 3F#AT PR R U R F LB E.

1. BJLAEH

- (D) LHRNXEE

BAW z HEMBE—/MES, h=200mm, RI=R2=300mm, R3=100mm, %
/% volumel, 333 z #1IF M3 100mm; %S volumel I TFiA%KMH face.l,
JH 2 WS THE 100mm, TR volume2; ! volumel B9 E 4 face3, ¥
V5 z 1 IE [ F# 400mm, FZMK volume3; ¥ volumel. volume2. volume3 & }7E
%7 ] volumel .

(2) LHRURADEE

S x BIERMBY—AMEHE, b=120mm, R1=R2=5mm, ¥ volume2, 3
1 z $H1E )\ y $41E B &% 3h 600mm. 50mm; ¥ z #iJ7 FIHER 45° ] volume2,
Frk volume3; ¥ z 37 FIBER: 45° H 4 volume3, MK volumed; FHE, Frk
volumeS-volume9; & 3 volumel~volume9, B XK K —# volumel .

(3) #REX EEESRMFINOEE S EHARIIE
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58 MPAEEREME RNIBEHENTH

BT REXEEMSURAADEEER Y LEERKRK, AT EMEHA
BRI P, ¥RNX ERSSARAQEESERARMNE. Bz #ERZE
M—AE, h=500mm, R1=R2=100mm, A volume2, ¥ volume2 [] z &}
ER#3) 300mm; F volume2 4% volumel FERHF KA, 415 volume2 AM{E
B 8 RNX EEPIIHFME, IHEEEMERERSRT RMEX E4&

MAUFAADEERHS
2. RSB EEELRAR

PRI R—IREEN TN, NRREELERE T E BB SR
&, NEEE, HHEAK, ERITEVEUREER, MBELITEKX, 4%

PAesx.

RSP EXRETERL. HREREKX elements ##
Tet/Hybrid, BUATUREAMEAHE, ERBHAEBTUGEANTE, AR

FEM#%, Type #%# TGrid, spacing
TR BRI 40%. BeE 3T
AREEHITMIERIS, elements
Y+ Hex/Wedge, B LASTE 1A R
AE, EEEHER UBERE
M1, Type #£# Cooper “HiH”
B, HELEARIME. ZHE
AMFE XSRS 18.84 TAM
%, 3.59 MR
Mg G, TEIILA
EMATEHRERE, BERN
YALD, XR@E. B@H. FHHO
% DR FHRURETELZ G
AT Gambit Bt A% S0
oxidation-part.msh. E /G HE L
KJLEE WA 5-1 PR,

e

5 "'\-\

T 'f‘ -

" e
Gl N
\\ e /)

e e ettt

—\ .

~

\

a

51 MR m)LARE



R KFEE L 2A R

5.2 WEEHAR

TR RN EREMASHE RNIEFAERNER, REFEHIRRTE

ARFETRLS, ERERATE, BREATE, A)RETEIES.

1. BEXEHIE

ERRH TR RAERETELRE. ST EFENGETESNRE. £/

ZHEAYRER, cHETABERL, RENEENp, us vo w FHHR
Ty 2 FRENEES B, EHBROHRGRELMTIS,

_ X u v ow
FRETFEFRE, UREEEHFE a-+5+E-_o (5-1)

HETELE, WHKEN-SHRE

), Apm , Apw) Apm) 8,0, 0., 30, 9., 30, O
ot ax oy z oy oy & ox

(5-2)

Apv) | opvu) Spw) Apww) O & 8 v 8 v B
5 T a*'@’F& a(a)@m@)&w&)@

My Lo P,

O(pw) | Opwu) _ o(pw) L Apww) _ =2 ow
y o & &

o, ow
a & oy @ x o o

)+

0
Py —

G4
RERTENR, BRAKHBARE P LIHERNEARER

ApT) , ApuT)  H@vT) HpwT) 3 k OT) 8 k OT, 2k g:r_)
a " a oy & mea we,d

(5-5)
AW A THEE: pANHEE: FIERRYEG o BHBE: SrobktRE

» BEFE RN G TR S BRHURBER L AR RS

2. WAHE
SR PRAMRHEE LT RIRE, LEHFEART U EEES

S B % IR HEF BN RNG k- 178, HikEh 6 k AR R e WA BREWT
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#58 PAEEREME RN ELHETHE

(165, 166]
Dk
pE=—[( k#eﬁ) ]+Gk+Gb pe-Yy (5-6)
De g? . &l
PB'— [( spe]) ]+Cle (Gk+CSsGb)-C25p—k—"C25p7 (5-1

RF GRFETTYRERE LM G Rmh TN BR L
WS Yy BT EAR ARG BORBENEM; C,. Cps C—

BABRNEEH: a,\ o, HIRTBIEE & FFEHE & B9H B L B SH 15

¥ C, =Cy, + _u_QTl]_(]ﬁn'l_/’?o) Hpn=skie n,« B+ C, HRINEFH.

3. BRBHBTE

EHBARBREF T HRANEEND, HPABEREMKHBE— %ﬂ
% 1000CEEREES, LENRAREATSA. MIRRE, BHRHS

BREA -

d9) L @ vo )G T =an? Te 1 Y0055 )Y (5-8)
ds .4 4
Reh P ETHERE, s ERHAKE; s BRMHTAKE: s BT4E
KB o RERBES: n BTIHE, o BFEHES, o RFNESRA%

S%M, 5672410 Wm2K?): I REHBE, WAT - As: TRRHERN
BE, K; oRFEEMERY, Q XRrLEA.

4. G RBTELE

S YRR EHRBIEZHYRZ AEERNTER, BEH4
AMEEETHANRETEER. XTI MRENREN S, FHAS REXH
B EETEIREATAT BREESBI U RN ZHA EE
ZM, BiASHTEFEAR:

Olpey) | Apeu) | pey) | Olpe,w) _ 0 ( o(pe; )) 2, 9(pe; )) 2o, a(pe;)

o
ot ox oy oz axay oy 0z

—)+

(-9
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R KEFE 248

e e et

AF p ARKRERE: ue v wBBIANEF x. y. 2 HH EHEFESE;

i NAN | RBIWREL: D AASHIT BRE: SARS i BEUERNAER
£,
HRETHE N LEA S0, TEKRFEN-1MXEHHE.

5.3 RBWE

FEFLUENT F R AR XH, RELRE, FENYEEY, REVE. X
PREERAT E X

53.1 ERYERR

1. EXREE

RAERERBEE, NRRFRKRKRBHRLE. EHBENE. &ES
B, AoBNEeirELE, EZRS. 284, 85, BREX,

2. REYEHY

ERUARTYREIENR T EREEE RS, SR HRES. RES,
HhREREHANNYEEY. (1) EEREHE; Q) BTFFERPREIES
mILABER AR, it ERNEEITEER D RNG k- HE, L@kt
#s (3) EHRAEHE DO BA, EHERKALKMNIEE WSGGM; (4) &Y
FReEHZRNER, RNIBEFARRNER, RENHESE
Finite-Rate/Eddy-Dissipation, BJSZRRfb% RNVERNBEZ P/, EiZBERF
ERTYRREY BHEW.

53.2 BIMRNYIR R R NHLE

REFIERRER, EVRARTYIEARER. £l K&/
TAEES . LAMERTE 500-600CH, Fm=8&K, ERARER, X
8 2R A U R BIR T . BAR =1 5K Br L 8 AR = 1)
A, BATRAISLH, —SHAENEMB#ET TR, R TEMEAYIX—
B2, Hyun S AU D B BUABIA T £ RSB RBMAFIER
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#5E SUAECKEMX RAEIEEETH

THAESEBLRE; Zhao Z NP RENEUMTA T £V FARE MR
RIEATHHSER: RS AUZENERELYET TREFRIC, »
ERAEZEU_RNR=RYE. ERE—FHYRENERELDFTHR
(L8116 L& RRAR, MU A2 YA RERTRBNEBAHHEX
MHESH, FEENE. EB. E=RYRENERRLAY. X 8. EX
EHYRIAERART RELHRKMAER SN FRZ —, REWLHIY
7E 5% LM, ABERLER C (S). CO. COs HyO. CHs Haw CoHg CeHe
CeHeO- CioHs % 10 MU TIE A=Y, SRUNMRREATELENBRERE
RN

HERURRENFENERNIT:

2C(S)+0, »2CO (5-10)
2C0+0, »2C0, (5-1D
H, +0.50, - H,0 (5-12)
CH, +1.50, - CO +2H,0 (5-13)
C,H, +20, »2C0+2H,0 (5-14)
C¢H, +4.50, > 6CO +3H,0 (5-15)
C¢H,0 + 40, - 6CO +3H,0 (5-16')
C, Hg +70, -10CO +4H,0 (5-17
CO +H,0 CO, +H, (5-18)
CH, +H,0-> CO+3H, (5-19)
CcHO—>CO+04C Hg +0.15C¢H +0.1CH, +0.75H, (5-20)
C,Hg > 7.38C(s)+0.275C¢H + 0.97CH, + 0.98H, (5-21)
C¢H¢ +2H,0-51.5C(s)+2CO+2.5CH, (5-22)
C(s) +H,0-»>CO+H, (5-23)

C(s)+CO, »2CO (5-24)
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IR KL ZEA R

ey ey A —

B r MIIE R RGE# K, , B Arrhenius 24 R R A6 199,

K, =AT"e 55 1[Cy)
AF 4 RFBEHEF; B, Xr-BERE (EEN):; E,RFRNIFENLEE

(J/kmol); R AKMAEH (JkmolK); a. b 3HIARKNM A, B KIEREH,
7 Fluent () Materials #5881, #INHHMNEIRNYE, 7 mixture-template AR
PRI E R, HAEHNERRSH, RERNH. LR EERNERR

MEEREAREK 5-1,
%51 LERNERRNERIER 19

FE WERN EHREEE R
1 (5-10) 5.92%102 # T * 180058 1C 1
2 (5-11) 1.3*10" *e™T[C, 1[C oy 1P [Chyz0 1™
3 (5-12) 1*10" *e=%7T[C, L 1[C, ]
4 (5-13) 4.4*1011 *e-15097/T[CCH4]0.5[C02]I.2S
5 (5-14) 1.0%10" *¥/7(C 1 I[Co, ]
6 (5-15) 24*10" ,.,e-|5097.4/r[CC6H6]-0.1[Coz]1.85
7 (5-16) 9.2%10° *T* e %437 [C e 01 [Coa]
8 (5-17) 9.2*108 *T #1443 [C 1 1°5[Cp, ]
9 (5-18) 1389* ™17 [C L 1[C 120 [C 02 )[Cys ]
0 (519 1.65%10" # ¥ 8T(C o T [Chrpo]®
11 (5-20) 1.0%107 * 22797 [C o]
12 (521 3.39%10™ * ™7 [C s 15[C 1, T
13 (5-22) 3.9*10' *e'53283'6/T[CC6H6 ]]'3[C}120 1% [Hz]-o'4
4 (523) 3.6%1012 #7735 C ]




#5& APAERKEARRATEHEERE

N ——— ——

F5 HWERN ERRNEERRIER

15 (524 6.789%107 *T% ¥ ST [C )1

533 HEHESH

1. B

ZREHER, ZHARMAENFTE, BEELN I MKRE, BEEEHN
HERE .

2. B AREH

EREERAES, DREENREHLEER, BEEXRIMENRY. &
REMHFECFTRERBHEE . EH IR REARERES  BEO R4S,
KEFPAOURNREEERES 3 BRRER, BB IREEE COS),
BERTHRE=WHK (H0). % (CHe) B (CH0). 2 (CioHg) AR,
N F AR S MR CO COp CHys Hpw CH AR ARARBEE TS H.
B = K=Y o B/ F AR SR A BRE 5 3 BRRE R, k™
VK. &, XK. FREARLGRIECER[152][164][ 1681 AR R L K. AFH
HREE T RBEEPNOVIBU R FHFIANK 5-2 F,

R 52 AFEBWEE T ARMWA OB &4

450°C 500C 550°C
C(S) (wt%) 39.19 38.19 35.56
H,0 (w1%) 33.65 31.16 30.09
CeHs (wt%) 1.22 1.64 1.95
CeHeO  (Wt%) 3.75 3.29 292
CicHs  (Wt%) 8.1 . 712 6.26
H; (wt%) 0.06 0.15 0.38
CO (wt%) 4.44 5.86 137
CO; (Wt%) 7.76 9.44 11.33
CH, (wt%) 1.01 1.75 232

CHy (wt%) 0.81 1.40 1.84
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IR K2 22008 3

—

SUFADKERAD, HEERESENSURLBIHTRE, Sk
ORWARDKERLT; BEAREHRENEERR, FTATRAGYES
X4 ERARLER.

3. e REHE:

WEHERAED-EERE PR SIMPLE HiE: 8. SeBETER U
R, FoAbE A — B XR 2O PR S AT R ReE TR E WSS A
1.0*10%, HEHBREH 1.0%10%,

5.4 {HHGERE S

5.4.1 BEFHERF

BARLTERRTRANERRNR B, RERLT ERNEEER,
7 BEX SERR R AT A MR AT RIEAZRBH N ERENERNER R
t, Bt EERSIPRECKSURR S R R STR BRI BAREAT T X247,

1. REBEMN LI

FRAREMNX ) A FERBAT T A@ - RS BB E T8, PR
550C. HE 027 £ THATEAAMBERELWE 52 fir, REAH
EHREEEESNE 5-3 Fir.

ME 52, 5-3 ATUEH, EAKBMNEEGN LB THERKEE, S
BAERBEYESRE S T RERSE, BERETE, B KERE, KA
MEIEEHEHEK; BTENMRRTET, ESUFIADHTL S0mm 4
PRBELFEERR, RBEEEE 1700CEE, hTFRHE FEFERRR,
ERMEREEEER: ZEHEEMRR. SEERSRNMET, K
BEZH TR, BRoROEEHE RN, BEESET -8, ERSHA
RBAFEEEES B, £41000C.

RRIEPEUXUBA - HEE, CEEFOXPE, ARUBETAR
TREBEN 1150CESL, MitHLERARBLEELN 1300C, HEHFHE MK
H, RIERBTHHEMNRRPRER, TETEIRTAR=YEBRERE
X, XM F=MYRAR, Z=RYRREFTFREENTHRRENE XS
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F5E SPREEKRANR RN EHETH
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B RN | o2, 1900002
- OfE > \\ ¢ ‘;l 194403
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8 ’9872?9 5\' ¥ e~ S 4760003
- v 0)-; " 170e03
g RIE A ‘ ' 1050403
0'5 :- *ﬁﬁ!\s 16151570 11 :MM
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e 141403
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04 1570.11 1300003
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Y
52 HREEEXS
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A '

=

RUMAORE AHA O TF100nn iR H
L AANDTF00mBE  mmw g
Contours of Total Temperature (k) FLUENT 8.2 (3d, ws:em;v%

53 AEEERREORES

FEMBE T AE, KPR B2 AR S B v 45 R S B E (i
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WARKFH T ZAIR X

2. R E BN BT
EHHFAEIRTRE Bl bR, KB F=RYRAR, LEH 027,
MR SSOCKM T B A S AN EREUR ARBFRTE 5-4 iR,

0.010 1
0.009 -
0.008
0.007 i
0.006 4
0.005 ]

1
0.004 4

A>ERKH

0.003 -
0.002 4
0.001 4

0.0000.0 ’ 0!1 ' 0f2 ' 0]3 ' 014 ' ofs ' 06 ' 0.7
B EBERA U EE/m

B 54 4027, #R550CEAHTRAMBRER

B 5-4 B8, HEL 027, M SSOCHEMSANEELMR AEAL I
WHNFFRE, FHXEOREE. B8, Z=FYR 5 S FRE/RELELTE
HE., EX=MYRF, 8 (C6HS-OH) BITEHE-0-8, E¥BHEEL,
HREAEE, BRERENME, BUAE. BNXE M ARSI, Bhil
MENERAR, HR—FHARBENYR, EREZT R NI EIERLE D
DTFEM ERBEBNGER, SHEE, BTRESUIBUR, 2RE
E&tg, ERNAAEERLEIFRETR, FERFRAEERR. EHEIEP
SER—HIE NB4ERRERTLUME, KTRTHRUSSRE RS
BRSSP ERRKEEENT 10mgNm’, HERRHERRNZTIR TSP
EHEBUILENT, 5HEER B

3. SRR
, RTFEHEE, ARIBPHFARUBEMX Y OLKRSHES, dTFEL
GREBREEBEEFAREER RN, SERYEREBRREN, LK
By s USRS A BRIV S R E T H . B T RAUEERIXHR S
Bt E R B, EARE T E S RASCIR[139] 840 X SR B4 B s AT %
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#£5% HPAEEREMX RNIEHETE

b, W 5-3. 3CHR[139] Colomba FABA T 2 B TRASPWIBI AT H,
FEH T HKERES MR R, RIETRAE RIS, &
BRI A EAX, XRT AR 0.3, #M# 500C.

853 RERAXH
H0O CO, CO H, CH, N, C,H, £
» W % % %) (% (%) (%)
BEEER 1615 1349 707 646 248  53.89 0.46 0

XER(139)4E 17 13 65 6 28 KAH KRAH 2
#: RPEBRANPHRERHGRE R

ME 53 TUENY, ZEFENNFERTERERSEREXM(139)% H
HERBREMEREBENBRAXS, RERSHREEL. EMPXAHIEERET
XER[139JN A EHEBRRER—Ei#tT, BRI TIREEIMKE, &
HEARTYREZR . RHREHGOERATF, BrEASCR[139)17E Ak 4 R B
EHEEREZEM.

GELREBES. ERSRESEBSHIMTTUEY, XEREIHNHER
REXER, HHLERREBD, TURARSITAELK AE=YRE RS
R RN h #F .

4. MBS

BEFTEERBESTEREMNERPEEMAX. MEEESE, BPER
FERMTEIRERM /D, EEHIPIER ST UB LTSN RE L XN
BUERE | ‘

EVWELT=ZEMRREHTHETE, MEEESHA 1175, 18.84 TH
31.33 77, $HELR IR 31.33 JT A% 55 18.84 J7 AR HHLL, 1T 4 RAE B ZEN 0.5%.
REMBERRIMNRBBHAKE, BRHTERAESREMUERMN, HH
SRR LEREN . ZRBGTEEESZ T, TRAMBEEAY 18.84 Mg RS
it 4345 3 R R B X R B BT = BE TR A

5.4.2 ER W

SUXRUBEYRENERMRBOEEGHR, LEH ER AMSEEX
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AR KPR

REVEL X AR IR % >, i XM NE Y K E ) Lo h e
EREE R . URBEE 550C. ZRSMAE], MAR ER &4 FELXIR
B &R B NE R BT L .

1. ER XHBEHHZW

ER 2514 0.17. 0.22. 0.27. 0.32 &M FEARX ) &R E A 5-5 7
e AR ER M TEMRARERE. BRI OBEBEFIAE 54 4.

07 7
[ o m!me 0. E :\:\ —
il 190003 - N\ i
08 x| I.'ZE osf X\ ¥
i (& 5 e 9 | [+ i)
| 1800209 : o ;
05 : ) g 17843 :: osk #
5 H o e 3
04 i 04F
N [ i N |
03 s 03f
7 9002 }
§ 1046 & SRz :
02 02 .
| %, [
01F 041 f
0 P ol VSTV WO OO | WU ) (O T T W 0 . | -
02 3 02 02
(a) ER=0.17
07 Wre B K
g N [/ 180003
F TSN I e 06 173008
06| 2 gx‘t\\-/‘f{' 3 I esgae i = e
+ H B p » i
s A= & I 100
£ 74k 05 3’ B
05 L’ L : il 130000
! 1630 61 el : Fg ’!p" s: :z::
04f L o
i 156788 [ :x
i i
—
i
|
28 :
125, E
428734 -
L N T ob— | S O R [ (| T (O (Y 1SN W) [ N
022 0 02 02 0 02
Y Y
(¢) ER=0.27 (d) ER=0.32

55 FE—#MREE. AR ER £#4 T 2N EAKEES
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58 MrABERAEUKRNIBGETE

R 54 AR ER ST RALK B FGHEE B OB

ER=0.17 ER=0.22 ER=0.27 ER=0.32
SUXBEAEE (C) 1675 1702 1717 1682
BAHBOERE (C) 699 987 994 1041

ZEMTE 55 MR 54 WTLLEH, BEE ER MR, SAXNERXHT S
XE#K, BEBEED SUXKBEARERMIEDBEEZNAR: TR
ER EUXKARBBEENFAK, HE1650CL L. XEFERBT ER BX,
REFYMERERRS, REHAREE, AEEAKBAEERS. BERK
E8/N. TFER HEURARBBEENHAK, RETEGEEEERRT
REEYREE YR ERE. REYRESHOER, RERESRYRBANMR
PFRERNZHEAK. N TR—EEERE, PORER, FTERGBTETED
BHAAPAREE, RNYRRAZEAVESAT HRESHIFRZE,

2. ER MREZHEW

ER 43514 0.17, 022, 027, 0.32 & TEAX B OBERIKS 2 HTIA
& 55,

£ 55 FF ER &4 TRAK H OREBSR) R A

ER=0.17 ER=0.22 ER=0.27 ER=0.32
C(S) (%) 36.598 34.933 32.068 30.29
H,0 (%) 12.033 11.161 10.294 9.685
CO; (%) 8.596 9.283 9.685 11.354
CO (%) 6.406 7.812 7.265 5.847
H; (%) 5.857 6.451 7.018 5.498
CH; (%) 2.282 2.711 2.6 2.108
CHy (%) 0.479 0.446 0.41 0.317
N; (%) 2535 27.17 30.66 34.90
CeHs (%) 1.602 0.26 0 0
CioHs (%) 0.797 0 0 0

C¢hs0 (%) 0 0 0 0

n



R KZE B 2241183

AR 5-5 AT, BEE ER MiRE, SAXKHEOER C (S). H0. CHE
/REEHITIE, N F CO BERUHI EF, CO 5 H, ERAMMERD, CHL & &
BUAK, BEEXELHNERROBES, £HSBHERE EEBREY
FEMBARE, BRZ, FAMERE, HREERSE, AMBERK SSOCHY
ER #id 027 WS bl BEEART U2 RE.

ZHUHR ERIMS, FERHT ER REAWE, BANEEMN, Biem
ARYTEE, FLLC (S). CH LB TR, CO F& LA, ASEMMIFR
HEEHANR S BLES, RURL=Y P N, S BM: 7 ER E%/DeT, C

(8) 5EMpELRR A CO, M CO, FiLABEE ER HiRE, COFEMM, X
FZE—EHEJG ER B, C (S) B CORETES 5ABEMMIES, 2L
BEZH CO,y Btk COBRLMZ TR ARTYSEMBEFTEKER, B
RAFERESLE CO. CLLEBYRH—PRETRRN, BESH, “KRMNH
WZL, FTUAER 88 H,0 S B FBK; Hy. CHy MIRILEMIE. BHlBHE.
AAEBIARRANE R, YER MNE—EEEBEEIRETEEHRR ER,
25, PRUFIRSTR: EHSEIESEURBRERERX, BEER, £
BERBD.

AT T EACK A& TR B AL, LLER FF 0.22 A#, C(S)-
H;0. COzv CO. Hyv CHyv CHyn N5 8 R4 B0 Bl M) B BEIR BE Y R AL 2 41
5-6 1, CeHer CioHss CeHeO % 3 MR AMBIY RITH M A IRE N2 H]
FHEs-7%.

M 5-6 F1E 5-7 TUEY, EEURENMEERE L, SHAMTRER
Wi REZRILHI, 7E Fluent PEERNRMLETHER TR, RERNEEEFES
WHRIAC R T4 200mm EEK, EAXBNORTHEXEFEER H,0 588
REREN—LERRN, EHERETPRBRR, LEEEEHRE, £l
FEEFESREREAX. NBERE, SURHREAEMLET C (8,
H,0. CHiw CioHss CeHOv CeHs LHHE S BEHED: Ny CO, & BZEH
#i; CO. CHys H; ZHYREBHEMMOMEEFESUNAOT Y
100-150mm JEFE P, A 084 kB SRR K2 AR T B A8 i N AR AT .
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7335 B e R BALK R P RS fE v
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SEAXEE/m

Y ye—

0.6 07

B 5-6 ER 0.22 FfERARMASM& 415014l i R LR AL I

0.010 -
0.000 ]
0.008 -
0.007 :

M5 EEHKH

0.001 4

—
0.2

—
03

—
04

—
0.5

L] L3 1

0.6 07

RAEBEERREAAEEH E/m

B 57 ERO0.22 BEHEAM B RREZRLER

5.4.3 HEREEREW

ETRAFEERS, AR PEEHAETUX SR —BERELX TR

NI, BRIt =) A R e FAL K R N R A — s . ARIESE 3 B0
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PN b e 2 VAD'S

HraTsn, FEARIR)SE -t 2 = 2 g M B K R R SR BE, BRI A ZE AT
A F AR T A AR = e FALK P i R N E 72

LR 0.27. TR, KAEE 450°C. 500°C. 550°C &M T HE=4)
AR FHAPE KRG FTIE IR B A B 5-8 Fir, EUALX th O & 4 5 BER LE
BIFINE 5-6 .

07 g~ 07

2 _A K - x\//’,.’/,' B X
: § s - @i =
N 2/ iy L 0 P W2 i
osf /R I:: osf B, Ix:
4 L ) 1300000 i 2 i APy 173008
: AN = E fi Sl e
3 \ i = osf i ~ e
- v b s 120es 8 4 o
; f“ ﬁ‘ ':: o k ¢ 1380003
< e : - 1300003
o 4 o 04f o
N lvn—c : :z
I 800002 N 1000403
03 :::: u 0540002
- $20w02
- 2 i :‘:‘: 097002
4 r 200002
E w02 7 ez
02f . ' " |
&
01f . -
- . ;
A . | 4 L 1
0 0 0.2 o 1 [ il
Y 02 0 02
Y

(a) 450 CHARRTEMXEES

0.7[
06|
05|
04f
N -
03f
02
0.1
i 123y,
- 128734 ~
o-lllLlllllLlJ_Lll
02 0 0.2
Y

(c) 550°C RN E LXK B ES
B 5-8 RNRAAMEE T EUXBES
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B5E PAREKEAKRMIEEEHE

|

R 56 ARMEETEAX H O FFERRS BER LA

C(S) HO CO, CO H, CH, C,H, N, £
% % %) % (%) (%) (%) (%) (%)

PR E

450 3415 1396 1046 296 186  0.61 0.11 3581  0.08
500 3294 1185 883 518 495 1.45 0.29 34.51 0

550 3207 1029 9.69 726 7.02 2.6 0.41 30.66 0

47 5-8 (a) A (b) ATLAKNIE, ER A, 500°CHiRRT ALK iR H 450
CTHENEUXEEHER—L&, XEERATAREERNBETRE=YE
B, EEURABEETERR, S5RNNHLAHRD, BREIEUSE
VRMRNAE, FTUAREERAEAX BOREESRIEK. HELE 5-8 (b)
M () WLUEH, SSOCABRREAXBERERES SO0CHERH AL BRFRE
ERFAK, ESS0CHBRHENXMBEHENS L, BEBERD.

ME 56 ATLIE I, ER MFIR, BEERMBEEMN 450CRR 550C, EHEK
H 0O C (S). Hy0. N, LHIBR />, CO. Hyw CHy. CoHy HEBIBA B4 H0, CO,
SRS . AT Fluent FEYRIRERATE, BERBEENRS, £
YRR EEE R EMNR Z U LR T, TERBTREERAE,
RENMENSSYRNS, BTFEETHERER, SEYRE SR N7
A, REAREBER, EEUXKERENTRISYRRSEO—%, B
FEBRELERERS, FUAREREBRE, CO. How CHy CHy HFIZE
FiE, C (8). No B TR NBEEZTUEL, AMEES, EUXBHRE
@&, URREBRNSEMRS, EHtH0 28 TE: CO,RG-1). (5-2).
(5-9)- G-15FRNIEFEMAPER.

54.4 HREEREW

ELEUMNABEEAZOEHT, 2ERRT AN REE T ELE R
RETEMEW. LINEL 027, ## S00CHE], HRIERTZSSA 8 At
R OF 4 MR DS AR 2, SUTEDREHEEHME 59
B, EAATE BRI ERAE

8 MHROM 4 MEROLEHEXSAAADBEREIEEHWE 5-10 F7
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AR R 2R

s FAXH OB WK 5-7, EMBBERYHME 5-11. 5-12 fix.

S

N

(a) 8RO (b) 4AMERD
B 59 REHFREHER

4810001

! 227601 ! as7e001
2.46401 1l - 4330401
20801 f. 5 4000401

1916901

3880401 -~
179401 i 3810001
1874401 vy ,‘ 4 d o ——~— 3374401 %
188001 \ 4 3130401 o
S " } ¥ . 2800001 e
132001 g ) B 2880001 ks
120m01 % 4 8 % 3 . \ 2410001 H \
1080401 J 7 TN 2170001 R
057000 b AN 1830001
8370000 Y 1800001
7.18000 < 1450001
8980000 > % 1210401
4700000 % : 1] 9.80e400 > ’
s i " L
4 /4
-y e |,
220000 032002
Velocity Vectors Colored By Velocly Magnitude (mis) Sep 17,2011 Velocty Vectors Colored By Velocky Magnitude (mfs) Sep 17,2011
FLUBNT 6.3 (3, pbns, spe, mghe) FLUENT 6.3 (30, pbns, spe, mgke)
(@) 8 MERO (b) 4 MR
Bl 510 ARE#REESUHA OB EBRERES
0.011 -
0.010 J
4
0.009
0.008
4
& 0.007
¥ 0.006 -
®
0.005 -
L
4 0.004 -
& 0.003
1 C
0.002 - - se
0.001 4 ee
0.000 — v T v T v T R
0.0 0.1 0.2 03 04 0.5 0.6 0.7

PP EEERANEEE/m
511 8 NS DR AR ARMAHMENR
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#£5% HPAEEREMXRTEEETHE

0011 -

0010

0.009

0.008

& 0007 ]

53 ]

£ oo i

4 0004

= 0003 ]

0.002 Serle

0.001 CgHg®

0000 }—— SN NN
0.0 0.1 0.2 03 04 05 08 07

RpEBERRUEEE/m
B 512 4N DHRRTAREMIR
257 AEARGREMAE HOREERS BEREH

CS) HO CO, CO H, CH, GCH, N, £
(%) % %) %) (%) %) (%) %) %)

§/MHEMO 3294 1185 883 518 495 1.45 0.29 34.51 0

4RO 3335 1234 936 3.84 455 1.08 0.22 35.26 0

GASWRS-1.8 5-10 ZE 5-12 TTLUE H, KA RGE B 4 &R
KRESH=ET HW.

5 8 M R DAELEL, 4 MR BGRB8 4 BEINAR T — %, XY EL I 5-10
(a) #1 (b), EME 4 MHROA[UFAOEREEEESS 8 MiRORE
BHEERA, 4/MIROFBTFRUFADEER, ERUFITERESNT,
RESYRER KM ESMUERS, 58 MR, 4 MR OESUR
AOHEAEE PO EERH T RE . A Fluent FRREER, 58 MR
Aatt, 4 MR OESARAD ETREEH B MR, BiEXHT L2 EEngEd
FRAFACEE, R R ZX IR REMEE RN E K.

SHTE 5-11. B S5-12 AfLUE, RELEL 027, #4% 500CE£4T 8 M
RO 4 M ROEME LEHRE, E£5 8 MiIKOML, 4 MR O
HEHANHRER L, FERHTHXEEMK, HhIME, RETBEMR
4, REXMEMENEFERSEMESLRE.

MK 5-7 TTLUESE, ARPHREENEAX HOREMRSARERT—E
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WARKFH LAY

Fumm. MROHERD, ST OGRS K, [RMBNEIRE, BMEEM
REET, P EAX O AR SAH > CO. Hyo CHyw CoHy BERELBIERA
i &, COp C (S). HyO. N, BE/RLLBIERA FTGN. ZEEIK S, 558K
YA, BESREY C (S) BEEERNRE, £ENNERT FTEERR,
FrULR RN, HC (S) HIBE/RA SN,

54.5 SN AW

HEHARN, ZRUMEATEEBBIRE 90%)HFSAFIK B
BEENEK, ATSUFNARAR, EREEWUEER, ERPREESLK
WEGHRAR. ### 550°C. ER0.27 &4 TEAZSAMMEAEEER
W 90%) AL P& T LM B4 T7 [ R AL 2 A a0 B 5-13 5-14 7.

XL 513 5-14 ATLAGNIE, RASUTRERNRBREAERK, EX
BTULBEME, ERSELRBANRBEREIUAADEMHADT
150mm EEA, RAZXERBEREHRBRNAENTIEZR. FASE
SHEZRRMNFBDABRLE R ERR, TERBTZRAAUNITAKE
MES: A5, ATHRSUTREUKERES . EEY. RESHHARERE
SERRNHTHEREEHAER, BRES BN CRIARLEIEFED
BEER,

0.6 -

.\‘

05 4

04 4 (S

K B

¥ 0.3 4

vz

w024

0.1 4

0 o1 02 03 04 05 06 07
FAX mE/m
B 513 ZESHEFORME T ERBHZAHER
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Fs5® SOREERAMK RN EEETE

06~

05

et @il
=
|
Q
K%}

/R

A 4 B R
o

(o]

- -

[
;J{: i /! H

P——— =
00 0.1 0.2 03 04 05 06 07
FHUXBE/m

514 BRSSP OBR T AR HRLHER

5.5 XE/NG

X BIRFYIRE T BT RER IR TR ARSI XBAET, ATH
WEAR ABRAIERE, 2B AE. RARERE. X0E S R Fx e & £ it
HENEW, REUSE 4 EHSRAEEREAERSAREE PEAXEHRTHK
%, FIFA Fluent AR T HMX RN FRMEFER, SIATMUHAR.

R BS AR RHAZEME, KR C (S). CO. CO, H0. CHsn
Hy. CoHav CeHen CeHgO. CioHs %5 10 F¥BifE D #i#r=4), RINHLEIH 15 4
RN, MERGe. B8, SHREEES T, AREFOANOUREE
RS 3 FRRERA T, SUFNOAR LM FERESAFNFENTE S
A, WHEFEER SIMPLE Hi%.

FIFE 4 FiAR G R ROUREIE X ERE BERAT TRAE, R EH#ITT
i, AERTEEREAT LR EAMX RS ENEREETE. B =EM
BEAKEEFEMBMIY, SREIM 31.33 TS 18.84 TMNEIHHERKE
FERZEN 0.5%, HEEEEREMZHE, AL 18.84 J1 Mk REHIT
BEHHNTERLFSMNESELANBER. AZHERTEEESRTT:

(1) 4B ER HEMRBES. KRESHEEENZW;
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WFRKFEH LA

(2) BE% ER 8%, SR AEHERA SKEEA, BEREED, ik
REFERERRSH OBEEHES A A AR EREUR AR HREERHAK,
37 1650°C LA E;

(3) BE% ER M 0.17 883 032, FUREHOKE C (S). H0. C;H B
IRECBITRE, NoFI CO BERILHI LA, CO 5 Hy & RAMMERD, CH, AR
RUAK, BHEXREMMEREAES, ERTERERK, EEHRXY
TERMERR, FTRZ, XENBERE, ABERK 550CH 24 ER #id 0.27 &
Bip LEMEEAT T LR,

(4) EEAXYRBELE, BHASBREFNRERN, REREHR
BENEFEEPESUFAORMTLA 200mm HEA, EHEBNOETHBXE
FER 0 58BYRREN—LEBRN; SHERBBERERR, 2F
EEEHREG, REEELREFESREREAER NIHRKE, S
HWEAEM LT C (S). H0. CHy CiHs. CeHO. CeHg LHYIRE BE
gD Now CO, EEZFHMM; CO. CHyw Hy SRR A BHER MMM E
EFESUFIADTH 100-150mm FEEA;

(5) HARRER ENX RN R OHEELW; BERMERMN 450CRERRA
3| 550°C, EHWRABEFEESERT, FHRHEO C (S). H0. N BRHHIRD,
CO. Ha\ CHyv CoHsELHISEIN, CO, &R/,

(6) 4 ER AR BE MR, SUFADEEEL, EHRASRLE
3R, MEEAS, EHELBRENE, SUKEO CO. . CHy CGHL K
A 2 BEREBIAR, CO C (S). HyO. N, HeBligE;

() ZRAMNEASBUARSUT AN EBNBERELHAK, 5
BrEwH R BIHEARFE.
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FoE FBREMOEMRSMIERNFEYHFR

e —————————— — N

FO6E FERBRMNEVRSULER) FRITA

FUR BN EHFRBRETUEERSHMATARRNEE, REPAE
HRFEL, RUFHEBTSYE, EREARNRE EEESLTREBAME T
KR, TEANERENBRLSMUEFNEE. AHEEE, NHRTFEEEY, £
BENSEENRETLE, FEEIRP RN HEMRIENEFE, REL
FRNAEBFFURME N DEBEIFERE, TRLM—FEEER, RAxe
RAMREFHWAESWHRER . MARANFRBEAMET UGS FEREHED
BREBIER, EATUA RN EHIBE. SELEN FEHRSHEN. REX
FRAEFF A REETETE, BRTUSLETFERENTEERAREAES
H, WEEHBEERNZFERS, NTIREREESTR, BRAHFRER
SARNELRT RRFAMEFEFHERFHRIENL. BRAHEHER
NRERRMALY RLH, BRI D FRYH T HHEIERAEE, EEFET
BHUHERESER.

6.1 HBEPBEHSEE PRI

6.1.1 FH B NH FRTMNR H

BEAEENOHMATUNE RlHREMRIUIEFO—FLREL

¥, TAR—FIEFEAFMY. RHETENERINEPREHEBMHEX,

MEESSAIEMRER AR, MHEL., WRKIER. PRRNERE.
SUNFAME. Bit, BERBEYRIKRERRL AR, RNZFAFAS
R EEERRTIFERTBAZW,

BTFEmMRS LR, EARNSUIBREMAREIER, EkEmsg
A MARNFRERER LR, £ANEYRSUIERANFRUYRELRE
WA, EXEMTRER AR EHOERES . REEMRERTHH S H
A, EREMBERK, MEMSL. BMERFELEEEMEXKRERA
EYRSUATU TR AR Bk, ERNEENPEREMX—HRED 2
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WRKFBLEMR I

FEELER.
ANEREHRHEENE. PEEERET, RET-HAHEBNED R
SULBHRNEHZER, NAEESREE— SRR E.

6.1.2 ARA N

RFEFILR ST, BHOASEERR, HiHF 1000 HElE, 35
HERELEM, SEBE S%HEEFE. BX, B, ZHEK. X245, &%
YEY. BRESHANFERIER PR, REMRERFALH. SIAE
WA —BEEARE, £E4HRRER. TMM41[2][162/5 8 ERE . NEH
RO URIGTEYE R ARAH NS HER, ANBEY R A HE,
FE. B ZFE, RX2G. FL 6 WRAR, REFREHSHENREER
H CeHg2002 X~ R R AWML

AERHESMPATANE, BA¥ERBERIMAP N LBRNE, B
FABRE. BN A08—8, REVEFAFTEEKNEENE, PRXET
FERT, BERTEE. HTE. YR BPEALERNTE. £4RKEE
YIRS 2R A, ZEMERE BB AT

(1) BTEYETHREERE BREEYHFHC. H. 0. N TEAR:

(2) RME 1 AMFERSET#T:

(3) ZHRMBBRARA 21% O, 71 79% Ny

(4) SHpPmEYREHE CO. COz Hyw CHy. CeHg 2002+ H;04 Naw C(S);

(5) AU EHRE, BESEIME;

(6) ERLEPSEAEERESK.

6.2 ANFHFEBMZT

EYRZ SRR B RN TR

CH,_O, N, +mO, +wH,0()+w,H,0(g) +3.76mN,, - x,CO +x,C0,

+x3H20 +x,Hy +xsCH, + x6C6H6.200.2 +(3.76m +0.5c)N, + (1-n,)C(s)

AT CHON: ATEEMREH T x 8 1 BRTEEVRFTER
EFEYINERY, i=12,....6; m A 1 BRTEEYRUFTTRHERE:

(6-1)
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FeE BREMNEVRULERSEEHFR

e e eereere. e

wi A 1 BRFREVFUFTEMAK S O ERE: wo ko | BRTFEEYRSM
FTRIKASEREG 0, AR RRBRELR.
A (6-1) PEALLASMPHBMAYR, BBEEVRERNSUNR: &
ABHARNF R YR, EEES=YMIETY.
AAOFBHEIROYRTETRE. RETETRANLERNFEFB=5E
A

6.2.1 YL HE

i (6-1) ALIBEK. &. YR FETRE:

R ] X+ Xy +xg +6xg =1], (6-2)
R ) 2x3+2x4+4x5+6.2x6=a+2w1+2w2 (6-3)
Fa i) X + 2%y + 2y 40255 =b+2m+wy +w,y (6-4)

6.2.2 RERVHHE

RSP ABANHRRE, RERGWAYRSHEYREETFENENS
FaeBPETRE, .
E MioulSH g+ By = Hoy o=y T AL 1 4 (Hy g = Hpy )] (6-5)

RP nhiYREGERE, mol; AH) HYRMIIFHELERS, J/nol;
(H,;~H, ) WOFH BN, J/mol; n ARLKMHKE, % THIR our,
in S} HIRK LY RABMAD R

EY RSP —BAEE, BRRW(H,, - H, ) TBTEERAEITESR
g, HKiagELAA:

Hy, 7~ H, 295 =1298CpT = Hog(ay +a T +a,T2MT (6-6)
R C,AEELAE, Jool ks ap a, 2, HEH.

—RE—YROREERS . EELARTELRN%EXBEER, WX
BRI, EX B TEHEFAERE— YRS EALE 6-1.

83



ih R KA 3C

®6-1 RAENENGESH

-
. AH;). Cp (J.mol™.K")

(J.mol™) a b*10° c*10°
CO(g) -110520 26.537 7.683 1172
COxg) -393510 26.75 42258 -14.25
CH(®) -74810 14.15 75.496 -17.99
Hy(g) 0 26.88 4347 -0.3265
H,0(g) -241820 29.16 14.49 2022
H,0() -285830 29.16 14.49 -2.022
0x(g) 0 28.17 6.297 -0.7494
Nx(g) 0 27.32 6.226 -0.9502
C(g) 0 16.68 432 0

RPRBR AR RIS A 0, EEHRA CHEXARRN,
Cponr =(0.36T +1390)  J/kgK
=(16.68+4.32*107*T)  J/molK

R ALY CoHe 200, FFHE S MK R FHIX AR,
ERAR: Cpur=88.627+0.12074T-0.12735*10*+T%-0.36688* 10"/T? J/mol/k

AR K, =82.927 Kl/mol
{EAI#E: LHVwy=40579 ki/kg
ERATRET, MARENEYREH—BRAER, FUAYRIERZWL

MR, HAREERRTETRAMETEREY. RIFREERANEL, &
PR 298K RAF T B AR E B A AR 1mol (LA WIIARR LA KD K4,
RIER 22 TR, THRDTFRA CHwOoNowss HEEH C. Hyw 020 Ny
DUPh AR E R, B

C(s)+ 0.72H2 @+ 0.3502 )+ 0.0025N2 8- CH1 .4400.7N0.005

BEFFERT ERRNAGERE, CHy w00 Nows AT ET T 51 R M4 &K
C+02 —)COZ -393510J / mol

0.72H2 + 0.3602 - 0.72H20 -0.72*241820J / mol



FoE ZEREMMNEMRIMIBANFZENHR

CO2 + 0.72H20+0.0025N - 1.0102 + CH1 .4400.7N +468517J / mol

2 0.005
HEEAREKTHIREER A-117084 J/mol.
MALRTE, RER 2-2 MR, ABEXE. TXE. BR. &%

TS FARIREE RS, BE 6-2
R6-2 WAEWERESHFELE R

IR 524 AFR BOAAME (J/mol) LR (J/mol)
XK CH, 47200.663No.012 463609 -107880
BR CHi.53400.712No.046 500345 -78641
EXG CH; 4400.7No 05 468517 -117084
i CHi 39600 6s6No 015 477634 -99103
xR CH) 45600.567No.037 452471 -84666

6.2.3 HERNTFHEHE

EEVRSUIABRNANFREAES, W% TFERLAEEN—NIEE
BE. SERRNATL, BEERMETRERZR, TLUAAREEEFERE,
EEMRNEEFEZRTEERBRREMAAEERFEONO, X R i
THREERGEEERERZNBIAD . ERRNEFBRATY RN, Xk
BRENETFHHE. FrEeTE, RIGEERNER 5ERNERMBE, ot

REELERNEZEAE#HT.
EEYRSAE BT ERM B R ENEENER NI T :
C(5)+CO,(g) & 2C0(g)  -173kJ/mol (6-7)
C(s)+ H,0(g) & CO(g)+ H,(g)  -131kJ/mol (6-8)
C(s)+2H,(g) ©CH,(g) +75ki/mol (6-9)
CO(g)+H,0(g) &> CO,(g)+ H,(g) 441kJ /mol (6-10)
CH,(g)+H,0(g) & CO(g)+3H,(g)  -206k]/mol (6-11)

fBE LR H R E RN FEEBIKRN Ko Koos Kpss Kpos Kpso
N T FERSHHTE RN mA+nB < pC+qD, FEEBRER R,
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WRKZE BT ZARY

KC=[C]”[D]"’ x =2 P) Ky=(yc):(yp)‘"’
[A"[BY 7 (p)"(Ps) 04)" ()

AF Kov Kpv K, BRARTRERRERTHFEESR. ARBIERTH
FEEEMEERE SRR EE L.

K K5 KAANFEENTRR:

K, =K (RT)*" (6-12)

K =Kc(%)“”" (6-13)

y

AP PARGRES: RASKER: THREANFERE: AV hRNMA
SRS RE, 8B (pre-mn)d.

(6-12). (6-13) FiLHERR, B:

k,=k P (6-14)

WELRXZERX, X E-DE (6-11) BMERNEI—MHE, XH
FE-MERNRGEF EANRNH R ENHEZE, BT AR LIS A R R 5 i
HER, NMIBEEXNERNPELER, BERURTH 4 M.

K, x-x=K,xx (6-15)
K, Ky x %, =% (6-16)
Kpi-x,-x,=x,-x, (6-17)
Ky xyx, =K, X (6-18)

ENERATFEHES, —ABREENEERRUEROTHER L Mt
g, TEAGME—TE titfisile),
k REENEYR, WELRR:

AH,
K, e (0 N S I (6-19)
RT R 2R 6R

AP RASHELR TARENANFRE, AH,. THRREXDHA:

0 Ab_2 Ac. 3
AH, = ~AaT—-—T“-=T
0=AHp 2



F6E HEREMNEMRIUIBANZERHR

— R seeereremre——————

1 0 Ab 2 Ac, 3
I=—(-AG . +AH, ~AaTInT - =T -2£1
RT( AGy +2%0 2 6 )

5t F RN mA+nB ¢ pC+qD

0
AHf = pAH} . +qAH) , ~mAH) ,—nAH)

XF AH)  AHj o AHY .« AHY SM50H AL By Co D YIRMIBRAEE SR

~0
AG 1= PAG; . +4AG; , - mAG}"A —nAGJ?,B

KF  AG) o AG), AGion AGE MK As By Co D YIRAIBRES: B 2 7
SnE R, AL EXM169183).

Aa = pa. +qa,-ma,—-na,

AF apn apy ap ap AR AL By C DYIREELHATFHRE.

Ab. AcHjitETHERMAa, FE——%KR.

EEYRSULRET, FRYROFEEREN BT TR6-3.
R6-3 KAMEMFELR SN E hR

/L CO(® COAz) CHi(g) Hxg) H:0(g) HO0() Oxg) Nig)

AG}’(J.mor‘) -137170 -394360 -50720 O  -228570 -237130 O 0

TEhERNFEEHE (6-15) £ (6-18) 4 AHBEFRE 2 A MRMIM, &
T BRI BRG] 2 4, B R NP E B R E] Ko Koo Kpss
B0 - /N W

anpl =-20552'9+1.l6lnT—1.877x10‘3xT+0.239xlO"xT2 +14.45
anp2 =_15556'6 +0.91InT —0.408x107 x T +0.01x10~ x T2 +10.23
anp3 2129505 ~6.771InT+3.758x10™ xT = 0.3475x 10 x T2 +33.48

MALRAXAERBARBRE THRAZRNERFHEHAE 6-1. NE
6-1 TR, WERRN (6-7) KESIRN (6-8) M FEHEHETZKTH
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WIR KL EAI B

——————— E—

AR (6-9) HITFHHEH, BHRRRERZFREZETRRERITHHEME
¥ RN,

1400 0.18

1200

L

<4012
1000 [

g oOf \ Kt ] 4 0.08 o

¥ A

= e00 Kp3 ; i€

® < ! {0 g

A ~—
\\\‘N“A-N‘ 7‘51 ///p B
200 - A A a4 o
A /0/‘

2
e
=
0} l-——l—*—l———.“"‘=='

i 1 1 I 1 1

-0.04
700 800 800 1000 1100 1200 1300
REEEKE/T

61 ZFRNAFEET 8RB

6.2.4 BEIKM

BAMEEE YR TE SR, R FESEALERNFE T E=554
B A (6-2) ~3 (6-5). K (6-15). K (6-16) MM —AIELMEHEA, 3
6 M AR 6 MRMH.

FCRRAFRER LU T RAFTRE, FA Matlab 7.0 HE T iHHE
Fa, BRFEABAKR. SUFTERANCHSHEETEYHITEIN. 7

WA, HEL, RIESRKSTE, MARKERKE, REMMNE.

BRELE, BAYRRER. AHYANEE. RENRESEIRSHERS
HRERH. HHEIBWNE 6-2 iR,

BT A SAERHIERE, T ERR T B REBS NARE S, N,
Bk, FARBEFER, AU ARREFMNRIRSHERER, 0
EF%, ZRTHERE. YBE ER. KSEE. KBRAGNES, HEERET
MNP MR RLFETRESENE.
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Fo6E ZEEMNEMRIUIRANZERR

R ———

# matlab7.0th 4 {7 thermodynamics_model.m3{ £

l

RACHBE:
FESN. FREFR, LHEWL, PHKOEE, MAK
ERE, FEARE. kFLAE, BABLYANES

'

fsolveiZH B ¥

'

Newton-Raphsonit §# B &

!

Ematlab70h B EZ XA RS M ERE

K62 #HFRUTHEFER

6.3 IHNERER

6.3.1 REAFHHERAE

ATRIEBRMNERE, BRETHERED PRXE KRG R KT
HEERAT T X, FIAK 64 F.
64 RUHALERSHLETRNN

214568 F2 A% EREE ¢
B (109 BF R(174]  BE SPAERERSK
CO(%) 29.29  28.45 2479  24.62  21.73 15.73
COx%)  6.81 6.25 9.53 9.71 8.76 16. 07

Hx(%)  21.87 20. 87 14.13 13.16 17.37 16. 55
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WERKFE T EAR T

— e e e et

B 1A E 2R B 3AKE
WA rmk(109) BB xE(174]  #E S5RBEEERSEL
CH(%) 0.71 0.85 3.43 3.22 2.34 2.62
N; (%)  41.32 43.01 48.12  51.20 43.52 49.03
£l o 0.22 K H 0.65 b3 0.38 0. 0004
A7 vl
(KI/Na) 6315 6151 5886 5684 6216 5002
. ARAER, SUB KREHNEE, |4 FXEHER, KB 1000
& 800°C A 955°C C

MR 6-4 ATLUES, BETHHEREE109]. SRR (174]) 7+ 4 REAY)
& REBD RYELNEANEERMTREZEEMROBRNZSHSAE
ERRGIR, Hit, NEBRETHRAETFERERE, AERTRERER,
WEEREXER.

EREAHERESPABERUURRERENRK, TEKRE CO.
CO AT R, MAMESHE, XETERMTERRIBTERZEZ HEEEMN
W, RERMBREZANEFE, WERE CO, HHKINR MR ERKN KM
BERE, P TERHETE/LSHEZUNN, EXFAIRSAEE
EERERN EIAL RS, FUBHETHERRELEATFERNEES
R, EGHT EMESHRERUED, BAHFHELERTUNER LES
TR,

6.3.2 FERFRNER

BAR 22 PRSI AEA, FAERER, HETEKRS. BR. R &
R, EROHSUER. BERNEE 1000C. LB 0,25, REWKE 0.9,
PHE0.97, HEERR . ERHPRHIUERILE 6-5.

65 REAMAWHHULLER

Cco CO, H0 H, CHy  CgHs2002 N, &P HE
%) %) % %) (%) (%) (%)  (K/Nm®)

FEX#E 2497 7.28 839 16.31 2.12 0. 46 40. 46 6280. 4
BR 3413 2.49 319 24.8 0.90 0.11 34. 32 7634. 1

Mm% 2862 594 6.65 18.19 1.64 0. 04 38.92 6666. 5




F6E ZREMMEVRSAUIENNFEEHR

— e

(0] CO, H,0 H, CHy CeHg 2002 N, &4 #E
%) %) % (%) (%) (%) (%)  (KJNm’)

#EFX  25.16 578 6.94 17.13 1.83 0.17 42.99 6176. 6
FXi 25.26 7.98 8.8 15.82 2.13 0.35 39. 63 6216. 3

MK 6-5 AILLEH, ERARRWERITSL, FBRSERSP G LEE =
7, BIEE—EAR: FEZSEMK, BB 0.25. SLEE 1000CH, 4%
YIER A RS EER CO. Hyy RERBRZAE 4052 ks FKE CH,,
Y15 0.8-2. 5% HEHMAERMRD, MF0.5% ERHRM COn H0. N, KA S
BZAMEB—FLh. FRSSSUEIITFEREN BRI AEE 6000-7700
KNm® 2, BTRAERS, WEREFFRBRIAEER—&, K25
FEREILRFEFF BT REMNERE, L¥ERNAGEEBETERS. &
YR RRSARAREE ENER FERETYRERA RN ERFTEIE.

REAFAYHSHERSER LFE—EER, BEZETREE. KIS E.
LEHERENSUEROEHARNZLER B, T HELE, FEEN
R E T AR AT

6.33 ERWMABENEW

BESWHEE 1000C. FEHEW 0.25, FHFEWEL#TSL, TR

HEENUERNERWE 6-3 Fik.

50 —2—CO —e—CO, =—4—HO =-v-H, - 7000

45 4 —=¢=CH, — C.H"OM =N, R
f 40 - an » > {6800 o
B a5 * $
“’f 30 4 - 8600 i;!
b — - %
e — 7.._/ —v Ju @
% s x ¥
& 7]
r 10 */ 4 6200

51 4 4— vy N .

et ——— |u

0 5 10 150 200 250 300 350 400
W RHE E/IC

63 ZERWBEELIEW
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R RZ B ZAR

= —— A———

A 6-3 ATLUAE, BEFANSAPZEENRE, BSF CO. Hy Kk
REE®M, CO;. H:0. CHy Npo EMARAERTHR, SAREYWERM,
HHARENSUBERER. REFIZSTARERE, EASAPHIOHRES
%, TR REMERNEBIT, RHERERBRN. NEERERNE
BEUERNATUE N, 55 /KRR 6-7) KRR (6-8) BKEBRMN (6-11)
BABRKRN, PRAMERS, BHNTERRMNKAHET, FitCOo. H K& 81
m: BHRALRRE (6-9). KIESEHRRN (6-10) BREHRN, BEFE, BF
TR R#AT, Eilt CHys CO, BB TH. PRARHR, BHFTEHIE,
AR & B PR AR

6.3.4 FRKDHEW

BRERMEBE 1000C, FHEZS. LB 0.25, FHKYESENSULER

fZm A 6-4 BiR.
50-‘ —8s—CO —0—C02 —a— H,0 —y— H2 -~ 7000
45 —&—CH, —<—CH, 0, —»—N, —u— fEfth{d
Ra{ . - » ——_, 6800
-~ 4 ™
] £
& B £
& 204 {6600 2
ko y
K 25 - — J e
r . E
& 2 \.\ / 1840 Z
: =
-4 6200
6000

B4 REKFERHEW
M 6-4 FTLAEH, HANEEM 0%REE 25%8F, COBHEEM 25.1%
SETRE 12.1%, B, AEM 17.1% 2K 2] 104%, T CO2. H0. CHy &
BHELHA, N, SERE TR, £HSERAGN, SERMETETRERA
Ho XRFEAKMSUEREK, KHEE, BRESUTERKKMAENM,
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F6E %E%&E’Ji%ﬁ L B # N R R

e —————————

AT HRERRNAET, SRR TEMORRE, Eitco. L EETR, M
CO,. CH,tateMR. #ER CHsw EMMZIS CO. Hy MRS FERK
g3,

6.3.5 KRKNEW

BESMEBE 1000C, FEZFHKXRRAMEATMUA R TILEE
0.25, FEYEHTM, KECHFMEF LRI LRWE 6-5 iR,

50 - —8—CO =—e~CO, —4—HO -v—H - 7000
i ] ~¢—CH, —e— C'H“OM =>=N, —x—{fER#H
— »
* 4,0T » » < 6800
B 35 -
& £
30 {6600 Z
b * 2
® 25 [ ] a :74. -~
1 =
i 20- v v */. v ] o ®
ﬁ 15- */ ) &
% 10 / . . Jewo ¥
F 1 § * N o . |
0 = R 1 6000
0 2 4 6 8 10

KEAKR MW ESHI%
E 65 TFEMRLARKEMENEH

M 6-5 BTLVEH, BEEKAAFIMEMN 0 ME 10%, BIP N BRE
BT, Hy. CHss H,O. CO RS EIIREE M, CO. BEMAHERIEAT
B, MAAEEM, RASABERA.

KEREM, EATFKEESRMN (6-8). KESTHRRN (6-10) MAKRE
¥R (6-11) MIERZH#T, HWEHTEBMBRERMME, AL H,. CO, A &M
. COZETER. EMSEBRK, R aBEME, FHTRRULRE (6-9),
FEit CHy BEEM. KERNKSSENSUERERERRMES, FER
BT KOS ARRHITH. 5K SEEWHE, KEKBNEXN &R RS 1
ERLRTR, MAAMEEHBEAHE.
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\WRKEELEARI

— et — — N

6.3.6 ER I¥W

BERNEE 1000C. TEDE . FEFSHITEML, LBESUERY
EmmE 6-6 Fis.

50, —8-CO =e—CO, ~4=HO -v-—H, - 8000
45-j ~#=CH, —=CH,,0,, =>N, —x—Ef# ,
R 40J ’___—__——-—’__#_.—-—-—"
~ { 47200 _
a5 .
1 £
] ] z
T:”f * 6800 5
I: g 1 ~
. 2% —_ - 6400
. 2 ~—_ %0 5
5] ’ ’ ) :
z ‘ \ 1 5600 w
10 1
v s : : =" a0
Lt i
2

0 ' 022 ' 0.'24 0.,26 ' 0.I28 ‘ 0.I30
A &7
66 ZAMERLMEW

ME 6-6 FTLUE L, BEZSLELM 02 REE 03, COZEHETH,
Co N SEEE A, H,0. CH,. S ETHR, L, FERAHN, K&K
EHETHR. SREIMEFSYBHNRER, EANESENN, SHRHR
RENGHITREMAS, AMRBHLETE, Eilt Co MM, AhsERKE.
M CO EFEM CO W% D, FEMRTFERRMRNEE, Fil, ZRSEESL
#F, EREK, CO,EEBHE, COFEBE. A5t BEE ER KM, BEZH
AN BB, HiLN, LLHlsH BiRa.

0.

6.4 KE/NG

AEHFAMTRAUEREARENNENRIUIBR N ZHZRENE
B, BR, dTERESNERERRAZEEOBERRE, £EHRHZE
BHBAEREMEZ—ER, ZEEZSTRASTRERNER L, SIAEMR
BUAEARS, AAEHbE, BX B ZFX X2, EF R4
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B6E ZEAMNEVRIUIEANERBFR

e A

B RFEREHFRUTEEEE CHe 00, X—YIRAKREM, RILTHELE
MEAREY RSB R S SRR,

BERAMPAFARR, EFRAYRSHEYROYATE. EEFER
RN TFERY T HFEER, HEB Matlab KEF A4 IER I EEHRZH
AT T K.

BANHERGWARBRRT A REAYE, RERD, HUAREER
B WHEREAER: BEHEER AP ABERRIURARE R#T
e, RIBSF CO. COARARAER, HERSEAEE, XRETRR
UETRZTHERNEM, RERNEFREAETE, KETHERTLERAF
i EAL R, EAHT SHRSNBARLES, Hithh 2t EERTL
EER LIRS TIELR. B HEFERRNTER:

(D) ERTAYRHEITSN, FERSERITSUEEER, BNFE
—EPE; FEFEAML. L8 0.25. SLERE 1000CH, £YRBRSHE
BB EER CO. Hy, WHEABZAZE 40%L4 5 HKR CHy 415 0. 8-2.5%;
EHERBD, T 0.5% EXEM COn HO. Ny AR ESEZ M ET—%
kA BRANEITFERER BRI HEE 6000-7700 kI/Nm® Z [4];

(2) EEAPZSEAGEENRE, RSP Co. H,AREEMM, CO,
H:0. CHss Npv BB EEHHN TR, SAEREHZEMN, SURERREH;

GHKFEEMN 0%REF] 25%, CO AR EM 25.1%8E T HE 12.1%,
H, & &M 17.1%5 B {53 10.4%, T CO, H.0. CH S EHELF, N, 58
A TR, £lmaBRY, SAEMEEMMREEH;

(4) BEEKZRFME M 0 I3 10%, B P N, h# 48 F . Hy. CHs.

RSB ERR;
(5) EEZSLEHUMN 02153/ 03, COSEHETR, CO.. ,AEE
F L7, H,0. CHy,n BHAERTR, H, ZBZUAK, SENMERE TR,
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WERKEH MR

F1E 2AREE5RE

1.1 &84

AXFABERMT. RRAANEETEFBRAR T RALEY RLIEE
MEURE RS, AFRERSHER. XREHARIRNEEENS, X8
TEYREBSHKF PR, BT ARRBEET S, ik, BEER=F
REEYARMBUAR: ATRBERRBFFTRENEEINE, RUETHS
KREMEH, RRARETAPRAE K EERIUTZHER, R T LK
BHSANTZSH: SUKREMRBHXEAT, A TEMEREERN%
X ERRBTRMOZNR, BT R KRR R REmRT RN H%
BOEEHR, TR T RN RS RRRR: AT AEE AN S
YIREKIRR, NAOFAERY T ZEBEMNEYRIUTREEER, B
TARRBAFS TP SR HY RS, HEYREREFSHRE
SE T ERER.

1. GEEREYIRATE, EREPEEERSRABEESY, HRT
RARREY R AR, KRBT RNEER RS K. B=HAE=8
Emmg. SRR, EPUEERMREED, HARFYS YRR EAE
RRNEE, RNEBZWRAD: BERNEEORS, BEE, BiE-mr-xs
ETR, SG=Y=2HE LA, B. . SEHEP"F 400CHIFLA L
40-45%. 45-50%. 7-10%, 800°CH}7HIZy4 20-30%. 12-18%F1 55-60%, FEE K
RERfERE, RAHBRRL, EXNEERD: FETRABESEZZNEESH
Ha. CO. CO;. CHs 888 C.H AR, FEEREMNRES, L, EBEE LFH, CO
ACOEEBHETH, CLERFM LA, CH. §ERURK.

PRRARERAEEHSUTZHR Y ZRBT SURKRBEF- YR R &l
BB EMEEEEER.

2. ALIREHTULE, RLFARBEMBRBITHREHENRE, R
FERLE RNEZE LR, #H@RRed BEYE SR L4 F#TH A
SRAMTETULREERSUEE, BTFX—BH, BB TRASUPEL
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BT1E 2ABE5RE
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TP REERRERSHRAREE.

3. ERAMASABMAMSUEEPHITT —RIMHXRR, KBTRE
BE. YR, SUABLZRER=REAR. EHTE. SUBRSEIFN
FWHE. £RRY, £HSAETKSUEERP, R4S, BE. BETE
MEEERUXBEFMAR, AREE. YELERERENEEREHEAL
X B8 ; ER —SE BT, HARIEE M 390°CIREF] 550°C, FMXEE b FH#,
REME, ERoBIE, HEKERE KELERSUEERT. 2R84,
ER %F 0.25 B, AMEFHT 450C. EUXKBERT 950C, FRREHE
HEEDT 20mg/No', MABELAN MI/Ne', SAHEEXT 72%, BREAME
AL 90%; PRERE 450CEAR, ER M 0.23 1% 0.3, SUKEEAH,
MR CO. CHLEB TR, H, SERFWM, RINMERK, FHIETH.
Y& 025-0.3. HAREE 400-500C, FESUBEIHENR 42-53MIN’, §
F54F CRBEIRE 90%) SARSAE R 7-9.5 MINm®; BUEESENSL
MBE, BSF H 8 CO MRATEE AL 26-38%2 7], Egzhiam—B,
RARELEEE 1: 1, SRS ERT 60%. KBERNRSRSAE —ENiAE
R, KEAMAGEURBEEHRE, RS+ H2ERA, COSETR,
CH,EBFFEmM, SAMIBEAR.

4, BUTEURK ARG REBRET RN I EEER, E] C

(S). CO. COy. H;0. CHys Hpv CoHy CeHga CoHeO+ CioHg % 10 B4R 1E
ARMEY), BERSAE. BREER. RASKERNFARERSEZY, #AE
oA E R R HE R R EERAE T R T B B, BT MR RRL
t, GREXFFTBRHER, HHREEE, THTARRRIEEZMNTE, £
BT AR

5. MBS SR, AT ER. HEEE. #OXE. SR
RERFMNEARBES. REZOERAE. £RRY, ER HELXEES.
REGHEEEENZW; B35 ER M 017 B5F 032, FALK WEKEERRS
HOBESAE, £AXEHO C (S). H,0. CHE/RWH THE, N, A CO, B
REHEF, CO 5 H, &BERMERD, CHi FEBZUAK, BHERE LM
MEREREY, EnSEHERK, TEHERRYTERIERR. LKL,
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ENER: FRAMKARBE L, FHAYBRESRERNL, REREM
RERNEEEFESURAOMTY 200mm BEK, ELRBNORTHE
BEER H,0 5RMAYRREN—LERRN: FElHERBHRBRR, 2
EREEEHER, MEEELREIESREEREMAX. AREEER, SHK
ABEEEEE, SnRBERER; SUAIADEEER, EURSAMKEE
K, MEBRS, FRRBEENE; ZRURERSESUFERSLS A

FHRBEEYWAK, ERE-WARLEIHEERR, |

6. AT NEBEEERZRAUSrBAYRSREYRZBIMXER, AAD
FRE, BETYRVE. B VPENLERNFERLT EYRIALEREE
B, FSIATEBRAMEERRS, DLARM RS FEENRLRE,
FAMBAAFHFREHEERENANBEYEAEE REAYE, RER
N BESPRERKSURKSE RE CO. CO.ARLFERKER, HERS
EARE, FTERBTRRIBTRE RNEFREFEITE, BRTHRREL
SAFENNEEER, THHTEMRSNRERES, BRANETES
RAUNER LR P TELR.

7. A LRFT@RNFRY, FRATEARRERE. KFEE. KEKKF
E, HRUFRFN AR ZRAGE. £REY, TR LB 025,
REGEE 1000C, EEFEREN, BRP CO. HyABZFIZE 4050 £, CH,
457 0.8-2.5%, BEHARMD, MIMETE 6-7. MNm® ZJ8]; FSHHREE
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%o
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R KF@EEMRX

X ARG ERFAN

function thermodynamics_model

x0=[0.3,0.3,0.2,0.25,0.15,0.25]

x=fsolve(@original_data,x0)

x_N2=3.76*m+0.5%

%LU T A FEH

function F=original_data(x)

%EABMATEYHNTRM, BeTEYRSFRAN CHaObNe

C=input(iFMA T EYRKNAET S5 Y
H=input(iF A TEMHENRE G5,

O=input(FMAFEYREMRBTHE:);
=input(FEA TEYHEAMRRESE: ),

C_m=C/12;

H_m=H/1;

0_m=0/16;

N_m=N/14;

a=H m/C_m

b=0_m/C_m

=N m/C_m

a_c=input(iE AR ILE: 1),

ER=input(F M A FEY R Z ML ),

m=ER*(1+a/4-b/2);

kwi=inputCiEF AR EIZE R P KL RBEH: )

wi=(kw1/18)*(12+a*1+b*16+c*14)/(1-kwl);

kw2=input(E A RO R B T EYR SR IMAKEAEE UREEAD: )

w2=(kw2/18)*(12+a*1+b*16+c*14);

ti=input(IFRMA N R LB E(C): )

TI=t14273.15;
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Kp_1=-20552.9/T1+1.16*log(T1)-1.877*10(-3)*T1+0.23867* 10(-6)*T172+14.446;
Kpl=exp(Kp_1) % Kp_1 fF C+C02=2C0 KN HIF %
Kp_2=-15556.58/T1+0.91135*I0og(T1)-0.40774*10(-3)*T1+0.01*10(-6)*T1°2+10.23273;
Kp2=exp(Kp_2) % Kp_2 fiFE C+H20=CO+H2 R NifIF % K
Kp_3=7295.0536/T1-6.77*log(T1)+3.7576*10(-3)*T1-0.34755* 10°(-6)*T1/2+33.4798;
Kp3=exp(Kp_3) %Kp_3 & C+2H2=CH4 RN # P #H

=input(E WA FEANSUPZKBECC): )
T2=2+273.15;

=input(iEF A A S LI KERBE(CC): )
T3=t3+273.15;
a_T=input(EMARLINABE: ),
Qg=input(iF WA R AR (J/moD): 7);
a_C0=-110520+(26.537*T1+(7.683*0.001*T12)/2(1.172*10(-6)*T1*3)/3)-8243.137
a_C02=-393510+(26.75*T1-H42.258*0.001 *T1/2)/2-(14.25* 10°(-6)*T113)/3)-9727.85
a_H20=-241820+29.16*T1+(14.49*0.001*T172)/2-(2.022*10(-6)*T1/3)/3)-9320.22
a_H2=(26.88*T1+(4.347*0.001*T1/2)/2-(0.3265*10(-6)*T1/3)/3)-8204.6
a_CH4=-74810+(14.15*T1+(75.496*0.001*T1/2)/2-(17.99*10°(-6)*T1/3)/3)-7415 44
a_C6H62002=82927+(88.627*T1+(120.74*0.001*T142)/2-(12.735¥10°(-6)*T1%3)/3)-31678 %
C6H62002 Hy i1k 4
a_C=16.68*T1+0.00216*T1/2-5165.15
a_N2_out=(3.76*m+0.5%c)*(27.32*T1-H6.226*0.001*T1/2)/2-(0.9502* 10(-6)*T1*3)/3-8413.79
)
a_02=m*(28.17*T4+(6.297*0.001*T4/2)/2-(0.7494* 10/(-6)*T4"3)/3-8672.146);
a_N2_in=3.76*m*(27.32*T2:H6.226*0.001*T22)/2-(0.9502* 10’(-6)*T2"3)/3-8413.79);
a_H20_in=w1*(-285830)+w2*(-241820+29.16*T3+(14.49*0.001*T3/2)/2-(2.022*10(-6)*T3"3
¥/3-9315.23+43947);
b6=a_T*Qg+a O2+a N2_in+a H20_inja N2 out  %E:BVHHREPHEER
F=[x(1)XQyX(5)H6*x(6)-a_c;2*x(3)+2*X(4)+H4*X(5)+6.2*x(6)-a-2*(W1+w2);x(1 +2*x(2)+x(3)
+0.2*x(6)-b-2*m-(w1+w2);Kp1*x(2)*x(4)-Kp2*x(1)*x(3);Kp2*Kp3 *x(4)*x(3)-x(1)*x(5);a_CO*
x(1)+a_CO2*x(2)+a_H20*x(3)+a_H2*x(4)+a_CH4*x(5y+a_C6H62002*x(6)+(1-a_c)*a_C-b6]
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Experimental Research on Pyrolysis Process about Corn Stalk and Rice Husks

ENGLISH DISSERTATION

Paper I: Experimental Research on Pyrolysis Process about Corn

Stalk and Rice Husks

Abstract: Pyrolysis is one of the most promising conversion routes for biomass utilization,
wherein biomass can be converted to solids, liquids and permanent gases, which are all used as a
fuel. Researchers have proved that non-condensable gases can be translated into electric power by
the gas turbine unites and liquid fuels can be used in vehicles after refined. In this paper, we
mainly researched the distribution properties of pyrolysis products, as well as the characteristics of
permanent gases under different reaction temperature and residence time. The experiments prove
that the main process of prolysis is the transformation of biomass to liquid at low temperature.
Along with the increase of reaction temperature, hydrocarbons further crack into small-molecule
gases, so the whole reaction gradually changes into the production of permanent gases. The results
show that the reaction temperature which is closely related with the compositions of permanent
gases has a more important influence on the pyrolysis products than the residence time. With the
increase in the reaction temperature, the volume content of H, rises sharply, while CO and CO,
both decrease obviously in the volume content. Meanwhile the volume content of CH, increases
slightly, especially when the temperature is lower than 500°C. And the highest volume content of
light hydrocarbons achieves at about 500°C. As the reaction temperature changes from 400°C to
500°C, the LHV of permanent gases increases from 12.5MJ/Nm’ to 16MJ/Nm’. When the
temperature exceeds 500°C, the LHV of permanent gases changes gently in a range of 16~17
MJ/Nm’,

Keywords: biomass, pyrolysis, permanent gases, reaction temperature

0 Introduction

Energy and environment are precondition of human survival and development.
Nowadays the primary energies used are mostly mineral fuels, which have limited
reserves and would cause serious environmental pollution. And more and more
attention has been paid to discover clean and renewable resources. Biomass is a kind
of important renewable energy which is friendly to the environment. Pyrolysis is one
of the most potential technologies for biomass utilization. Pyrolysis products from
biomass have many applications, for example, permanent gases can be used in
producing electric energy by the gas turbine and liquid products can be refined into
chemical products [1, 2). In recent years, extensive researches have been carried out
aiming to develop the renewable resources from biomass, especially the pyrolysis by
the Pyrolysis Network (PyNe) [3]. The exploitation and utilization of biomass would
push forward the improvement of energy structure and the establishment of
sustainable development system.

This paper mainly focused on the pyrolysis of corn stalk and rice husks which are
two sorts of typical biomass in China. The distribution properties of pyrolysis

PI-1



Shandong University Doctoral Dissertation

products and the characteristics of permanent gases were investigated under different
reaction temperature and residence time.

1 Biomass Characteristics

The analysis of the characteristics of biomass is significant and helpful to master
pyrolysis process. Biomass, especially represented by crop wastes, consists of large
number of non-homogeneous macromolecule organic compounds which are
connected with various chemical bonds (such as -O-,-CHj etc). Biomass are various in
their components and structures according to their species and growth conditions, but
most of them generally contain carbon, hydrogen, oxygen and small part of nitrogen
and sulfur. Normally the volatile matter in biomass is higher than that in coal. Element
analysis and volatile content of several kinds of typical biomass and coals are listed in
Table 1 [4]). Data in Table 1 are separately analyzed according to dry basis for biomass
and dry ash-free basis for coal.

Table 1 Characteristic of Some Typical Biomass and Coal

C,wt% H,wt% O,wt%e N, wt% S, wt% V, wt%

Com Stalk 45.21 5.62 36.84 3.12 0.32 7299
Rice Husks 43.93 535 37.90 0.52 0.07 70.29
Cotton Stalk 46.82 5.74 40.42 0.91 0.13 74.11
Blind Coal 92.2 3.1 2.8 1.4 0.5 7.06
Soft Coal 71.6 4.5 6.9 1.7 9.3 22.07
Lean Coal 82.59 435 5.17 1.3 5.85 13.1

Compared with coal, biomass obviously has much lower carbon content. The
ratio of H to C of biomass is higher, which is favorable to produce gaseous alkyl
hydrocarbons or light aryl hydrocarbons. The ratio of O to C and volatile content are
also higher, which would make it easier for oxygen-containing chemical bonds (-O-)
to crack into gaseous products.

2 Experiment Apparatus

Biomass pyrolysis is a complicated process which involves an indefinite number
of physical and chemical reactions including crack, isomerization and
polymerization of chemical bonds. Then, three main products (solids, liquids and
permanent gases) are obtained under different reaction conditions [5].

In order to investigate the distribution properties of pyrolysis products and the
influencing factors on them, an experimental platform was built in our lab and the
system model is depicted in Fig. 1. Feedstock capacity of the system is about
10-15kg/h, and the pyrolysis furnace is made of refractory steel with a diameter of
80mm. The heat needed in the reaction is supplied by electricity.

The basic description of the experimental process is as following: Firstly, biomass
is fed into the pyrolysis furnace by the feedstock vessel and moved to the furnace
afterbody by the screw thruster. During this step, pyrolysis reactions take place when
biomass is heated to certain temperature. Then, the pyrolysis products are delivered to
the end of furnace, solid products drop into the solid-collecting vessel and liquid
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condensates get into the liquid-collecting vessel after gaseous products are cooled.
Finally, permanent gases are released after analyzing by the infrared gas analyzer.

When the pyrolysis reactions take place, some gaseous products are produced in
the furnace, which make the system keep a micro-positive pressure so as to isolate
from its outside.

Fig.1 Model of the Experiment System

1.feedstock vessel; 2.pyrolysis furnace; 3.solid-collecting vessel; 4.condenser;
S.liquid-collecting vessel; 6.flowmeter; 7.infrared gas analyzer; 8. data acquisition system

3 Distribution Properities of Pyrolysis Products

It is well known that biomass can be translated into solids, liquids and permanent
gases by pyrolysis. Different yields of pyrolysis products would be obtained under
different reaction conditions. In our experiments, characteristics of used materials are
shown in Table 1, whose humidity is about 10-12%.

3.1 Solid Products

e

Biomass would be pyrolyzed completely with the volatile matter released when
the temperature is higher than 800°C. The mass ratio of solid products can be used to
evaluate the deepness of pyrolysis reactions to some extent, for there is always parts
of hydrocarbons remained in the solid products at the different temperature [6]. The
mass ratio of solid products about corn stalk and rice husks is shown in Fig.2, where
T represents residence time.

We can see from Fig.2 that the yield of solid products evidently decreased with
the increase of the temperature. The mass ratio of solid products was above 40% at
400°C, while a big decrease down to 20% (corn stalk) and 30% (rice husks) happened
at 800°C. It is obvious that the reaction temperature has a remarkable effect on the
yield of solid products. Most large-molecule hydrocarbons would stay in the charcoal
at the low temperature, and would crack into gaseous matter at the high temperature.
That means the higher temperature is, the more completely pyrolysis reaction will
carry out, and then the less solid products will be produced. The conclusion fits well
with reference literature [6, 7].

Additionally, the mass ratios of solid products did not show much difference with
the same reaction temperature and different residence time, which reveals that the
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residence time had a small effect on the yield of solid products. Based on lots of
experiments we found that main weight-loss process finished in 1-3 minutes above
400°C, and then residual volatiles were gradually released.
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Fig.2 Mass Ratio of the Solid Products
3.2 Liquid Products

Water and tar are the two main liquid products in the process of pyrolysis. Water
comes from the moisture in biomass and the reaction of hydrogen and oxygen.
However, the yield and component of tar are very complex, which are related with
biomass characters (such as size, water content etc), pyrolysis conditions (e.g.
temperature, time, pressure), and reactor type. The mass ratio of liquid products is
listed in Fig. 3.
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Fig.3 Mass Ratio of the Liquid Products

The curves in Fig.3 showed almost the same tendency with the solid mass ratio,
because the higher reaction temperature is beneficial to a deep-pyrolysis reaction
which would further convert the large-molecule hydrocarbons into gaseous matter
with a few amount of liquids and solids left. The mass ratio of liquid products was
nearly 50% at 400°C, while it was only more than 10% at 800°C.

The color of liquid products was comparatively light and only a small quantity of
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dope deposited at the bottom of vessel in the low temperature, which means there was
a significant amount of water in it. As the temperature rose, the color gradually
became dark, and finally turned into puce, meanwhile the liquids became much
thicker. That is because carbonhydrates firstly has the dehydration reaction under the
low temperature. With the increase in the temperature, the pyrolysis reactions go
further, and some hydrocarbons, like benzene, hydroxybenzene and naphlthalene etc,
crack into small-molecular permanent gases, meanwhile produced steam reacts with
char and hydrocarbon etc. Finally the liquid products contain less and less water. The
two phenomena explain why liquid products diminish with the increase of reaction
temperature [8].

3.3 Permanent Gases

Permanent gases can be obtained after gaseous products are cooled, which is a
kind of syngas mostly including H,, CO, CO,, CHy, light hydrocarbons with a number
of carbon atomicity less than four.

Because the reaction temperature has a more important effect on the yield of
pyrolysis products than the residence time, only the effects of different reaction
temperature on the yield of permanent gases from com stalk and rice husks were
studied in this paper, and the resuits are showed in Fig. 4.
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We can find based on
Fig.4 that the yield of the
permanent gases increased
sharply with the increase of
the temperature. The mass
ratio of them was less than
10% at 400 C , while
exceeded 50% at 800°C. The
reason for this is that heavy
hydrocarbons gradually crack
into small-molecule gases
along with the growing of
temperature. So it is more
favorable to produce the
permanent gases at high
temperature. v
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4 Characterisitics of Permanent Gases

The volume contents of the main components of permanent gases including Hj,
CO, CO; and CH,, were analyzed by on-line infrared gas analyzer. In addition, the
non-condensable gases also contained a small quantity of light hydrocarbon, namely
CwH,, mainly consisting of C,Hs, C:Hsg, Cs+ etc. Sum of volume contents about C,H,
were calculated by gas chromatography.

4.1 Contents of Gas Components
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The volume contents of permanent gases components at different reaction
temperature and residence time are showed in Fig. 5 and Fig. 6 respectively, where T
represents reaction temperature.
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We can see from the curves in Fig.5 that the volume content of H, was only about
3% at 400°C and rose to about 35% at 800°C. However, the contents of CO and CO,
had the opposite tendency compared with Hy. The volume content of CO, declined
from 43% (at 400°C) to 20% (at 800°C), and the value of CO dropped from above
30% (at 400°C) to 20% (at 800°C). The volume content of CHy increased slightly with
the increase of the temperature, especially before 500°C. And the highest content of
light hydrocarbons was achieved at about 500°C.

So we can conclude that the reaction temperature has a remarkable influence on
the volume contents of permanent gases components, especially for Hy, CO and CO,.
With the growing of the temperature, the content of H rose sharply, but the contents
of CO and CO; both declined obviously. The phenomena are similar to reference
literature [9].

The curves of permanent gases components in Fig.6 changed gently with
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different residence time, especially CH4 and C,H,, which means that residence time
only has a trivial effect on the yield of permanent gases components compared with
reaction temperature. :

When the reaction temperature rises, hydrogen element in the carbonhydrates is
cracked into independent hydrogen, which makes the yield of H; increase sharply.

Biomass has lots of oxygen-containing groups, such as carbonyl, carboxyl and
hydroxide etc, which would crack into small-molecular gases along with the
temperature increasing. Carboxyl-containing groups change into CO,, carbonyl
groups turn into CO and hydroxide groups become into H,0, meanwhile they would
further react with carbon or steam, which reduce the density of CO and CO..
Therefore, the higher the reaction temperature is, the smaller the yields of CO and
CO, are.

CH; mainly comes from demethylating reaction during the low temperature,
rupturing reaction of ether bonds in the high temperature and further cracking of
volatile pyrolysis products. Under the condition of high temperature, C,H, and C;Hs
would break into H, and CH,_ at the same time CH,4 would crack into H; and C. So the
content of CH, in the figures is the outcome of comprehensive reactions.

Balance mechanism of light hydrocarbons is similar to that of CHy,

4.2 Low Heat Value of Permanent Gases

Low heat value (LHV) of combustible gases can be calculated in terms of the
following formula:

Q,=Y.C0 /100 (M

Where Qg is the LHV of combustible gases in MIJ/Nm®, Q; is the LHV of
combustible gas i in MJ/Nm?, C; is the volume percent of combustible gas i.

The LHV of permanent gases from comn stalk and rice husks under different
reaction conditions is showed in Fig. 7.
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Fig.7 Low Heat Value Of the Permanent Gases
We can see from Fig. 7 that when the reaction temperature changed from 400°C
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to 500°C, the LHV of permanent gases increased from 12.5MJ/Nm® to 16MJ/Nm’.
While the temperature was above 500°C, the LHV of permanent gases changed gently
in the range of 16~17 MJ/Nm’. The distances among the curves of different residence
time were all very small, which explains the residence time has a little influence on
the LHV of permanent gases.

Biomass can be gasified by means of different gasification media. Air
gasification produces a low heating-value gas (LHV 5-6MJ/Nm?®), for nitrogen from
air transfer into the gas. Oxygen gasification produces a medium heating-value gases
(LHV 10-12MJ/Nm’®), because the reaction of oxygen and char produces lots of
carbon dioxide [10]. However there is no gasification agent during the pyrolysis
process, so the pyrolysis syngas generally contains less number of O, and N,, whose
LHV is higher even than oxygen gasification.

The pyrolysis syngas has some disadvantages. It is well-known that there are not
combustion reactions in the pyrolysis process, especially on the condition of high
temperature (about 1000°C), so a greater quantity of tar has been contained in
pyrolysis products. It is reported that the tar content in pyrolysis syngas is about
60g/Nm® at 850°C [11]. However, the tar content of gasification gas in CFB is only
above 10g/Nm’. The lower the reaction temperature is, the higher the tar content is.

5 Conclusion

The experimental results clearly demonstrate that the reaction temperature has a
more important influence on the pyrolysis products than the residence time. The high
temperature helps macromolecule compounds crack into small-molecule gaseous
products, so the higher the temperature is, the less the yields of solids and liquids are,
while the higher the proportion of permanent gases is. When the temperature reached
800°C, the mass ratio of permanent gases was above 55%.

The reaction temperature is closely related with the compositions of permanent
gases. With the growing of the temperature, the volume content of H; rises sharply,
but the values of CO and CO;, both decrease obviously. While the content of CHy
increases slightly, especially when the temperature is lower than 500°C. And the
highest volume content of light hydrocarbons is achieved at about 500°C.

As the reaction temperature changes from 400°C to 500°C, the LHV of permanent
gases increases from 12.5MJ/Nm® to 16MJ/Nm®. When the reaction temperature
exceeds 500°C, the LHV of permanent gases changes gently in a range of 16~17
MJ/Nm’, \
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Paper II: Research on Thermodynamic Model of Biomass

Gasification Process

Abstract: Considering carbon partial conversion and heat loss of the system, a thermodynamic
model of biomass gasification was established based on mass balance, energy balance and
chemical equilibrium, which was solved with Newton-Raphson method. The model is validated by
comparison with the literature data. The effects of air preheat temperature, moisture content,
equivalence ratio (ER) on gasification performance were analyzed. The detailed process of
modeling and the calculating results are much valuable for the development of the biomass
gasification.

Keywords: biomass, gasification, thermodynamics, equilibrium model

0 Introduction

The reaction mechanism of biomass gasification was very complicated, which
included same-phase reactions and multiphase reactions, and it concerned many
subjects such as thermodynamics, hydromechanics, heat and mass transfer, chemical
kinetics, and so on. Hence, it is quite difficult to found mathematical models which
could accurately describe the whole gasification process [1]. According to the
difference of emphasis, the mathematical models could be divided into classes for
thermodynamic model and dynamic model.

Dynamic model considering kinetic characteristic and hydromechanics
characteristics was more close to practical process, however, there were no
acknowledged models, because many intermediate product construction and reaction
mechanism were uncertain [2-4]. Thermodynamic model also called zero dimensional
equations, for which the whole process was posed as blackbox. The same-phase
reactions and multiphase reactions of gasification process were asumed to reach
balance when the gas left the gasifier. However, in fact, some reactions were difficult
to reach balance. As a result, there were large deviation between calculated values and
experimental values [5-7]. Li et al put forward a kind of biomass gasification model
for circulating fluid bed, which was based on pure balance models, and the unblance
equivalence factor was leaded in the model for the incomplete conversion of carbon
[8]). Jarungthammachote et al corrected the equilibrium constant of methanation
reaction, for which the effect df carbon activity on reaction was considered [9]. As a
result, the production of methane could be predicted well. However, in the paper, the
carbon of biomass was asumed to transform into fuel gas completely, and the system
heat loss was not corcerned. Based on literature [9], Liao Qiang et al researched the
temperature effect of the air on gasification process, but which concerned carbon
partial conversion and system heat loss.

In this paper, a kind of mathematical model was founded on the basis of
thermochemical equilibrium mechanism, for which the effect of heat loss and
incomplete conversion of carbon was concerned. The influence of preheat temperature,
moisture content and equilibrium ratio on gasification indentify parameters was
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considered.

1 Assumption in the model

Assumed conditions of the model were shown as follows:

(D Because the sulfur content of biomass was low, the biomass was assumed to
be composed by the elements of C, H, O, N; @ The reactions carried on under one
normal atmosphere; @) The temperature, pressure and component was uniform in the
gasifier; @ The volume of air composition was of 21% O and 79% Nj; ® The fuel
gas was composed by CO, CO,, H,, CHy, H20 and N,,under ideal condition.

2 Foundation of the mathematical model

When the gasification media was air and steam, the total chemical equation of

biomass gasificatin was:

CHaOch + m02 + w]HZO(I) + w2H20(g) + 3.76mN2 - xlCO + x2CO2 + x3H20 + x4H2

+x5CH, +x,C(s) +(3.76m + 0.5c)N, M
Where CH,OpN, expressed the biomass molecular formula for dry basis; x; (i =
1,2,...,6) expressed the mole number of different reaction productuins for per mole
dry basis biomass; m expressed the mole number of oxygen needed by the gasification
for per mole dry basis biomass; w; expressed the the mole number of water needed by
the gasification for per mole dry basis biomass; w, expressed the mole number of

steam needed by the gasification for per mole dry basis biomass.

2.1 Material balance

The carbon, hydrogen and oxygen equilibrium equation could be obtained from

formulal.
Carbon balance 1 **2*%5*% =1 (2)
Hydrogen balance 23 *24 +¥is =av I+ -y 3)
\
Oxygen balance #2725 =0 +2msw +w) ”

2.2 Energy balance

The reactants inputting into the gasifier included biomass, air and steam, and the
products outputting from the gasifier consisted gases and residual carbon. Formula §
could be obtained by the energy balance principle for inputting and outputting

materials.
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0 0
(A fy + Hin,1) ~Him,298) =11 (iR (BH 1 g + Hpy = Hp 28)] (5

0
Where ™ expressed the mole number of component ¢, mol; AH; expressed

standard molar formation enthalpy, J/mol; Hor expressed sensible enthalpy, J/mol;
T; expressed the temperature of reactants, K; 7, expressed the temperature of

productions, K; M expressed thermal efficiency, %; the subscript of P, R separatly

expressed reactants and productions.

-The calculation formula of sensible enthalpy variation was follows:

T T 2
Hp 1 = Hy 298 = 1og CpdT = hog(ag + T +ayT* MT (6)

Where C, expressed specific heat at constant pressure, J/mol'k; G 8 3

expressed constants, which could be acpuired form literature [11].

2.2 Chemical reaction equilibrium

No mattter what kind of gasifier equipment, the process of biomass gasification
could be divided into four steps as following: dryness, pyrolyzation, combustion, and
reduction. Comparing with reduction, the combustion reaction (C+0,—CO,) carried
on so quickly. As a result, the key roles which play on the final fuel gas composition
were the several reduction reactions [7, 10, 12, 13]. Considering the main fuel gas
composition from the experimental result, boudouard reaction, water-gas reactiom,
methanation reaction and water-gas shift reaction were utilized in the paper as the
base of chemical equilibrium calculation, and the equilibrium constants separately

were Kp;, Kp, Kps, Kpq.

C(s)+C0,(g) » 2CO(g)

C(s)+H,0(g) » CO(g)+ H,(g)
¢

C(s)+2H,(g) - CH,(g)

CO(g) +H,0(g) - CO,(g)+H,(g)

According to the relation between equilibrium constant and gas mole number, the
formulas were transformed, and showing as following:

K, x-x=K, x-x (D

K, K, X %, =x-% (8
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Kpy-x %, =x,-x, (9)

Only two of the formulas were independent, and the first two formulas were
chosed in this paper.

For the certain reaction, equilibrium constant was the function of temperature,
and was wirrten as follows:

pr=-f-H—°+flnT+£T+frz+1

RT R 2R 6R

The lieterature [11] could be referenced for the calculation process of equilibrium
constant. In the above reactions, the curves of equilibrium constant changing by
temperature were shown in Fig.1.

There were six equations and six unknows from formula (2) to formula (5),
formula (7) and formula (8), which formed a set of nonlinearity equations of

thermodynamic model for the biomass gasification process.
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Fig.1 Relationship between equilibrium constant an& reaction temperature

3 Characteristic data

Characteristic data of O,, H,0, N,;, CO, CO,, H;, CH; could be searched in
reference [11].

The characteristic data of carbon could be searched in reference [3] and [16].

AH}M =0
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C, e = (0.36T +1390)J/(kg.K) = (16.68 +4.32*107° *T)J/(mol K)

Except for the elemental analysis data, the standard formation enthalpy also was
indispensable for biomass. According to the definition of standard enthalpy, which
was the enthalpy variation for per mol compound formaition by simple substance
under normal state [13], the formula could be obtained. To the cotton stalk, for
example, the molecular formula was CH) 470064sNo017 accprding to the elemental
analysis, which could be formed by four kinds of simple substances that were C, H,,

03, N, and the formula shown as flowing:

C(s)+0.735H,(g) + 0.3240,(g) + 0.0085N_ (g) -» CH, .0, N

0.648 0.017
However, in fact, the above reaction could not happen, CH; 4700 648Noo17 may

obtained by the following reations:

C+0,-5CO,  —393510J/mol
0.735H, +0.36750, - 0.735H,0  -0.735*241820J/mol

CO, +0.735H,0+0.0085N, —1.04350, + CH, , 0, N, ., +476947/mol

After computation the standard formation enthalpy of cotton stallk was
-94300.7J)/mol.

4 Solution and validation of mathematical models

In this paper, Newton-Raphson method was adopted in the solving of equations,
and the software Matlab 7.0 was utilized to write mathematical compution program
package. The known parameters should be input into the models such as molecular

formula of biomass, standard formation enthalpy, moisture content w;, oxygen mole

m, steam mole w, system thermal efficiency M , the material temperature inputting
gasifier, and the material tem;yrature outputting gasifier. The output parameters from
the models were mainly mole numbers of different gases and the residual carbon.

In order to validate the exactitude of the model, the calculation results of the
models were compared with the data of literatures in table 1.

In the Tab.1, the comparison between calculation results and literature data was
shown, which were basically uniform. Because the effect of tar and other CxHy in the
fuel gas could no be considered in the models, the calculation results and the

experiment value could not be in good accord.
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Tab.1 Comparison of the calculated results by model with literature data

Reaction Temperature 800°C Reaction Temperature 955°C

Model Result  Data of Literature [13]  Model Data of Literture [17]

Cco 29.29% 28.45% 24.79% 24.62%
CO, 6.81% 6.25% 9.53% 9.71%
H, 21.87% 20.87% 14.13% 13.16%
CH,4 0.71% 0.85% 3.43% 3.22%
N, 41.32% 43.01% 48.12% 51.20%

5 Results and analysis

During tbe process of biomass gasification, the factors such as air preheat
temperature, moisture content of matierial, equilibrium ratio et al played an important
role on gasificaton indicators. In the paper, sawdust was used as raw material, and
influence rule of above factors on gasification performance was reasearched by the
model. The molecular formula of sawdust was CH; 440 66, with the high heat value of
449 568 J/mol, and the standard formation enthalpy was -118 050 J/mol.

5.1 Influence of air preheat temperation

The influence of air preheat temperature, was shown in Fig.2 under the condition

- of reaction temperaute 900°C and air equivalent ratio 0.25.
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Fig 2 Effect of air preheat temperature on gas component
From Fig.2, the volume content of CO and H; increased separately 3.8% and

1.98%, when the air temperature rose from 25°C to 400°C, And the volume content of
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CO,, H,0, CH; and N; decreased a little. The heat value of fuel gas increased

obviously, which showed that the gasification efficiency increased. Because the air

preheat temperature increased, the heat quantity inputting into the furnace added,

which was in favor of endothermic reaction.

5.2 The effect of moisture content

The effect of moisture content in material was shown in Fig.3 with the reaction

temperaute 900°C and air equivalent ratio 0.25.
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Fig 3 Effect of moisture content on gas component

From Fig.3, the volume content of CO decreased from 25.14% to 14.58%, when
the moisture content of materials increased from 0% to 20%, and the volume content
of CO,, HyO, CH, increased obviously, while the volume content of N, decreased a
little. The heat value of fuel gas decreased a little. Because the latent heat of
vaporization for water was large, the rise of water content meant that the heat drawn
by the gasification reaction increased, which lead that the temperature in the furnace
decreased. As the result, it made against for the production of CO and H;, while it was
in favor of CH, and CO,.

5.3 The effect of air equivalent ratio
The influence of air equivalent ratio was shown in Fig. 4 under the condition of

environment air gasification and reaction temperature 900°C.
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Fig 4 Effect of air equivalence ratio on gas component
We can see From Fig.4, when the air equivalent ratio increased from 0.2 to 0.35,

the volume content of CO, and N, increased; the volume content of CO. H,O. CH,4

decreased; the volume content of H, changed a little. Because by the increase of air
equivalent ratio, the combustion reaction finished sufficiently , and more CO, was
produced. The proportion of CO, changed to CO determined by the reaction
temperature of reducing zone. At the same temperature, the larger the air equivalent
ratio, the more the volume content of CO, was. In addition, by the air equivalent ratio

rose, more volume of N, was brought in, and the number of N, added.
6 Conclusion

In this paper, thermodynamic model for biomass gasification process was
founded base on mass balance, energy balance and chemical reaction equilibrium,
which considered several factors such as system heat loss, carbon incomplete
conversion and so on. The model was solved in use ot&Newton-Raphson method. By
comparasion with literature data, the validity of model was proved. Finally, the
influence of air preheat temperature, moisture content, and air equivalent ratio on

gasification indicatiors was analyzed.
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