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# # 5972404023 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORD: SE-SMR, CFD, Hydrogen, Bubbling fluidized bed reactor, Computational fluid
dynamics
Watanya Yaidam : CFD SIMULATION OF SORPTION-ENHANCED STEAM METHANE
REFORMING IN BAFFLED FLUIDIZED BED REACTOR. Advisor: Assoc. Prof. Benjapon

Chalermsinsuwan, Ph.D.

Steam methane reforming (SMR) is an important reaction in petrochemical industries
and in the production process of hydrogen from natural gas. Methane reacts with steam and
nickel catalysts and converts to hydrogen for quality improvement by eliminating various
contaminants in crude oil. Moreover, hydrogen is a precursor for chemical synthesis and is an
alternative energy that is currently interesting. From previous research studies, the SMR process
was improved to increase the desired product. Adsorption of carbon dioxide by a bifunctional
catalyst can act as a catalyst and a sorbent at the same time. Equilibrium of the chemical reaction
is shifted to the increase of the hydrogen product. The most popular catalysts are dolomite and
calcium aluminate. This reaction is called sorption-enhanced steam methane reforming (SE-SMR).
This study investigated the computational fluid dynamics simulation of SE-SMR in a baffled
fluidized bed reactor to reduce gas bubbles, to reduce the back mixing of particles, to increase
the contact area between gas and solids and to increase the efficiency of the reaction. From
the effect of the number of plates, it found the optimized number of baffled plates is 2 which gave
the mole fraction of hydrogen product of 0.93. The optimized operating parameters were velocity

at 0.1 m/s, temperature at 923 K, height of the bed at 35 m and the steam and carbon ratio at 4.0.

Field of Study: Petrochemistry and Polymer Student's Signature .........cccoceviiiiienns
Science

Academic Year: 2019 Advisor's Signature ........cccccvveiiiiieennn.
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2.1.1 n3zuaunsInesutelmusaglein (Steam methane reforming, SMR)
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31 Uiisenasuunilule (Water gas shift, WGS) mugiil 2.1
Steam reforming

Cyt n H;O — n CO + (m2+n) H, Synthesis gas (syngas)
Hydrocarbon feed

Water shift reaction

Purification CO + H,0 - CO, + H,

Process condensate

Preheater

Methanation
CO, removal

1 1%
JU7 2. 1 nszuaumssnesudeimusaglewn [6]
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CS4 .
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150/230°C (300/450°F) =y Steam = Olefins
cracker 8= Fuel oil Aromatics
85-160°C Naphtha
(150/000°F)
Roformer Aromalcs o HDA
crude | & Straight- i
run
a0 g ™™ naphtha
-
§ aro-s1e’c -
(700%50°F) g G
Hydrocracker &= Co naphtha
= Fuel oil
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SMR = CH, + H,0 = CO + 3H,
WGS = CO + 2H,0 = CO, + H,
CBN = Ca0 + CO, = CaCO,

Calcined sorbent

Catalyst
Inert phase

Fully carbonated sorbent

Solid product

Reaction front

Unreacted core

- in i
50 i Unreacted grain size
cao

1 4
JU7 2. 3 uuuaaevsavgazen lunssuaunisane fudedimuaas loti

INARENITHATL [8]

SORPTION ENHANCED — STEAM IMETHANE REFORMING (SE-SMIR)

(T=650°C; P=1atm)

Steam Methane Reforming (SMR)

on a Ni-catalyst CH,; + H,0 €>CO +3H, B ==+ 206,21k ok
Water Gas Shift (WGS) CO +H,0 ¢ CO, +H, AHOe= - 41.2 ki/mol
CaO-sorbent Carbonation (CBN) Ca0, +CO, -> CaCOy(, AHOq5 ¢ = - 178.2 kJ/mol
Regenerated CALCIUM LOOPING Solid saturated
solid by CO,

Calcination CaCOa(s) - CaO(,] +CO, AHOg = + 178.2 kJ/mol

REGENERATION

(T =800-900°C; P = 1atm)

, .
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1.0 .
= With Ca0
- - = = Without CaO
5 09-
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s
S 08 .
> FIR LLhe—
= _-3 o This Work
g 0.7 9 P AR X Johnsen-Grace
o p & Wang-Jakobsen
- ’ ¢ DicCarlo
§ 0.6 1 ’ © Solsvik-Jakobsen
H /’
o ’
——— CaO/CH. =2
’ S/Cratio=3
Pressure = 1 atm
0.4 1 T - T - T 1
400 500 600 700 800 900

Temperature (2C)
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A9 2. 3 MAFELELL sz yeve N IATeNuINuFasTHA [15]

Group
Particle size for
density= 2,500
kg/m3
Channeling
Spoutability
Expansion
Minimum
bubbling
velocity, Umb

Bubble shape

Solid mixing
Gas back-
mixing

Slugging mode

Effect of
particle size on

hydrodynamics

<20 ym

Severe
None
Low

No bubble

Only channel

Very low

Very low

Flat raining
plugs

Unknown

20-90 pm

Little
None
High

>Umf

Flat base
spherical
high
High

Axisymmetric

Appreciable

B
90-650 um

Negligible
Shallow bed
Medium
=Umf

Rounded
with small
Medium

Medium

Mostly
Axisymmetric

Minor

>650 pm

Negligible
Readily
Medium

=Umf

Rounded

Low

Low

Mostly wall
slugs

Unknown
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Reactor diameter (m) 0.1
Reactor height (m) 1.0
Plate width (m) 0.025
Plate height (m) 0.0012
Inlet boundary conditions Velocity
Outlet boundary conditions Pressure
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3.3.3 ANNNAUSNENATIY
NALRILIE

] R 0P,  _ .
E(Egngg + V. (sgpgngg) = ega—tg + T4: VU, + Qys35)

e RGN

G R P _
o7 (&spsts + V. (e5psVsH) = esa—ts + T5: Vg + Q5436)

A = o o 24

AR L‘ﬂu‘ﬂ’]@‘ﬂ@’ﬁLW’]Z%@\‘]"JQﬂ’]ﬁLLﬂ@

A = o o (<3

AR L‘ﬂu‘ﬂ’]@‘ﬂ@’ﬁLW’]Z"]J'E\\?"JQJW’W’]‘I.I@QLM\?

A d‘ ¥ ' o 24 o [
AR ﬂ?mmmmmmmLﬂ@ﬂum’wm@uiwmmgmﬁmemmgmmmum

Ao dinnnmesnisuanitaaumaniauszndnedgninesudauazinniauia

3.3.4 @Nﬂ’]?ﬂ@’m’m\lG’]}@ﬂ‘ﬂ\iﬂ'ﬁ@@’]ﬁ“lfl’mmﬁ

INNATBILAR

% (9Pg¥mg) + V. (89PgVg¥mg) = V-(£5PgDmVVimg) — it

(3.7)

NNATBILT

0 -
7t (esPsYms) + V. (€sPsVsYms) = EsMy, m [Ps,o 212:1 Umr T T
vmgrg] + m, (3.8)
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o

8 dadaulnauiarasuia

<

3

Q
Y

A % !

Vms P8 dndaulneniaredrndids
D,, #a duilsz@nsnistnalauuaalaanisunsaasiuena
g A v o 1 a =
My, Ao Aandn1stnemuaaTinaisad
My, m Ae hwinuialuiana
=

Uy P8 dudss@nadfunnuduriusaeljnsanla

T, P dnsnisnalgisentes)izenle

3.4 ANN15LATH

3.4.1 AdndsrAvsnisuanilaaulumuinszndeipniaresuduasigninuis

— __ &psf
ng = Kgs - TS (3.9)
dZ
7, = &5 (3.10)
18ug
Lfiﬂ

T A9 ANHAUARIEALNIA

AUN17U88 Syamlal-O’Brien mode

3e5E4p Rep\ | - N
4vy dg Vrs
2
4.8
Cp =10.63+ Rey (3.12)

Vr,s
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Avsusruiduitiaife i

nghom(eg, sS,Res)
pgel s 18ugsgzes(1 + 1.5,/¢;)
dpeg dp
ugesRes [eg + 3e 65 + 8.4Re; 0343
dpeg 1+ 1038Re; *°7%%]

S

= 180

+ 0.31

(3.13)
pry
G
Vg Pa anuduiusanuiamesiiadviuinazesuds

Cp AaWariduLnin

3.4.2 AndndsrAnsnisuanidasuaanfauszudnedgnirresudsuasdpniauis

kgNu
hgg = hyg = —L— (3.14)
sg gs ds
1
Nu, = (7 — 10, + 5¢2) (1 + 0.7Re9?Pr3) + (1.33 -
2.4¢e, + 1.2¢2)Red7 Pr1/3 (3.15)
PaEqAp|Vg—7
Res — g°g Zl g 5| (3.16)
g
e
hys = hgg fe ﬁuﬂizﬁw‘éﬂwmﬂLﬂ?ﬂlﬂumm§®u@:ﬁdqqignqﬂm@quﬁmLmzﬁfgmm

SNIGN
Nug #a sapuiiaciat

ds e dudiuguinawaeseynia
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Reg #a sivpuseluas

Pr fAafmansusiia

3.4.3 ANNIGUNNNUNTYANT

3[40 . _ N
E [E (Espses) + V. (Espsvsé?s)] = (—psl + TS)! V. Vg +
V. (kgsVOs) — vos + @gs 6147

~
11
A a &
0, AaanunRunsyans
= - o <
—pJd+ T.): V.V A9 NN9AF NN AUIREINUIEATANLAT AT B9 LT
s s s
V. (kgsVO,) AR NIIUNIUDINAINY
A o a Qr ]
kgs Paduilsz@ninisuns
Yos AB NMIAAIEFIDINAINY

Pgs e NMsuanlaBunANIuIEnINeignIATesiauasinN1ATe9Ld
ann1sdNLsE@nannInszaefAaesgunlLnIyans

150p d,\m0s
os = 384(f+jss)gss [1 +2 esgss(l + ess)] + 2psd,e2 gl (1 +

Os
ess) 7; (3.18)

o
b

Jss A Wsrdunisnsyanaaasaynialunun i

A o a = &
eSS A ANUTZANTNITAUANIN



3.4.4 ANAUMULTEF193T])N1ATB9UTN

— N N 2
Ts = espts (VU5 + V) + & (/15 - g.us) V.

~
bNB

I AR AMLAWIREIR ST NI
3.4.5 aunMsRriFuNNINsTAEIase NI A LW FAR

1/3
ggsz 1_( = )

Esmax

-1

3.4.6 NAWNIUNTZANENITU

3

12(1"‘9525)9.95 2 =
= & 952
Yeos dp\/E Psé€s
e

Vos AD WANIUNIZTANNTY

3.4.7 ANN1IANAUIBIINNIATBIUTY

ps = PsEsbs + Zpsgszggs(l + e5s)0s

vl

(3.19)

(3.20)

(3.21)

(3.22)
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3.4.8 ANN1TANNNUALBBUIBIINNIATBILDS

fric

s = psot + pfm + g

4 Os
‘ugoll = Epsgsdpggs(l + ess)\/;

#kin — 1085psdp—ﬂesn
S 9655925(1"'955)

fric _ DpsSing
S = =
2\I;p
o
bNB
A = A [ % <1
Ug AR AMMHNUUALRAUTENINTATDNLIN

coll =« A o @ A a o
l’lS AR ﬁ’]ﬂuuum‘lj'ﬂ\iqgﬂﬁﬂm@\iLLﬂJ\iwLﬂﬂﬂ’]i‘ﬁuﬂu

kin =« 2 o & -
HS AB ﬁ@ﬁmﬁummﬂﬂqgﬂﬂﬂmﬂﬂLL?JQ@@NW@W]ZWI?

fric

U A pnuviliazesdgninteudsiidanniy

&

= Y . o o p~
IZD AR ANMNLALNULTATILIENLIUUABIRTALUNARIAIN

3.4.9 auma?mqwﬁmmmmdvgmmmLlﬁ]’q

4 0
As = ggspsdpggs(l + ess)\/%

As  Ae anunilnsneeigninsesuds

4 2
[1 + Egsgss(l + ess)]
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(3.23)

(3.24)

(3.25)

(3.26)

(3.27)
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3.5 ansnsinadjnsensnasuadimunislan

Ndetaendnsnaiadizenann [2] lunisssanlultsunsu ANSYS FLUENT

4
=

dl = aaa = c a v % Adl a 4? IS ]
sﬁx‘lﬁ\l@Nﬂﬁ‘ﬂ@\‘iﬂ{]ﬂﬁ‘ﬂﬁ‘ﬂﬂ?ﬂﬂ\‘lﬁ\lLVIHWJEIVL‘GH'WILﬂﬁ“lluluﬂﬁ‘x‘]_lquﬂ’ﬁ N \‘lﬁ]‘ﬂvl,ﬂu

kJ

SMR, = CH, + H,0 == CO + 3H, AHS%: 206.2 ol (3.28)
kJ

SMR, = CH, + 2H,0 = CO, + 4H, AH§98= 165.0 (3.29)
kJj

WGS = CO + H,0 = CO, +H, AH2gg=-412 — (3.30)

aaa = c a A g %’ QI £ o
anann1sliseavlefuisimusan lasiinfaanisgadu
Ufjizenn 3.28 vzairendn Ujnsatsesuielinuson el idunisindiseniu
1 = % a [ o aaa o 1 a 1
sundimuuazlaunfiaduafuennewenladuaslalnuay Ugsandenainazifinasing
anysnilafesag luninsNguuniigelussaunis Wesanndjisetiduljisagaaes

5014

Ufisenn 3.30 Fundt dgisendasududule Reanuandmsinanaseldann

! v
UjAzenT 3.28 annnsovindfisaniulevnlifsidussuenlneanlasuaslalingiau

waz Ui 3.29 wWlulffsaanesuiisimusan lavhsniulfisedasun

dule

ARIUAINANNNIAINAIINA 3ANNNT ANMNTDNAAIERIINITiaL e IdAssall

gnansainalnsen Tae [2] uaz [19]

3
k1 PHZPCO
1= 525wz - PenyPrzo ——— (3.31)
P25 (DEN)? CH," HZ0 K
4
ko 2 Py,Pco,
Ry =—==——"— .(Pry P - 3.32
ks PH,Pco
R, = ——— (P-oP — 2—) (3.33)



DEN =1+ K¢oPco + Ky, Pu, +Kcu,Pcn, +

pry
LB

ANAITIAAUNAANARTIB9U T30 SMR,, SMR, uaz WGS (

ky -9.708 x 10~*exp [‘24;’100
ky=1.156 X 10~ *exp [
k3 =1.2597 x 10~%exp [—==

-
-

(

T

ANAINANAATRILATEY SMR,, SMR, ey WGS

K; =

1013252

kj)

Py

Kn20PH20

2

exp(0.2513Z24-0.366523-0.581012%2-27.1337Z—3.277)

K, = KKy

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

48

K;;; = exp(—0.29353Z3 + 0.63508Z2 + 4.1778Z + 0.31688)

ArpnaNnazesatsailla (K;)

€

(

Koo = 4.091 x 10~ %exp [70250
Ky, = 2.960 x 10~ exp [BZZOO
K, = 1.791 x 10 %exp [
Kizo = 0.4152exp [ (3

Py,

A o
AR AN mm@ﬂﬂmmu

1 1

F )
1 1

G-
1

823

)

<)

|
)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)
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A o =
Pey, Ao powdugesiiong

- . ¥
Pyo0 Ao aviuduwesian

A o [ &
Pco Aa auduzaspsueunene s

A o [ c
Pco, e mnusiuaespniueulaeenlss

3.6 ansnsinalfnsena1suaiudi, CBN

‘]JQQQ [ o o/ 4 ¥

fiseanfuewmdu udjiseanimnsagadudnldlunssuounisiiedas 1

u

a

dpiradulddranddy Ineidunisindffseniusendnaaed 2 9gaia A 209uleuazaed

Tuafiegluanuzufia uansannisresdfisenafueiududasialii
CBN = Ca0 + CO, — CaCo, AHJgg= -178 kJ/mol (3.45)

Uised 3.45 wpaidaneanladiidiseaduatsueulaeenlamniaduinaidey
afueiun waziulisennanciniendans ieuuginiglunszuaunisanas uazann

ANNIIAINATY AINITDUAAEATINTTAALGTE1A N [19] TiRssialilil

n
Ry = k4 (Pco2 - Pcoz,eq) So(1 — Xcao) (3.46)

a

7

pMsuaasAsuaUlaeenlasqnanaa (Peo, )
9 q 2’eq

gwiu T > 1,173.15 K;
Pco, ., = 1.216 X 10%2exp [@] (3.47)
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gwiu T <1,173.15 K;

Pco, ., = 41918 x 10*%exp

—20474
[—] (3.48)

ANATIAAUNAANARTIB9U]T3E1 CBN
dmit (PCOZ - Pcoz’eq) > 10,000 Pa;

k, =1.04 x 10 %exp [ﬂ] (3.49)
n=20
dmdu 0 < (PCOZ - Pcoz’eq) < 10,000 Pa;

ky = 1.04 x 10~ 0exp |22

R (3.50)

n=1
dgwmsu | P — P < 0 Pa wapainliidnsaadupsuaulaaanlbminnaiu
COZ Coz’eq ql

Tugzu
=
e

A ! dl 2]
AR ANAINUBILLNEA

A o o '
n AR TCAUUBIAIMNAULDEL

3.7 maliaumdsanaaunamansasljisensnasuisimunialai

Tuanu3deil MTlsunsn visual C++ Tuna@auands ilenaziualffisewai

nelwaresdfinand Tnadgisannisawladvisunn 4 Uasennnanalidnsiu
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3.8 n1sa1aa9radluaniallsunsy ANSYS FLUENT

a o o =S o

Tuqmmaﬁmmmnmnwmamwaﬂmmﬂnmiu@L%\iﬁmqmmmmzmum?

= c a % o a a % 1% dll a . a s a 3’/ ]
safuiedlimusoglashiiinsenisgeduluesesljnsnivgd ladiunuuumnfsunulzns
Tnanisanaesldrzuy 2 5 nezusuniadungd induiuuaesignin e Jaesluandly

wAANAN toun Jnu ladn afuaunauanlas afuanlaeanlas wazlalngiau wazdau

24
a v a A a

weudsaziflufaideljisen Tnasngeljiseanldluewideil Ae dninauazinialus Tnay
a a o v d' o 1 aaa 6 O v dl o o c o
Hninaviuthndudased)isen uazlnlalumiwdndusegedunisueulneanlss &
uaduNIBANENane 225 luasau waznistfeuuiadiaresdjnsninisdiuang az

dautsznavrasansdasulann Jwmu faaay 20 warlatnfasuay 80 luni1qziliaesna

(% {
G

(Transient) WANAMNTUUUAIAIINGDILAYNEIAIENAWIAN 0.3 was azifluszazidasnis

Tiraqudzeiadalisanusrqluanugeienans uazguuuninnenldedn 923 wnaiu
[ dl a = a o fdl dl ¥ [
AMNLTITN 0.2 wmssadud lunisdimziitlsngnisaiiinaadesiuszuunisnauss
UATeAN 78993 RlFUL LS a09UL a8 1A D FEL-28 IR0 FEY WATTIUIBYNIA
(<3 A o a d! o =2 o 1 ¥ g 1
wesudvaianiuiduredlvadnuiiedgnin uazAnmsaudesine lHainnisadiuai

Tnauanasnisaaassaelisunsy ANSYS FLUENT azgninaniatsunndngdoulng

Tuauuuuieaalmu lalasiau arduaunauanlasuazansuaulaaan s

A7 3. 2 Fautlasuiiun1aa9A 1 lunasanaesnamaniues lva
a o = o a a % %’ d’ Q’ % o
NAIIIeINsEUIUN TN SN WAaE Tat AN A aen 19991 T

wrevtnsningdladiunuuuAnsusiuLlzne [2]

s 4 a o 1 dl o
paleaitiuN11ANaag AN I lUnN7a1a89

Dolomite particle diameter (um) 225

Ni-Cat. particle diameter (um) 225

Dolomite particle density (kg/m®) | 2200

Ni-Cat. particle density (kg/m®) 2100

Static bed height (cm) 10-35
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FulsAnLiiunnsanans A9 lunnsanaes
Reforming temp. (K) 823-1023
Superficial gas velocity (m/s) 0.1-0.3
Steam to carbon molar feed ratio | 1.5-4.0

A7 3. 3 AL e9N1791a89TIeNA [2]

Flow field Transient

Gas composition 20% CHa4, 80% H20
Grid number cells 3000, 6000, 9000, 12000
Restitution coefficient 0.9

Time step (s) 0.001

Drag model Syamlal-O’Brien

3.9 AUMBUNITNARAY

o = a = e a a v 9; ai QI v o dl a c
3.9.1 nsanassdianmresTnasuislmudae et niiaseansgaduluesesljnend
wuugdladiun
Tunuidailaenldlisunsy ANSYS FLUENT 19R1 Tunisnaaes TaaEusuainnis
A543 case 19901331489 FeN1910 mesh NlAgnanaldfaalilsunsy GAMBIT uazA4ad
= % = o X o ~ o > !
gniaeudaen1®1d 81%11n19 compile sanfuillu case RazgniuinnldlunisAapsne
1 QI o 2// 1 = o v a
sinll TnaBuusninnmsssAnsaumauuuLataaeniu (2], [3] Wuduiuy waziansounung

Andoulpgluaraslalnsiau Apfuaulnaanlas AFuauNauanlas Lasling UadaNIuay

o =8 o o Aa ! [ d”
‘Vl’mqﬁ‘ﬁﬂ‘]:f”llﬂ'}LLﬂ?@’]LMUﬂ’]?ﬁ]’N“] AN ﬁ]ﬂiﬂu



A9 3. 4 sautlsanidunisiseanisnagen luuuusians [2]

fUUNN (LAATLN)

823, 873, 923, 973, 1023

ANLGIUDILN A (meﬁifaﬁmﬁ)

0.1,0.15,0.2,0.25, 0.30

AINHATDILLIA (LEURLNAT)

15, 20, 25, 30, 35

fn9duradlatitfamsuas ( -)

1.5,1.85,2.33,3.0,4.0
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o o = = = s a o Py Y A a o o &
ANTNN 3. 5 ﬂﬁﬁ‘@’7@@\7“’171,@1/\/&7‘.’1]@\75‘7/\/@?J\IJ\I\?J\ILW'LJWJE/7@'LJ’)WLW&I&)CJE/ﬂ’)?@WHUEZmﬁ)?@ﬂ

Ugnsaduvugdladive

SR GRIVEE ALY smsdanlenin AYTNEATRILLA
(LARATL) (lATFRIUT) ARANTLAL (VEUFILNGT)
1.1 823 0.2 4 30
1.2 873 0.2 4 30
1.3 923 0.2 4 30
1.4 973 0.2 4 30
1.5 1023 0.2 4 30
2.1 923 0.1 4 30
2.2 923 0.15 4 30
2.3 923 0.2 4 30
2.4 923 0.25 4 30
2.5 923 0.3 4 30
3.1 923 0.2 1.5 30
3.2 923 0.2 1.85 30
3.3 923 0.2 2.33 30
34 923 0.2 3 30
3.5 923 0.2 4 30
4.1 923 0.2 4 15
4.2 923 0.2 4 20
4.3 923 0.2 4 25
4.4 923 0.2 4 30
4.5 923 0.2 4 35
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3.9.2  neanaesdienAredErefuslmusaelasmiindanisgeduluezes

dfnsaluuungdladiunuuumnmusutleng

UnsmAnEnlaaniada 3.7.1 Aesuculensinaldanuouneulinefaus 12 3

] di ai = = ' 1a :j/ 1 a :// ] dI
WaE 4 LN L‘W‘ﬂ‘l’]L‘ﬂﬁ‘f;lllL‘V]ﬂ‘i_lil‘z‘VIQ'NLLUUiNW@mQLLNuﬂZ‘V]tLL@ZﬁLL‘LI‘].I[)‘]@GI\?LLNH‘]JSV]Z §IN

Wansunnuadndoulnaluaaeslalnsiaugengna sonianansunadndiulnetuaneq

|
prfuaulaeanlasd arfuaunauanlasd uardmu Tnaagdnisanassdienfneg
a c a U 90J dl QI v o/ di a s a Ca a ?/ ]

asuiadimudaglavniindaanisgaduluesestfnsaluuungdladiunuuuRnsauedy

ey samalddl



o o = = = s a o Py Y A a o o &
ANTNN 3. 6 ﬂﬁﬁ‘@’7@@\7“’171,@1/\/&7‘.’1]@\75‘7/\/@?J\IJ\I\?J\ILW'LJWJE/7@'LJ’)WLW&I&)CJE/ﬂ’)?@WHUEZmﬁ)?@ﬂ

Ugnsaduuungd ladiunuuuansusiutlzns
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o o/ dl
ANALUN

AU | BUUH AT dnadoula | ANEITRY
deng (1ARTL) (lATFRIUT) ¥samfeL LA
(LEURLNAT)
5.1 1 923 0.2 4 30
5.2 2 923 0.2 4 30
5.3 3 923 0.2 4 30
5.4 4 923 0.2 4 30
6.1 2 823 0.2 4 30
6.2 2 873 0.2 4 30
6.3 2 923 0.2 4 30
6.4 2 973 0.2 4 30
6.5 2 1023 0.2 4 30
7.1 2 923 0.1 4 30
7.2 2 923 0.15 4 30
7.3 2 923 0.2 4 30
7.4 2 923 0.25 4 30
75 2 923 0.3 4 30
8.1 2 923 0.2 1.5 30
8.2 2 923 0.2 1.85 30
8.3 2 923 0.2 2.33 30
8.4 2 923 0.2 3 30
8.5 2 923 0.2 4 30
9.1 2 923 0.2 4 15
9.2 2 923 0.2 4 20
9.3 2 923 0.2 4 25
9.4 2 923 0.2 4 30
9.5 2 923 0.2 4 35
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AU 11NN NN TN MR U LT AR NIANIE AN LA ANNANZEN AN
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= o ' ¥ dl [ ¥
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v 1
4) uaangaulsanifuniesne dmiunisanaestienhresgefuslinudonlatng

o
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4.1 NFAINADINAANFASUDI I UALTIAIUITY

4.1.1 nMsanuInaanNnzaniuseslnaningalndiun

1 v
o

ANUIUIARNYNAIAIEMFUULUAIADINAANARFITIAIUINS HNAFDNARNTIDINTG

¥ 1

naaed LanlaariipangnaesuazusutiuInteaiaslaitueyiun19AIAI093 149U

AR I1UIILRAINANTUINANUIUNIANINNA 4 A1 AB 3,000, 6,000, 9,000 LAY 12,000

AR IAENANITNAABILAAIANNGLAUAS Aasialiil

Mole fraction VS No. of cells

= 100

(o]

T

©

c 0.80

[§]

N

@]

©  0.60

@]

O

< 040

T

(@)

Y—

© o020

o

2

§ 0.00 —-— - - -

R CH4 co COo2 H2

[}

g 3000 0.02 0.05 0.04 0.89
6000 0.01 0.03 0.04 0.92
9000 0.01 0.04 0.04 0.92
12000 0.01 0.04 0.04 0.91

~ - . ol o ;
‘E‘TJ‘VI 4.1 ﬂ'?TLI/?E/.‘UL‘VIEI?./TS‘/’WQ'7\7?/%’7@7/@\71,77@@7/]@’71&91&5]7\77 hae

dndaulneluarasidiny msuaunauanlas Arduaulaaanlas waslalnsiay

o

, S0 d v, . 4

AU AN AT ldanansznusananIsmaaad angli 4.1 iunsuans
ANTNANNUSIzUINa AU aanUdndoulne A998 N ANTUauNauan s
Afuaulnaanlas wazlalnsiaun aruauaedmasn 3,000, 6,000, 9,000 kAL 12,000 AR
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