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Table 1. Methane-steam reforming test conditions.
Reduction gas temperature | Reduction gas temperature Mixing ratio (steam/methanc) (mol)
at the inlet (°C) at the outlet (°C) xng
700* 6.0 4.0 3.0 2.0 —
450 800* — 4.0 — 2.0 —
900** — — — 2.0 1.25
(Note) Pressure in the reformer is as follows
* : 3~4 kg/cm?g, **:2kgfcm?g
TIRAC
FIRAC - Twz
-3 S
i A !
?gmﬁﬂﬁigﬁ, N . X
(2) (3) | (Hl)Helium
(H2) a | tiow
FIRAC
O ‘
t
Ccng) —|—’ - ~N— {4) HP : Preheater
o R : Reformer
(1 —{ > CQ, * Quench cooler
Helium DS : Drain separator

Fig. L.

TW,: Quench cooler
feed water tank

Process flow diagram.
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Mixing ratio of methone-steam
T~ __ Classification | 1
Item —
S/C 1.25
(N (2) (3) (4) (5) (6) (H) | (Hy)
Symbol Feed | Feed Reaction | Reaction | Condensed . .
methane @ steam | Mixed gas, gas gas water Helium | Helium

H, (kg-mols/hr) —_— —_— _— 0.2784 0.2784 ——
CO (7) o —_— — 0.0856 0.0856 _—
CO, (7) —_— _ —_ 0.0054 0.0054 _—
CH, (7) 0.0958 —_ 0.0958 0.0048 0.0048 —_—
Total dry gas -

quantity (7 ) 0.0958 0.0958 0.3742 0.3742
H,O (7) _— 0.1198 0.1198 0.0233 0.0094 0.0139
Total quantity (#) 0.0958 0.1198 0.2156 0.3975 0.3836 0.0139
Temperature (°C) 20 350 450 900 40 40 1.000 700
Pressure (kg/cm2g) 9.0 5.0 3.00 2.00 A‘;:g:g}‘gic 2.0 6.0 6.0
Flow rate (kg/h) 1.537 2.158 3.695 3.695 3.445 0.2504 20 20
Average molecular | 16 040 | 18,016 | 17.138 | 9.296 | 8.981 | 18.016 4.0 4.0

weight

Classification I
Item
S/C 3.0

H, (kg-mols/hr) —_  — — 0.3601 0.3601 —
CO (7) —_— _  — 0.0668 0.0668 —_—
CO, (7) _— —_— e 0.0399 0.0399 —_—
CH, (7#) 0.1186 —_ 0.1186 0.0119 0.0119 —_
Total dry gas

quantity (7) 0.1186 D 0.1186 0.4787 0.4787 —_—
H,O (#) _— 0.3558 0.3558 0.2092 0.0073 0.2019
Total quantity (7 ) 0.1186 0.3558 0.4744 0.6879 0.4860 0.2019
Temperature (°C) 20 350 450 800 40 40 1.000 600

Atmospheri

Pressure (kg/cm?2g) 9.0 5.0 4.3 4.0 ‘prg:s‘t:'ri 1 4.0 6.0 6.0
Flow rate (kg/h) 1.902 6.410 8.312 8.312 4.675 3.637 20 20
Average molecular 7

weight 16.042 18.016 17.521 12.083 9.619 18.016 4.0 4.0

Fig. 1. Proccss flow diagram.
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Fig. 2. Reformer arrangement.
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Table 2. Comparison of operating condition.

It Commertial Tested
em reformer reformer
Reformer tube I.D. 90~ 200 75.9
(mm) :
Reformer iube
length ( mm) 9 000~15 000 2 450
Heat flux
Space velocity N
(Nm2H,/m3- hr) 1 800~ 3000 900~ 1600
Mass velocity
(kg/m2-hr) 25 000~-50 000; 1300~ 2400
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Process gas
composition

Inlet condition

Process gas
temperature

2B T\VW5b.

He
temperature

const.

Equilibrium const.
Reaction rate

|

J

r

Reaction rate

-

( Material balance)

,‘

Heat of reaction

Process gas
composition

Process gas
temprature

QOutlet conditon

)

Heat transfer
rate

—

(Heat balance)

|__l

He
temperature

Fig. 3. Procedure for process calculation.
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He gas

Convection

A

Convection

Internal surfoce of
outer tube

ﬁcdiofion

External surface of
inner tube

Conduction

Interal surface of
inner tube

\\\ffmm"

Catalyst particle

/onvecfion

Process gas

Convection

Fig. 4. Heat transfer mechanisms.
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Fig. 5. Temperature distribution of steam re-

former (Case 2).
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Fig. 6. Temperature distribution of steam re-

former (Case 3).
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Fig. 7. Dry gas composition of steam reformer
(Case 1).
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Fig. 8. Dry gas composition of steam reformer
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Fig. 9. Dry gas composition of steam reformer

(Case 3).
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Table 3. Example of experimental results.

T Test N
- “-Mﬁ\ est 2vo. Case 1 Case 2 Case 3
T T————

Methane Flow rate kg/hr 2.31 3.18 3.19

Steam Flow rate kg /hr 7.64 7.50 4.50

Reducing T °C 450 450 4.48

. v emp. .

gas side | Reformer Inlet | p o 0 kg jcm?-g 3.65 3.55 2.00
Temp. °C 700 803 900

Reformer outlet | /o ¢ kg /om?-g 3.45 3.30 1.80

Helium Flow rate kg /hr 27.32 32.50 32.68

Helium . Temp. °C 797 934 1007
gas side Reformer inlet Press kg/cm2.g 5.4 5.2 5.00
Reformer outlet | Temp. °C 530 574 603

Upper 475 512 542

. . Middl ° 9 643 687
Redusing gas side temp. iolwere C (558(1) 767 842
: Outlet 700 800 901

Upper 537 580 617
Reformer tube temp. Middle { ﬁ °C 228 g?é ;32
Lower 731 840 915

Upper 600 660 698
Helium gas side Middle A °C ggg ;gg ;gg
Lower :

{ B 748 860 935

Steam // Methane mol/mol 2.94 2.10 1.25

H, 60.2 59.8 57.6

Dry gas CO mol 2.74 4,49 9.17

Reformer composition CO, 4 12.3 12.2 7.75
(middle) CH, 24.7 23.5 .25.5
H,O mol%; 89.50 55.51 28.36

H, 75.1 75.8 75.2

Dry gas CO 10.7 16.1 22.6

Reformer composition CO, mol 10.5 6.99 1.63
(outlet) CH, 3.79 1.11 0.56
H,0O mol?, 41.77 20.74 5.13

(2205 OWl4 225 mm 23k 5 LI SHE )

HLENY Y R XURGH ADBEST £ EBHE E 0

HEZ X 5 ~[4 6 FUS 47 2 kAL & RIS HE & ot

&t

M2 T He KRG DIBEBRTE2E L TWE L0 LFE
zZbhas (He UDHjJ\D(mEaﬂi ThENY 7 4 —=
CESELTVWAESE

e T ~EI R L
FIEE & EEE L DEE, B
DHEHBICL D EBbhS.
(1) ~v o aBANBE
17+ —<DLTFIRE, TOXKEKDRLH, R0
R, MBEFTRIROLDOELR Y, KSNERMMED S
D, OS> HLOEGERH, HAOEEORERT

HOBIEREUIMC O E

(2) ~0YadhhBREs
~NY U A lOBMRER, TE (FIRIR) TRIER
Rl EOMBIC X D ERDOAN Y 9 A BEEEHEEI I
R BHDOHITL Dt ELbRS.
(3) ELHAHADIEE
ANY Y A ADBECE TR LA ERUEBHIC LY
ETCH A DRI IB O T BENDIREBR T4 LT

—110—
2



EEB~Y VAL B A2 vkEEHEIZEY 5TE 3031

1 000 |-

900 [~

800} Carbon deposition
region

700 |-

Temperature (°C)

Carbon deposition region

500 -

400 (l) ] ! 1 1 ] | 1 ] 1 1 J
Inlet 0.1 020304050607 0809 10 Outlet

-

Nondimensional heating length

Steam reformer length
Steam/ Methane=2.10

Fig. 10. Carbon deposition of steam reformer
(Case 2).
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Fig. 11. Carbon deposition of steam reformer

(Case 3).
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Table 4. Data of hydrogen permeation test.

Helium flow rate Nm3/hr 178
2o | Reformer {Press kg/cm? 3.6
3 inlet Temp. °C 450
2 & | Reformer {Prcss kg/cm? 3.35
& & | outlet (Temp. °C 800
E S | Reformer {Prcss kg/cm? 5.2
2@ | inlet Temp. °C 933
£ §n Reformer outlet temp. °C 578
E) E‘ Upper °C 588
5= Middle 679
= o
xS Lower 837

Nce/hr 11.49

Hydrogen
permeation
rate

) | Middle | Outlet
@
35 Dry gas H, 59.8 75.8
& 3 | composition | CO 1 4.49 | 16.1
5'g co, ™% | 1227 | 6.99
=K CH., 23.5 1.11
=4

H,O molo | 55.51 | 20.74

Table 5. Hydrogen permeation rate and hydrogen

permeability.
Item
Hydrogen perme- Nee/hr 11.49
ation rate
N
Ue — 1.829
log Z 1.262—3.427><103-_;_

Table 6. Comparison of hydrogen permeability.

Hydrogen permeability

- mm -Ncc/cm?- hr-atm/2
\\\ \

o Gas 1 Pere | Mixing | Reduc-
\ gen gas ’mg sas
1/T,=0.80%10-3 (1/°K
(976.8°C

K

Wall
temperature

3 1.33 | 0.03 |0.033

0.185 | 0.004 | 0.0046

1/T2=1.05%10-3 (1/°K)
(679.2°C)

FOEER, KEHEARE 11.49Nee/hr L0, ik
OEIBH I Leh 2T, KEBBEE KD (RIE
ng).

10
e
°
£
s
8 \
z L
£ -
~
= ™. Pure hydrogen
g 10"
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2 RN
- §\
\
TN Reduci
<X Reducing gas
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08 | 09 1.0 LU 1/TxI0° 1/°K
1000 900 800 700 600 °C

Wall tempergture
Fig. 12. Performance of hydrogen permeation
through reformer tube.
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