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Effect of Boundary Temperature Distributions on the Outlet Gas
Composition of the Cylindrical Steam Reformer
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ABSTRACT: Numerical simulations have been conducted for the cylindrical steam reformer
having various boundary temperature distributions. CH4, H20, CO, H2 and COz2 are often generated
or destroyed by the reactions, namely the Steam Reofrming(SR) reaction, the Water-Gas Shift
(WGS) reaction and the Direct Steam Reforming(DSR) reaction. The SR and the DSR reactions
are endothermic reactions, and the WGS reaction is an exothermic reaction. The rate of reactions
can be slightly controlled by artificially given boundary temperature distributions. Therefore, the
component ratio of the gases at the outlet are different for various boundary temperature distri—
butions, namely the constant, cubic and linear distributions. Among these distributions, the linear

temperature distribution is outstanding for efficient hydrogen production of the steam reformer.
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Table 1 Chemical reactions and the heat of Table 2 Constants for kinetic rate constants
reaction in the steam reformer Reaction k,; [mol/kg—cat-s] &, [k]/moll
. AH 1 9.048x10"" [bar '] 209.5
No. Reaction 5 I
[kJ/mol] % 5.43x10° [bar ] 70.2
(1)  CHa + H20 = CO + 3H2 206.1 3 2.14x10° [bar ] 2115
(2) CO + H20 = CO2 + H2 -41.15
(3)  CHa + 2H20 = CO2 + 4H2 165.0 Table 3 Constants for adsorption constants
(4)  CHi+ COz = 2CO + 2H2  247.3 Species Kom A#,, [k]/mol]
3 T
(5) CHi + 3CO2 = 4CO + 2H:0  330.0 CHi 199510 [bar ] 73665
H20 1.68x10° [~ 85.77
©6) CHi = C+ 2Hz 74.82 ’ <10 1
CO 811x10 ~ [bar 1] -70.23
@ 20 =€+ Co 1733 He 7.05x10 ° [bar '] -82.55
(®) CO + H2 = C + HO -131.3
9 CO»+2H2 = C + 2HO  -90.13 K, =K, % exp(— AH,/RT) ©6)
(10) CHs + 2CO = 3C + 2H20 -187.6

2B 2 6)NA kT K, S ol
23} o A (activation energy), AH,, > ]‘
o} wpA e o g wre(3)e A FE7] MA vg Z} el ghy] (adsorption enthalpy), R 7]21]”’\ ]1:!:1
(direct steam reforming reaction)©® DSR W& Table 2, Table 30l ©]E5¢] #& wAaglc”

o] g} aL "‘—?}‘:}.(5) Tk A ~AQ)elA K& B d(equilib-
Table 12] W<€ & HH SR Y33} DSR HHg- rium constant)& |73}z, Table 4o 1 AAHA S
gl qde & theb ek

(11)  CH4 + COz = 2C + 2H20 -15.3

é
o rlo

2 &4 wgola, WGS 4y
Atk ¥h3-(1)~(3)ell gk whg-E(rate of reaction) o, 7 Al e A 2E e v dsE
o ey o] AxrEch” (conversion rates of species)< WHg-E3} & A4
(effectlveness factor) & &l tha3t o] vebd
= 9
k, Py Peo 1 AN
31*—25 CH1PH20_[(—1 X? (D)
= o ' Top, =~ M — 38 (7)
k L co, 1
Ry = =\ PopPpyo— ——2 = (@) Pi,0 == MRy = 1y Ry — 2051 (8)
PHQ ! [(‘2 Qr
pip Too = i — 1y fty 9)
R, = ;;”5 (PCAQP?IZO — H;((*O,ij 6;2 (3) T, = 3m By + 0y Ry + A Ry (10)
, e3 T 7"002 = 772R2 + 773R3 (11)
Q. =1 +KCOPCU+Kf12Pf12 +KCH4PCH4 (4)
T Kool P, HES (D)~ WS ()l A o] Z1zte] g E e A1)~
Aoz FHEH =, o= 7 7IAlY] B, 1y
P, e 7t 71A ] 4L, ke v S5 k- of 2] gl o ALtk o714 71A e E]
netic rate constant)E& WERH (5%} 2o} A, < =5k o) A, Eese A7)~ 01
2 7+ 7)A &3 ”—r(adsorptlon constant) & 4 o Ao} o] HtS-Eof 93 tiA] A4bE T g 4
el i, 2(6)7 2ok D~ Bl AH&E= s A6 2(6) %

k =k, < exp(— E/RT) &) =, WEELS VA £ 229 e 29
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Table 4 Equilibrium constants

Reaction K,

1 5.75x10 % ¢~ 11500/ T [har’]

2 1.26x10 “x 4600/ 7 []

3 7.24x10'"x ¢~ 21600/ T [har’]
s, 3] 9704 SCRCH:S} FRO2] 1] &)o] <
A% A%, N7 de R BEE i AN 5
o wl$ FaF VSR A Hepq B =R
AAE A7 el A LE REES WEAonH
W wkSE3 7)) A3 st NS TAS
a, olo] wE a4 AL sHe WElE Yol R A
sho}, g4 Bk ofy e} v5Ad E2 <21 COoll gk
FEF= A A AT

dal A% PR LEF WA, oA WA
o] 2z} ~ 4149 o] AHEH AT

2
iﬂE] ETEE AL AN 4

Continuity equation

opr 0

py (pfu ) 0 (12)

Momentum equation

9 9 __op o [ 9U
ot (pyu;)+ oz, (pyusu)= ij+ oz, \1 ij)
150p,(1— €)? 1.75p,(1—¢)
dpE dpe
Energy balance equation
0 0T 1o} oT
ot (e T+ epyequyp= Bsc-( k ax]—)
+p(at2 Af[l anl (14)
Species balance equation
oC,, 20, 9 oC,,
— tuy =\ Dy
ot J oz oz P dT;
+pcatrm (15)

R
o2
ol
E)
=

YE-7F vloj s e =10l Hlal, 34w
2 YA AdE H0<e< 1)L 19 WE nml& A
Fo Qs F el we g At o A
21(13)91 A wpA et
olelgt /HE7] el o

FJr

= oEE

&2 Ergun’s equation® =,
Aol 9%k te Ast=

&7
et =3 A e A= Seiel S 714
Abole] &I Apol7h AA wA 7] witell, F v

o] %7} Bl
medium approach)©] 2}(14)] = &%t} =3l 2
(14)9] upA e &2 SR, WGS, DSR HFS-E-90] 2] 3]
AdE 48 Yepdle € PR ddg B &
AdFS velY, 2159 viA &8 7 7]A) 9
A e ARES e,

SHA, 21(15)°] Dy = T34 vl A Uloll A 7] 4]
me] B2k A4 (dispersion coefficient)o]™, 2(16)3}
2ol Agata”

7].;—] O]_b Ak wf L (one—

O:

m,Tr

de,m = ( +0.5d, |u|) (16)

Thed

D,, .2 714 me ik A=, T 7t &
ol digk 714 me] gt E dvER, 21(17)
2ol Airetant =8 e thed Wi =
£ (tortuosity) & WEFN I, o]= 2(18)3} 7o A
skt

S| TR

1-X,
Dm.,r E (17)
= mn
1
Thed — \/Z (18)

2117)NA X, & 714 me] ZH-E-S Ve
< 71A m¥} HUJO] o] A& o, 714 mollA nﬁi
gty = o] & &4t Al(binary diffusion coef-
ficient)& WAt D, T 4199} o] Al
}&%E}.(lo)

0.00143 747

Dmn = MO 5 < V1/3+ V1/3) (19)
1 1 \7!
M,,, = 2( A ) (20)

21199 vE ZF 71419 4t A4 (diffusion vol-



e

d F57 AE79

A

Table 5 Gas properties used in Eq.(19)

Gas Molar mass Diffusion volume

CHu 16.043 25.14

H20 18.015 13.1

CO 28.01 18.0

Ho 2.016 6.12

COz 44.01 26.7
ume)= YEFWZ, M2 Z+ 71 A9 & & F(molar

mass)= YEeERATH 21(19)0 A, =X] AlAkel ALE-H
zk 71A1 9] gk AF Y 24%S v

=

s (10)
FA BT

24 A oM ZHe FEY HF

BowRo A ALy A mdo] fENS 05T
7] $18l Hoang 5 ZA¥e} vlmatdeh.” w4 SCR
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