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ABSTRACT

This research aimed to enhance the efficiency of a downward-flow gasifier by
utilizing a heat exchanger with porous material (PMHR). The study investigated scenarios
both with and without the installation of PMHR, while also examining the impact of
varying air feed rates entering the gasifier through the heat exchanger. The goal was to
compare thermal efficiency, the quality of gasification products, and process
temperatures among these scenarios.

The experimental process involved testing the downward-flow gasifier and
recording temperature readings at multiple installed points. Air mass flow rates and the
consumption of biomass feedstock were compared across three different scenarios of
0.0109, 0.0131, and 0.0153 kg/s for air mass flow rates, with each scenario using 25 kg of
feedstock. Data collection included measurements of air mass flow rates, biomass
feedstock consumption rates, and gas samples for subsequent laboratory analysis.

The results revealed that the gasification product comprises approximately
12% CO, 2% H,, 18% CO, and 68% N,. Notably, there was a 77% increase in thermal
efficiency and approximately a 22% rise in gas heat content. These outcomes were
compared with scenarios where air bypasses the heat exchanger shows a 58% reduction
in exit gas temperature at an air flow rate of 0.0131 kg/s. The findings suggested that this

gasification system performs satisfactorily when compared to traditional gasifiers.

Keywords: gasifier, porous materials, heat recuperator, biomass gasifier



ANRANSsuUsENIA

£
o

NuATeddsalaned filsuvensiunsean 5605 UMIqN5 Uszavuii 8191567

Usnwnlueensas Alalimusnulunisynide uumeanisuidgm wavin3esdolinsziuia

Y

waztaI et ufingavgd wiouisquanarasuamaruinmvdivesinendnus vilnng
aflunuiasdauserulisiuazdnsaganslan

YOUDUNTLAM 819138 AT.ANINT 189IA UTLTINTIUNNTADY UATNTIUNTADURYIY
AANT19156 A.ARNIY 1919130 LALNITUNTABUL Y IMANTISIUYANA AU il

Awuztiuiunseuiadaiaustugive e inusatuliinuauysalinndeu veveun

AAIAINITUATINALATYAAINITAEITOWNNY HilaldaegUnIniuasiAToarnidy niay
MesIeANUarmninugideulainideladisagailuiies
gAVNgTaNIVVDUNITTAM AnNe AmL Uagasauass Tlinisatuayulunsfnwiuay

Limdslafivilinisiideaduiidnisqaciulad aaensunnuzenaisd lnsanzan auney

1 a P

ywun Pradeivigyauliiiasiaiena uazan viaty fiefiang Nvemdslunisasian

wiadlnieasiiganuuiu 3u9an1AIv MmN sueiiussgns umaemalulagnszaaungd

3
24 [ ¢

wiszuaswieoynszidmiunsiessindndariveaiaduasizidvinliinssidusa

% a

ARRILAALINIUTUIUNTTA T ITTuT e FalAlTWI19 syuaidsrdunsiassinane)

ASIIUAUIVIUNIT

138Yey MBI

e



WU

UNARE AT VI ..o (3)
UNPR DN TG VTING e ()
AN TTUUTEN oo (5)
BVTUR e e (6)
SRRV 2100 N OO OO O OO (8)
BTTUDYTU. i 9)
AUANIAZA VD oo (12)
TR o O 15
1.1 AU ULUAE AU QYIOITMA Yoo 15

1.2 FPUITEAIANITANG i 15

1.3 YDUBUANTT IV oo iressssssssssssor oot ssssnsses s 16

1.4 UTEIIUITANATIRLIITU et 16

UM 2 255N TLMAENUATREO o 18
AR LGy O e e A = N~ 18

2.2 AT RTBINAITIIR ..ottt 18

2.3 a3inaensiuizenlunszuun1swd san WIULAR ..o 19

2.8 A55UIUNTWUTANTWEIUIAR oot 21

2.5 YUAUDIANAATIDDT oo 28

2.6 NMTODNWUULAMNAAUAEEIATIER oo 28

2.7 F10ALDUATUNTTODALUY . ooooeiee oot 28

2.8 NANAIATUIUAINAANTAN ) UDIANANUAAFIATIER oo 29

2.9 TRLPBU. ..o 34

2.10 viannmsesniuulalaau (Cyclone Design Principle) .ooeeeeeeeinereeineenn. 37

2.1 FARTWTU cooveeremeeeeeeeccessmsesesneesessssssses s sssssesse s esssse s s 38

212 qUﬂiaiLLamU?{aumm%au ................................................................................... 42

2.13 ATTUNTIUTAIITOD e es et 45

UTT 3 BT UMY st see et e 49

(6)



3.1 TUABDUNITAS I ATHNARLN AR ILATIEN

3.2 dwlsgnaumsmuiadinions

a3y (A1)

3.3 9UNT0ILALLATITLTEMSUNITNATOU oo

3.0 TUADUNITNAADULIED bNLDDSWUUMABR oo

3.5 MTIATIENNTALAIAUAZNE Y

UNA 4 NANISYDADILALIANGE

4.1 89AUSENDUVBILNFFILATIEVTNONTINITUBUBDINIANG 3 NF e

4.2 Wslwdgaumaiivewiadunseniugnsin1stous nans 3 3.

[V

4.3 UYSLaNSNINT9AIUSaUYWAINUBASINSUBUDINIANTG 3 NFE.rrrrrerenn

8.8 TUTINGUBIRMUMOT e iresier s e

4.5 APULUTUVRY CO, CHy, CO, hag Ny AURUVATITARIUIAUI T5 oo
4.6 AnuduiusansIauyatugumAiinsdLmL T5

4.7 auduiusnsdruauyaiudnsinisinavewiaaine

4.8 puduiusausIveseINAUsnsINsIemANSeuYegUnsal

TR GRT L () o et (o N SN, S/ )} N

4.9 AuduiusansINTsiradanatudnsinisaemeauauveigunsal

Unil 5 asuranIsnadeuLazdalauaRuTTalaUDIIY
5.1 Wadjun1svadey
5.2 UolAusliug

UITUIUNTU

AMANUTIN

f.

LaNLUABUAINNS DY

. ANSANUIUNUSEANSAINAINUT DUV DA

N AR o R BTR o TR T il O €t A
. MSATUIEIOATING AR IAUDIUIAD NN oo
989N IR AN AT AU R DN OB oo
. MSALAUIEAT LN ARDITOINEITLY (A/F 12HIO). o

. F9ENNTANMUIUNIAT High Heating Values.........ooovv..coooeveeeceoeeeevecceeeee,

(7)

49
51
58
66
67
14
77
7
78
79
79
82
83



a3y (A1)

Ve
3. MImwImemgivesenilralinoangunsauanUaeunIuToU. ......... 110

° v Yy A = & a ¢
3. MIATIUINFUANUTOUNGY AV BAMAETLIIDDT oo 119
2. NTANAAUIAUAENA I NIUYDUANMTATINDDT .o 126

aw ao aa 6 1

. AMUAFYNYINITARLINITANTANUTENC e 137
UTETARVTYU. ettt 149

(8)



A130A1579

N
151971 2.1 AR S OUTD IR BN A TUDUUUARDIINDS e 19
A5 2.2 WARENTHINANYRARIIN AT EIUNANVBIE (VOLI).errererrosrrorses 21
37371 2.3 sedUsznauLadunseiThluveunuiag oS uuulnead. ... 23
An5197 2.4 uanssiasziuuulneyssnuveafadunsgiildnnamdnga. ... 29
AN91971 2.5 waineAn LHV of product gas range and choice of gasifiers........ccoveveenienee 31
15197 2.6 uanananTRTeRuazTaIds e N HARUAAT AT AT, o 34
15197 2.7 UanaiadnAIUY0 Ll ARULUUNIATT VAR o 37
131991 2.8 MsuUsUsEIAN TR gNTURLesAUsENaUMaATTuAE AALTRA . ... 41
AN57 3.1 WA MUY NASBINBAUAATUATIEN oo 58
5197 3.2 mﬁau@amaﬁ;ﬁ 3 Sasnsinavesemenasdomasdmiuuiasiness. .. 67
ANS9T 3.3 MyayFenaUANToUTDId LA VR IMAETIIODT. .o 67
AN399 3.4 miau@amaﬁy’q 3 Snsnsinavesonruas o d s uniadliens. ... 69
151971 3.5 Mg AINEINUANLTOUTOIE A TUBIUAATINNDDS. 69
A3 3.6 miamﬂamaﬁa 3 §asn1slvavesormenas oA @S uLiad ooy ... 72
151971 3.7 Mg EINEINUANLT OIS U INAAT LIRS 72
ANS97 3.8 M3ayFenaNIUANTOUTDIAIUAN VB IAATINDDT . 77
157971 3.9 AanuFeugn AeRlUTULAREUATIEAUNTER 1. 74
#1599 3.10 A Feug A MUAULAEE AT ZAUNTEN 20 75
15797 3.11 FrauFeug e MURULAEENATEAUNTEN 3 o 75
3T 3.12 Snsnisanemainudeudionnialvani HE Tunsdl With PMHR ... 76
a5l 3.13 Sasnisanewmarudeudennialnariy HE Tunsd With Empty PMHR....... 76

)



a3Uey3

vy
SUT 2.1 N3UIUNSURAT OB TUATNBANAIT oo 21
Ul 2.2 WPHEALAAUUINAVAAILTANIMT AT D UNTOIEL o 24
U 2.3 AAALRALUUB AN UTENNVOUTONGS o 25
SUT 2.4 1 wERLRALUUINALARTUTAMISFATII. o 26
SUT 2.5 LHAAUARELATIEAUUUNGBLATIUR. ... 27
SUT 2.6 LANBALAAEUATIEIUMUUDUIITWUR o 28
U7 2.7 M511av30 M AMALTTUMEUTA. - oo 35
U7l 2.8 wilaviomainveslelaauifing et e AR, o 36
U7 2.9 wanslelaauuuuinnsgruviaiionalvaidn i duia. .o 37
SUT 2,10 FAGTNTUTUUUUI N 39
U7 2.11 YaqnguiTlansuasolans. ..o 40
U7 2.12 uamanalnnsunsrinuesufailvadn luneluiansngu. .o 42
U7 2.13 gunsaluaniUABuam3euniin Shell-and tUbe ... 43
U7 2.14 gunsaluaniUdsunudeusiin Shell-and tube Wy counter-flow......... 43
U7 3.1 mevihuuuitethmdnmnuung 3 mm aaduleuiandy, wilnd uazdle
TR o e OO ot O SOSOR 49
SU# 3.2 msvhuuuditethimdnuunauwa 3 mm Wudumhuvausesiaem................. 50

JUT 3.3 msihuuuifiethviemdnuun 150 mm wazrhUasuaisuazuuvesgunsaluan

NIETLP LIPS MM S === e\ @Y/ v 50
U7 3.4 SUFRYNIUe A AER IO TUUUINARG . oo 51
U 3.5 dunwdnufadaanpiduianadulsueuwiiazlounduaae. ... 51
U7 3.6 MashumanieassduMaulauslsl 52
SUT 3.7 n1sUsEnoUBUA UM IVIIUAE UDIBA . 52
sUTl 3.8 sUmngUnsrsnUsgnouduiuloumnlvdingouiefadn. ... 53
U7 3.9 M3UsENeURiNUAEEIATIINAETAITANTU 53
gﬂ‘?‘i 3.10 @uUsenauves Grating vaumkuulvaas (Downdraft Gasifien).................. 54
SUTl 3.11 msfindagunsainaniudeunnufeunazainmenveumuuulvaad ... 54
SUit 3.12 dundsmsAndame AU e wmUUUIINA .o 55

(10)



ARG RGE))

Ve
SUT 3.13 M3tsenouTud i e ar e MUUIIOa. o 55
STt 3.14 maveaeulumaifueiosedusnidoUszneudavennuuulyeas. ... 56
U7 3.15 msvdudssdmiulsumnlnivagldlunediduiuy Forced Draft System...... 56
U7l 3.16 gauvindigegn 1,372 °C Anldsumisvadsurnlnivaginsmaaeu...... 57
U7 3.17 mafusetnaufadansesiivhmmeaouiitethludaiesiesed. ... 57
gﬂﬁ 3.18 MINARBUNIAUATEITTIUTEABITNITINGVEE. .. o 58
SUT 3.19 Funmdan1sAnsamno SIS UTARE 9§12 59
gﬂ‘?‘i 3.20 qﬂﬂiail,t,amﬂ?ismmm%au (Heat EeXChangers).............ccoovvvvvvvvionnneccevv. 60
SUT 3.21 39TUA0% (RING BLOWED) e 60
SUTL 322 FAWGUe s e 61
E‘U‘ﬁ 3.23 161AAU (CyClON@ SEPAALONS).........ooooovovceoeeseesoics coeeeeeeeeeeeseeee oo 61
g‘dﬁl 3.24 SINNUARFIATIZN (RECEIVING SYNGAS TANKS)......oeoeeeeeeeeeeeeeeeeeeeeeeesesesesee e 62
U7 3.25 LA30sila ARSIV INMALAZLAROIUTITNGAINAT .o 63
gﬂ‘?‘i 3.26 \A3DIUATIZAUA (Gas CHIOMAtOGIaph)...... ..o 63
gﬂﬁ'327Lﬂ§aq%hﬁﬁwﬁhuuuaﬁmaa LA AT TN VAU o 64
SUT 3.28 QUAURIDENURATIATIEN oo 65
SUT 3.29 61187 (CRATCOB. e 65
U7 3.30 lnezunsuaunaunassuuifadivesdidoszuu With PMHR ..o 68
U7 3.31 lezunsuaugndsauszuunfagiiesssloszuu With PMHR ... 68
U7l 3.32 laesunsuaunasnassuuifad e ssiioszuy With PMHR. ... 68
U7 3.33 lnezunsuanandsauszuuniadiviessiiloszuu With PMHR ... 68
U7 3.34 laezunsuaunainassuunAadliessidoszuy With PMHR. ..o 69
U7 3.35 laezunsuauandsanuszuuniadliesiiloszuu With PMHR ... 69
U7 3.36 lezunsuaunaunassuunfadlveediiloszuu With Empty PMHR................ 70
U7 3.37 lnezunsuaunandssszuuniadliessisloszuu With Empty PMHR........... 70
U7 3.38 lnezunsuaunasnasyuuufadiveedideszuu With Empty PMHR................ 70
U7 3.39 lnezunsuangndsauszuuniadiiessifloszuu With Empty PMHR............. 71

an



ARG RGE))

SU# 3.40 lnovunsuaunauiaszuuniasivleasidoszuy With Empty PMHR
sUT 3.41 lnozunsuausmdssussuuuiasiveasiossuu With Empty PMHR

sUN 3.42 leezwnsuaunauiassuukias easiilosyuu Without PMHR

&

SUT 3.43 lnazunsuauanaaanussuuwiad leasiilaszuu Without PMHR

&

sUT 3.44 leazunsuaunaliassuuwiad leasidlassuu Without PMHR

&

SUN 3.45 leazwnsuauanasussuukias leasiiloszuu Without PMHR

&

SUTl 4.1 ermafifidnsanisiuadl 0.0109, 0.0131 way 0.0153 ke/sec

&

fieuda vy, V, wazv, sudisuiuesiwudlaeuiinmnsues CO
U7l 4.2 Sasnslnaenniad 0.0109, 0.0131 waw 0.0153 ke/sec

7V, V, wasVs, fudesioudlaguininsees H,
U7 4.3 Samnisinavesenniedl 0.0109, 0.0131 uaw 0.0153 ke/sec

fieusa v, V, uasv, fudesiudlaeUBuinses CO,

Ul 4.4 $asinslvavesenniail 0.0109, 0.0131 Wag 0.0153 ke/sec

A5 V5, V, 4agVs AUUOSIUAASUSUIRATUDG No.oorrrrrreeeeeeeeee oo

Ul 4.5 $snslvavedenniail 0.0109, 0.0131 wag 0.0153 ke/sec

= < [ 1 £ [ 3
NAINULIT Vq, Vs 1bagVz NUATNINAIIUIBUYBDINFFAIATIE e,

Ul 4.6 $nsnslvavesenniail 0.0109, 0.0131 wag 0.0153 kg/sec

A < [ | a a a v
NANULTI Vy, Vy LagVa NUANYIZANTANIFIAINNTDUVDIUAN

Uit 4.7 Whidgamgiormatunszuiumsufediladuniisnsinisinaves
Al 0.0109, 0.0131 uag 0.0153 kg/sec

gﬂﬁ 4.8 ANUNTUYRY CO, CHy CO, Uag N, fiu dnsidiuauya With PMHR,

With Empty PMHR wag without PMHR #isuvisingaugiifigail 5

U 4.9 mnuiduduues CH, U Sasndruanya With PMHR, With Empty PMHR

WAz without PMHR 7isiunisingauniifniaail 5

9

U7 4.10 pmndiudures CO, fu Sasdruanya With PMHR, With Empty PMHR

AY without PMHR Aswnudinauninasmi 5

9 Y 9

gﬂﬁ 4.11 AMUTNTUYDS N, AU 8rTIduauya With PMHR, With Empty PMHR Wag

Y
a

without PMHR #isuvitisinauningni 5

9

(12)

Qo1 d6T das UUBLHIETU LWL dbed U dar UL VVILIIOUL FIVIFIN. covececcicienenne.

¢ VVEINN Tle dor LUIBLIT6TU S ALEI ) dbed € do UL VVILTIOUUL FIVIEIR. covecececceceaeenent

qoie 06l das U ULLIIETObINLEE dbal Ul des LU VVILITUUL THVIETIR ceeceneenencaannaeiee..

g TWOINN e dor UUBLI eI 5 eI 46l U dor UL VVILETOUL FIVIFIR. cveveenenceceaent

YU

71

71

72

72

73

73

7

e

78

78

79

79

80

82

82

83



U7l 4.12
U7l 4.13

Ul a.14

SUT 4.15

ARG RGE))

e

AUdETTUSTEVIeu il Audnsidinauya With PMHP With Empty PMHR.. 84
LMTD Aunslvaeiniaiignieutingunsalinemanuieuszming With

PMHP U With EMPtY PMHR.......oooecoeeeee oo 85
LMTD Aunslvaemaiignieuiingunsalinemaniuieuszming With

PMHP U With EMPtY PMHR .......ooeeoooeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 86
danmsmemanuieutuanuiwesemadignieuthlusgunsal

QBANLIDUTZIING With PMHP AU With Empty PMHR.......oooovvvvvvveveevevenes 87

(13)



Eout

ICE

HE

HHV

Mout

PMHR

PPM

Qc

Q-

[ -4

AR UNEHANEILATANED

ANBSUY

Energy flow into system
Energy flow exit system
Internal Combustion Engine
an average heat transfer coefficient
Heat Exchanger
Higsh Heating Value
Mass flow into system
Mass flow exit system
Porous media Heat Recuperator
Packed-bed porous media
Heat loss from conduction

Heat loss from radiation

(14)

MUY

MJ

MJ

KW/m?/°c

MJNm?

kg

kw

kw



Uil 1

UNUI

1.1 anudunuazanuddguasyn
aonunsainsldndsnunawnuii endaliivesUszimalnglutagvui
waltunsldifiatueteeiiios Tnendsumawnuil feindumadeniiuiinssioduindey
(Eco-friendly) Tunsudnnszualniin ndamunaununuiedmdsnuildnaunmundsauain
woada (Fossil) Ly eufiu dsudowds fesssuei fefuTuliinadidegfazanasiuidosy
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LanlUasumufeuiiussasie PPM indasnisdaiumsitomaudeududndauia
Funs1edt FanadngunsnidasdvssAvinmidanudoug esnnnisdemanufoudis
UsgAns nnlinuernmaignieudwesmnlngd vldndsnuanufouanignidoimdge
ndsunufeuluguiomas (Feed Stock) anasdeassils UssAnsambsaudouronn
anas datufienennaiiusssnimuugUnsaitanUAsuamdoudaimaanaufiaggnidn

TUnaunaUNIS AR WaTNaIIUANNSDUNT LR DNSIINE18 N1 UL UINAKALE
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twdsnudnithnduurldguidemadumluturesndusas uaz sutamnudiy Seeiina
yilsrannsalindnuandmeogaiiussAvsamluduneunisuds

1.4.2 flosmnmsvhanuvefadiessuuulveas Selifitudiuiindouiideinly
msteuthgsinwdiidunneeaidunulumsasslusniunssdautadaa ety
s waznisieguantATlanwiures PPM uwihausauiugunsaiuaniudsunnufouly

LY

mswdaufadaaneilurazidetufdailelaaunmimimihilunsweneymadilidonis
ponnuiaduaszildiiuenad fafugunsaiaemeideddufadomasiazliiinai
devneviliongnisldanuenuiu

1.4.3 \ilesnnfgeenledvadlulasiau (NOX) arsueulasenled (CO,) Faudufe
JeounszanfiviliiAnannglandou uinsugniivdanassidiutsgadufieiluiinud
Tndideafusinaiiialussninmasnidomdsdana Jdoldinslddeimasiuaiail
\Ananmeiieunszaniion

1.4.4 Waduasesdunuy (Archetype) dmsuiinddevinuduglddnauedoyaila

Ynenluusulumsadngunsansudsanmdunialiiduszansamifoulueuen
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UNN 2

=

2550UNTSULATNEANNIVD 9

2.1 nuiiineadas

n1swdsanimduwia (Gasification) L‘i‘jumiL‘LJa“'smgﬂwa”wuma%ama%qL*ﬂu
Fomdauddhduufadunseilaglianufounnidemauisiigamaiasndt 700 °C uas
a1daa1sianastrelunisinuisen (Gasification Agent) Tuauaunisuusanimduufa
Fuaswiidu 01na eendiau vieolew fignirdnusunalunisyiuiiseeendiadu g
yuaumansuvsantmduuiadazdanuunniisinsuiumasinduuvanysaiogiduda
Imaﬁﬂmmlwﬁl,wuauyiﬁﬁ%Lﬁumsl,ﬁ@ﬂﬁﬁ%ma@ﬂ%wﬁ"’uasmauymﬁlwﬁwmuﬂWiwhﬁgu
widmsunsudsanmifuufadauasziudndunavasugundsnueinegluresnsvely
Womdsdunalufuuiariannsamlngdld (Combustible Gases) nioenananlditvuaums
LL‘UiamwLﬂuLLﬁaLﬁuﬁumumiLﬂﬁaugﬂmqﬁmmﬁmm%’au (Thermochemical conversion
process)lagende 010 sendiau uie lethiiigumaiigaininduasinarsielunisi

Ufseniuomas Asaunis (2.1) [1]

Char + Limited Oxygen =2 Gas + tar + Ashes (2.1)

2.2 AMENUALYBLWALYINIA (Biomass Fuel Property)

Wawndsdmsuniadlvloas (Gasifier fuels) aulsidsaru sulsl el wazvaunde

TFnnensnssutdududedanaiitnazanitotunldidwtamas (Feedstock) Tuuuiunis

Y

) [2] P A A A ¥ o a § a & % L3
wdsan miluwiia (Gasification) wenagliszuumsaureumUnsalndnuiadunsiey

auldegnadiusednsnmuaznisiiun3 s suissukazlandenitunisiienauauls

a A

1198 1AT (Chemical) wazmianienin (Physical) Migndulasaasng (Morphological) ves

d’l’ a 1 ag"d 1 [y} dl o ¥ = XY a I~ &Y
Wawnauraninazwanasiulusaziiiaununlenasduss numaluladvaaniswlsaninluwia

Y

[
& a v v

(Gasification technologies) kagn1seenikuumIUnTaiNdaLAadwasTIzn aeduruaudan
o L d’j a 4 = va o 1 dﬁl
drAnenamaazdelinuaudRfwalul [1]
1. AUFUYBLTBNES (Moisture content)
v & a a a & (Z | < = o Y o & a
and il usuiaaud uludleguiniasdnavidnd eindaesavivan

Usgansnmaismnufouvaunminlusiusesuiaasnsendsuainuseuazgninluldlunis



Fuldiormuduludemdseenunuiiasldndsnudndluldluleudsindu (Reduction Zone)
dnsuiiarluiuBsundsrunnuseuluifundsnunadl (Chemical Enerey) Wioaausaunas
whd (Heating Value) Fsunfivdinszning 10 89 15% Aoulududomas [1]
2. 3ua3seive (Volatile Content)
fifemdasunumsssmennizdewinisesnuuueunsalndnlusineesuia
Tifgunsaifieslunsuenvieviniifiufueenluanlusiueesufasedadudodosnini
Wsiuwesutaindnldluldrundossudunlninelulusiteesufiavzdesarerndfisiumy
ihifufudununniuteduefiasduamgrliiedoweuiiognsldnuduaaiesainnis
dnnseveawmugnguiunssuenduaziiandtung
3. S1nuTes (Ash Content)
nsavanensenTINivieavauetid s duannueanininnzn Suiidinse
Euda (slagaing or clinker) Ssazvilifuivaraunniuluuazmsnanuiadaasziazlys
[1] uagsililudavanamsinaveaufaniogadusinlmaszidalaniolunsaifinsiuia
Fuaszifindalsluldtuedessudun niinigludmsunisnannseualni Aasvilmedeseus
fiorensldauduruiu
4. YunAveademaiiina (Particle Size)
yAvenTondsiantg wwluegiuruinuas Heart Dimension uialuazdvunn
10%-20% wosau1a Heart dimension nanafe dudouasiivunnlngfasvilinisindoudias
Tnlnsfeadamden lunemsstudiy ddomadvundnlfezvldiinlngseinid
wazynlAaussiunnaasu Tuseuuuin (Hish Pressure drop) Lﬂumaﬁﬂﬁéfamqmaum%q
(1]
M5 2.1 Aeudeuvendeinaenduaassines [1]

YUAVDIYDLNA ATANLS BUVBITBNEIRN
UaUULAADSILMOS
anuldidnsagy 30.20 MJ/Kg

2.3 g@rsiananenisviugisenlunssuuiumsulsanimluuiia (Gasification

agents)
asmnatumsvilinisujiselunszuiumsudsanmduniadaasizvmnefionis
ihansdnanstaudnlvlueuiadlieesiiorieliinniswnlniyaindsduadmsunis

NAAWAFFLATIZY FRBE19v83aNsHINANMANTWY 9101 Lawn 2anTau lalasiay wasAIy
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ou uansann 2.1 uidmsuluuddetasldennemduansianans (Oxysen-based Gasifier)
”LuﬁumumimamLLﬁ”aé’qmswﬁﬁfm%’uﬁmﬁﬁ%aﬂuﬂmmiuﬁsuaaL%@Lwéq%amaﬁm%’umsmam
whaduameinsziduamsiinanimidihennssaumninaghivoudoaldaglunsdom

1. nsldeniemduansdinanslunisviugasenluvuaunisuusanimdunda (Air
gasification) FaLuisAld Tl inszemmamsamilsing uazduyulunisiiuad e
wivgslsinuiesanlueniaiifndesnanogsne 19y flulnsiounaeguiunia vl
USumsvesoimiai deudinianas uazduinseiniaianazinasinlieianufousevis
wiheU3unsvesansiinaslunsiujiseiazanasnnuluie

2. msleandinuduansiinarslunisiiugiserluvviunisuusanmiduuia
(Oxygen gasification) d1m3uiamsiazdesinsuenlulnsaussnainenmadsneundades
ansinanitluuasefudemdsdianmeluen 393sitasiludaldiegedudngy
yuaunsuenielulasiausenaineinia wifamisaiazudleduululasauinaueyly
o1melvitfosas defaginavinliszdundanuvesarsiiliiAsujizonsudsanmduufa
Hunseiligeduseniiamiieysunes

3. msldlednifuansinarslumsyuiaseluruiumsusanmuuia (Steam
Gasification) 3%ma§%Lﬂuﬁumumﬂwumi@mﬂﬁumm%fau (Endothermic Process) 1udau
Tng) wasdeafiundinuaudeuanunasnisusn nie Winnsesndnduvendoimds
UENNsAnn1seandnduLsdan (Partial Oxidation) veudewmdsazldannis vieiled
fu 01 w3 Pendiau wazuAadunseiiildannisdaglindsnuiuinndiaesisusn ils
NANINTRY

4. mildgumgfiguarleinduinardunisigisolusuiumsusanimd

WwRd (High temperature/ Steam Gasification) 33n15fifunsifinadumatl (Enthalpy) ves

g

arssanansiitlulevinaaslururunisiijizenisudsanimdunia wazdsnisd Al

D

v =

Usglogiunanuasegaans sasdawingauuinnimngisniananuitisiu waglulagdui
[

Wudsndnmealulaglvauauludusgrininewinagudiy welusnuidedarlivisisaziden

fananlusIuazldenveIsEuUN
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Field Residues and Wastes

QQl (.

Air Steam Oxygen Hydrogen Pyrolysis
Giasifier Gasifier Gasifier Gasifier Reactor
X v l ‘/%
Low Medium Medium
Energy Energy Energy oil ™ Char
Gas Gas Gas
‘X‘F v \
Power Steam Gas Synthetic
For Liquids
Internal Process Medium Pyrolysis
Comb. Heat & High Methanol 0il
Engines & Pipeline Ammonia
Power Energy Gasoline

JUN 2.1 nszuaumsuiadiladusasndnsioe [1]

A9 2.2 Lansasinasviiafiegiddunauesiia (V01o.%) [2]

Gasifier Hx%  CO% CH%  C0,% H,0% H2:CO

Air 15 20 2 15 48 0.75
Oxygen 40 40 0 20 0 0.75
Steam 40 25 8 25 2 1.6

2.4 yurun1sn1suUsanlunia (Gasification Process)

Fusvrvrunmswdsanmiduwiaain Downdraft fixed Bed Gasifier @au3ainadd717a

(Biomass Feedstock) ssrinfazgnitdeuluiiuufadunsziuasidemdsdmiaszgniuilnd

[

TUUN9EIUTENINNTZUIUNIT WazeIN1AT LT UFINAN199 A3 NEdnsIN1Tinaliean vy

waza13iInaatianunsalyd e1ne 2onTAULIANS W3l WoNaITIaLATANTAIRUTY
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'
v =

ASEUIUNSULAESTATY (Gasification Reactants) azifiavenislufiamaiieatudazinaadly
VaEILANYeNA uazNanldanFaduaRanduniademas uariiduaisweunias
pzndu (Grating) Teneetastulilidomadnalvaadlufuaigavena nszuaunsazdy
INNTUsTTdamAimaa uazgath (Pilot Ignition) ntufussyTanadadaudomaasy
vounlugl uazdadinseurosmnlusianduinuinauitetoueniadnlulutesnnlngdsoly
IsnannsafiuUsveuaveinsyineld Wy 4 Teuseiugasoldd 11,2]

1. Tguauuis (Drying Zone)
& a o v o & a a Y v
LSUE]LW@\‘]GU'J?,J'JGQSQﬂUii"\}‘VI'NWWu‘Uu“U@QWJW]'] LLa%W@LWﬁ@“H'ﬁJ'Ja‘U%gﬂ@UI‘VILL‘WQV]I"?IU

Uuvtsvadlouiiazegusianauuuan veunddulauiiazlasunisateauiouainleuneg

Y

Y

Tududnatinaan (Pyrolysis) Tosmuazgunnifileutazdiligmeiiagyliiinnsaasd
vosassvve winuduludemdsrssmenasdulednluloud gauvnfluleudareyi
Uszanas 100 °C §ia 200 °C [1, 2]
2. Tgunduaans (Pyrolysis or Distillation Zone)
manduaaevnedsnmsuwanaaeingivinadieaufeudomasdunalulyud
wflanmiiuis uazaziieuiienisganduaauiou (Endothermic Reaction) Feildai3undn
WavesgumniivanUdesansseievestinia (Devolatilization) uagvihliiAinansseimveyUszana
75% 59 90% voudanAsiualuzuvnaufa uaruesasuauwal (Liquid Hydrocarbons) 1
widsursaniliszime (Non-volatile Material) Uszneuludreingiidusinamiusuge (High
carbon content) 3aiieunAnasiiuniu (Chan ludunouvesuiumsil dwiugumgiily
I%uﬁasagﬁizwdﬂq 200 °C 54 600 °C [1, 2]
Dry Biomass + Heat = Charcoal + CO + CO, +H,0 CH,+C2H, +Pyroligneous Acids +Tar (2.2)
3. lwuwnlng (Oxidation or Combustion zone)
a1sfidnlul (The combustible substance) fildanidaimdsudsindsenaudaesin
asueu lelasiau uazeandiau lusgninamswnlvditauysal amsusulaeenledilduain
msveuludemduaziwannnlalasauiaveendiaudmaliiinlotuiasenswnlndidu

WUUATEAIUTOU (Exothermic Oxidation Reaction) waglvigunginisinlndniunguin

1450 °C [1] A9a@1un1s (2.3) wag (2.4)

C +0, B CO, (2.3)
2H + (1/2) 0, € H,0 (2.4)

22



4. lgu3andu (Reduction Zone)
Tgwsanduazsidutunsugaielunszuiunisudsanmiluuiadavzvisanndnsdoe

nmsening lulsusanduilndndasianleunlvg Wy CO, wag H,0 gnanasnauves

=

pandiaunazlalasiauaunatsiduaisuauusuenlys (CO) wazlalasiau (Hy) Ty
duUsenauved Syngas Weduganszuiunstl neindnldiinazdesangumgiuaziiufeodng

ponNLe tienluUszanananely deauns (2.5) e (2.10)

C +CO, & 2C0 (2.5)
C +H,0 & CO +H, (2.6)
CO + H,0 € CO, + H, 2.7)
C+2H < CH, (2.8)
CO +3H, € CH, + H,0 (2.9)
CO, + GH, < CH, + 2H,0 (2.10)

A1519 2.3 99AUTENDUVDILNARIATIZIVDUALA AT INLDDS [2]

Composition Calorific value
Components
(%) (MJ/Nm?)

N2 50-54

CcO 17-22

CO, 9-15 5-59

H, 12-20

CHq 2-3

2.5 vinvaunuiadlnieas (Type of gasifier)

Tuilagiuns eswdnudadaunsigiildauaunsouysludnuvaznisind oudives
Fomasldiiu 2 Ussianie wuuidewnalindoud (Fixed Bed) uazuuuid amasndoud
(Fluidized Bed) wazuuuidonasliind ouiidsanunsauusliidu 3 wuvde wndaulawuy
ormdlwagiufianenisivavond einas (Updraft Fixed Bed Gasifier) 2. i HAALAGLUY
mmﬁlwamuﬁﬁmwaqL%yamﬁﬂ (Downdraft Fixed Bed Gasifier) 3. LAHAALAGLUUDINA

Tnaluiiemadinuing (Cross draft Gasifier) @3uwuuULdanasnasud (Fluidized Bed)
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1. wuuvanalaguiansnsivavesiienas (Updraft Fixed Bed Gasifier)
NNANLDAAILATIZTLUUDINA IARIUAFANIINT LAY UTBNEY FEa1UT0ARUSUNN
2991157UN15NUuasnuiuAIeduIaNuanls windalAadansiziviaiin1stouldoinas

wazenAvaluiirniafedny maadamnlaantunsiinuisen pyrolysis aglraniugunis

a [

Anudsensunlnifieamglias vnlieuniaidumiiiansuanduduiedwianeuls

NNANLAAFTIATIEANNANN TUS U UVDIUTUNIT A Tanuwmuizaudunisilulaiu

a &

wiossuddunUnely uinamgivenfadunsisigaszunas 300-500 °C wazdndusiodan

gauniineunsldauToud

Taidevotnnaninvdimiayiai laun nmswalndifnegeguisitunmswalg 9y

& o

Wunsesnuuulduguuuuvensinswagisleuaimaaziilvigusadnyazveatuni sl

Pflawiaianas Tnanisaniiufinddanisusuvasudnuasnistoweinissyigligamgiily

' I
v ¢ 2/ 1Y

gunswlnigaiissmenasinbmindumiwsnaaesudueunialafsiuianildneasnatumn

q

(%
Y A a =2

e uandnuiadunszinsilutagmuanusouas Tuurdlematididgamngligeauige

9 Y

a

masufuazinziTLiueguTnarestidhauiliinnsgaduias sy Ansuanisaaunnis
HARLAFATIERAnAS

wRadunsginnanldaziigamnfigaszana 500 °C fedndudosangunnilaels
inTenanidsuanuouralng ieangampivesufaduanzineuhluldausdely Ui

2.5 LandmHanLAEdLATIZRALUUBINAlranNTAn19nTs Traveddialngs

Fuel
(4
v

|
——p Product gas
|

] \
\
e ) |

|
C+0,=C0, —

}c»n.so.f co /
| Airlsteam 0 300 600 900 1200
I ¢ Temperature (°C)

Ash

Dry fuel
= Char + volatiles

C+C0, =2C0
C+H,0 = CO+H,
CO+H,0 = CO,+H,
C+H, = CH,

Combustion zone

UM 2.2 wnrdaufauuueiniedlraaiuiienienisivavesyeinds [8]

2. INAALDALUUDINA LNARIUAANIIVDUYDLNAS
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Biomass

20°C

100°C
Pyrolysis 500-700°C
Air —— s

C+0,=CO, 1000-1400°C

C+C0,=2C0

C + H,0 = CO+H,

Temperature (°C)

Gas+ *Gas
1 I

5UN 2.3 wnrdaufanuueinialnanufiavnsvediionas [8]

3. wndnuianuueinelraluiianiewianuing (Cross draft Gasifier)

wnAnfdanauuuifiniseudemamnmeduuuoun wudeatumuanig
saaesdiafananndnedu famansinavesaniounielusudnufadaanyildnumeiean
funmunuvennwielvalufimnafausfunisivatendonds wnanufaduaseiiiduns
wlndlwagiandulaueglndiuuin feiliaunsondafitvdnalded1singa waslinsuys
fulddennn masnlndazeguinafmasmenn wareaveedunistu Wemsteuainie
fdnsamuiigeiy ufeduasgiinaslddonmgias wardsudougs dodumaiAnufasen
Iendusivuinidn vilimsiasusuaesasveulasenledidumsvounouuenlediinlden
fadunaiinanlddsdanadous

Tofvonmudnufaduanzinuuiliun Wummanufadauasmeiidonadn dimin
w1 wazanansordouiad eduaseildifinduauuundaufadunse i naouuy was
uananiudigumgivennwdaufadansziazdlias sUf 2.4 wansgUuuuvaaaHas

[ 6

fFuaswsnuunsteusinalualudienisdne e ludslumnaauiadunsed wagluusinm
dosfandulsuminddefigungias werluvnmAnfuuiadunmeiiindeldaglnasonain
wnanuiaduaszililuiiamafeinuiirniseesnisteusinialudwis s lndivounngs
wRaduasiguioty warluvasilsuresnduaaefaviiniuluusnaseuguedaumnnd
udfwfuleunduaasdsgumgilulsudfarandunnlawanng wedluuinaiuiidngn

Tounduaas Azt duleus UL LA NAALAFIATIZILUUNMTUouD N e LAt A9
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Reduction

Distillation zone
Zone

Air [} r—— T
Hearth
Zone

UM 2.4 wnrdaufanuueinielnalufiemeineiig [2]

o 4

4. maaunadunszinuulgd ladiue (Fluidized Bed Gasifier)

£%
a a o

UsgAnBamnisyieuveunnanuiadaesigiisauuuiildngnundieiu asduog
furdiaveadomndstay auauifiviaed wasnisnenmuendemas daminuunnie
USinawestiinazas uasmngumninisvaeumaitestiingaasiliAnagniu (Slag) Faily
Ananwnrasnisaaiuniglumindauiadunsien uasmrdnuiaduassikuungdladiun
IFunswantudontdgmisesmsendurestidmaslumudauiadunsey inudauia
Fuared wuvilfinrumngandmivnmsldidomasidvuindndunsamendemdsd
AruvuuduiluszU U AR LATIEY ennmaglnariutureatomds Wemudives
pIMAfingety \Wondsasgniiaesiit uasiindnuneediesuatiue uasiiufinnsduda
vosomAfinanniu fdudeimdsduseansnmaweniasnivsiognertiuiinmumelum

Tofvaunndniadunsiz wuungdladiun tauninisauangamginigluminds
uiadansnet Windaanaeumaivestidanusarinldde wndaufadomadiansn
THlFAfuomAsiduiinandigs fedesveunndnuiadaunsmeiuuud Ifunufadaunseii
wanlFaziiUsinanduasudiusuegdne iemnuiivesenianielungstu Jssndudos
vhanuazeraufadunswi MewnIesindu ieusnidiazueen neutluldam Uil 2.5

wanamNanLiadLaTIziuungdladiun
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UM 2.5 nedauiaduasziuuurigsladiun [2]

5. IWNARLAFEIATIZRLUULUNIIUUA (Entrained-flow gasifier)
in3esrdnfsuuuounsuuaduidesnsdmiulsindulaglssnuyuisunuy
sildmsuvsanmduunfaduaneituunaunauesndiaududenarslumailiiAauia
Fauasgiiinuinniandiviuiataufaduasziding lneialumndauiadaased
UizLﬂ%ﬁ%ﬁ’muﬁ@mmﬁuammﬁuﬁqwszmm 1,400 °C 20-70 bar (gauge) auawu lny
fidoimdauvunsazgnioudlulunindossudentiauuarlen dwiunisldonmagnudn
fovunn weniniudufieliiwsonisloudamdadgmdszuulfuvuiussiudomnaans

o B A v & o < < & a aAa
QﬂNﬁﬂJﬂUUWLWQSLMLﬂusUaQLMa']NaNﬂUGUENLLﬁUQ (Slurry) LLagﬂ']qllLi')sLUﬂqiﬂGULSUE]LWﬁQVIll

¥
a

anvaziluayniallondwuuns (The Powdered Fuel Particles) uazigaindsiifigntousdn

Y

o¥

= ¥ v

TUFumazaninisiundmsunissewenatstduladnaled msunaudamanuiannie
Y & a" d" v &Y [ '3 2 % 'y} d‘ dgl’ a
wandliiulugui 2.5 wanaesesasiauiadaasizriwuuluain 2 wuumeiy wuuil 1 1geunas
Ql' I3 £ % % QA' £ 1% a aglem a 1%
MUNAT1INAUTI kagkuu? 2 asdnunnauuy luanatietifendauszgnioudnly
gunndauiadunsizinlsausigs wazduluduneuiazidunszuiunis Exothermic

Reaction adunavilvigaungivesngaiuninganasuazaievestin (Melting Point of ash)

1%
a2

Junavibilassasiwesiuiidugnvhanevlinunnveswiadunszifiu wasiigamnives
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wgeuilidunafviliszaunisidsuresrsusu (A high level of Carbon Conversion) 8

lusyaugednag

U 2.6 W wAALAAIATIERLUUIEUNTIUIUA (Entrained-flow gasifier) wutflauitioinas
MIPUUURALHTUT4 (8]
2.5 nseanuuuniadinieas (Gasifier Design)
nsoonuuuLiadiens agdosiidsfamuiuniseaniuuian waggunsaifiaziinun
afaufadlnions waresduszneuiazdoshuiansuitu Usinesveaufadunsgifaznin
16 anmnsvhaukazvuinvesuiatiniess dauianfiazthivsznoudunfadiviess Feaxd
%uehu@mqﬁﬂﬁzﬂauﬁ’uﬁu‘iﬂaaa%ﬁqw&u ardvesiadlnieasnyniu (Grate) auruiuaIm
Touveda N seuuinatgumngil (Temperature Sensors) kagindnsIn1sinaveduiia

Fuasgniiuenie (Air and Syngas flow Rates) LUugu
2.6 s19azdealun1seaniuu (Design Specification)

swaggaluniseankuudmsulunnglasinisesdanudfguin wasdannes

Aiedladu Welnds arsfnarslumsviujisen uazaunmvelusiugeinndnla lnenaly
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SIUAIDUAVDUTDINARETINDINTIATIERLALAINITUSENIRL (Proximate Analysis) Wagn1s
TATIEvEILUTENBUVR YRGS (Ultimate Analysis) 9uvaiin1sviau uazaaauUAvodgiin
diusigazidenvesarsiinarslunsiuiisen astiueyiuinagidenarsainaidlunisin

aaa < a

Ufnsendueiale wu onia o wisesndiawdudu dsdudinuiouvesasiinansds

Judeddgiasdesiansaninuaudfvesasdinanlunsyiufiserinaisimnansuiialmg

o

v
5] a % 1

winnzauinhuldlunisiugisese wasdiwusvasaianuieutlasiidninadfgaenis

DONLUUWINARLAFFULATIAILANIIUAISI99 (2.4)

2.7 RANNITATUIUNINAANI AN VAN AALAFELATIZH
mMseztansamldann 2 Saseeluimsiesziuuulneussanm (Proximate
Analysis) WumsiesssimuSnamuiy - 381 wazansseme  diefuiamnusinae
A§uauAIi (Fixed Carbon) sesenananunsafivnlaing vliduiitedldlunsiesevim
AaNURYeY Syngas A1nn1svedeulunIsveIAINTeu wazAAnelngIsiluenass

LAASIUASIN (2.6) [2]
ANUSUNIUAISUBUAIAT = 100- (ANUTU + D1 + @NTTLLNE) (2.11)

a a 4 [ caly v 1 o &
M1919N 2.4 LLﬁ@Wl’ﬁ’]ﬂﬂ’]i’]Lﬂiﬂ%WLL‘U‘UI@EJ‘U?S@J’]&HJENLLﬂﬁﬁ\‘iLﬂi’]%%%lﬂ‘ﬂ’]ﬂﬂ?‘ldﬁ%i% (2]

Moisture Volatile Fixed Carbon Ahs Lower Heating
Value
0.27% 20.38% 57.17 3.2% 30 MJ

1. NMIMIIEFEUTIOULVDIANAARAFTLATIZIRUUaAY
A15ILATIENNNDIAUTENBUVBILNFALATIN ALANUITDIATIENWN AFILATILLALNT b
= A a s a & . Y & |
LAT DN BNIINYIAENINITILATIEN (Gas Chromatograph Analysis) A8A15LAUAIDY19UDI

wRadaaseudailuiieseiiiemesdusenouvesufadunizid wzusenoulufie gqq
arsvouusuuenles lelasiau Sy arsveulneenled wazesndiau Insnafiazialay
dnaruduodioud duulumsiasedt mamsnudeuvesufaomasaunsaniladain
Aun1s7 2.12

(%C0,X 282,900)+(%H,X285,840) +(%CH4)X(890,360)

24.46 (2.12)

HHVSyngas =
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We  HHVg,..e = AranuSouvesuiadaunsied, ki/Nm?

Veo = dndrulneaswudvasansuaulaeanled, %
Vi, = dndwlnedosiwusvadlalany, %
Ven, = dndulnelasiaud, %

Note: 282,9000, 285,840, and 890,360 = High Heating Value, klJ/kmol
2. MNTHATILINNOATIANLAULUFDITBINAITINIAMDLIAN

. m
Meye] = T (2.13)
Mee = OATIANNAUURBIVOUFDINETILIaABLIAN, ke/hr
m = USunaudeindsinlaiignld (ko)

t = naNaNlEaNAERULAINEs Syngas, hr

3. MTIATIIMTATINS IAALTINIaURIRINFARDLIAT

TuNsIATEIMenI IaltenIageIeINIARoLIa L @11 S LAINANENNNS

Mgir = PXAXV (2.14)

)
.

Mgir = gp5lualBeanaveseimanelia Nlonanuiadaunsz (kg/s)

p = ANUMUILUUYBIRINATIRMA N WINGOY, Kg/m®
A = Nunuthsaneinieluariuiai e ludwiaduasize (m?)
v = AMUSvesoINAlaR LB ek LA EFATIZA (M/s)

4. ANSIHATILINDATIAIUBINAGBLYDNAIN LY I UNITHARAWN A LA IZI

ANFIATIZAUTASTIAIUDINAR LT DLNAITL T I UNSHARNLD AGILATIZI

A _ Mair (2.15)
= .

Mfyel

5. MTIATIEHUTEANEAMITIAINSOU (Thermal efficiency analysis)
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M3BATIEIUsEansnmdannusauvsanufnsaiuiadinieesazaiuisamilaain

Aun13N 2.15
I'hgzals X HHVsyngas

Moy = —E TR 100% (2.16)
e
Nth = UsANSANTIANLTOUTDIAINARLAAFILATIZI (%)
HHViel = ehannudougeadomasimg, M)/Nm?

A19197 2.5 Uanagaan LHY seuiaduasizidusiaansdinaisnldizugiszen (4]

Gasification Medium Rang of heating value of product Gas
(MJ/Nm?)

Air gasification a4-7

Steam gasification 10-18

Oxygen gasification 12-28

6. MIAUARLIALALNTANAANAI9U (Mass and Energy Balance)
TunsmisaaeuszuuIasiianssnusesssuvindvssans amindifsdladulunis

Ainneigdoniiimslinnegaugainaiauasndsudiinfiasanvessuudae faiy

aansovhmAengildlasfiansanamnailvaduauagiiessezvinfuinadilvasonain

wufadlvleasaungeusnuina amnsaleuladiaunisi 2.17 wag 2.18 auaau
Min = Mout (2.17)

Mi, = wlaiiluadnssuy, ke

Moy = Wnafilvaoenszuy, kg

Tudrwveansiinzdaunandsnuazordengdoivianeslulaunfinddand nin
ndsnuflldaamenieaatulmildundsnuansudeunnguniaiudngunidls 1dan
an37 (2.18)

Ein = Eout (2.18)
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Ey, = wasnuiiluaitnszuu, MJ

Eoue = wasnuiiluasanszuy, MJ

7. MTBATIIINANUANNTaUNg s iaT lnioes
lun1suszanaAinsgadsnnuiauaniasesndnuia Iduiuvgiuiunasiumanves

N3gaLauAINTOUADNTUHSIELAEMINIANMUTOUNUSTINYIF NTgLauAINToUTIIINARD

Hipss = Zt) Qr + Zt) Qc (2.19)
b
Yo, = msqzyL?{&Jmm%auﬁgwmﬁmmiu,m'%’q?{
Q. = mingL?mmm%’auﬁy’wmmmmawwmm%fau

T A

1. ﬂ?i’sjiyll,?iﬂﬂ’lWN%I@u‘l/QIJQViﬂJWD’]ﬂﬂ'ﬁLLNN?{

nMsgeyideaduseudnNMsuHTdgnidemheiiufideniional faaglowaningdimnd
anilassed e Nigaumgd Tp Wlugamaiilasseu T, Wililnenguesamvinu-venddul

(Coulson 1a¥ Richardson 1977):

Q =exsxA(Ty* —T.*) (2.20)
e
Q, = Anuougnduriugadeluiudanday, M)

e

NSWHSIFUDINURT, W/m?

s = AAINUBIALANIU-UBATRUL, 5.670 x 108 W/mZK*

1% ' (%
)

A = NUNRITINAINUATIONBWIAIINTBY, M?

To = gauniivearunuiadiniess, °C

=
Il

a a ® v o
g ivesdninge, °C
2. MIYALANUTOUIINAITNIAIILTOUIINTTTUYIA
Wesnniesesasuuiaegoamainginineinalagseu Jedinsaigmauiouan

ANSHIANSDUANGTTUVIR LAZN1TBVAIINSOUNIRUALAYNITHIANUTOUR NG TTUY AL

TRu1nAUEUNUS

Qc =hxAx (TO - Tr) (2.21)

o

h = #uUsganSn1snIA58w,0.03 kW/m?2°C
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o
Y

A = fufifeditinnsenemanudow, m?

To = aumgivesrunuiadlniess, °C

T, = ammgﬁmaa?ﬁlﬁmé’au, °C

h = 118 (T, —T,)s (2.22)

d = Wushuaudnaveunuiaglniees

0. = 1.18 (T, — T.)sx A x (Ty — T.) (2.23)

5
1.18 (Ty—Ty)4x A

Qc = (2.24)

1
d4
8. MIAAYANUTOUVDIFUAWAATIY (Hyg05)
a a o o 1 ada o - =t I3 a
wiswdnuiaduaseilioumginisnaye eeniilusidgamgiinnuaiiugs
YoUATOIAT LAY gaunilseuntivenaawmdnuialilagningamaiilunismaass uslive

Uszanaunisgadeanuseu nsnsearsgumgiduivgiuiuuseanidulausie 910013

WATITEnUINTDLATEEI LAARIRARINIANLIN 1 TugUT 2.1

Q) =exsxmxL(T,*—T%) (2.25)
e
0,(i) -msaromanudounaualulsud i kw
e = MILKSSIAVRIRALAAT ILeas, W/m?
s = AAsiivesaawIL-vondul = 5.67 x 1078 W/m? k*
d = wuhugudnarseunuiadlviess, m
L;= mmqwaﬂ%uﬁ L, m
Ty

gaumgiiniiIveunLiaglniess, °C

T, = gaunglivesduindey, °C

1
o)

= a v a sy 1 & a sl
Lﬂs@ﬂNaWLLﬂaQﬂﬂigmwjﬂﬁﬁJLLNUL‘Viaﬂ‘UﬂagL@&'@I NLNDIT AT ABUE W.A. 2527

ANsUaesEvauanLNuSai Ul Ay 0.55

3 1
Q.= 118xd+(Ty — T, )*xm x L; (2.26)

9. g deluiuuiaduase

Tumsiuwinmainuseunaydsliuiadunmeiaiunsanfiuinmlaiainaunis
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Qupg=T1gCpg (Tog = T (2.27)

nasuausaunaydslUiuLiagomas, kw

Qupg

my Snsnnslvavonnadomduiadunsis, kg/sec

Cpg= ﬂ"]mm%fauaﬁmesﬁmmﬁumﬁﬁumL%@LwﬁaLLﬁﬁé’qmﬁzﬁ,1kJ/kg/°C
Tpg= a‘muqﬁﬁuamﬁ”aﬁamaq, °C

T, = gamafivesdsuindey, °C

9 Y

A13797 2.6 uansnuanURvesnulwaynsgeuvennUnsaluiaduasziindasvin [4]

Class Type Strength/Weakness ~ Power Production

Fixed bed Downdraft Low heating value, Small to medium
modulate dust, low scale
tar
Updraft Higher heating
value, modulate
dust, high tar
Cross draft Low heating value,
moderate dust
Fluidized bed Bubbling Higher than fixed Medium scale
bed
Throughput,
improved mass and
heat transfer from
fuel, higher heating
value, higher

efficiency

2.8 lelmau (Cyclones Separator)
lalaaudugunsaldmsusenounmuwinlugeonainnssuaeinianisinglagldus

nilgudnan Fainannisyilvinssuaennievsefinevyuiu (Swirling) n1sviteuves lelaay
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azsﬁuagjﬁumﬂmﬁaa (Inertia) vaseynAfladeuTioonaneINe vide Aeiiiadeuilunuuun
n39 wililenszuaomeaniofmidsuiiamsveusamisamiaudnans (Centrifugal force) A
wisseyniamarioenludmiimoslelaauuazndouiluanluuudaioninusdiugag
soly [6]

Axial velocity,
_ Wortex

" finder e

__Sepdration q_

space Wall

Tangential velocky, ve

)
I ™

¥
[

CL Wall

Uil 27 msluavesenmafilvaiiiluuunduia fiemevesidnundunu x wmsefiu unLYes
lolaa Un1eIndeszhansnisnszatedalunuinnuuaslunuidudaves
drulsynouaas181nA [6]

1. ¥flnvedlalaau

elpauiildfuiivarssinmetu uiazaiinazunnslunudnvazinasiiieinianse

fie (Gas flow pattern) g alalaaudnwazuuvlnulasialuudramisauyslaidy 2

Snweugieiuy

1.1 lelpauiifnagvioonialadinuuundududa (Tansential entry)

Fvnadvesernimisefivonvanduniaiuunms enaduas wilaeialuudad
ymatwesfievieennimazegnenuuuvesiilalaau dumadivesenmavieieilnaii
masuasvesilalaauinegldsu Weduinfunendmdandiuazaues (Scrubbers)

Wan waz vilavienslnadiveseiniansefanisuuufasivateeiasieiu wivdavied

omavizeinailnadmuuwdududassduiitedldfumnnni durdediiinisindataadu

firm1anisiva (Guide Vanes) veafngazdaelinszuaeinimndefnefdundunisinawuu

a 16 a a v 1 ! 1 =4 PN v a
i’]‘ULi?J‘ULLG]ﬂQSI‘Uﬁ(ﬂﬂiﬁﬁﬂﬁﬂ’]?ﬂﬂﬂ’]iﬂﬂﬂ!u ﬁ’JUVIBVl’NﬂJ@\‘IE]’]ﬂ?ﬂﬁi@ﬂ’]%%i‘lﬁaLGU’]LLU‘ULﬁiﬂ@a
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) |

(Helical Entry) Aagahaiiinusyansnmuadlalaau insgavidusnivisanaanusugnide vie

YRR

=l

nseseInavsefieilvadnuulagn (involute entry) fiaggaevinbinszuaeniaviofingd

Inalalaaudusuusiuiseuday Wumebisausugydvanasviotssiian

|
(| O
. o
P | | — 0N
[ O )
N

=
]
o

\J—
&q
\

5UN 2.8 wtlaviemadiveslalaauiielvadnauuundula WonasrudIeuassuuuna a,
b, c kawd [6]

1.2 lglmauiionnans slidlvialtisuiuauny (Axial entry)
lalmaudatduuinagldlunuvundn wivssdninmazainitlelaauifawin

IS

Tngy LﬁaammﬂmsLLasuaqLLﬁ”aﬁﬁagmﬂﬁﬁﬁummimpﬂuum%’ﬁﬁ (Radial Velocity) azdian
Arandannnin mnenssuaufaifoumarsmuuidvundnni uazlslnausiindnzua
vosufaaylvaiiuagoonmunuiunuas nizuauwianinaiiiaziuuiudedy wevilnAn
navsuu wdeutulelaausuialvg dufe ufailnadagrilfiAnanssuaseunon Outer
Vortex) \adoufiludsanslau ahuuﬁ”aﬁﬂuaummamﬂu (Inner Vortex) az1dunssuau
ndudsazenna wieufaniduoyninaglnalusanmeiuuuvesislaau wazlelpauriad
drunnaginansevuIuiuMats i (Multi Cyclones) il o7 9z eLiiun1sanayn1ad Ll
#eanseanligszuuiefiazldennanioufaiinunmmueudeinisuesszuuUatenis
(Down Stream Requirement) uaglnsunfidurnugudnansveslalaauriniasivuinyszuo

15-30 cm
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2.9 nann1seanuuulylaay (Cyclone Design Principle)
Tunseenuuulalraursdenhdsieludunfiarsuduesddsznavlunisoonuuy
Weftarldadiuwn 10 um eniluszavsnmlagldlalaaunuuinsgiu Aldiuwhllawised
Fuoumadidvuraluginin 25 um laefiuszansamlunisduoumaldluiiu 90% dudu
lalaauiifiuszAnsnings (High Efficiency) azaninsndueynaifivuiaidn fgaldfsvuin 5
pum Uisﬁmﬁmwiunﬁﬁ’umgmwﬂguisaiﬂau ITUENANLYUIAT AT 8nT1 UseAnSnmges
(Grade %38 Fractional Collection Efficiency ) U314 uaziiiveslelaauilvangvia 1y wuy
High Efficiency Medium Efficiency wag General Purpose lananslusisazidunveslelaau

wilnangelananslunsei 2.7

U 2.9 lelmauuwuuninsgustinienmelvaidabuwuiduda [6]

A19190 2.7 dnahuvaslalaauuuuninsgiuylingieg [15]

High Efficiency Medium General  Purpose
Efficiency

Symbol  Description Ratio Stairmand Swift Shephard & Swift  Peterson

Lapple &
Whiby
D Body Dia. - 1 1 1 1 1
a Inlet height k= £ 0.500 0.44 0.500 0.50 0.583
D
b
b Inlet width  kx, =— 0.200 0.21 0.250 0.25 0.208
D
0.5 0.5 0.625 0.60 0.583
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A19197 2.7 dnahuvaslglaauuuuninsgiuelinneg [15] (o)

High Efficiency Medium General  Purpose
Efficiency

Symbol  Description Ratio Stairmand Swift  Shephard & Swift  Peterson

Lapple &
Whiby
S
S Outlet length Kk =— 0.5 0.5 0.625 0.6 0.583
D
D
De Gas outlet dia. Kk, =— 0.5 0.4 0.500 0.5 0.5
D
h
h Cylinder height K, =— 1.5 1.4 2 1.75 1.33
D
H
H Overall height K,=— 4 3.9 4 3.75 3.17
D
. B
B Dust outlet dia. x, =— 0.735 0.4 0.25 0.4 0.5
D
K Configuration No. - 551.3 699.2 402.9 81.8 342.3
Nh Inlet velocity head - 6.4 9.24 8 8 7.76
Surf Surface parameter - 3.67 3.57 3.78 3.65 32
N, suf 9\ 225 21.2 133 131 138

2.10 '3’?19131/\1'51& (Porous Materials)

q
v =)

al 1 [ . a a
Tangniu nie LiendadiAanenluiana (Molecular sieve) Junuinluauias

q

Faanssued 1991991 duenmdearnnistdid uduenluana Tangnguaiunsadily
Uszendldmuinguszasrnuansnsiueentuiu Wudgiesafiselniau (Catalyst) 1lu

1A AT U (Absorbent) WaTLIUM LEDS (Sensor) wazdaarui1sautuldda1nsuas oadl

Y

didnnsefindduy uazillefinrsanandadiuszninnusuinsvesgesinslugnguseusuinsves

me) FaalTangnsuaregsening 0.20-0.95 snsuanunsoudadu 2 wuumediufie 1. 1ukuy

1Y

e

a Y = =

sNTudn FednuarnuwuUITauRenEIvesTan uazluudl 2. TanInsuluule Fagnguy

q q

&

1 o Y 1

sxlanazueneanainaeuen sedumsidagnululdauluiiunee wu usgadu daus

Y
' i%

UfAse viawdgens tu svaunsaldauliangluianifsnguduwuudamintu diutans

q

3
Y
wiusvulaaglianansatunldlanuninanuiuaitisiuls Jagsnsuwuulaauisauiunly

Y 9

furudesnisiudes WWuawiuiuanuiou wisdulagdmiulassadeiidosnisimdniug

e

anINTUAzilATIE A sd g INAINNTORUI AR WU LY LUUNTINTEUBN KUUNTINAY
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[

wazuuuLduuny Wudu wenainduddiltangngundlassasiesndudou wu uguiuumn

widey wazlugnuoradudunse vields niogngunuundadundedwanduguin 2.6 (3]

— -0
%00\

(1) ) (3) @)
JUN 2.10 Tan3nguguuuunnd (1) wuunsinszuen (2) wuunsenau (3) wuuduuiy (4) wuu
Tandunden [3]
lunugadmnssudananisiangniuasnuieis drianniauaudinianignind

Usznaulumedemalil

2.9.1 MIUUIVUIATNTY
muilenuresannmaiusansnazaiusseniseninausema (Intemational Union

of Pure and Applied Chemistry) #38 IUPAC lauusuunavasgnsulimeniu 3 Ussiande

1 lulaswes (Microporous)

a ¥ 1

lulaswes nunsdsgnsuasiivnaduniuaudnatlidey 2 ulwuns (Nanometer)

q

Tannisniuriaiszdvuiniuniidunsizawnn duniiefanuniivesianndluanalag

q s (Y

annsndfsldrontnedminvasTani wazliesanuuinueagwguiivualvgnivuInves
Tuanaviqlliiinn shldemluanalaqedeuiidunoglugnsumand asvililunawand &
nsdheloundssrunnaiiesgnaudiuuasiuld deujisentiiondt usuwawaeinad (van
der Wals Interaction) #ussiiagyinliagiiilassadagnguannsofisniiuluanavisie
wlila %qﬁﬂﬁmmsaﬁﬁa@quﬁlﬂﬂisqﬂm%’umi@m% (Adsorption application) #3®

(VY]

dwunsaguinseuisenadl Tlunwidetagniu (3] [5]

9

2. wlwwesa (Mesoporous)
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Algnofvanefagniunivuinaiuninesening 2 1 50 uluwns (nm) Tannds

q

[

wguvuIn 2 4 50 AuantRfzmideutulilasmesa fufazivunaluanailvgindnfn v
T¥aniifisnguszning 2 fs 50 nm Semenluldidutageieguiolsd (3, 51
3. LAlATWESE (Microporous)

snefagnguiifvumduinugudnarannnd 50 nm uidsedsdlidesdouianld
desnlifidutielassswonsifiurunvesiiufiiasuinszvesTagnsusiudanisdionn
anunirsvesgnsuiilgniluananilumnvatefesin Saduiliusaunuaedinad Lid
snsnanelugnsu lufagudniduldlianuauladmiviagnusdadognaniiaeing
iosnnlassadragnguruinlvgiannsafiszdiedndossiuluanaldunnniaziiing
dosnndanudumutiosniIsilmAnnaumdiiugnsuldsnditues [2)
2.9.2 miuUstangngunulassairnaaiivazaaaudineguuslaidu 2 siia
1. a@1sduns
2. msefundd Feanseduniddmusouidlfidudn 2 vindeluil

2.1 Fagwyudungqulaney

2.2 Fagwyulunquelavs

Stainless Stedl 316L

JUN 2.11 Jaguuilulave @eile) uazdagnuelave (vnile) [5]

& a o =3 [

Tugud 2.11 euwandliiugdavesiangnguinduriatangnsuinilulans W wdnnd

IS £ L3 L%

15atly 316 WiAa av3iiflon LagNoIwnd FeasdvuIALdURIUANENANVRITNTUYDIANTHTY

Y

o | Y} a{' d

gipalduandduguin 2.11 medeile diudangniuinduiangnuelave luandugui 2.11

9 9 Y

[ 1 =

meunile Fedansniuviail elignsuiiiend Primary Pores @a9ziivunadurugudnas

Y 9

VBITWIUBYIENIN 0.1 < D < 300 um
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M1319% 2.8 MsudsUssinniangnunuesdusznaumaailiazanauiasne [5]

9

naa ANSUBU  NsEan  ezallu  eonlwA lavy

Y

o3 Funm
VUINTHTY wle-  llesle wly lulesan lules-ale wile-uue
wuAlas LA 1o 1As
1S
fufiany i a9 i & Uamunan i
NnJuY it 03-06 0.3-0.6 0307  03-06 0.1-0.7
0.6
ANUAINNTD fdan  sn-Uaun G A f-Uanun &
Tunisuns UNAN an and
WU
CeRILINIEN Jaun A G A fi-Uaun a
ang and
auIu A a A Jaun Jaunang G
a79-8
NUAD sin-Uan G 6N GR genn GR
asLadl UNAN
3101 i a ) fUanu Uaunans  dan
a9 and
1Y) & g 817 fdau vanunans  Uatun
Gy and

Y

Az liviinisudsnalnanisunssinlfidu 4 wwudefudiwielud (1]

1. MsuwsiuuualeY (Knudsen diffusion or Knudsen Flow)
yanefadevuingnguiiogludie 0.1 fs 10 llasiwasnalnlunisunsriuluanaaziduuuy
uoy Inefinalnmsunsuuuisindessuzdasziade (Vean Free Path) vaamaiadeud
yosufadanninuiavesgnguinniinasiliisloufaunsriiugngu Tuanavesufaszinngvy
Austiaueagngu Fagui 2.11

2. MaunsuuULiin (Surface Diffusion)
nanfAeilovunvesgnsudnasaufesedvuluumsinailfnsunsvesufaazsuilduns
381 (Interaction) ﬁaﬁuﬁﬁwmgwquﬁuaﬁam

9

3. Msunsiuunsmukiuveuialuiangnsu (Capillary Condensation)

9
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=) <

Sognguresagivunidnaninfuagyilinalnmsundivinlvufaulotasianiseuuy

nelugnguvesian
4. M3unsfianssadnuavestuana (Molecular Sieve Effect)

Sovumvesgnuiivuiaidnasninduludnnalanisunsanduluvamsafnuunves

lanaveuiala

s
e ——

) —
) 81€(CCCEOP3)) 1< I

Molecular sieve

JU# 2.12 nalnnisunssiuvesudanivailunmeludangngu [5]

2.11 gunsajuaniUdsunaudou (Heat exchangers)
gunsalanidsumnufoulugunsal Adusldnnsessunsnanslunumsimnssy
Laggeamngsy guasaluaniUasuanudeuasdudthedmiunsiemanudeussninees
Inaaosfifonmndsnsiunasvosivaiiaesiadlvinaniu lnserdovdnmsvesnisniaiuion
(Heat convection) kagn15u1AN3au (Heat conduction) Huntsvesialudvedlnadnuia
wila ndngsigunsalanemanuiouazlindnns vea Overall heat transfer coefficient
(V) LLazé’m'}mﬁmamm’m%fauaxﬁﬁuagjﬁummmmhmwmqmmﬁ%aaﬂmﬁgﬂaaﬂums
Tias1evigUnsala1emalNy SoulLD1RenaNN15U8 Logarithmic mean temperature

difference (LMTD) #39guaniainuwiniunisgungiivesvedlnansasdugunsaluaniufou
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Ausou gunsaluanidsumiudountadunateviiameiu unnldnisedaunsnataaziu

gunIalwanUasuaiusaukuy Shell-and Tube heat exchanger dlufidazvanananiy

IRAUYINUY [24]

Tube Shell
outlet inlet Baffles
L Il l - ! — []
— -—
- m y | ‘___\
S | : N — L
Rear-end N Ll ] C = " =
header [ ] — [/ - L
7 n [ |

Shell Tube

outlet inlet

Ul 2.13 gunsalaniUdsuamnuieusia Shell-and tube [22]

Front-end
header

2.10.1 gunsalanemanuiouwuuvedtraluaaiunieiu (Counter-flow heat exchangers)

gunsaluanidsumnuiouriiniiveslnaiouwazifuszlraaiumnsiudawandl

wilugui 2.14

Cold
fluid
Tn.jn & -
Hot q SR
fluid l _—
T
—3 = D'~
Tt \\ : = | T!’ out
A
P
;'l out ATl 7 Tff m I'.ﬂl.ll
AT =1, T

hout ” “r,in

gﬂﬁ 2.14 QUﬂiﬂiLLaﬂLﬂ?{&Jumm%ausuﬁm Shell-and tube wuy counter-flow [22]

2.10.2 Tumsiwsgidmsunsanemaiuioudsondengten nilsweaneslulawdng (The

first law of thermodynamics) 11928 1UAATIERINTINTANBNAIILSDUAIAUNT

Q = mcCpC(Tc,out - Tc,in)

= mhcph(Th,out - Th,in)

Q.
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M, iy, = 9MTINTIVaLTLIE (kg/s)
Cpe.Cpn = FAIAMIBWAINE (J/kg. °C)
Teout: Thout = dUQMAREN (°C)
Tein Thin = @0duillvaitn (°C)

c = vadluadu

h = vedluaiou

a N

2.10.3 MyLATzviguuiliadeniatinaans (The arithmetic Temperature, ATyp,)
ANUUANANVBIRUNYTTENINVBINAWIARIRANAIN ATy Imadnluds AT, ¥
v O o= & A a PN v a o a & 1

N1998N muuﬁmLUuLiawmaﬂwa}ﬂﬁuqmmuLaawwﬂmmmam AT, = 5 (AT, — AT,)

Juanuunnsswesgumgings mnuwandsesgun)inbeasnisiy ATy, 1#u9nnis

Aasuluslndgamafinuiaswewedlwanuduanidounuion  wazdusunuiiviuen

YDIANULANANVDIRMY TG EsETITetlrasaukaziy  Suasviauliiuianisanaamal

wuudndlunudsavesninuwand uatenngiiiuguniaiianiUaeunnusoust 19unase

1
ATun= 3 (AT, —ATy)  C (2.30)
d'
HE
AT, = oM NRReN NANAAIEAT AR
AT, =aaumaivesvedivanniad °C
AT, =gumgiveswadlvainieeen °C

2.10.3 3§Naﬁiﬂﬂqmwgﬁl,a§8quaaﬂﬂﬁﬁu (The log means temperature difference,
LMTD)
myinnzinsaemaradeulugunsaiianiddsunrmdeulasialudeiidesnismsm

Aesmsnsiemanuiou samgivesvedlvaiimaduazmoon uslunseonuuugunsal

waniUAsuaudoutiu Adidesmanruanduruinvesgunsaiuanideunuieu (The Heat

Capacity Rate) w30t ufl uaniUd suarmdeudvilildgungivoseslva viesnsins

~ o v
LANLURYUANNTOUNADING
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— o}
ATim= 1o T, C (2.31)
AT,
HE
ATy, = oumiiliadeuuuasnnisng °C
AT, =gaumgiivesvedivanniad °C
AT, =gaumgivesvedlvainiseen °C

2.12 Y550unssuiiendaq

sunsuisdesiunquiveanuiadiindurennuunvin  Downdraft  Fixed
bed gasifiers lofnyInszuIUMIHARLTARNATIH Wazn1sUTUUTUsEAME A MIBaAaTou
YBUANHIULUY Downdraft Fixed bed gasifiers Ingfinaddefiietosasolud

A. P. Susastriawan, wazagz 2020 [9] levinisisenuindanudululaiwmalulad
nswasunsuUsand s umaunuanmsididemasiamaluiluniadunszet uildusslovd
dwsuniossuddununely waruenIINNIseeNLUU AL AELATIZA Ud) UseAnSan
YBUANABLASUNANTENUIINWITITABINNTAUAI9) LTU FUA Qmauﬁaﬁumﬁmwﬁa%ama
wazmananisuUsanmidunia Smsrdauanye (Equivalence ratio) Sauvigangiveinis
Wasudoumddunananeduntadunseiussdns mmuoamansadseiuldlusdvesms
AnlrlduazArnnuden uasUsinantuiuves uAaduAs1E way Cold gas efficiency veq
w1 uazlnesialyu Downdraft gasifier axfivsiufunauegioslunfaduameiudfssiam
sndudesrndneeniudiihuldiueseseudmlniniely asdesiosnit 100me/Nm? Tnei
Mt unuihiiufuesiisng 2 funoudietu fe TnsTemsUszaund (Primary Method)
FBnavfend (Secondary Method) 33manisuszaugifonisdnnissiuauvesindulumie
waludrumes nmiegifdanivdsiiufaduaset asenannisiluuda uenaniud
fanusniudessusruuledundsseuduialodu wavindeseudswaniiolvladrunay
sgienauuiadaunsies Anzaniissduiiulan lnsfinfyinnesifomdanalnggn

wuiisgnIHaning w3slagn1sAndamuANingeINARBuAISYLIAES

Boonrit Ptasartkaew, 2018 [10] l@Anwuazvinnismaaeuszuuluseaiondu The
performance of a high temperature solar water heating system lagldnonasnszanuiy

WeUnANLHLNIUYLNA (Aperture area) 25 m2 g Uszanal 3 m (fiedzTulamsza1ing
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[ [
=

wenNLIE gunsallaniUAsUAINLSDUT LS ULEIIN Aperture area HNUTISULEIUTTUN

]

) 1

0.70 x0.70 m2 Feonelugnussysae iwmanilannaundanan Juinduiagnyuiiedsy

a9
4

duasulunisiunazdsdneaudoulss Heating Coil Fsfndsaglufsiuuas fo¥uuasiiazios
viuauiuiuawdeu wadildainismeaeuusingin nalnalunisanemanusouainuasmsy
ofindfintagnuntienmsiuuazmendsnuaudeuliiuidlnadiuaseenivssansnm
WinTuUsEanm 25% Feanunsaasauiulddn szuuiiviauedaunsafiazufuiuse
Uszansnmvnannadouldegaliussans mmuazifussuuiiusevidindnse

Buncha, kagagiz 2020 [11] lviin1sfnwinsusuusansanemanusaussuuns
wrlvdeadowduddneusatonihmindidutagmu  (Porous Media) ilulugunsal
uanivAsuaudounarlugunnidasithinashulasfintsmaaesuszneulude 4 nsddeiu

[ |

dwsulunsdi 1 gunsaluanfsuninuseuagliussyianmngy drlunsdlil 2 71 3 wash 4 Az

9 9

Aa i o ci aa v o a
‘Uiﬁ"g'lﬂﬂWiﬁumﬂﬂJu’]@LLWﬂW'NﬂUI@EWlﬂimﬁ/Wg‘JIGU PUIR 8, 10 hag 10 mm #IUAIAU Lagdn1g

[y

AIANENTINTIaresikaraINIATAL. NaaInnIsnaaesnud lunsalndlaussyian

9

=

WIUMIAEEANUTOUMNLAATUATIEN FENTSUHITE waznsmiaufeuludwieunazasdl
gaumniveuiaduasizviinieeni 178 °C wilunsalussyiagniudlvlugunsaiuaniueu
AuSauazionmgivediadunsied Mnwesnanawnil 106 °C Wuuansdeianniudie

[J [y 1

duasumsdsineauiounuiadunse  aedudnasgaduiaamiuriiulugmiossuny

[
Y &

Auseulandainarilvigugivesufiadunsieyt  anasegslideddy  dudunisedunglai

o

1Y o [

UsvAnsnmuesgUnsaiuanivdsuauoufifisduldanmsittaawsuiinalnadidrdrydms
NM3SukarNITAIIENENIUAINTEUlAR

Sungwarn Bunchhan, Wagauy 2017 [18] lad nw1UsednS n1wue9 Downdraft
Gasifier Lils91nuavesvUIAADAADA (Throat Size) %Wﬂﬂﬂii%L%@LWﬁﬂQﬂ’]ﬁﬂﬁa wagnI¥hiu
wuiWszAnSnwues Downdraft Gasifier azilUszAvsnmiinduidefudnsnisinadena
¥8491017 Uarazgegafisnsinisiuasgd 5 m¥/hr luvarildauinvesnenasndl 20 cm
wAnIHaRINNIMAdoUILiUsEANEAmgsand 35.36 % lagldidoinasimiaannssiu uay
43.36% nmslidomasngmanianiudidu vennniudndnsusivouiaduasedld
91nN15NAaeslIIngI1ezd asueulaeanlad 13.86% lalasiau 8.74 % wasdinu 3.64 %
asuaulaeanled 5.73% way eandiau 5.73 % nnsldgemafadudomas wodeuld
Houmdeiliiiu nszAuagld ardveulnoonled 19.05% lalasiau 6.85% uaziinu 18.58%
asuaulaeenlad 12.04 % uay 88nBLau 2.76% AuAWU AATISeuvBLAaAILATILIITLS

PNINTVAABY 3.84 MJ/Nm? uag 4.87 MI/Nm? dwsunseiiu wazgaandaniuainu
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Soheil Valizadeh, 2023 [20] lansaagpuuuuidanantunisuseidua1danianiunis
nszvaumaduniadionisadlalaaudidemuinlunsndauiadansis Tunaazfoai
suneunaretuneulussulunszuiumsuaanmuduuia Tnoluudimaluladuiadi
m%"u%gﬂLLiqumaﬁqﬁugmmma Laaunuyliiinuia (The gasifying agent) 14U 91A"A
pendlau mduaulneenleduatletn 2 szvvvoumudnlunsdsuanmiduniadaunsess 7
flduseneuvemandnsasunnsnaiulumumeluladfifondostu waswaluladmaniilasy
nsaIuil ugutenas uausIauzves lelalau (H,) uas ardueulasenled (CO) lu

aaa

wandariveansuUsanmduuia TnslawizegredsansiviliiAnufaanunsaaiuufisen
V190819717 fregradumslderniaazeendiau WumsvinliAsufaasnszduuiazen
panTLaty waz Arsusulaeenlyd (wiliiAnuaaiunsanszduufisen Boudouard 1a 34
Frefiunisaseanfueulaeenledluseninnssuiunsuusanmduniadnanas Turues
wenunslilednduasvinlhAaufastiedisiisen The water-gas shift reaction una
U310 H, waz CO MiAnTulusswinensudsanmiduufadiunagey

Trirat Khosasaeng, 2017 wazany [21] nAnwinavesdnsnauya (Equivalent Ratio,
ER) AUMUIua IUNaN R InEn eI v0 i aduasiet WagHavednsauya NuAIAINToUuTas
WRad ARSI UsEaNE B eAuZeuann Single Throat Down Draft Gasifier Tngfld
Houndswezainguvu (Municipal Solid Waste, MSW) diusuan ER ildazagszuinedn 0.15
f9 0.50 nARNAINAABUNUIN ASUBLUBNlAazTiAgIaRT 14.72% uazAn ER 41 0.35 Hinu
8.76% ileAn ER 7 0.30 lalasiaud 8.82% ifleAn ER 0.25 21nn1svaaeunUINe oandiaufu
msveulaeenleditiuulduiiiiady Jor ER aefldnfintuiiesanannyilasdlndane
mswnlufegrsauysnl (Complete Combustion Condition) dstuesagliiadoshand ER
winfu 0.35 lesaniadesazlviuadinngn uaziiiefisnm uazAeuieugeand 5.87 MJ/Nm?
Turaeiivsyansnmdsanudoudlend 73.04%

V F Kosov wazmmy 2015 [24] la@nwiniswdeunduandemdsdanaludu
whadunsedt Tnsmsnegeunszuaunsidmadasuvammennudoudu 2 Sunewduuia
FaAT189 (The two-stage thermal conversion into the synthesis gas) warsufildiedeseud
Aaaiildufaduaseiiluduniemdnnszuabiliiioun 50 kW dvsuneaeuinienanusa
Fuasziuarnmanadeuazdsznouluie 3 nsvurumssaseluil lunssuaumsit 1 Gendln
T5lagaveadowdsdauna (Pyrolysis of raw materials) wazlunszuaunisi 2 13en91n13
wenaanefaiisauseuveindnsaeilnislada (Cracking of volatile pyrolysis product) 7

sewglvaruauigamgiuszuna 1,000°C audadueindsiaunaniiyngy Julasueu
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HANREUTTUIU 90% HANNNTNABUNUIN Pilot plant finnassan 3 Ffunnsnatiuanndily
\Fowmadnaauis 50 ke/hr ansnsafiaviuamussansamlunslddemaannldasyly
Duutadansiz 16 Tagdtusn (The first mode) nMswasudomasdunaluiduntadanszd
waze warawiildrldlithanldsnely dwisd 2 wldinsuuuienduisd 1 widiuas
gnidudemdsdmiuldifundianudouiinnudosnisuonizuiunisies waz
nszvuMsanveluis 3 wagsanfsnssuiumsuiadiaduyesin (Gasification of char)
FaeFsmisliledh Yousvasdfifonslflfufaduaneiiiutu naflldants 3 Biwuiwas
109UsZANTN1MAS0INER Syngas (The total efficiency of power plant) Ail§a1n337 1 s 3

TNAANSAIBDLULAD 17% 22.4% way 22.6% AuUaIny
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uni 3

ad o

A5N15ANIUIIUIY

Y 14 a Al 4

3.1 JunpunIsaunNaaLiadinieas
Amuiadlioasuuulnaasaylddouia LPG Felinnnumvun 3 mm. wdusuaugnan
350 mm. wualu 4 drunaztanseduieniuvauluiuife wagdiuuugnazdaniues 150
mm @3ufidet g9 220 mm drudluiianuazindunsinsieds 290 mm. vuIALEUNIY
ALINANIUUWINAY 370 mm. YuInduRIuARINa1Na1 WAy 120 mm. seuludiuaanid

< o < £ 1 3

wianvun 3mm Waniiudunsanssuenvuadudugudnas 470. mm gq 420 mm. uay

iuauadu Ceramic Fiber (Blanket) ¥u1m 7200x600x25 mm W3ouviudinza

JUT 3.1 wuudiedmaniunwua 3mm udnleuiandumilviivaziiUawm



3UT 3.2 wuudiedmaniuiwua 3mm Wudumiulauvesdam

JUT 3.3 wuudietviewdnuuin 150 mm lilasuauasuuvesguniianiaeuniuiou

Tuguil 3.3 dnowiemanuuin 150 mm Schedule 40 thundouduniiudausia 10
K a1ndunibwsumninunlasiuanawazauuudslainnisiggdmsuliveaunuaaaiafvie
Tiufaduaszilvaniuluviomanuwin 150 mm 91ntuasifiousossesenINLUMEN U

Auin A amaslnaniu 3ntufuntLlauuia 150 mm undeudunidauazviodimsu
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Tiufageundsivaduazlnasen Wadsusaiasaarniiusziiunuliunlduazusznouyn

gunsaluaniuasumnudeuiiduyin Counter Flow Heat Exchangers

273

5UN 3.4 sUdnvIveamndaniadanieikuulnaag

1 1 al -4

3.2 daudsznaudneqmuiadlnieas
dievhuuusandgusuukarmnduihuuululumdanudsussquiaiedu wazimin
wh LY Layout wavdawanudulunaardrumunuuunazdiunusynouidulanidnuia

Walnda Asgu 3.5 flaguil 3.13 mudsiv

UM 3.5 dumndauiaduasednindulsueuuiuaglsunduaans
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|

3UN 3.6 nisthumdniieasadruidulaumnlng

)

A

JU# 3.7 msusznevdilsumlviuazgvewingda
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UM 3.9 msuszneudainuiaduasmikasnisdiusandulay
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5UM 3.11 nsiassgunsalianifeuanuseuasdiumegveanuulnea

54



JUN 3.13 fiaUsgnaududiusineiudaiaiavennuuulnaas
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Varanyu
Nov 8, 2023 7:40 AM >

3U# 3.15 vageundensusulsalousnliuagldszuuleuainauuy Forced Draft System
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3UM 3.16 aumgilgedn 1,372 °C ndalanmunisvedlausnlvdvazinmegey

al

Tugun 3.16 asuansyaiiudiuves Combustion Zone Fwasitugniifioamaligegad

Y 9

1,372 °C luvaiin1smageu uenaniagtiu Common Ring Pipe daidunesinveinisds

oAU el lunsazoms1n15 laueIeIne

JUN 3.17 msnusegauiaduaseivasivhnsnageuiietnlugwiesimse

Tuguil 3.17 wanstamsiiudiegauiadaunsiziluseninnisnageunnsnsinisiva
Y9991n71e7 lnai lU g s luus 3 nsdl wiu nsdiuiadansizii With PMHR With
Empty PMHR wag Without PMHR wagiiisiiudleg st adaunsizvinazaviidsludaios

A5 LereIRUsENoUTRILAdduAs1zvRaly
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Varanyu
Nov 8, 2023 7:47 AM >

3UN 3.18 minaaeulunsifiunIeslsaUseassiumine sy

A5199 3.1 TONNUATUIAYDULATDINANLNAZILATIZITAINSUNITNAFDUT

[tems Types Units
Feeding biomass methods Batch type -
Biomass fuel Types Wood charcoal -
Throat diameter and thickness 15 (10mm) cm
Fuel (charcoal) per batch 25 kg
Insulator material and thickness Fiber glass (4 cm) -
Maximum air feed rate 55 M?/hr
Biomass consumption rate 8 Kg/hr
Design capacity 30 kW

3.3 gunsaluaziAsasiianlddmiunisvageu
wenanFuaranLAadleedudfileunsaluasiaiosileflddmsunsnaasuay

9

Usznaulumenasaludl
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3.3.1 fumbsnsinsanesludlida via K ANEIUA VRUALNET LN LDBS
wosluduila viia K gninufndamusunisderoluil
1. Saenumgiioniadawaindon(Tl)
2. Yagamgiornaluasenaingunsaluanivdeunuieou(T2)
3. Yagamnil Syngas senanAneudngUnsaluaniUAsumLTeu (T3)
4. Jngaunnil Syngas aaﬂmﬂqﬂﬂizﬁLLaﬂLﬂﬁﬂumm%@u (T4)
5 ngamindl Syngas InapenaingunsaiuaniuAsuaudouluguidemadu Pyrolysis
waz Drying Zones (T5)

[

6. Ingaunnidmiu Reduction Zone (T6)

N

7. Ingaunidmsu Heart Zone (T7)

N

8. Inaunidm3u Pyrolysis Zone (T8)

[

9. IUNNAEIMTU Drying Zone (T9)

Y

1 Syn%s&uﬂet -

. @ j Syngas outlet

1
T 12mm, §-Nozzle with ring tube:
Heat
Syngas inlet

ISy

Hot air outlet

By-pass valves

Air velocity meter

— cSillen

Alr inlet

Data Loger

Downdraft Gasifier Schematic Diagram

3U% 3.19 lnezunsuvesiuniinisinasmesiuauilans 9 f wiln K
3.3.2 gunsaluaniUisuniuseu (Heat Exchangers)

gunsaluaniUigumuiewinainyie Schedule 40 Black Steel Pipe vuiaLdus1ueUS

150 mm A13E3 40 mm UAINURUMANTWITWIA 3 mm 113200 12 mm deviy
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Ended Plates wazie Stainless Steel Y119 1.D 10 mm 8773 40 mm %41 1 mm 314U 16
1 d' 'y} 1 < g.l; % g.’/ % 1 ¥ <@ gj <
719 LALLYDUNULNULUAANYN 2 AU (End Plates) MIAIUUU LLagaNmgnIwman nuunUsenay

nihulaudmsuliuiadunmeilyaiuiewaniudsugamgiiivenniantnaaiumeiu

JUN 3.20 gunsaluaniUisuninudeu (Heat Eexchangers) Wausgnauiasaiiuusay

3.3.3 33lUA119% (Ring Blower)
Faludnesagldiluwuutouaimedu Air Forced Draft : Ventex: 1 2RB 410-7AA11-

PUNUBLHDS 0.80 kW, 200-240V , 160 mbar

Ui 3.21 3dludes (Ring Blowen)
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3.3.4 Taansu (Porous Medium)
dmiuiagnsuaniiilonduide vu1a Hex. Nut M10 wag M12 X 1.5 Uszanay 10 kg

withll vssglugunsalinamaiuiouludnanisnaaey

o

3‘1]17; 3.22 aawiu (Porous Medium)

3.3.5 lglaau (Cyclone Separators)

Talaauasimiuendusenannuiadunsigs sgldudumdnmun 3 mm uwhudy
sUnseMeRildusiugudnatsiuuLILIn 170 mm. wagduansdiduriugudnalsvunn 100
mm lagivuamalusineesufdlvaitizdusudmasuiuivuiaiivunn 100 mm x 170
mm ntufitvionaundsuifiefiazuseduvionaneuin 50 mm. uazviseendeiiduiu

AudnatsuIn 150 mm ntuaziivievwin 50 mm ldsidiiudsinlusiuwesuiasely

3‘1]17; 3.23 lalpau (Cyclone Separators)
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3.3.6 t95uuiaduAs1EY (Receiving Producer Gas Tanks)

§199n Syngas Agvidaufa LPG vue Leuniuaudnad 350 mm. g3 190 mm. wadt1sn
FasuuuLdvinduniudauitefiegldilavhanuazenldidenontenenuenaniuazas
¥iviovuin 50 mm. dmSuvieuiand omadlunadwazesnndeuntiulauvuin 500 mm.

AMTULAAFUATIZI LA hazean

3‘1.]‘17; 3.24 H9NNUAEELATIZN (Receiving Syngas Tanks)

a

3.3.7 \n3esileiamnuifivesernie (Air Anemometer) uazia3eailotuiingamgil
(Temperature Data Loggers)
wwosTaauEauazldiu DIGICON- Ju DA-43 astiaiesinmuiiiaumfnsiedivie
anauvestuau (Ring Blowen) tiodmanmadilusiugunsainaniudsuaudousasinaidily
Tmufatliess uarludiueieafiotuiingamgiarldsu Midi Logger: Ju  GL820 vgth

Fouayauann wesluduila vl K 113 9 gaudeitiasewazduiingamgilvunninnisnageu
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GRAPHTEC

LT T

a

JUN 3. 25 ipsesiloInAusIvesenid (Air Anemometer) waziAseatuiingnmgl

Y

(Temperature Data Logger)

3.3.8 LASTILATIZLAE d9AT12% (Gas Chromatograph)
W3eTAT I ikiaaslduas BRUKER Ju 450 339slasuauinsngiann n1a3sniAinssy
WwilUszend InNINe1denAlLlaENTEIRUNANITEUATIMED NTINNUMIUAT WaNAaaULaIN

35D NTAVIINNINAFOUNEMBIAUTENOUVDITALTBINGS

3UN 3. 26 LATRTlATIELAEAUATIEN (Gas Chromatograph)
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3.3.9 1ATRITIUNMINLUUATNOA (Load Cell) waziAzasdaumiinuuuayss (Balancing
Spring Load)
wisaatedmtinagldiu Tiger Ju TI-01 anunsadadamidn 2000 kg avthandadmidnues

Wowmdsgnldlumsudndainuiadeunsest uaituiindminveademdignldluluudag

' ' 1%
Y A N o

Y93ANNNTHAR LA AFLATIZY warlud1uLAs 89T M NLUUALNE YN aTIUN TNV

W RLNALN DN 92U WUSIUMIBUAU LASBITIUNMTNWUUAINGA LaEIN15OTIUINLN 970 0 D

60 kg

3U# 3.27 insestamiinuuuddnea (Load Cell) uay insastaminuuuayss
3.3.10 usiUfI0E198819 Syngas (Syngas sampling bags)

gafudlegauiadunsizi azlgeuuin 1 das 1910 Tedlar Bag & PVC valve

Wafarussq Syngas WdaslfuRnisiienaznsiamesausenauvesuiaduasiesn
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T sapondiy

NTAZIaL e
gy Sudweg seey

S
e S ¥ 00 BPSL eanely

3UN 3.28 Quiudegauiaduasiziietnlulinseidiemageu

3.3.11 Wawasnlglunisnaaau

Tumsyinmsneaevazldanulsl (Charcoal Wood) fiuntiawnds (Feedstock) 9810

¥

FOHUVIDINAIANILABDINIT

3‘1.]‘17; 3.29 a1uldl (Charcoal Wood)
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3.4 funaunsadauLRadlvieaduuulvans
1. dupeuit 1 Y11 load cell udinndluiumisiimanzan anduienmlusin
wosufarsuu Load Cell uardndliidauniogedsaugaanifufeaslifia 220 Volt AC.
dhitugpsudwinaiefivsnsuimdndaun i pinddminAalansu
2. Fupeud 2 %&faqm'amaé'i’fuufgflmmaamas‘hﬁ’ﬂﬂaﬁga 9 Fudrfuin estuiin
gaumgiiuazsieliiin 220 Volt AC. titedrenszualwiilifAuiedostuiingamgd
3. Supoud 3 ‘v‘hmi@mé’?qLﬂ'%lmi’mmmL%auﬁagjmq@maqLﬂ%@qﬁmam
4. Fumaudt 4 sieszuuliiin 220 Volt AC. titegelninlRndusdudineddsdvue
0.80 kW 160 mbar
5. Supeudl 5 wdsmntudeusssudemaudardestivunafiusana 1 cm x1 cm
wdnhundsiminanudesnsiaefiazinsndefuiniostahminuuuaUssiounudonts
6. Suneud 6 WarhaseuwmuRaduassiudaduaudluaudosnisveuiaveanlng
wagsuimiingn wdesduihuinuuuiaa idwineidlsdlodutesdomdugUneh
ATOULAN
7. dumoud 7 WeTndnaseumugds neasniu Saudneslronieluadmnan
whadupsziinfisessaitluundelyl dafiadanistutenliudy waziouwdlaudrldfises s
Wiuslely uineuazinInaaouIAuAs psazdesnsIaaeUINNdMN AR osegludumed
Iaauaiiieliiornialvalumaevesssuuiidedlienmaluaniugunsaiiun
8. dunoud 8 mﬂﬁq@ﬁwLﬁ@ﬁ;mﬁ%ﬁmzé’ammLﬁudﬂw&mamLLas%ﬁﬂi’uﬁﬁmﬂwa
peninaNvienseeniidmiugalil (Flare) WeillusAuwesufaiignudnium urdiuunasld
natsEanm 10 89 15 uii Aausafigadalles
9. Funauil 9 nduAuAdsluuszuaI5 89 20 U I A urNTEUAn

v v

gaumgdinulouinanasestuiinilafaansiringamgiionlinng 15 w1 wieuvisiuiin

9 Y 9 Y
ANILSIURIDINAN LB LULH
10. Tudumau 9 azdauuiiog1LdadunsTIzvmealunafgtufuTunoun 9
11, Tutunoui 11 nanINNAUAIBEILAAFIATIZ1AZYIIN1TUSUAINLLEIUDI01NA
P v ) ' = =~ A a o @ v = v v v o 9 )
lvadialutuneudely uazilawnisufuliadiosnmAtuiinteyadieiu waeing19iuau
d' 35 < [ d' aa d' v 1 4 dl
ATOUNTY 3 AST UazazdSudsuanizisnsiaglvonnialuaiugUnsalaniudsuaiy

[y [y

Fou nouusIYIannu wsslienalrar ugunsaluaniUfsuauseulneiiliussyiagnyuy

9 9 9 9

melugunsniuaniUasuanuiou viielrenielraniudinilagnsmiuaisiu
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12, 1I9LAUFMaE 1NULAFFIATIEAAUATUNITNAABUNALAD ARztAuLATa s lUau
Wwowndsliianusnaznanuiadansieioanuildon Aazaun1snaaau

13. 9NULIUADN3 9921101910819l UNSI9dU IRV ILA AR ALY DT

Vel uAniseely

3.5 m'ﬁLﬂiﬂzﬁmsauqamaLLazwé’amu (Mass and Energy Balances)

3.5.1 HAMTAATILIINNTAUADUIAUALANARAIUNG 1Y With PMHR
NAITNN 3.2 4azA1T7 3.2 3 TUNTUARINANITANAALIA Uarn1319N 3.3 el
a L4 v & Al s o Y SNaa v L3
NsesIERnIsaunandsurauniiadlieesuuulnaas dmsulunsaninisldgunsal
wanAguAuToulazusIRTEANIY (With PMHR) muddu daulunisiuinaziansly

NIANUIN 1.

dl gj L dal a o U 6/ Al [
19199 3.2 NIAUAQUIANY 3 9R31715 InavaseInIALazalnasdmsuniadlnieas

ltem My+Me mpUt Mcar+mash (kg) mvap Mtar moutput (kg)
(ke) (k) (ke)
1 45.742 1.40 1.88 0.190 42.27
2 20.132 1.40 1.88 0.190 110.94
3 235.20 1.40 1.88 0.190 126.459

M13199 3.3 N5gaYAENEIILANTIUTRIAIURIve ATl NieeS

Case  Ejput Q.and Qr (MJ) Qlpsg Qhe (kW)  Egutput (M)
(M) (kw)
1 19.5557 1.13338 0.508 0.5089 93.380
2 20.132 1.13338 0.508 0.580 110.94
3 235.20 1.13338 1.478 0.83841 126.459

3.5.2 lpaelnIuvaensaunauiauasNSaNganE sy With PMHR
Tugu 3.30, 3.31, 3.32, 3.33, 3.34 uay 3.35 9z Juguiluaninsaunauiauaznsauna
NS uvenmmdnLiaduasied dmsulunsaindnisldaunsaluanUasuainuiounasussy

[ ]

annsu (With PMHR) Inafigui 3.30 U7 3.31 9::0un15anauda wagaunaenasIuesyia

91MATIALLEY V; Muddu 910307 3.30 3.31 WAgUT 3.32, 3.33, 3.30 wag 3.35 fezidy

N & [ A < o w
gﬂmammiamaama LAZNAIIUNAIULIY V5 haE Vi ANUAIANU
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1ty 6.5 kg

—_—

Syngas 42.27 kg

el

Carbon + Ash 1.4 kg
Downdraft Gasifier

Water Vapor 1.88 kg

—_—

|

thy, 39.240 ke

—_—

Tar 0.19 ke

SUN
U

3.30 lnezunsuaunauiavesszuukiadlneasiflossuuidu With PMHR

Reheated Air= 0.508% kW

with PMHR  Output Energy
Input Ensrey —— 93380 W
19.5557 MJ . -
D draft Gasifier "
Ty = 0.0109
kafsec
Energy Heat Transfers from Syngas to Heat
] Exchangers =0.508% kW

Energy Heat Loos from Dry Syngas = 0.508 kW
Energy Heat Loos form Gasifier, Radiation and Conduction = 1.13338 MJ

5U# 3.31 lnezunsuaunandsnussuvniadlvieesidossuy With PMHR

1y 6.984 k Syngas 40.6744 ke
r 6984 kg | | Syngasdy
Carbon + Ash 1.4 kg
Downdraft Gasifier

|

Mg 47.16 kg

o s e

Water Vapor 1.88 kg
Tar 0.19 kg
—_—

JUT 3.32 Inegunsuaunanaszuuniadinieesidoszuy With PMHR

Reheated Air= 0.580 kw

With
Input Energy
20.132 M)

PMHR Qutput Energy
110.94 MJ

Downdraft Gasifier

?‘f‘la = 0.0131 ke/sec

Energy Heat Transfers from Syngas

to Heat Exchangers =0.580 kw
Energy Heat Loos from Dry Syngas = 0.508 kW
Energy Heat Loos form Gasifier, Radiation and
Conduction=1.13338 MJ

5UN 3.33 lnozunsuaunandsnussuuniadlieasidossuy With PMHR
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1hy 8.40 kg Syngas 60.01 kg
——

|

Carbon + Ash 1.4 ke

|

Downdraft Gasifier Water Vapor 1.88 kg
5 p——
mg, 55.40 kg Tar 0.19 kg
——1 ———p

UM 3.34 lpevunsuaunauiasvuuiadlvessiiossuy With PMHR

Reheated Air= 0.83841 kw

126.459 MJ

l with PMHR  Cutput Energy

23520 1
Downdraft Gasifier

I‘ha = 0.0153 kefsec

Energy Heat Loos form Gasifier, Radiation and Conduction = 1.13338 MJ

5UN 3.35 lnezunsuaunandsnussuuwiadlvieasiilossuy With PMHR

3.5.3 HANNTIATINIINNTAUNNIR WATAUAANEINIU With Empty PMHR
911915797 3.4 9 UN13ATIERNITANAENIE Waza3 197 3.5 9nTun1ThATIzAnIg
aunandanuvesmuiadineesivulraas dusulunsaniinsldeunsaluaniudsuanuiou

wazlulaussyiagnunglugunsaluaniUdeuninusau (With Empty PMHR) anuasu

A19197 3.4 MIaNnAIIaTe 3 ansINsinavesenAkazBnd s uLiaTlnees

Item M,+m;input MeartMih RO My Moutput (keg)
(ke) (keg) (ke) (kg)
1 45.742 1.40 1.88 0.190 42.27
2 20.132 1.40 1.88 0.190 110.94
3 235.20 1.40 1.88 0.190 126.459

M1319 3.5 MsgayideNEIIUAINTEUYRdILiN T ve T lnloes

Case Einput Qcand Qr (M) Qp, W) Q. (kW) Eoupur  (MJ)
(MJ)
1 19.5557 1.13338 0.508 0.5089 93.380
2 20.132 1.13338 0.508 0.580 110.94
3 235.20 1.13338 1.478 0.83841 126.459
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3.5.4 lnozUNIUTDINTAUARNIAUALNNTAUAANE 11U With PMHR
dmsulunsdindimsldeunsaluanidsuanuiousaraglugunsaluaniudeuning

FouldlldussyTagnsu (With Empty PMHR) snudndu Tugy 3.36, 3.37, 3.38, 3.39, 3.40 uag

3.41
s 39.20 kg Syngas 41.674 kg

—_— —
Carbon+ Ash 1.4 kg

i R
Downdraft Gasifier Water Vapor 1.88 ke

T, 5.904 ke Tar 0.19 ke
B — e

Ul 3.36  laesunsuaunamasyuuuiadlioosiilesyuu With Empty PMHR

Reheated Air= 0.5089 kW

With Empty PMHR Output Energy
Input Energy 85.09 MJ
165.3125 MJ | "
> D draft Gasifi .
ownara asifier ma: 0.0109 kg/sec

Energy Heat Transfers from Syngas

to Heat Exchangers =0.5089 kW
Energy Heat Loos from Dry Syngas = 0.60 kW

Energy Heat Loss form Gasifier, Radiation and Conduction = 1.13338 MJ

JUT 3.37 laszunsuaunandanusyuuiiaglniessidasyuy With Empty PMHR

Syngas 50.494 kg

My 6.084 kg
—
Carbon+ Ash 1.4 kg

Downdraft Gasifier ;
Water Vaeor 1.88 kg

Mg 47.16 kg Tar 0.19 kg
P E—

UM 3.38  laezunsuaunamasyuuufadlnoosiilesyuu With Empty PMHR
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Reheated Air= 0.99378 kW

With Empty PMHR Output Energy

61.142 MJ
201.6001 MJ [—
A Downdraft Gasifier

Input Energy

M= 0.0153 ke/sec

Energy Heat Transfers from Syngas

to Heat Exchangers = 0.99378 kW
Energy Heat Loss from Dry Syngas = 1.488 kW

Energy Heat Loss form Gasifier, Radiation and Conduction = 1.13338 MJ

sUTl 3.39 lnozunsuaunandssussuuuiatileasiilossuy With Empty PMHR

iy 7.20 kg Syngas 58.81 kg

Carbon+ Ash 1.4 k¢
r—
Downdraft Gasifier Water Vapor 1.88 ks
———

Mg 55.08 ke Tar 0.19 kg

UT1 3.40 laezunsuaunamaszuuufadloosiilesyuu With Empty PMHR

Reheated Air= 0.99378 kW

With Empty PMHR Output Energy

Input Ener
o =X 61.142 MJ

201.6001 MJ

Downdraft Gasifier

M= 0.0153 keg/sec

Enerey Heat Transfers from Syneas

to Heat Exchangers = 0.99378 kW

Energy Heat Loss from Dry Syngas = 1.488 kW
Energy Heat Loss form Gasifier, Radiation and Conduction = 1.13338 MJ

JUT 3.41 laszunsuaunnasnussuuniadlvieasitiossuy With Empty PMHR

3.5.5 NAN1TIATIENIINNTANALIA UATAUARAIUNAIU Without PMHR
NAN197 3.6 A TuNTIATEnITaunaa wazans1ei 3.7 aslunmsinseinng
aunandsnuvennuiadinoaswuulnaas dwmsulunsailuiinmsldaunsaluaniuiouniy

Souuazianniu (Without PMHR) sua1su
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M19197 3.6 NTAUARNIATY 3 FnTIN1siaveteINIAkaidaNEsdmSuLAaT o3

Item m,+m¢  (kg) M, +Myg Myap Moy Mout (ke)
(kg) (kg) (kg)
1 45,742 1.40 1.88 0.190 42.27
2 20.132 1.40 1.88 0.190 110.94
3 235.20 1.40 1.88 0.190 126.459

M19199 3.7 M3aydondenuanuiouvasdiuieveniadliieas

Case Einput Qc and Qr leg Qhe Qoutput
(M) (MJ) (kw) (kW) (MJ)

1 19.5557 0.00655 0.508 0.5089 93.380

2 20.132 0.00655 0.508 0.580 110.94

3 235.20 0.00655 1.478 0.83841 126.459

3.5.6 LABglnNIUURINITALAALNALEENITANRAANG I Without PMHRAmSUlunsainlisingg
ldgunsaluaniudsunnuiounas Tanwgu (Without PMHR) auandu lugu 3.4, 3.45,

3.46, 3.47 MUY

My 392K | Syngas 40.543 kg
———

|

Carbon+ Ash 1.4 ke
g

|

Downdraft Gasifier
Water Vapor 1.88 kg

. [t —
Mg -4.788 kg Tar 0,19 ke
——] r———

UM 3.42 lpezunsuaunainassuuniadivieasidossuy Without PMHR

Input Energy Output Energy
134.064 MJ 34.81 MJ
— Downdraft Gasifier —l_‘
Energy Heat Loss from Dry Syngas
l =1.1296 kW

Energy Heat Loss form Gasifier, Radiation and Conduction = 1.13338 M)

5UN 3.43 lpavunsuauanasuszuusiaginieasiiiaseuy Without PMHR
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T 6.012 kg
—eeee

1, 55.08 kg
—

Downdraft Gasifier

Syngas 57.622 kg
—

Carbon + Ash 1.4 kg
———

Water Vanr 1.88 kg

Tar 0.19 kg
—

5UN 3.44 lpevunsuaunauiasyuuniadlvleasiiossuy Without PMHR

Input Energy
16.83393 MJ

—_—|

Downdraft Gasifier

|

Output Energy
59.894 MJ

Energy Heat Loss from Dry Syngas = 1.791 kW

Energy Heat Loss form Gasifier, Radiation and Conduction = 1.13338 MJ

5UN 3.45 lpozunsuaunanasnussuuwiadlvieasillossuy Without PMHR

3.5.7 MIIATIANGIIUANNTBUGEYFVDITTUY

LAIUN5YIINISNANTUINNNAININALTNT LUV UNSINUN 8 9DNAINTLUU WAy

A51ANEIUINGA 2.20 D19 2.27 sudeU

sadulunsAwImmdmsundnumIuseuggLdoiiednn1siuarnIINIAINTaUYeN

NA PR ATUATIZRALANNTORUINTITAIUIURDNLLTY 6 drusaiusssaludl 1. Tudiue

ASOUUY (Top Cover) 2. ludaulauauuita (Drying Zone) 3. ludaulaunduaany (Pyrolysis

Zone) 4. Tudrulautunlng (Oxidation Zone) 5. ludrulaussndu (Reduction Zone) 6. Tu

d1unN1msoUaIs (Bottom Cover) 7. wasuiilvalufuwiaioindedansney Jaluwsazaiud

WATUAAIIIYNTAUIUIINVUIAA N NIAINVUIATD LA EAU AT AT IEINNAT 9T WL

Talunsneassluanuided walunsalluaul et wands18nISAI LI ALY IMINARLDE

duaseilunan Tudiuvemioszgniinnsanindesunnuagluseseidunnisauimazuandly

NIANUIN 1.
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M13199 3.8 Msayidenasnuauieuresdiudveuiadlviees

Heat Loss part (m?) Q. (kw) Q(kw)
drusnsausiuuY 0.0351 0.97788
GRRN TR, 0.31941 0.3934
druvedlvunduaany 0.3194 0.6746
druveslyunlg 0.02597 0.8288
dnuveslaniindy 0.6435 0.4239
drurnsaumuaTg 0.5850 1311

wANuTeuanyds Q. uay Q 4.6095 1.944

ANuTougdegvsves Q+Q, 0.00655 MJ

3.5.8 wasnunagydeluiuuiadansiesy

v
24 IS a

luniseiwamanuseugydslivuiaomfsduameiazgaiuisomuinlaain

(%
[ Y

AUNSA 3.6 WAzUIPNTINIS AV ILAAIDINAINIONSINISNG 3 DRTINITEMAUIAIUIUNRIAN

ANUTOUIINUAATUATIENNG 3 NTUIINAUNITA 2.28 uazauyRgIuItunnnseuIuNawly

'
aaa [24

guuANiN RV LA A AT lieasvinAune 3 nsdl Awanslunnsned 3.9, 3.10 uag 3.11

AIUAIFULAZNITATUINAZLEATUAIANLIN .

ntiN 1 Msiseveuieugydeiuufaamasdunssiiliessuuduwuu With PMHR
Tum151991 3.9 azdunsuanseimiuioungadelusiadunsisiitlunsdiissuuily

e o W v ¢ N o { ! & dl
Qﬂﬂim%u’]'ﬂﬁﬂWiu@ﬂUﬁiﬂ L‘U']VLUIUQﬂiﬂJLLﬁﬂL‘UaEJUF’\I’NﬂJi@‘U'J'ﬂ,ULLWﬂ'l”liJLi'HJ@ﬂ@']ﬂ']ﬂVlQﬂ

LI q

[
a 6V v

Joudnludunminufadunsizing 3 anusnelinnugydoninuiouluzssuudssann

Winls JaraannnsAmnilingumgindIusvaunauiadunszrlawansnslun s

Y

3.9

A19197 3.9 AauSeugadenluiuuiadunsieilunsali 1

ltem flow My, (kg/sec) Heat Loss (kw)
1 0.01504 0.508
2 0.01227 0.580
3 0.0201 1.478

nsasydenuTousin (kw) 2.566
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NIAIN 2 MsAwINMIANNTaugdsAuLiageInaduaTIzsiille With Empty PMHR
n3tifl 2 Mshengianuiougqdsduniadomddunseidessuuduwuy With
Empty PMHR Tum151971 3.10 asifunsuansaaiuieuiiagdeliufadunseiinlunsai

szuuiiiaunsalfivriagnugnussgdnlulugnsalianiudsuanudouinlunannuiives

LY ]

a [2]

amanigndeudnludunmdnuiadunsizing 3 mmudugudeiuiulunsdi 1

M19199 3.10 ArAuseugdenluiuuiaduasizsilunsali 2

ltem flow M, (kg/sec) Heat Loss (kw)
1 0.0125 0.60
2 0155 0.9016
3 0.0173 1.488
Total Heat Loss (kW) 2.9896

nsdif 3 madwamauSougdetuuiadomasdaeseide Without PMHR

nsdifl 3 mensginnufeugydetuniademdiduanehidossundusuy
Without PMHR Tusns1e?t 3.1 azidunsuansimnueunany deluufadansziilunsdd
szuuiligunsalithasmsugnussatilulugnsaluanivdsumufeuiiluudanusives
omefigndoudnludumudnutadaaseive 3 anududuieatuiulunsdd 1 ues 2

ANUAINU

M13199 3.11 AAnuSeugadeluiuniadansevilunsai 3

ltem flow My, (kg/sec) Heat Loss (kW)
1 0.01222 1.1296
2 0.0145 1.54
3 0.0169 1.791
Total Heat Loss (kW) 4.460

3.5.8 MTIATIBNNTAEMANNTOUVRIgUNTalkaNUAEUAILTOU

a 'S ' Y & i 1% a
N15IATILVNTANLLNAIINTBUYDIRUNTAURANUABUAIINT DUIL NI TN 2
nstiAe Nt With PMHR wag With Empty PMHR 111U 1i9991nlunsadng 3 91n1@% i

widu Gasification agent azlunadiandauiadunszilagnss Jeazliluanugunsal
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waNWABUAMNTOU wagN1IRANTUNIEMRTINTAEWIANUToUINLTaF AT IEII Ml
genluasenuummdnuiadunsigvifiodsiundunuanusouilludeimanazlvartiluniu
Shell and Tube Heat Exchange foufilarinluglumivd@ziiog 2 nsdlmeriufe Tunsdl

With PMHR wag With Empty PMHR AsAuiadiansliuniaxin <.

AN5199 3.12 dRs1NIsanemAuSauLllanmalaniu HE Tunsdl with PMHR

Air mass flow Rate

Qa QSyn Tam ATlm
(kg/sec) o o
(kw) (kw) (°C) (°C)
0.0109 0.32879 0.01504 226.75 223.625
0.0131 0.57955 2.924 191.650 183.85
0.0150 0.83841 5.270 232.25 216.0145

a1519dt 3.13 Snsnisanewanuseudennialnadiu HE Tunsd With Empty PMHR

Air mass flow Rate

Qa Qsyn Tam ATim
(kg/sec) o °
(kW) (kw) (°C) (°C)
0.0109 0.400 2.837 167.75 147.833
0.0131 0.48124 3.112 222.75 167.311
0.0150 0.99378 6.989 434.20 464.50
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UNN 4

Nﬁﬂ'l’i‘l’lﬂﬁ@‘]]!!ﬁ%%ﬂ”l‘iiﬁ

4.1 asfUsznavvawaduaseiiisnsinisteuainieng 3 nsel
gnnsneadeunuInilsisdeueiniafi densinisliua 0.019, 0.0131 way 0.0143
ke/sec muduIziuAAduTLRes AsusuNouuenledny lute 3 nsdl Tnedt nsald 1
omAlvaiilneasngauitenalnaliiiugunsaluaniudsuaufoulas (Without
PMHR) lunsdlil 2 enmalvariugunsaluanivdsumnufounddliuss Tanmgu (PMHR) uag

lunsdln 3 e1measlvanugUnsaluaniUasuausauiilaussyTannsu (PMHR) JU 4.1

without PMHR
with empty-PMHR

[ with PMHR

CO [% by Vol.]
[~
1L

0.0131 0.0153

Uit 4.1 omefiisnsinisiuadi 0.0109, 0.0131 uaw 0.0153 ke/sec 7 AIMIS V,,

CaN

V, wagVs muansuiulesiaunlaeusiinsues CO

without PMHR.
with empty-PMHR

B3 with PMHR

H, [% by Vol.|

Ul 4.2 $asnslyaenniail 0.0109, 0.0131 wag 0.0153 keg/sec 71V, V, UazVs

AullesiwunlagUsunsued H,



without PMHR

26.84

with empty-PMHR

R
ey

B with PMHR

e
S

IR NS

T
R

SR

CO, [% by Vol.]

53

SRS

i

sU7 4.3 Sasnisinavesenmeail 0.0109, 0.0131 uay 0.0153 ke/sec 7 AT V;,

V, wayV; nuilesieudlagusuinsves CO,

100 -
~ . [ without PMHR

= F = B with empty-PMHR
E 60 [ with PMHR
za
£ 40 -
”

20 <

0

0.0131
Air mass flow rate [kg/sec]
JUN 4.4 Swsnislnaveseiniail 0.0109, 0.0131 uag 0.0153 ke/sec Nl AT V;,

V, LagVs Aullasiwunlneusunnsves N,

a 6y

4.2 Wilwdaaumglivesuiaduaseiiudnsinisteuainians 3 ndl

Y

o w o

gaungiiveaniadunsg iutdevniddgdmsuuiadunsey dmsunmsdeulmiu
N a da' I3 o o g val a a & a & a o

Wawndweuasossudndaglumsizagiiliiiusednsamigauiaslunsgalemdsiu
91nadUsEANSAINEe (Volumetric Efficiency) ilviaussausiaissgudady aen1sld PPHR

v = a = o v aa o .=4'
L‘U']QJ']NUW‘U'TWIUﬂ']iﬂJaG] Syngas QQ‘VI']IWQQJVIQNVIW'N@@ﬂ‘U@QLmqaﬂaﬂ@\‘iLLﬂﬂ\ﬂ,ug‘U‘Vl 4.5
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without PMHR
with empty-PMHR

[ with PMHR

HV [MJ/Nm'|

0.0131 0.0153

Air mass flow rate [kg/sec]

Ul 4.5 Snsinslvavesenmied 0.0109, 0.0131 uay 0.0153 kg/sec 71 AIIFI V;,

V, layVs AUAININANTBUVDY Syngas

4.3 UszANSN1L39A1050 UV 1NN UBNSINISUBUINIANY 3 NSE

Usgdngnmidemnuseuvaamnidunaniainnisld PMHR sauiamffinisduauiuif

HaansusIngamukansliiuluns g 4.6 agwuinisly PMHR duszdnsnmasaningsn

eyl 57.43% 66.70% uag 62.30% mudrdmiunisld PMHP §asnaldannladld PMHR

gUNIRLAMAINTOUDENIFULT

80 -

nlh [%]

40 o

without PMHR
with empty-PMHR

with PMHR

Ul 4.6 $asnslyaresenniail 0.0109, 0.0131 wag 0.0153 ke/sec 71 AMMIFI V,

V, WagVs AUAIUSEANSAIMT9AIILS DU DA
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4.4 IUSlWéﬂJaﬁqmwnuﬁ (Temperature Profiles)

et wnuarlunssuiunisuiadfieduaunseriaindu Syngas 7
ysoonvaamazuUgumgiinonalvainvhesnsfl 0.01131 ke/sec Fsoglulau wnludf
g9l 1,380 °C

1400 o —a— without PMHR (T7 = 1,365 °C)

o 1200 1 — B~ withempty PMHR (T7 = 1.372°C)
o
— 1000

=== with PMHR (T7 = 1,380 °C)

800
600

Temperature

Measurement points

UM 4.7 Wsldvesgaumaenniafunssuiunsuiadinduniisnsinisivaves
9111A7 0.0109, 0.0131 wag 0.0153 kg/sec MUAIAU

4.5 pnududuvas CO CH, CO, waz N, ﬁuﬁﬂiﬂﬁquamyjaﬁﬁmmm Ts
Tumslsesimanuduiundnfaniveaufaduangitusnsduauyaimumisues
QNN Ts Plgarnnisnadeulagazisuiansanain CO CH, CO, wag N, audsu Tnefiay
Forsalunsaifidu With PMHR With Empty PMHE wae Without PMHE mugsusiesteluil
Ansdutures CO Tunsdl with PMHR Avamdiuty wagAdnsduauyaangaidududian
8.5% U 5.956 9NtuA19s COaxinTunog Agngsand 9.70% uazAdnsiduanya
6.764 1n9AT A1 CO 1 9.70 % ArdlagAsiivinfu 9.70 % TUAUAUNTEUINNTT uavdIuAT
dasnduauyasziian 6.643 faguil 4.8 Tunsdl with Empty PMHR Aradmiduduves CO
11.40% uazfiAsnsdruauyaiiaindt 5.956 wazAnudduLes CO 11.10% zanaias
UNagaEngaTl 11.10% A1dnsauyadl 6.464 n¥annqadamesmudutures CO aeasiily
i QagaTneveInsnAaouTilaediAdnsdiuanyadrandasnoy idegaiianyindu

6.643 Tunsdlil 1¥u With Empty PMHR #3301 4.8 Tunsdl without PMHR A siduduves
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CO 12.10% wazfiA1dmInduansyafiannel 5956 uazArAImduduves CO 12.10% adl
Ansiangausnlugaitaesasiidnwauzaail uazaAAdasanyail 6.764 nFanngaiAves
Amadudures CO azanasiiluaufsgaaaringvesnsnaasuiilaiAvindu 10.50% wag
dnsdnanyavzanacoyiganigad 10.50 Tunsdldl 1y Without PMHR faguil 4.8
arudutuves CH, Tunsel with PMHR d1uduAiannaududues CH, 11 3 nsdaviiandu
gud osnmathiuliindudeomasasiismesandudures CH, aztosnndsaiannsn
Snenoonunld faguil 4.9 eududuves O, Tunsdl with PMHR Tunsdl with PMHR Aiaam
ity wagAdnsduauyaIngaELiudl 28% U 5.956 9ntiuA1ves CO, IanawNagTa,
#gail 26% uazAEmIIEILALLA 6.764 nYadauaunszuIumsiien CO, awasiivinfiy 26%
dudndruauyaszian 6.643 faguil 4.10 Tunsdl with Empty PMHR Aranuiduduves
CO, Wagiimsnsduauyafianne 5956 uazamuITuTuLes CO, 20% uazanAAwNTan
Mgafirdnanyarumyesnuddures CO, 7 6.464 way 17% lunsdlil Wy With PMHR
Tudhuvesnsdl Tunsdl without PMHR 9ziSugufinnanududues CO, 19% wazasnsidiu
auyaf 5.956 wazanAawnisadnganAvesmiiues CO, 17% uazdnauyatue
6.064 Waw 17% TNIALILAUNTLUIUNETIAN CO, wAsTiTntY 17% drurdnsaiuduyane
firn 6.643 Tunsdlfl 1y Without PMHR fa3Ufl 4.10 Audnduves N, Tunsdl with PMHR
ANAINULYUUY LLazma‘“m']ai';uamgaﬂm@L%'méfuﬁ' N, 69% U 5.956 9Nt uA1v8 N, aidil
Jusegfinngeandl 72% wazAndasidiuaNa 6.764 21NAT A1 N, 71 72% Ailagasiiindy
72% TUauaunszuIunIsLasdIuAd s daNyaariian 6,643 fagUft 4.10 lunsdl with
Empty PMHR f1aaidutuues N, 58 % wazdiensnsiduanyaiiannedl 5.956 waza1naim
dudues CO 11.10% agiiAnfivdufivangsanil 60% Ardnsiauyail 6.464 vdsanynaiian
vosdiuiuves CO aeasiiluauisgagarnsvesmsmaaeuiilnsfidnsidiuauyaazanan
asnegiaargadaniifu 6.643 Tunsdld 1Wu with Empty PMHR fa5U 4.10 lunsdl
without PMHR dasndutuses N, 67% uaziiAsnandiuauyaiianne 5.956 waga1am
uduves N, 12.10% wdaangausnildives N, awdfiutudu 68% 1nyafiaesiaesnin
dutumes N, asndstuluduil 70% wezdnndiuauyaanfutuuietuiaduduyes

N, Beflduviiiy 6.643 Tunsdlfl 1Wu Without PMHR fsgudi 4.11
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gﬂ*ﬁ 4.8 ANULUTUIBY CO, CHy CO, Uaw N, fiU 8ns1dIuauya With PMHR, With Empty

aa =

PMHR wag without PMHR isiunieingauniingad

CH4

—#— With PMHR T5 ~@—With Empty PMHR T5 ——Without PMHR T5

0.2

0.1

0 L& —&— cid
5.956 6.764 6.643

EQUIPVALENT RATIO

CONCENTRATION % BY VOL. (CH4)

JUN 4.9 Aanududuves CH, fiu dnsidiuauya With PMHR, With Empty PMHR wag

without PMHR #ishuniainaaniiigai 5
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9 u

'
v aa o 1 a

lumslmsendnndiuauyaivaumginunusingamgi T, ldanimegeulneas

SufsanansuiusvasnasAullaiiuesi Ts lnefasiansanlunsainidu with PMHR,

With Empty PMHE wag Without PMHE auadudasaluil Tunsdl With PMHR azwu3ai
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ansduaNLail 0.0109 AUAMUNYHN 45 °C NYATUABULALMAIINTUANYUEAUTUYDS

N3 MlazLiuTueg 19meLloaAllALNLIUNTEN NIRRT IEINANYAT 0.0131 .90 2 Lagi

dy a1 a Idl o v dl 1 g a v QI dg:l 1
AUISUA U NBYN 80 °C ATURNIINYAN 2 ANAINUTUVDIGUNNUITYIAANNTUBY Y

9 Y

aellendsainiiagnsiauyailu 0.0153 agnuingamgdiiadu 110 °C Tunsal with
Empty PMHE 9giiiuinfidnvesdnsidiuauya 0.0109 uagAgamgif 160 °C agsiuueg

soilonfovniduduvuuluiuiduvetonmall daulunsdl With PMHR usigaungiiasdianga

=s a

nIAReY N 190 °C wazNyad 2 da1vesdnsrdruauyavzdinsdauinndt lunsal With

q

[
= 1 a

Empty PMHE uanqadl 2 fluismgamgiivasmdnsidivauyaszdinadiiutududadiui

Qe

winduluaudieged 3 wazdegdl 135 °C AuA1dnsidiuauyadl 0.0153 arua1au lunsdl

Without PMHE 2gnuiniduniuduvesgamgiiiuensidiuauyanngaisuiuidnsidiuauys
0.0109 fuAtgaumnil 140 °C zianuaenfian1eiiaduluauden 2 Faardnndivauyared
g7 0.0131 AuAlgamgll 160 °C na19INTUAIYY 2 AziiAroy qanasegmoilouarly

(%

duandl 3 lngnyniaziicdnsidiuauyaiugugiii 0.153 uag 145 °C MUA16Y

=== \Nith PMHR T5 —g— With Empty EMPTY T5 Without PMHR T5
200
o &  ii—— .- o — fe
Y 100 N -
| e - 17 ——-:-*”#H-”’
pRIBE——
50
0
5N 0.0131 0.0153

EQUIPVALENT RATIO

[ 1

Ul 4.12 anwdiiudseninsgngiifushaauauya With PMHP With Empty PMHR

4.7 AnudunusansdIuaNyanuansINTIiaveswIaaINIA
lunsiesgianuduiussenindndinauyaiudnsnisinavesnasinianlan
nsnegeulagazsuiaTaNAInIIavesIN Aanleudunuiadlviessineazldisuandns

msf]aummmﬁgm’]ammLmLLﬁ"a%lWLaai‘ﬁ 0.0109 keg/sec, 0.0131 kg/sec 0.0153 kg/sec

AuLarN1TRATUNANsaInTunsal With PMHR, With Empty PMHE fesiolull 8ms1n1s
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Tnandauaadu LMTD Tunsel with PMHR Tunsel with PMHR fid18ns1n15luaidauianes
91n1#1 0.0109 ke/sec wasA1 LMTD 225 °C agnuiuwiliuvesnsinazanaseg 3ol og
wisged 2 Fadugeidnsfiudnsnsinaifunaveseinialufian 0.0131 ke/sec uay
wdantudiossuuiaiiosnnmiedaiursund Arwes LMTD Asuiinnudunsinasdiaiy
uiaqail 3 Feagauriniu fe 225 °C AdasmsivaiBanaiiriegi 0.0153 ke/sec fagui
4.14 Tunsdl with Empty PMHR 7iA18ms1n15bna1d 919810991016 0.0109 kg/sec waze
LMTD 150 °C agnuinuusltuvesmuduasifiuandudnioslnedfiuain 150 °C lUdud 160
°C fign 2 wagdnsnislnaifaunanzdanegil 0.0131 ke/sec wagndntudossuudl ades
AmvdoaniuzisuA Avwes LMTD Asudanuduresnsmasiiviueswioidesaudsqadi 3

FgdAWNAL Aa 380 °C NEnT1N1svallisanaiiAtegf 0.0153 kg/sec AegUR 4.13

+ With PMHR With Empty PMHR

500
o
o
= 450
o B
2
E 400
:-E 350
©
e
5 300
=
o
@ 250
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—JA S s
& 200 e — —
Lo — .’_/-\'~
c N \\N
® 150 —
E
Q100
£
£ s0
1y
S
a8 o
- 0.0109 0.0131 0.0153

Air mass flow rate (kg/s)

Ul 4.13 Samnslvalunadu LMTD Tunsdl with PMHR /U With Empty PMHR

4.8 AMUFUNUSINTINITANULSIVBIDINIANUDIATINTABNANT DUV
sunsaluaniasuauiou
TumamanuduiussenindnTIN15ANLEY8981NARUSRIINITANENAIY
YouvasguniniuaniuBsuninuiouasfinnsaia 2 nsdl Ae With PMHR fu With
Empty PMHR Tudaunsdives Without PMHR aglilthunfiansaniiiesaineiniaay

gndaulilvaitnuiadlviessinense dadulu 2 nsdlawnsaszeSurelaasieluil
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o (% = = 1 1w 2

dmsulunsdl with PMHR fidnA1an5avesenna 2.5 m/sec uazAdnsn 0.35 kW aaudu
Y8INTINALLINTINTAWNANUTPUNLNUT U197 BLUBIIUNTENIDI9AT 2 9dlA 0.59 KW
wazfgadaziinausveseInielu 2 m/sec luneiidnsinisaigmaiuseuiduiuyy

' oA = 1w ' 9 a W i & I3
98197 DLUDIIUNIAIDATINTAULNAMUTBULANNINY 0.81 kW LLagA1AULITIVDIBINALUY

3.5 m/sec Tunsdl 7 2 Ao with Empty PMHR fidnaui5398101n7@ 2.5 m/sec wagA18nsn

0.40 kW AMUTUIDINTINALLDNTINITAIUNAIUS DUNLNUTUDE19F DL DIAUNTENIDIAAN 2

9

ISP

eiiAn 0.45 kW uaziigailaziiiuaiuiiveseiniadu 2 m/sec Tuvaendnsinisaemainy
Souddaufindu egvseilioauisAdnsinisaiaimanusoudanriniu 1.0 kW uaza1mus?

28901N7eL U 3.5 m/sec

»—With PMHR = With Empty PMHR

o o o o o8
o = o w - o
il
\
-

Heat Exchanged Rate for HE (kW)
o
|

2.5 3 3.5
Air Velocity(m/s)

3UN 4.14 anudimanivadiaiuiadliessiudnsinisaemanuseuvesgunitne

Ao Tunsal With PMHR fiu With Empty

4.9 ANUFUNUTINTINTINaLRNIaiudnsIN1saemaNsauvasaUnsal
= v
wanilaguausau
TuN159MANNFURUS 8 M55 IMaLTIIaNUTNIINITA18MAIINTBUVDIQUN TRl
wandsuanufoufsgivsanduisatulub esmuduiudnnisanuiesoniady

gn3INTEIemANLSouTetgUnIallanlisuANSeuT Rz anses U lanwiolUlAe Tunsdl

with PMHR 71A18m31n15lvavese1nia 0.0109 kg/sec kagA1dns1 0.35 kW Auduvesns v

1Y

LUDHTINTONUNAINUS DU NUVUDY19IMDLUDIIUNTLNIDIAN 2 2R 0.59 kW warnani

9 9

¥
=

= a LY [ Y] ! 13 =3 v a
‘U%llﬂ'WiL‘WiJ’e]G]i’]ﬂ'ﬁl‘ﬁﬁ%’e]ﬂ@?ﬂ?ﬂmu 2 m/sec Ty 19nI1N15A18NAINSDUN AL T UNUTY
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2819601 LB UNUIUDIAIDNTINTANUMAMUSDUTIANNAINY 0.81 KW LAZAIDATING bRV

a1medu 3.5 m/sec dlunsdl with Empty PMHR 18n51n15lavese1nia 0.0109 ke/sec

a a

- ! k24 N % N v ! k24 \ dy
LAZANDATT N1TNEAINUTOUN 0.40 KW ANUTUYBINTINAZUDATINTONUNANUTDUNLNUTY

=

1 ! ~ 1 Y & = PN v 1 b4 a1 A dy
BYNABLUBDAYUNUIUNTSVINOIYAN 2 9RTINITANULNAINUTDUILUAMN 0.45 KW LLagnNInug

9
[

Wudnsin1sinavesennidduy 2 ke/sec lurngfsnsin1satemanussunsunudy ags
#oLDIUNIAITNTINITAEWNANUSDULAIYINTU 1.0 KW kazA18mIIn1suavatainiedu
0.0153 kg/sec

+~With PMHR  —=-With Empty PMHR
1.2

0.8 S
0.6 —
0.4 —

0.2

Heat Exchanged Rate for HE (kW)
\

0.0109 0.0131 0.0153
Air mass flow rate (kg/s)

JUN 4.15 dasnseimadananivaidiwiuiadlviess dudnsinsaginiauiounes

gunsalaneauiou Tunsal With PMHR fiu With Empty
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ANS9N N.1 ASNAEBUAST 15 anAbradim With PMHR

11, =0.0109ke/s 11,5 =0.0131 ke's T, 5 = 0.0153 ky's
Temp. . faction | Temp . faction Temp. . faction
°C) Mgy | eiin o O | Mg o it o 0 | Mg Specics
(keg's) (keg's) (keg's)
by Vol by Vol by Vol
t, | 315 co 8.430 | 315 co 9.766 31.5 co 9.728
t | 1.5 coz2 15.665 | 75.2 coz2 16.272 | 88.7 coz2 16.588
t, | 334.1 CH4 0 373.3 CH4 o 422.6 CH4 o
t, | 212.4 H2 1.25 135 H2 2115 | 160.4 H2 3.071
t | 888 | 0.00183 N 69.357 | 82.3 | 0.00194 N 71.847 | 108.3 | 0.00207 N 71.911
t, | 101 103 136.1
t. | L,375 1,372 1,372
t, |70 74.2 314
t, | 664 96 223

¢ a

9157297 n.1 asdunstufindeyaninldainnisnaaeuias omdnuiadauasizsi 9
y d e Ul g . gy
gnsnsivavesnaeinmanvaidluduandauiaendsuvusidousinians 3 ae uag

lunsazasiagyinmstuiinAgugivianun 9 9a Sunudendildluwsazdnsinistdou

Y

6 v Al

DINIAINLATDY LAZNSDUNIUIAIVDI09AUSTELND UYL AATILATIZANSIN LANAINNINTIATIEN
v d“ dl o 1 1 ) 1 3 3% [ o‘a" [ [ 1
PnewaasdieaziiannalumulnaIsrUsEneurLiaduas1siiludndaiu % by

volume #alu

A13197 n.2 nsvadeunss 29 eandlvadumlag With Empty PMHR

M ; = 00109 kgisec M, =0.0131 kgfsec M1, 5 =0.0153 kz/sec
Temp. i faction | Temp. 9 faction | Temp. ) Spacies | faction
0 e Species % L\’ Mg Species % (&L || Mea %
(kg's) (kgrs) (kgs)
by Vel by Vol by Vol

i 31.5 co 11,258 | 31.5 COo 11.125 | 31.5 co 10.230
t, | 68 Cco, |28.672 |92.1 CO, | 26.242 | 96.1 co; 26.842
t, | 331 CH, |0 408.0 CH., 0 500 CH., 0
t, | 104 H, | 1.23 138 H, 215 | 196 H, 3.20
g, | 83 0.00164 N, |58.840 |93 oooiss | M: | 60483 | 121 0.0020 N, 59.730
t, 110 117.8 134
t | 1,372 1,372 1,372
t. 117 137 107
t, 63.9 96 70

d' <, o o= v Sy v = a & o ¢ a
1NNITNN N.2 "U3LTJ‘Uﬂ']i‘Uu‘Vlﬂm@yjama@l@%qﬂﬂq§Wﬂﬁ@‘ULﬂi@ﬂmamLLﬂaa\‘iLﬂiqg‘Vi N

9571015 MaveulasInaN lua lUgum NAawA A oAl uTNE AU UBINATY 3 A9 LAY
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lunsazasiagyinmstuiinAgaugiienun 9 9a Sunudendsildluwsazdnsinisdou

Y

6 v A

DINIAINLATDY LATNSOUNIUIAIVYDI09AUSLNDUY DA AT UHATIZANGIN LANAINNINTIATIEN
v d" dl o 1 I ) 1 I3 [3% [ o‘a" [ [ 1
PnewmaasdieaziiannatluauiaaIesrUsEnaulLiaduassiiiludndiu % by

volume #ald

A5199 1.3 AsneaauAse 3¢ andluatdenlee Without PMHR

T, 4 =0.0109 kgfsec T, =0.0131 m'fs M, 5 = 00153 m's
Temp. ) Faction | Temp. ) faction | T€MP. ) Species | faction
oa Me Species % 0 Mgz Species % 0 Mz %
(kg/s) - (kg/s) (kg's)
by Vol by Vol by Vol

1, | 315 CO | 12165 | 315 CO | 1216 | 313 co 10.52
t | 31.3 €O: | 19270 | 313 €O: | 17661 | 313 o 11.718
1, | 503 CH. 0 521 CH. 0 503 CH, 0
1, | 303 H: 1.45 521 H: 202 | 302 H 3.13
t, | 141 | gpotas | N: | 67.115 | 162 | gopaz | M2 | 68158 | 141 | goniey N, 74.632
i | 152 168 152
+ | 1,372 1,372 1,372
1, | 186 275 186
i, | 139 207 139

13799 0.3 asdunistuiindeyafiinlasinnsmegeuiniosdnuiadunsisi 9

9M571015 avesNlasInaN luat lUgum NaawN A oAU NUaUBINATY 3 A9 LAY

luwsagassiagyinstuiinArgugiiavun 9 9a uudemdnldluwiazdnsinisdeu
L3 o A

DINIAINLAT DY LATNSOUNIUIAIUDI8IAUTENBUY BN AT UHATIZINGIN LANAIININTIASIEN

3 o

v A A o J 1 J 1 3 & A & 1
Gmﬂ‘ViEN‘VI@ﬁENLWE]VI"G%UW’]’]Lﬂa’]VLUﬂWU’JELW’]’]ENﬂﬂi%ﬂ@U‘U@ﬁLLﬂﬁﬁﬂLﬂi?%‘ViVIL‘U‘Uﬁﬂ’d’lu % by

volume #ald
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fpg1emsAuIn 9.1 9nsmsiavesemafiialianAmsi vy, V, ag Vs

AUAIAU

Myir = Pair XAXV

1o My = onsIN3lave9Ia9IA, ke/sec

Pyr = AUMUILUUUDIDINIA, kg/m?>

¥ '
= ¥

A = fuimidavesienenaluawmiunsel, m?
Vo = ewdanlbadngienunsed, m/sec

D = uIAEURINAUINa1NeINAlva, m

nmD? 1DO0.070 m?
- soiTee 4

m/s, V,=3.0m/s; V,=3.5m/s

=0.00385m’, then V,=2.5

D=0.070m; A=

1. AMUEIV0901Ne7 Inatden

Vi=25m/s: T = Pair AV =1.134kgm3x 0.00385 m” x 2.5 m/s

Mu = 39.240 kg/hr
2. Au$eenan lualdinn

V,=3.0m/s:  Muir = Pair AV = 1.134 kg/m? x 0.00385 m? x 3.0 m/s
My, = 47.160 kg/hr

3. AMUEIVEIDINET Iralen

Vi=35m/s: Mgy = 1.134 ke/m® x 0.00385 m? x 3.5 m/s

Mu, = 55.08 kg/hr

97



ANANUIN U

A29819N15ATUIUNIDNTIFUUAD LT ILNAS

98



fpg1emsAuIi A1 RsIANAUURsuTaInaainiansa v, , V, wag Vs Weldenna

TnanugunsalanemausaulasIanngu

. M
Meyel = ? kg/hl‘
W Myye = oasimsauldousomdsdizuia, kg/hr
M — SSnawemastiznainld, kg:  t = nanldlumnaaey, min
Vi-25mis:  Mpe = ——2 k8 ke/
1 fuel = 5 min eoc B
min
rhfuel =6.5 kg/hr
V,=3.0m/s: m = Bipke kg/
27 2 S fuel ™ 5 minx 6055 g/sec
min
mfuel = 6.984 kg/hl'
V,=3.5m/s
. ~ 1.87 kg
Meyel = .__60secC kg/sec
15 minx

rhfuel = 8.40 kg/hr

FR9819MSAUIN A.2  MBRSIANNAUURRLTBINETIANNET V, , V, wagV; Lileliennie

InarugunsalanemanuSounielulivssyianniu

1.48kg s
— S WV 4SEC) S€C
15min 60— &

min

V,=25mls: Mege =

Megel = 5.9040 kg/hr

1.70kg ol

- sec SeC

15m  60-—< &
min

Ihfuel = 6.8040 kg/hr

V,=3.0m/s: Mgue =

V,=3.5m/s

1.80 kg

ri/lfuel = . 60Sec kg/SCC
15 min Xx——
min
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rhfuel =17.20 kg/hr

F0g9NSAIUIN A3 MIRSIANAUIUAuTmAiANMEI V|, V, wasy, Wisldlld

gunsalaewmANTouLay TaaNTY

: _ 121kg
Vi=25m/s: Meye] = Tom 605 kg/sec
mi min
rhfuel = 4.7880 kg/hr
: _ 1.28kg
V2=30m/s: Mge = m kg/sec
nin min
Mo = 5.1120 kg/hr
V3 =35m/s
1.50 kg
Mfuel = Tomi o> kgfsec
min

I'hfuel = 6.0120 kg/hr
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FR9819MSAWIN 4.1 MINTIE@IUDINARBITBINEINIAIST V; , V, WagVs

HIugUNIalanNeANToULAE TAR Y

: Ty
A/F ratio = -
Mfye]

kg
39.240 2

Vi=25m/s: A ratio =
' /F 6.50%

= 5.9560

kg
47.20 32

V2 =30m/s: A ratio = —+ = 6.764
/F 6.984%

kg
55.8OF

V3 =35m/s: A ratio = —1N = 6.643
/¥ 8.407%

wialeanalva

F9819NITAIUIN 9.2 MTRTIAIUDINIARDLTBNAIAAINIST V1, V2 wazv3 Wialn

o1ndvarugUnsaianewmanusounelilivssyiagngu

kg
39.24072

V=25m/is: BA/gratio = = 6.645
! /F 5.9040%

kg
47.610;2

V, =3.0m/s: A ratio = = 6.8940
2 /F 6.840%

kg
55.0807 =

V3= 3. . A ti SN
5=3.5m/s /g ratio 720 kb

= 7.650

TSN INERBITBMNAINANMEY V, , V, wavV; wialdld

f9819N15ATUIN 4.3 HIONIIE

gunsalagmanuseutaz Jannu

39.240%
LT el - 8.1954
4.788-2

hr

Vi=25nm/s: A/ ratio

kg
47.160 12

V,=3.0m/s: A ratio = = 9.112
2 /F 5.1120%
55.080‘}‘1—g
= —23 =9.1616

V3 =35m/s: A ratio =
/F 6.0120%
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A1519 .1 A1 High Heating Values asAusznauvoinnalushiaes [23]

High Heating Value
Kinds of gas species

(kJ/kg mol)
6] 382,990
H; 285,840
CH,q 890,360
CoHs 1,559,900

F19819N15AUIN §1.1 FFUIUSURSUAFEUATIZA

INAUNT LLﬁaqmmﬂaﬁqmmﬁmmgmﬁ 25°C audiaudiu 1 usseania
IINAUNTVDIAARAUAR PV = RT

dle R = 8314 kJ/kg mole K
T =25°C + 273.15 = 298.15 K

P =101.325 kN/m?

V= Y71105999 syngas, m>/kmole

mﬁ?u Vv 8.314 k] x 298.15 K x m2
SYyngas = kmole.Kx 101.325 kN

2478.819 k (Nm)x m2

= =24.46 m’/k mol
kmole x 101.325 kN 27

F19819M5AWIA 7.2 High Heating Values #1A113l57 V; , V, WagVs ieliennielvaniu

gunsalaewANTeuLarIagngy (With PMHR)

(Mole faction x HHV)

HHV =
Vsyngas

V,=2.5m/s:
KJ ) +(0.011450x285840 Ll )
kg mole ’ kg mol X 100%

24.46 m3 x kg mol

0.12165 x 382,990

HHV =

104



=2.07 MJ/Nm’

V,=3.0 m/s:

0.1216 x 382, 990 ) + (0.02020x285840 kkl ——)

mol
HHV = x 100%
24—.46 m3 x kmol

=2.140 MJ/Nm3

V,=3.5m/s:

0.1052 x 382 990—) +(0.03130x285840 )

= kmol 0
HHV 24.46 m3 x kmol x 100%

=2.01 MJ/Nm’
F19819M5AUIN 7.3 High Heating Values 910113157 V; , V, uagVs elennielvaniu

gunInlaewANseun1liussyTagnsL (With Empty PMHR)

Vi=25m/s
0.11258 X 382,990 - mk{JIe + (0.01230x285840 k:m )
HHV = x 100%
24.46 m3 x k mol
=1.91 MJ/Nm’
V,=3.0m/s:
011125 x 382,990 - +(0.02150x285840 - ) 100%
HHV = 24.46 m3 x k mol S ’
=1.99 MJ/Nm’
V3 23.50 m/s :

0.0230 x 382,990 _1) + (0.0320x%285840 )

= kmol 0
HH 24.46 m3 xk mol x 100%

=1.98 MJ/Nm’
Fog9N13AIIAL 6.4 High Heating Values Wawn@ananmsa vy, V, wazVv, Weldldgunsal

fhewAuTouaaangy (Without PMHR)

Vy=25m/s:

0 08430 x 382,990 —) + (0.01250x285840

)
kmol 0,
HHV 24.46 m3 x k mol x 100%

= 1.47 MJ/Nm?
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V2 =3.0m/s
0 09766 x 382, 990 ) + (0.021150%285840

)

kmol 0,
HHY 2446 m3 K mol x100%
= 1.78 MJ/Nm?
V3 =350 m/s:
0 09728 x 382,990 —) +(0.03070x285840 1)
HHV 1o x 100%

24.46 m3 x k mol

= 1.88 MJ/Nm?
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Fog19N15AIUIN % .1 UseAnSamanuseuvaamfiannuisi vV, , V, wasy, welvenndlua

H1ugUnsalanamausouwas Taangy (With PMHR)

Mgas X HVgas

Nip = B2 85y 1009%

Mfye] X HVeyel

N = Usg@nSamgennusouvaanufjnsal Downdraft Gasifier, %
HVgas = A1mufougevesuiadaasig, MJ/Nm?

Megel = ONTINTIUAIDLNETILE, kg/hr

Vy= 2.5 m/s: Ny = —eesXMVeas 10004

Mfyel X HVfyel

39, 24—x 1.466—L

Nth = essskg 296?}\1}1]3 x100% = 29.50%

hr X kg
- : — Mgas XHVgas 0
V2 = 3.0 m/s: Nth = pis s x100%

MJ

47 16 X1707m

ch \v) 6984—kg Z960M] X 100% = 38.93%
X
hr kg

_ Mgag X HVgag

_ . 0
V3 =350 m/s: Nth e X HVrug x100%
055, 08 Ex 1. 740NM—’
Nth = 74—80kg 29601\21]3 x100% = 43.28%
hr Xk—g

fegrmsmwin 4 2 Ussandamanuseureanunsel finamsa Vi, V2 uasv3 el

anAlvasugunsalinginauseungliussyiaansy (With Empty PMHR)

V.= 2.5 m/s: Nep = —eesXTVeas 4 1000,

Mfyel X HVeyel

39. 24— X 1. 906—I

Nih = 6804—kg 2960NI\I’?]3 x100% = 42.81%

hrxkg

V2 = 3.0 m/s: Nen = e XWeas 4 1000

Mfyel X HViyel

4-7 16 X 1. 9930—]

Nth a3 x 100% = 46.67%

6.804 X g

V3 =3.50 m/s: Nep = —eesXWVeas 4 1000

Mfyel X HVeyel
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_ss. 08 Ex1.9760 L M)
Nth 296;\',\,11?3 x 100% =51.060%

720h

r kg
fegamsiam 9.3 Ussdnsnmanuioureununsal womdianmd V1, V2 uawv3

Welildgunsalanemauiounas Tannsu (Without PMHR)

Vi=25m/s Mgy =X 009

Mgyel X HVeyel

_ 39 24-—x 2. 0740% . .
Mo = oo i X 100% = 57.43%
kg

V2 =3.0m/s: T]th =M x100%

Mfyel X HVeyel

_ 47 16—x 2. 140% 1009, c6.79%
X o = A%
Nth 4.7880 kg —ZQEgMI

_ Mgas X HVgas

V3 =3.5m/s: Mih T % HVe x 100%
_ss. 08—x20130 M
Nth T eomy X 100% = 62.30%

6.0120 )
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NSAWINNEINUANToUNGLEY N1SAUAANIA KALANAINAITLINN LAY
Tnloas

lumsussanainsgaideanuiounniesemadnuia Idullvgruiunasiumean

YINTAYFIAUTOUADNITUHSIFLAZNTNIAINTOUMNSTTNYIF NTaadeAILTou

g
AInuAAe
i i
Hypss = Z Qr + z Q.
. 0 0
=1
e
YoQ, = MIanAuANUToUNIMNAINNTHNSIE
Y60, =miaydennnuiounmunainnsniaueu

1. MIgeydenNUTaUIIAINNITWHTE
nsgeydeanuseuInMsuETdgrdentigiuisemienal funglounningdmingd
an milassyd e Noaumgiduysal Ti lilueamniilaeseu Tr Wlleenguesawmu-vend

shutl (Coulson wag Richardson 1977) anunsadiunadlaaunisa 2.20
Q, = exsxA(To4 —-Tr4)

Q, = Auseugndssiufiagdeluivauinden

o dy a
ATTLN I IIAUDINURNT

e =
s = ANAITIvRIAANIU-UBRDL WY
A = NUNRITIUVIUATN DEENAINTOU

To = gauniivesrinuiaglniess

T, = saunnilvesdanindou

Y Y

2. MIGYFYAIUTDUIINAITNIAIINTOUIINTITUYIA
Wesnniasesauuiaeg onmgiingeinite1nialagseu IadinsaemauiouaInng
AMUTDUANLTITUVIR UaTNITAIENAINTOUNINUALALNTNIANUTBUAUSTTUYIFDE

TounanAuduRUS AL TaAUIMNMIAN A INENNTST 2.21
Q= thx(TO_Tr)

a e

3. M3aydsnuTeuluasomdning (Hyoos)

' '
aada o

wIesaiuialidaumgiiniiate Weswniluslidgamginiuaiuguednies

Y

afaufia gaumgliseuntveaniswdnuialildgningumgilunisveass uiiioUssunm
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a I

mMsgadennnuieu nsnszategamgiduiivgiuiudsesndulyumeg anmslnseiay

garuinveaIeasuianuandusuil 1.1
Q) =exsxmxL(T*—T%)

Q, (1) -msmemanuSeunaualulagui |; kw
e = NMIHNITIEVRIR WA WAED LLeas

= ANAIIBIAANNU-UBRTI UL = 5.67 x 1078 W/m2 K*

R uaugnavesnuiadlnieas, m

S
d
L; = anugevedlauil , m

Tp = gaugiiniivesmuiadlviess, K

e v

T, = 9auungilvesdelingey, K

a s

wsewnAnuiagnUsziugmeudumanunaziden 91nwess uazAy WA 2527 AIN13

o

UaeSidvaunanuuusadu 0.55

5
118 (Ty —T,)4xmwx d x L;

c =

1
ds
3 5
Q. = 118 x d*(Ty — T, )%x w x L;
T;,L’.-.\.-w
=T if:-:hn-n

Drying Zone 155mm

373 mim | 245rmm

158 mm

550mm

UM 2.1 msuuslgulunmsAnamAinusaugeyde
AT lUMIAUIUMIE S UNA AL T UL LTI IN T ILAE N TNIAN T B UV BN

NARLAAAILATIZIZANITALUINITANNIUDDNUNTY 6 drusenudisalull
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1 Tuduraseuauu (Top Cover Part)
2 Tudiuveslguaulliis (Drying Zone Part)
3 luduvedlaunduaans (Pyrolysis Zone Part)
4 Tudruveslgumning (Oxidation Zone Part)
5 Tudueslaudfndy (Reduction Zone Part)
6 TudrunInsaUAIUE1 (Bottom Cover Part)
7 n§udilvalufuuiadomasunsei

1. msmuadludiuninsausuuu (Top Cover Part)

MIAUINYININTFYLAENGIUANTBULTBIINNTUNTTIH (Radiation Lloss)

Q, = exsxA(To4 —Tr4)
0.55x 5.67x10 7 8x 1t x 0.373x 0.50(358.15%—-3 .15%)x3600
- 1x106

MJ/hr
= 0.097788 kW
3 5
Q.= 118xd+(Ty —T,):xm x L;
3 5

1.18 X 0.5744x (358.15— .15)4x Tt X0.03x3600

MJ/hr
1.106

= 0.0351 kW

2. Tughuveslguaulits (Drying Zone Part)
Q, = exsxA(TO4 —Tr4)
0.55x 5.67x108x 1t x 0.150x(358.15%—308.15%)x3600

ot MJ/hr

=0.3934 kW

3 5
Q.= 118xd+(Ty —T,)*xmx L;
3 5
1.18 X 0.5744x (358.15—3 .15)4x Tt X0.273x3600

MJ/hr
1.106

= 0.3194 kW

3. Tuduveslounauaans (Pyrolysis Zone Part)
Q, = exsxA(To4 —Tr4)
0.55 X 5.67x10~8x 11x0.245x(360.15%-308.15%)x3600

1106 MJ/hr

=0.6746 kW
3 5
Q.= 118xd+(Ty — T, )sxm x L;
3 5

1.18 X 0.5744x (360.15—308.15)4x 1 x0.273x3600

MJ/hr
1.106

=0.3354 kW
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4. Tudguvaslounlygl (Oxidation Zone Part)

Q, = exsxA(TO4 —Tr4)
0.55 x 5.67x10~8x mx0.158x(394.15%-308.15%)x3600

MJ/hr

1x10°

=0.8288 kW
3 5
Q.= 118 xd+(Ty — T, )+x m xl
3 5
1.18 x 0.373%x (394.15—305.15)4x Tt X0.158%3600

= MJ/hr

1x106
=0.02597 kW
5 Tuduveslaussndu (Reduction Zone Part)

Q, =exsxA(T04—Tr4)
0.55x 5.67x108x 0.550x0.298x(393.15*-308.15%)x3600

MJ/hr
1x106
= 0.4239 kW
Q.= 1. 18xd4(T0 —T)4x7rxl
118X()5744X(39315 30915)4x1rx055x3600
= MJ/hr
1x10°
= 0.6435 kW
6. TudrurATOUAIUES (Bottom Cover Part)
Q, = exsxA(TO4 —T/")
0.55 X 5.67x10~8x 11 x0.50%(393.15*—308.15%)x3600
= MJ/hr
1x106
= 1.311 kW
2 2
Q.= 118xd+(Ty —T,):xmx 1
3 5
1.18 X 0.5744x (393.15—-3 .15)4x ™ X0.50x3600
= MJ/hr
1x10°
=0585 kW
AatunaTINvesAuSeudydevesssuuazlusiuvewnduveonnminuiadansizi
Qlt ] Qr+Qc

-(0.97788 +0.3934 +0.6746 + 0.8288 +0.4239 + 1.311)
+(0.0351 +0.3194 +0.3534 + 0.02597 + 0.6435 + 0.585)
Q¢ =4.6095 + 1.944
Qi = 6.5538 kW
Qi =1.17 MJ
7 ndanuiigadsluiunfadanse
Tumsdnnasmaufeuiigadeluuiadanmziannsafidnumlsnnaunsi 2.28
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Qupg=11gCpg (Tpg = T

o
Oipg = WANMAIWI BTG IRV TomEs, KW
my = Snsnslnaveunaemaiadunsey, ke/sec
Cpg= ﬂ"]mm%fauﬁi’wLWiwsﬁmmﬁumﬁﬁuaqL%@LwﬁaLLﬁﬁé’qmﬁzﬁ,1kJ/kg/°C
Tpg= gaungfivesufiadomds, °C
T, = guvnivesdswinden, °C
Asai 1

° Y A A Y] =1 a o ¢ A I .
ﬂ'ﬁﬂ'ﬁnmﬁqﬂﬁqﬂiauquﬁUWIUﬂ‘ULLﬂaL‘U@LWﬁﬂaQLﬂT‘ISMLN@ig‘U‘UL‘U‘ULL‘U‘U With
PMHR

a a

1. Tunsdifagfinsanitdnanisivavesufadunsisy (i, y) Sy 0.01504 ke/sec
Q=1ipgCpg (Tpg — Ty
Q =0.01504 kg/sec x 1kJ/kg/°C (68.8—35)
Q = 0.508 kW

£%

2. lunsdlilagfinsaniidnsnslvaveufadansieh (m,,) Seiiu 0.01227 ke/sec
Q=TipgCpg (Tpg — T
Q =0.01227 kg/sec x 1kJ/kg/°C (82.3-35)
Q = 0.580 kW

3. lunsdliazfinnsaniisnsinislnaveuiadunsisn (th,g) T 0.0201 kg/sec
Q=g Cpg (Tpg = Tr
Q =0.0201 kg/sec x 1kJ/kg/°C (108.3-35)

O=1478 kw
NN 2
° Y a Y] P a o ¢ A I .
ﬂ'ﬁﬂ'ﬁnmﬁqﬂﬁqﬂiaugﬁy}LaﬁmlﬂﬂULLﬂaLGU@L‘WﬁQaQLﬂi"ISWLNE’Jig‘UUL‘UULL‘U‘U With

Empty PMHR

a d'

1. lunsdidavfiansaniisnsinislvavesuiaduasies (i, ) AWMU 0.0125 kg/sec
Q=1ipgCpg (Tpg — T
Q =0.0125 kg/sec x 1kJ/kg/°C (83— 35)
Q=060 Kkw

2 lunsditoziinsanfisnsins lnavesufadune (i) AAvfiU 0.0155 kg/sec

Q="1pgCpg (Tpg — Tr)
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Q =0.0155 kg/sec x 1kJ/kg/°C (93— 35)
Q=09016 kw

£%

3. lunsdlilasfinsaniidnsmsvaveaufadansien (i) TAvinfu 0.0173 kg/sec
Q=TipgCpg (Tog = To)
Q=0.0173 kg/sec x 1kJ/kg/°C (121-35)

O=1488 KW
NN 3
° v A Y] =1 a o ¢ A I .
ﬂqiﬂqujmﬁqﬂﬁqﬂiauqmLﬁfJV]l‘UﬂULLﬂaL‘U@L‘WﬁQaQLﬂﬁ"l%%LN@igUULUULL‘U‘U Without

PMHR

£%

1. lunsdiafinnsaniisnsnisivavesufadansie (ri,,) wihiu 0.01222 kg/sec
Q=1MpgCpg (Tpg = Tp)
Q =0.01222 kg/sec x 1kJ/kg/°C (141-35)

0=11296 kw

£%

2. lunsdlilasfinnsaniidnsmsivavesufadansish (i) TAvinfu 0.0145 kg/sec
Q=ThpgCpg (Tog = T
Q =0.0145 kg/sec x 1kJ/kg/°C (162- 35)

Q=154 kw

£%

3. lunsdlilasfinnsanidnsnislvavesuiadans sy (m,,) Teviiu 0.0169 ke/sec
Q=1ipgCpg (Tpg — T
Q =0.0169 ke/sec x 1kJ/kg/°C (141-35)

0=1791 kw
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NSAWINNEINUANToUNGLEY N1SAUAANIA KALANAINAITLINN LAY
Tnloas

lumsussanainsgaideanuiounniesemadnuia Idullvgruiunasiumean

YINTAYFIAIUTOUADNITUHSIFLAZNITNIAINTOUMINSTINYIF NTaadeAITou

g
AInuAAe
i i
Hypss = Z Qr + z Q.
. 0 0
=1
e
YoQ, = MIanAuANUToUNIMNAINNTHNSIE
Y60, =miaydennnuiounmunainnsniaueu

1. Mgy deANUTBUTIMHAINNTTWKTE
nsgayduausauINMsLHTEgrdentigiuisemienal Gnglounningdimind
an milassyd e Noaumgiduysal Ti lilueamniilaeseu Tr Wlleenguesawmu-vend

shutl (Coulson wag Richardson 1977) anunsadiunallaaunisa 2.20
Q, = exsxA(To4 —-Tr4)

Q, = Auseugndssiufiagdeluivauinden

e = NMSHNISIAVDINUR?

s = AAINVRIALANIU-UDADGI UL

¥

A = NUNRITIUVINUAT DEENAIINTOU

3
1l

gaunnivesiamuiadliniess

T, = gamgiivesdauwinde
2. MIAYAYAIUTDUIINAITNIAIINTOUIINTITUYIA
Lﬁaqmﬂm'%'aqa%ﬁaLLﬁaagﬁqmmﬁﬁqm’jﬂmmﬂimmau F9EINsaNEWAINSEUIINANT
WIAEBUANSTTIR LN sEemANLSauLalngNSNIANLEUANLETTUIADY

TounanAuduRUS AL TaAUIMNMIAN A INENNTST 2.21

chthx(TO_Tr)

3. M3geydenuseuluasomdning (Hyoos)
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wissaiufialiigumgiiniidaue 1Wewniilusindaamginuaiugeweunies

Y

asauia gaungiiseuntveuniswdnuialilagningumvgilunimaass usiteUszuna

nMsgegdeninuiou minszagenngiduiivgnuiuuwenilulawing anmsieseiay

garuinveaTeasuianuandusuil 1.1
Q,(i)=exsxmx Li( Ty — Tr4)

Q, (1) -mImemanNTaunsaualulegui |; kw
e = MIWNTSIEvesRIm LT DS

= AAITvRsanvU-UanGl Ul = 5.67 x 1078 W/m? k*

S
d = uruAugnaveanuiadlness, m
L;

ANNgevadlauil , m

T, = qmwgﬁﬁﬁwaqLmLLﬁ”a%T,V\ILaai K

® v

T, = gauugilvasdeningey, K

a s

wsenAnuiagnUsziugmeudumanunaziden 91Nwess uazay WA 2527 AIN13

o

UaneSedvaunanuuusadu 0.55

5
118 (Ty —T,)4ixmxd x L;

c -

1
d4

3 5
Q.= 118xda(Ty — T,)4xmx L;

Reduction Zone

5UN 2.1 msuuslgulunmsAnaminuseaugeyde
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Fedulumssunamdmiundanunnufeuanudeidesinistuazmemaufourean
nAnuRad LA wizaNsaLUImsAuaeenuy 6 dudefuddelud
1 Tughuehasaunuuu (Top Cover Part)
2 Tudruveslguauliis (Drying Zone Part)
3 lugdhuvedlgunduaans (Pyrolysis Zone Part)
4 Tuduveslgumnlug (Oxidation Zone Part)
5 Tuduesloudfndu (Reduction Zone Part)
6 TudrunnTaUATUES (Bottom Cover Part)
7 n§rdilvalufuuiadomdsdunsei
1. msmuadludiuinsausuuu (Top Cover Part)

NSAWIUNINSFE A NANLANS UL LB INNTWNSTSE (Radiation loss)

Q, = exsxA(TO4 —TT4)
0.55x 5.67x10~8x T x 0.373x 0.50(85*—3 *)x3600

MJ/hr
1.106
= 0.0010615 kW
3 5
Q.= 118xd+*(Ty — T, )sxm x L;
3 5
1.18 X 0.5744x (80—35)4x 1 X0.03x3600
= MJ/hr
1.10°
= 371.190 kW
2. Tughuveoslguauiits (Drying Zone Part)
Q, = exsxA(TO4 —TT4)
0.55 X 5.67x1078x T x 0.150%(85*-3 *)x3600
= MJ/hr
1.10°
= 2.682 kW
3 5
Q.= 118xd+(Ty — T,)*xm x L;
3 5
1.18 X 0.5744x (85—35)4x 1 X0.273%3600
= MJ/hr
1.10°
= 789.566 kW
3. lughuvedlaunduaans (Pyrolysis Zone Part)
Q, = exsxA(To4 —Tr4)
0.55 x 5.67x10~8x 11x0.245x(87%-35%)x3600
= MJ/hr

1.10°6
=0.0048 kW
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3 5
Q.= 118xd+(Ty — T, )sxm x L;
3 5
1.18 X 0.5744x (87— )4x M x0.273X3600

1.10°6

MJ/hr

=0.2179 kW
4. Tudruveslgunilng (Oxidation Zone Part)
Q, = exsxA(To4 —Tr4)
0.55 x 5.67x10~8x 1x0.158x(120*-35%)x3600
1x10°

MJ/hr
=0.0115kW

3 5
Q.= 118 xd*(T, — T,)*x m xl
3 5
1.18x 0.3734x (120—35)4x 1t X0.158%3600

1x10°©

MJ/hr

=0.2597 kW
5. Tudhuveslwulsindu (Reduction Zone Part)
Q, = exsxA(To4 —Tr4)
0.55 x 5.67x10~8x 0.550%0.298x(150*—35%)x3600
1x10°

MJ/hr

= 0.0980 kW
3 5
Q.= 118xd+(Ty — T, )exm x 1
3 5
1.18 X 0.5744x (150— )4x 1 x0.55X3600
> 1x10°

MJ/hr
= 1.822 kW
6. TudrurAToUAIUETS (Bottom Cover Part)
Q, = exsxA(TO4 —Tr4)
0.55 x 5.67x10~8x T x0.50%(170*-3 *)x3600
1x10°

MJ/hr
= 0.944 kW

3 5
Q.= 118xd*(Ty — T, )+sxmx 1
3 5
1.18 X 0.5744x (170—3 )4x ™ X0.50x3600

1x106

MJ/hr
=2.230 kW

ﬁﬂﬂumaiﬁﬂﬂaﬂﬂjqﬂ%@u%@)Laﬂm@ﬂﬁ%UUﬁ]%L%Uiﬁﬂmaﬂwﬂﬁi?umaﬂLWWNaWLLﬁ'agﬂLﬂiqgﬁ
Qlt = Qr+Qc
_(0.0010615 +2.682 +0.0048 + 0.0115 +0.0980 +0.944)
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+(371.190 +789.566 +0.2179 +0.2597 +1.822 +2.230)
Qi = 3.741+1165.284
Qi = 1169.025 KW
Q= 1.17 MJ
7 ndanuiigaydsluiunfadanse

TumsAnnameanuauigydslluiadunseiausaidunamlannaunisi 2.28

Ql.py: Mg Cpg (Tpg = Tp)

e
Qipg = WHMIMAIISOUTIgRARY U UL mToINGS, KW
my = é’mwmﬂwaﬁuaqmaLG’??@LW%QLLﬁ”aé’Qmeﬁ, kg/sec
Cpg= mm’m%fauﬁi’ﬁstwzﬁmmﬁumﬁmaqL%@LW%QLLﬁ”aé’mi'wﬁ,1kJ/kg/°C
Tpg= Qmmﬁmmuﬁaﬁmwﬁa, °C
T, = Qmmﬁ&uaq?ﬁwﬁmé’au, S
NSEA 1
msdwamarieugadsflufuuiadomdduemeideszuuduuu with
PMHR

a a

1. Tunsdifagfinnsanitdnanisivavesufadunsiey (m,y) Sewinfu 0.01504 ke/sec
Q=g Cpg (Tpg — T
Q =0.01504 kg/sec x 1kJ/kg/°C (68.8— 35)
Q = 0.508 kW

a a

2. lunsdliarfinsaniisnnmsinavesufadunsest (m,,) fruvitu 001227 ke/sec
Q=1itygCpg (Tpg — T
Q =0.01227 kg/sec x 1kJ/kg/°C (82.3-35)
Q = 0.580 kW

a a

3. Tunsalifazfinsanndnsmsivaveuiaduasig () dAnviiiu 0.0201 kg/sec

Q=MpgCpg (Tpg — Tl
Q=0.0201 kg/sec x 1kJ/kg/°C (108.3-35)

0=1478 kw
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N3N 2
msAmnmanuseugadeiluivufiademdeduaseiiliessuuiduiuu With

Empty PMHR

a d‘

1. lunsd@itavfansaniisnsinislvavesuiadaunsies (i, ) AWMU 0.0125 kg/sec
Q=1hpgCpg (Tpg — Ty
Q =0.0125 kg/sec x 1kJ/kg/°C (83— 35)
Q=060 Kkw

2. “luﬂiiﬁfj%xﬁﬂﬁmwﬁﬁmwmi"lwamamﬁ”ﬁﬁ’qmiwﬁ(mpg) Ay 0.0155 kg/sec
Q=g Cpg (Tpg — Ty
Q =0.0155 kg/sec x 1kJ/kg/°C (93— 35)
Q=09016 kw

£%

3. lunsdlilasfinnsaniidnsmsivaveaufadansey (i) TAvinfu 0.0173 kg/sec
Q=TipgCpg (Tog = Tp)
Q=0.0173 kg/sec x 1kJ/kg/°C (121-35)

O=1488 kw
N3ein 3
msfAmnmanuseugdeiluivufadendiduaseiilioszuuduwuu Without

PMHR

£%

1. lunsaiazfinnsaniidnsnisinavesufadansiesd (i) Wiy 0.01222 kg/sec
Q=1ipgCpg (Tpg = Tp)
Q =0.01222 kg/sec x 1kJ/kg/°C (141-35)

O=1.1296  kw

£%

2. lunsdlilasfinnsaniidnsmsivaveauiadansien (i) JAvinfu 0.0145 kg/sec
Q=1itgCpg (Tpg = Tp)
Q =0.0145 kg/sec x 1kJ/kg/°C (162- 35)

Q=154 kw

£%

3. lunsdlilasfinsaniidnsnslvaveufadansieh (m,,) Seviiu 0.0169 ke/sec
Q=1ipgCpg (Tpg — T
Q =0.0169 kg/sec x 1kJ/kg/°C (141-35)

0=1791 kw
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msauqamaLLazmsauqawé’wﬂu (Mass and Energy Balance)
TUNTAUARLIAUAZALAANEINUAIUTOU TOUAIET IHLDT FwofENaNNISNONI
na uazngndanumaveslulaundndiduiugiu Tumsdwamidundn uarlumituimay
Funmmii 3 n3dl Taet3uann n3dl With PMHR With Empty waz Without PMHR wazluus
azNINILIIAIWIUNMINN Samndeudemauazeiniana 3 sasnsinadeelud nns
AnseiaugamaLandsnuiiessuuiduuuy With PMHR Tunisaunasia (Mass Balance)

a11150AUILARNNANNISA 2.17

¥ '
a )

1. Tunsdlflazfansaunionsinisinavesenid (m,) danvniu 39.240 kg Lazensin1stou
\Fowmaina (my) AU 6.50 kg
N Min = Moyt
o Mi, = mg+ms
WAUAT M;, = 39.240 kg + 6.50 kg
= 45.740 ke
A M, = Moy
ot Mgyt = 45.74 kg

Psyn = Pu, X Hy%x + py,x Ny%x + peox CO%x + peo,x CO,%  kg/m?

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 kg/m?
Pco, = 1.98 kg/m’

e Pgyn = (0.092 x 0.0145) + (1.96 x 0.6816) +(1.14x0.1216) +(1.98x0.170) kg/m?

= 1.8124 kg/m3

- o o p 54.144 k
Ustnaunaadauasnen (Voy, ) = —k‘g'q
1.8124—%
m
=29.880 m’
wafilvasenainszuu (My,,) = Viyn X Psyn
LIUAT My, =29.88 m3 x 1.8124 kg/m?
=54.144 kg
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2. MIaUAaNaY (Energy Balance)
E:in = Eout

Ey, = wasuiiluaitnszuu, MJ
Eoue = wasuiiluaseonseuu, MJ

unum - wasulraduaglvasenainsyuy
Ein =Eout
6.98 kg x 28.0 MJ/kg = 54.144 kg x 2.70 MJ/m’
195.552 MJ = 112.078 MJ/Nm?

2. lunsditiazfarsaniidnsnsivavesennie (M) ey 47.160 kg wagdas
mstloudom@dang (M) diewviniiu 6.984 ke
N Min = Moyt
Lﬁa Mi, = my+ms
WAUAT M;, = 47.16 kg + 6.984 kg

= 44.144 kg
uA Mip = Moy

Fathu Mgy, = 46.144 ke
AMNIAAIAIINRUILUUYDILAAFIATIZRAN

Psyn = P, X Hy%x + py,x Ny%x + peox CO%x + peo,x CO%  kg/m?

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 kg/m®
Pco, = 1.98 kg/m’

WAUAY  psyn = (0.092 x 0.02115) +(1.96 x 0.71847)+(1.14x0.9766) +(1.98x0.162) kg/m?

= 2.844 kg/m3
- oo ‘ 44144 kg
naunadenszi (Viyn ) = —75-
2.844—%
m
= 15512 m’
anluaoenanseuy (M,,,) = Vsyn X Psyn
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WYUA M, = 15512 m3 x 2.844 kg/m’
=44.166 kg

2. M3aANAANS (Energy Balance)
Ein = Eout

Ey, = wawnuiiluansyuy, MJ
Eoue = Wasnuiiluananszuy, MJ
unua - wasulraduaglvasenainsyuy
Ein =Eout
6.984 kg x 28.0 MJ/kg = 44.166 kg x 2.140 MJ/m?
195552 MJ  =94.515MJ
3. lunsdlfasfinnsaniidnnisinavesennie (M) JAWWAU 55.08 kg wazons
nstleudem@sdamig (M) fieviniu 8.40 kg
NN Min = Mout
Lﬁa Mi, = my+ms
UVuA1 Mj, = 55.08 kg + 8.40 kg
- 63.48 kg
uA Mip = Moy
Fotu Mgy = 63.48 ke
AMNAIAAIAINRUILUUYDILAAFIATIZRAIN

Psyn = Pu, X Hy%x + pu,x No%x + peox CO%x + peo,x CO,%  kg/m’

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 ke/m?
Pco, = 1.98 kg/m’

WANAN Py = (0.092 x 0.03071)+(1.96 x 0.71911)+(1.14x0.9728) +(1.98x0.16588) kg/m?

= 1.1438 kg/m3

- oo . 63.48 kg
nawiadnnszd (Viyn ) = —— %5
1.1438-73

= 63.480 m>
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wafilvasenainszuu (M,y,,) = Viyn X Psyn
WIUAN My, = 63.480 m3x 1.1438 kg/m°
=72.61 kg

2. M5aUAaNaY (Energy Balance)
E:in = Eout

Ey, = wasuiilwaitnszuu, MJ
Eoue = Wasnuiiluasensyuy, MJ
unua - wasulvaduaglvasenainsyuy
Ein =Eout
8.40 kg x 28.0 MJ/kg = 63.480 m® x 2.01 MJ/m?
2352 MJ  =127.595MJ
nsai 2
mﬁmmzﬁauﬂammﬁaizwLTJuLLUU With Empty PMHR
1. lunsditfazfinsaniisasnisinavesennis (M) fAwifiu 39.240 kg kazdniin1stou
\Fowmaiina (M) fiAwviriiu 5.904 ke
NN Min = Moyt
Lﬁa Mi, = my +ms
UWUA1 My, = 39.240 kg + 5.904 kg
= 45.144 kg
uA Mip = Moy
Foth Mgy = 45.144 kg
Psyn = P, X Hy%x + py,x N;%x + peox CO%x + peo,x CO,%  kg/m?

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 kg/m?
Pco, = 1.98 kg/m’

WAUAY  psyn = (0.092 x 0.0123) + (1.96 x 0.5884) +(1.14x0.11258) +(1.98x0.2867) kg/m’
= 1.850 kg/m3
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- o v ¢ 45.144 kg
Ustnaunaadauwasnen (Vo ) = %g
1850

= 24.402 m*
wafilvasenainszuu (M,y,,) = Viyn X Psyn
LA My, = 264.402 m3 x 1.850 kg/m?
=45.144 kg

2. N3AUAANAY (Energy Balance)
Ein = Eout

Ey, = wawnuiiluaitnsyuy, MJ
Eoue = Wasnuiiluasensyuy, MJ
unua  wasulvaduazlnasenainszuy
Ein =Eout
5.904 kg x 28.0 MJ/kg = 45.144 kg x 1.910 MJ/m?
165.312 MJ = 86.225 MJ/Nm?

2. lunsdifaefinnsaniidanmsivareserna (M) fiduviniu 47.160 kg wazdmsnisileu
Fomasiina (M) dAwviniu 6.804 ke
N Min = Mout
Lﬁa Mi, = my +my
UWVuA1 My, = 47.160 kg + 6.804 kg

= 53.964 kg

A Mjp, = Moy
Fahu Mgy = 53.964 ke
Psyn = P, X Hy%x + py,x Ny%x + peox CO%x + peo,x CO%  kg/m?

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 ke/m?
Pco, = 1.98 kg/m?

WAUAY  psyn = (0.092 x 0.0215) + (1.96 x 0.6848) +(1.14x0.1125) +(1.98x0.2624) kg/m’
= 1.992 kg/m3
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) oL . 53.964 kg
vsnauwnadunsieht (Veyn )  =——F—

1.992%4
m
=27.10 m?
wafilvasenainszuu (My,,) = Viyn X Psyn
LA My, = 27.10 m3 x 1.850 kg/m?
=53.964 kg
2. MIaEUAaNAY (Energy Balance)
Ein = Eout

Ey, = wawnuiiluaitnsyuy, MJ
Eoue = Wasnuiiluasensyuy, MJ
unua  wasulvaduazlnasenainszuy
Ein =Eout
6.804 kg x 28.0 MJ/kg = 27.10 m® x 1.9920 MJ/m?
190.512 MJ = 53.983 MJ/Nm?
3. lunsilesfinnsandisnsinisinavesornia (Mg WAWYINAU 55.08 ke wazdnsN1sUeu
\Fomasiina (my) AU 7.20 kg
N Min = Moyt
e Mi, = mg+my
WAUAT M;, = 55.08 kg + 7.20 kg
= 62.28 ke
uA Mjp, = Moy
Fathu Mgy = 62.28 ke
Psyn = Pu, X Hy%x + py,x Ny%x + peox CO%x + peo,x CO,%  kg/m’

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 ke/m?
Pco, = 1.98 kg/m?

WALAT  pgyn = (0.092 x 0.032) + (1.96 x 0.5973) +(1.14x0.1023) +(1.98x0.2684) kg/m’
= 1.822 kg/m?3
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) o . 62.28 kg
Usnauwnadunsien (Vayn ) = —%

B 1.822k—g3
m
=34.182 m*
wafilvasenainszuu (M,y,,) = Viyn X Psyn
LIUAT My, = 364.182m3 x 1.822 kg/m?
=62.28 kg

2. MIaEUAaNAY (Energy Balance)
Ein = Eout

Ey, = wawnuiiluaitnsyuy, MJ
Eoue = Wasnuiiluasensyuy, MJ
unuA - wasulnadlazlvasenannszuu
Ein =Eout
7.20 kg x 28.0 MJ/kg = 34.182 m® x 1.822 MJ/m?
201.60 MJ = 62.278 MJ/Nm?
nsai 3
nMsiesgiaunaualoszuuluwuy Without PMHR
1. lunsdiilazfarsaniidnsnisinavesennia (M) et 39.240 kg uazdnsnstion
\Fomastana (M) dAviniiu 4.788 ke
N Min = Moyt
e Mi, = my+ms
WAUAT My, = 39.240 kg + 4.788 kg
44.013 kg

ua My, = Mgyt
Fotu Mgy = 66.013 kg
Psyn = Pu,x Hy%x + pu,x Ny%x + peox CO%x + peo,x CO,%  kg/m’

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 ke/m?
Pco, = 1.98 kg/m?
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WANAT Py = (0.092 x 0.0145) + (1.96 x 0.67115) +(1.14x0.12165) +(1.98x0.1927) kg/m’

= 1.837 kg/m3

Yiinafadunsent (Vo ) = %
=23.96 m’

wafilvasenainszuu (M,y,,) = Viyn X Psyn

WYUA My, = 23.96 m3 x 1.837 kg/m?

=44.013 kg

2. MIaUAaNas (Energy Balance)

Ein = Eout

Ey, = wasnuiilnaitnszuu, MJ
Eoue = Wasnuiiluasensyuy, MJ
unua - wasulvaduaglvasenainszuy
Ein =Eout
4.788 kg x 28.0 MJ/kg = 23.96 m3 kg x 1.47 MJ/m?
134.064 MJ = 35.221 MJ/Nm?

¥ '
a )

2. Tunsalflagiansanfonsinisinavesennia (my) SA1UINU 47.160 ke wagsnsinsUou
\Fomastamna (my) AU 5.112 kg
1A Min = Mout
e Mi, = mg +ms
WAUAT My, = 47.160 kg + 5.112 kg

= 52.272 kg

uA Mip = Moy
Fot Mgy = 52.272 kg
Psyn = Pu, X Hy%x + pu,x Ny%x + peox CO%x + peo,x CO,%  kg/m’

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 kg/m?
Pco, = 1.98 kg/m’
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WALAT  psyn = (0.092 x 0.0202) + (1.96 x 0.68158) +(1.14x0.1216) +(1.98x0.17661) kg/m’

= 1.826 kg/m3
USunaufaduaset (Vy, ) = %
m
= 28.626 m’
wafilvasenainszuu (M,y,,) = Viyn X Psyn
WYAUA My, = 28.626 m3 x 1.826 kg/m°
=52.272 kg
2. MIaUAaNas (Energy Balance)
Ein =Eout

Ey, = wasnuiiluaitnszuu, MJ

Eoue = Wasnuiiluasenszuy, MJ
unua - wasulraduaglvasenainszuy

Ein = Eout
5.112 kg x 28.0 MJ/kg = 28.626 m> x 1.826 MJ/m?>
143.136 MJ = 56.765 MJ/Nm?

3. lunsilesfinnsandisnsinisinavesonnie (M) AANVNAU 55.08 kg LardnsIN1stou
HomAsdma (mp) fewindu 6.012 ke
NN Min = Mout
e Mi, = mg+ms
WAUAT M;, = 55.08 kg + 6.012 kg
61.092 kg

ua My, = Mgyt
Foth Mgy = 61.092 ke
Psyn = Pu, X Hy%x + pu,x Ny%x + peox CO%x + peo,x CO,%  kg/m’

pu, = 0.092 kg/m’
pn, = 1.96 kg/m’
Peo = 1.14 kg/m?
Pco, = 1.98 kg/m?
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WANAT  pgyn = (0.092 x 0.0313) + (1.96 x 0.74632) +(1.14x0.1052) +(1.98x0.11718) kg/m’

= 1.844 kg/m3

USunaufaduaset (Vy, ) = %
=33.130 m*

wafilvasenainsyuy (Mout) = Voyn X Psyn

LIUAT My, = 33.130 m3 x 1.844 kg/m?

=61.092 kg

2. MIaNAaNa3 (Energy Balance)

Ein =Eout

Ey, = wawnuiiluainsyuy, MJ
Eoue = wasnuiiluasenszuy, MJ
unua - wasulvaduazlvasenainszuy
Ein =Eout
6.012 kg x 28.0 MJ/kg = 33.130 m> x 1.844 MJ/m?>
168.336 MJ = 61.0292 MJ
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Efficiency improvement of biomass gasifier using porous media
heat recuperator
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ARTICLEINFO ABSTRACT

Keywords: Nowadays, energy erisis and environmental problems become the important issues affect all lives
Gasification on the earth, All fossil-baged energy will be depleted within the next few-ten years, if it is used at
Porous media this current rate, Utilizations of renewable energy via efficient system poses an opportunity to
H_?‘" ’W“Pe_'““" address both fossil fuel depletion and envirenmental issues simultaneously. Among all renewable
Biomass gasifier energies, biomass is one of the best forms of energy, in term of it can be actually managed by the

curtain plan, e.g.: energy crop strategy. Gasification is one of the best thermal processes that
converts liquid and solid hydrocarbon feedstocks into gas [uel, called syngas or producer gas
{mainly comprises CO and Hz). This research aims to improve the efficiency of the gasification
reactor using Porous Media Heat Recuperator (PMHE). With the expectation that using this heat
exchanger not only improve the gasification processes, but the producer gas temperature can be
also reduced as the requirement for runming the internal combustion engine (ICE). Charcoal, the
carbonized product of wood or biomass, was selected as feedstock for this proposed system as it
would produce a producer gas suitable for the ICE with low or free of tars uniform properties and
low meisture content. The gasifier system was tested in a forced draught method using air as the
gasifying agent. The experimental results shown that the efficiency of the proposed system with
PMHR can be increased about 77% and the temperature of output producer gas can be increased
for approximately 58%, compared with the conventional system.

1. Introduction

The continuous and massive consumption of energy worldwide is an increasing with about doubled over the next few decades. This
issue threat to the energy resource and public health [1]. Currently, more than 95% of global electricity are generated from fossil based
primary energy via combustion process. Therefore, the enormous amount of emission and green-house gases are released to the
environment rapidly. Utilizations of renewable energy via a high efficiency system is one of the most effective methods to overcome
these problems concurrently [2].

In the modern civilization society, almost all human activities consume lots of energy that directly and indirectly relate to the
energy and environmental problems. For better being without patient, human willing to trade or pay for their comfort living. But the
utilization of fossil-based energy, especially electricity from the heat-engine power plant, for all comfort activities mayv establish more
un-comfort living in the future. Because the power plants consume about three times as much energy in fuel as the amount of energy
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produced as electricity [1]. Mean that very unit of electricity are produced, at least lwo units of heat are dissipated into the envi-
ronment. Not only heat loss, but combustion products, emission and greenhouse gases (GHGs) are also released from the power plants.
This results in global warming and rising the global surface temperature. As a simple case, for example, in the tropical countries, when
an air conditioner is caught on, many people prefer to living or working in the air conditioning room all day and all time. The hotter
weather temperature is increased, the more air-conditioner is used. The more electricity is used, the hotter weather temperature is
increased. This cycle will make all concerns issues rapidly increase, To address these issues simultaneously, the renewable energy
utilization via the high-efficiency environmentally friendly systems should be adopted [2,4]. Among nine renewable energy sources on
the Earth: solar, wind, biomass, wave, tidal, hydro, nuclear, geothermal, and fossil, biomass is only one that can be possibly produced
as much as we want by planting energy crops. Furthermore, biomass energy holds the potential of providing both renewable and
flexible power owing to its controllable [5].

Not only effects on energy issue, but anthropogenic activities will also inevitably be generating of municipal solid waste (MSW)
because of imperfect utilization of resources. This MSW comprises commercial, residential, industrial and agricultural wastes
generated in a municipal and generation rate increases dramatically. Many cities all over the world are terribly confronting with the
problem of how to manage or dispose huge amounts of MSW. With unsustainable method to dispose of the M5W, e.g.: dumping in
landfills or burning in free space, it may cause high environmental risks because of emissions into the groundwater and atmospheric
air. These will be a substantial effect on human health and natural environment.

One of the best measures to cope with the MSW issue is the waste-to-energy (WTE) framework. The key aim of this process is to
recover energy from MSW, as electricity and/or heat or the converting of waste into a fuel source. Under the WTE concept, not only the
volume of MSW is reduced, but it is also converted to the useful energy. Fig. 1 shows the solid waste treatment technologies. The WTE
technologies that can be classified into two major methods: mechanical and biological treatment (MBT) or “cold conversion’, and
thermal treatment or ‘thermochemical conversion' processes. In many countries worldwide, the increasing of industrialization and
aver-exploitation of fossil fuels become the main problems. To cope with this, not only the decentralized generation of power should be
effectively implemented, but the regulation and policy must also be applied in all measures [&]. Due to the fossil fuel combustion is the
major cause of energy crisis and environmental issues. In many countries, Lo mitigate these, the policies of net-zero carbon emissions
and carbon neutrality have been conducted and plan to success by 2050-2070 [7-11]. One of the best ways to satisfy these policies is
the utilization of biomass via the high efficiency system and it should be urgently encouraged.

Gasification is a promising process for converting of solid or liquid feedstock into a gaseous fuel, called *syn-gas’ or ‘producer gas’.
From many literatures, gasification can produce syn- or producer-gas depending on the constitution of production gas. Typically, when
steam or oxygen are supplied as the gasifying agent, a syn-gas mixture will be produced which constitute of only hydrogen and carbon
monoxide, with possibility of having some of carbon dioxide content. If the gasification produces significant amount of non-
combustible gases such as carbon dioxide and nitrogen, such mixtures is producer gas. In addition, useful information for the
design step is that the typical syngas heating value from biomass gasification is about 2-5 MJ/m® [12].

Among all solid biomass feedstock utilizations, gasification is outperformed because it can achieve extremely low thermal NO;
formation, requires a less amount of oxygen when compared with combustion [13]. The produced syngas from gasification process can
be used with more convenient easily controllable in various applications, such as cooking, heating, engine application and drying, etc.,
with higher efficiency. Literature also revealed that the flue gas volumes per ton of input solid feedstock used via gasification can be
reduced up to 40% compared to those from waste direct combustion [14].

In a conventional gasifier, thermal and heat are required for the thermochemical conversion process. These optimal energies must
be controlled by supplying a restricted amount of oxygen for partially internal combustion. Under the typical gasification conditions,
oxygen levels are restricted to less than 30% of that required for complete combustion [15]. Depends on the thermochemical
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conversion energy required for each feedstock, however, this energy must be minimized with the less loss. To improve the gasification
efficiency, the sensible heat of the produced syngas should be recuperated to provide a means to reduce the internal combustion rate.

Porous media can be defined as an unconsolidated solid with open space pore structures to enable a fluid to pass through it. Porous
media technology has been an attractive research topic in several engineering fields, such as solid fuel combustion [3], solar thermal
systems [16,17], and steam generation [18,19]. Compared to the conventional thermal systems, all heat transfer modes, especially
conduction and radiation, can be enhanced by porous media technology application. Regarding the macroscopic random packed-bed
porous media (PPM), it has high permeability and low resistance to flow. Among the shapes of bed available in the market with the
same material, hex-nut is the best shape for using as the PPM [19].

After the thorough literature review and found that there are few major novelties or highlights of this study, e.g.: the porous media
has not been applied in gasification process yet, the durable stainless hex-nuts matrix (as pack bed porous media) is first applied for a
high efficiency heat exchanger, not only for improving the conversion efficiency of the gasifier but the output syngas temperature can
be simultaneously reduced and this study also aims at improving the gasification efficiency by utilizing the recovered heat for feed-
stock preheating. This proposed high efficiency gasification system without syngas cooler can be suitably applied for running the
internal combustion engine. This research aims at improving the gasification efficiency using PPM for recovering the heat from the
output syngas to preheating the gasifying air. In the conventional gasification system, especially applied for running the ICE, the
producer gas cooling may be needed for reducing the gas temperature before supplied into the engine [20-23]. This heat from cooling
process will be the waste heat or loss. With this configuration herein this study, the heat from producer gas will be recovered by the
recuperator and utilized as oxidizing air and feedstock pre-heating. The experimental study has been carried out using charcoal as
feedstock and the elfect of equivalence ratio on the composition of gas, its heating value and also on the gas production rate were
investigated.

2. Experimental setup and method

2.1. System description

In this study, a 30 kW down-draft gasifier, as shown in Fig. 2, was designed and fabricated. The forced draught gasification system
mainly comprises of reactor, Porous Media Heat Recuperator (PMHR], cyclone separators, ring blower, producer gas accumulator. The
PMHR is a heat exchanger in which hot producer gas from a gasifier is conducted continuously along a system where they impart heat
to incoming air. This counter-flow PMHR is proposed to play an important role in improving a producing produce gas and the thermal
efficiency for gasification process. In addition, as the second step of heat recovering, the producer gas leaves the recuperator is flowed
through the gas jacket at the upper drying zone of the reactor. Moreover, the surface heat loss of reactor is reduced by using 40 mm-
thickness ceramic fiber insulator, Therefore, with lesser heat loss and higher temperatures of reactant and oxidizing agent, this pro-
posed gasification system will outperform the conventional one. Moreover, differences in undesirable product gas composition may
reflect variations in the physical and chemical operating characleristics of engine. Thus, woody charcoal is proposed with aims to
reduce this variation by using as same as reactivity of available feedstock. The specification of the proposed gasificaton system is
summarized as shown in Table 1.

The PMHR proposed herein is devised to enhanced the heat recovering process for improving the system performance. The PMHR is
a counter flow shell-and-tubes heat exchanger, depicted in Fig. 3. It has 16 stainless tubes and filled with stain hex-nuts as packed bed

Fig. 2. Gasifier system used herein this study.
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Table 1

The specification of gasification system used for this study.
Trem Specification Unit
Type batch type, down-draft -
Fuel hiomass (wood charcoal)
Throat diameter and thickness 15 (10 mm) cm
Fuel (charcoal) per batch 25 kg
Insulator material and thickness fiber glass (4 em) -
Maximum air feed rate 55 m/hr
Biomass consumpiion rate 8 kg/hr
Design capacity 30 kw

porous media. The hot producer gas from reactor flow pass through the tubes while the oxidizing air flow pass through the shell where
the porous media is located.

As aforesaid that the output gas will be applied for running the ICE. Means that the producer gas which contains low amount of tar
and other impurity matter is needed. The feedstock used in this study is then be charcoal due to the low tar content producer gas can be
produced. As the first step, the woody charcoal, with size about 3-4 ¢m, is manually load into the reactor hopper which is placed at the
top about 25 kg per batch. The digital scale {as shown in Fig. 4) and stop watch are used to measure the transient feedstock con-
sumption rate. Before it was integrated with the engine, the performance of the gasifier must be evaluated.

2.2, Experimental procedure and data acquisition system

This experimental study presented herein carries out a detailed investigation on the performance of the proposed system for three
cases: without heat recuperator (without PMHR), with empty heat recuperator (with empty-PMHR) and with porous media heat
recuperator {(with PMHR). To determine the best operating condition of this fixed bed reactor, the variation of air flow rates is carefully
regulated. As it is the important parameter that substantially affect on the producer gas generation and charcoal consumption rates, the
air, as the oxidizing agent, feed rate is varied to investigate the highest performance at of this system, It should be noted that in this
experimental study, more than five air feed rates were actually tested. However, only three air mass flow rates: 0.0109, 0.0131 and
0.0153 kg/s (or feed rates of 35, 42 and 49 m*/h, respectively), of each case are presented in this paper. For more aceuracy, the data of
each case is collected for three runs in turn. This flow rate can be practically varied by adjust a flow control valve as shown in Fig, 5.
During each run, after the condition is changed, the sufficient time is allowed to achieve the stable gasification process or quasi-steady
state conditions before the data and sampling gas are collected, To ensure that the processes whether are in the stable condition or not,
the stable flare flame must be noticed.

After the bed was charged and air is fed into the combustion zone, the ignitor is started and allowed to reach quasi-steady state
before recording data. The data logger (GRAPHTEC model: midi Logger GL820) equipped with K-type thermocouples is used to record
all temperatures with interval of five minutes. The measurement points are shown in Fig. 5. Each case of study is run at quasi-steady
state for 15 min. The producer gas of each case is collected, using gas sampling tubes, around 5 min after the quasi-steady state
condition oceurred. The gas composition is analyzed using the BRUKER gas chromatograph (GC) model: 450-GC. This GC was cali-
brated with a standard gas before using in this experiment. The other parameters: air flow rate, feedstock consumption rate and
ambient conditions are measured and recorded manually for all the experimenis. The air velocity is measured using digital air
anemometer at the inlet of the air blower and this will be used for gasifying agent volume and mass flow rates, The transient weight
change with time of the bed is measured by the digital load cell and recorded continuously. In cach case, the initial and final weight are
recorded at the beginning of the quasi-steady state and the end of 15-min stable run, respectively. All values of parameters used and

Fig. 3. Porous Media Heat Recuperator (PMHR) proposed in this study.
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Fig. 4. Charcoal consumption rate measurement,
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presented herein this article are obtained by averaged value from the collected data or logged profiles during the stable gasification
periods.

2.3. Performance and energy-balance calculation

The producer gas quality and output rate and conversion efficiency are important parameter for assessing the performance of the
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proposed system. To evaluate the proposed system performance, the following assumptions were mainly considered:

1) The system is in steady state condition.

2) The ambient conditions during all tests are the same.

3) The properties of all using biomass and air are uniform.

4) Water vapour in air, biomass and producer gas are neglected.

5) The mass flow rate of producer gas and air are approximately the same.

6) The input electricity is excluded.

71 No gas leak, the producer gas volume flow rate at NTP is equal to inlet air flow rate.

The biomass energy input rate is determined as:

Epicumass = Mntomass. % FVtamss (1)

where Epjupnas: is the biomass energy input rate, kW.
Mipigmays 15 the biomass consumption rate, kg/s.
HV5iomass 15 the heating value of charcoal (28 MJ/kg).
The producer gas output energy is ealeulated as:

Eoon =¥ po %l s 2

where Eg, is the producer gas energy output rate, kW,
HViqs is the heating value of gas is calculated as:

3. : 37
13 I‘.:”+'?}H:>< ”gMJ+'3CH..>< T 1MT @

HV,, = %CO
i & Nm* N

Ly

The efficiency of the proposed gasification system can be evaluated using the ratio of useful producer gas energy output rate to the
biomass energy input rate as shown by the following in Eq. (4):

Eye .
N —E‘— x 100 4)
-hivvars

where 1, is the efficiency of the proposed gasification system, %.
The energy balance of the proposed system can be assessed as the following equation.

Epinmazs = Egar + Ot pg + Oty + Enu (5)

where @y, is the heat loss due to dry producer gas, kW.
Qisry is the surface heat loss thru hot surface, kW.
E,; is the uncountable losses, kW.
The heat loss due to dry producer gas can be estimated as:

Qe =mC,y (Tp: = ?r) ®

where Cp, is the specific heat of producer gas at constant pressure (1 kJ/kg/"C).

Ty is the outlet producer gas temperature, (1s,"C).

T, is the ambient temperature, “C.

The surface heat loss (Q sy} consist of the heat dissipated by radiation (Qr;, kW/rnz) and convection (Q, ;, kW/mz) heat fluxes from
all components surface into the surrounding. They are approximately evaluated as:

Orur = 3 A(QL+0.) @
0., =567x10"T (8)
Qi =h(Toi — Ty) @)

where A; is the approximate surface area of each component, m%
T, is the average surface temperature of each component, K.
h is the average heat transfer coefficient (0.03 kW,/m’K).

3. Experimental results and discussions
3.1. Composition of produced gas

From the experimental study, the quasi-steady state was observed by monitoring the temperature constant for the duration of the
test, This condition will be taken place after an initial transient period for around 20 min. After that for 10 min, the samples of
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produced gas were withdrawn from the outlet of the cyclone during the quasi-steady state of each run. The gas chromatograph
apparatus was used to detect the producer gas composition consists of: CO, Ha, CHas, Na, CO3 and Oy, The representative of typical gas
composition of each case was reported using the averaged value from three runs. The producer gas composition at three air feed rates
of three configuration cases are shown in Fig. 6.

Carbon monoxide (CO) is formed during the incomplete combustion with rich mixture or in an oxygen starved condition. Carbon
dioxide can be formed not only by carbon partial oxidation but it also formed by the gasification reactions involving carbon dioxide.
This combustible gas is one of the desired outputs from the gasification. As shown in Fig. 6a, among three configurations, the highest
CO concentration observed in the produced gasis 12.17% at the air mass flow rate of 0.0109 kg/s (or 35 m*/h). Due to the lower rate of
air is fed, the richer equivalence ratio is occurred. Moreover, comparing among the three cases, using of PMHR is outperform over the
other cases. Because of the temperature of gasifying agent can be increased by the PMHR led to increased reaction rate in an oxygen
straved,

Another desired gas output is hydrogen (Hs). This gas is actually formed via the reactions involving steam. But herein this
experiment, with low moisture and hydrogen content feedstock, the hydrogen concentration of the producer gas is low as shown in
Fig. ob. In some gasification, hydrogen can be generated via steam methane reforming, but very low amount of methane can be
detected by the GC. From the experimental results show that the hydrogen concentration is directly variation to the change of air feed
rate with low concentration about 2-3%.

The experimental results also show that the undesired gases like nitrogen and carbon dioxide have very high concentrations
{together up to about 85%], as shown in iz, 6c and d. The onset of this issue may be improved by using high hydrogen compounds like
steam as an oxidizing agent.

3.2. Produced gas heating value

The experimental data of each independent variable is collected from 3 runs. The dependent responded to changes in air feed rate as
expected. Fiz. 7 shows that using the proposed PMHR results in higher heating value of producer gas. Under the same air feed rate,
using PMHR can increase significantly the producer gas heating value. The highest value is obtained at the air mass flow rate of 0.0131
kg/s (or 42 m”/h). With PMHR, the heating value of producer gas can be increased from 1.78 to 2.14 MJ/Nm?. It can be said that using
PMHR the heating value of producer gas can be increased about 22% compared to the case where the ambient air is fed directly to the
gasifier.

3.3. Gasification system efficiency

Fig. 8 shows the gasifier thermal efficiency at three air flow rates of three configuration cases. The gasification efficiency is the ratio
between the heating value of output producer gas to the heating value of input feedstock or charcoal. From the experimental study, it
can be observed that both using PMHR and increasing air feed rate resulted in higher temperature in all gasification zones. Therefore,
with more oxidizer and higher temperature, the feedstock consumption rate is then increased. However, with too much oxidizer, the
combustible gas can be consumed and releases undesired output gases. The highest value is obtained at the air mass flow rate of 0.0131
kg/s (or 42 m*/h). Under the same air feed rate, using PMHR can improve significantly the gasifier thermal efficiency. With PMHR, its
efficiency can be increased from 38.93 to 66,7% or about 77% can be increased, compared with the first case.

3.4. Processes temperatures

Gas temperature is one of the most important parameters influences on the gasifier performance. In addition, the temperature of
producer gas provided for the ICE should be as low as possible. The lower temperature is decreased, the higher density can be obtained.
With low temperature air-fuel mixture, the volumetric efficiency of engine can be improved, Therefore, by means of waste heat re-
covery using the proposed PMHR, not only increase the temperature of gasification processes, but the outlet producer gas temperature
is also decreased. This configuration will be suitably for converting biomass to mechanical energy via the ICE.
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Fig. 7. The produced gas heating value at three air flow rates of three configuration cases.
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