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! Methane steam reforming
2 Synthesis gas

ay



VE-Y Gl opylez o)lod qepoan Jlo (3l gl g S g Lidgh - sode 4y 05

STy ool STy slo S eylie [u Sivayin, o 1)d oyl 5l o ] 3,5 1,8 eolaiwl 0,90 JuuSg 00 iiw glp
O SenSTles Sy, b aslin 1o colyd ;o 098 oolainl (65, o 9 (silwe >3 G lgicds Wilgi oo a5 WS o
05850 535l (Gl Jladynd @y yomie aST (unl )8 )0 1) 2)S gy s 5o jsboas Wilgge (Ll b Sy (L
S o calafii 5 Luagll aly » IS5 SIS 51 shoe slaaly) (31l alaiome o ol pojis; 0565 [NV Y] S Jo
aS ol Jeios jloolaiwl b 1aSTy ploxil gz o3Y sle )5 0iS oo Culow (5l pl aladors gy Conds |y Gl 51 ol
oS el o3BT jie ;o YU sles 3 JBu b 0,5 s 0 STy p ki Jlu ey ) 95 oo (peels coddansd 0,55 )
Loyl jeam ;5 ST b bolyen (ol S5 o daalg) 3l 50 «Sio iy ail 3 05800 (59,000 Sesi & i

DY 51 aw e baadg) J51s 50 o STy 0,565 .0 58 o0 w3 oo (iiSTy S5 5 e

CH4(g) + 2H,0(g) © 4Hy(g) + CO,(9) AH,9g = 165 kj/mol ")
CHi(g) + H,0(g) © 3H,(g) + CO (9) AH,9g = 206 kj/mol )
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Figure 1- the schematic of steam methane reformer
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Tablel: the specification of reformer’s tubes

Properties amount
. kg
Density (ﬁ) 7720
i L 502
Specific heat (kg.K )
Thermal conductivity (=) 29.58
Emission coefficient 0.9
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Figure 2- furnace of steam methane reforming of (a) Zagros Petrochemical (b) Aguirre et al [16]
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Table 2- comparison between two different reformers

Parameters Aguirre et al Zagros
Length (m) 16 15
Width (m) 16 5
Height (m) 12 12
Tubes number in a row 48 46
The number of rows 7 4
Outer diameter of tubes (cm) 14.6 14.1
Length of tubes (m) 12 12
The number of burners in a row 12 14
The number of burner rows 8 5
The number of outlet tunnels 7 5
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Table 3- comparison of tubes feed in different simulations

Parameters Tubes feed in Aguirre et al Tubes feed in simulation 2,3 Tubes feed in simulation 1

Total mass flowrates (kg/s) 0.1161 0.2404 0.2347

CO, mole fraction 0.0117 0.00378 0.0172

CO mole fraction 0.0001 - 0.0002

H, mole fraction 0.0018 - 0.0589

CH, mole fraction 0.2487 0.3394 0.3259

N, mole fraction - - 0.0152

H,0 mole fraction 0.7377 0.6419 0.5826
Temperature (K) 887 790.3 793
Pressure (bar) 30 43.14 40
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Table 4- comparison of burners feed in different simulations

Parameters Aguirre et al. [16] Simulation 3 Simulation 2 Simulation 1
Temperature (K) 532 552.8 552.8 540
Mass flowrate (kg/s) 1.1385 0.692 0.692 0.669
Mole percent of
H20 0.39 3.636 3.636 4.9
02 16.10 16.449 16.449 15.6
Ar 0.71 0.79 0.79 0.77
N2 60.08 63.27 63.27 61.2
H2 5.92 9.47 9.47 10.7
CH4 5.01 4.74 4.74 4.6
CO2 9.72 1.35 1.35 2.6
Cco 2.08 0.3416 0.3416 0.5
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Table 5- comparisons of emission coefficient in different simulations

Emission coefficient Ceramic coating | Aguirre et al simulation Simulation 3 Simulation 1,2
tubes 0.75 0.9 0.75 0.9
Furnace wall 0.9 0.75 0.4 0.8
Tunnel wall 0.35 0.55 0.35 0.6
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! Radiative transfer equation (RTE)
2 Finite —Rate/Eddy-Dissipation(EDM)
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Table 6- mesh specification of tubes, furnace and tunnels

Parameters Tubes Tunnels Furnace Recommended limit
Elements numbers 39260047 495482 81674207
Elements nodes 10945367 96607 17839181
Quality of mesh
Maximum Skewness 0.84 0.85 0.85 0-0.85
Maximum Orthogonal 0.99 0.99 0.99 0.167-1
Maximum Aspect ratio 14.72 9.99 18.49 1-100
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Figure 3- mesh independency

! Tetrahedrons

Ve



VE-Y Gl opylez o)lod qepoan Jlo (3l gl g S g Lidgh - sode 4y 05

G S 4 9 Sy
oolaiwl w815 (gomdg i loosls sl ¢ puw lael (gl 0,5 ploil Jow mw liel b (g5luacd amis 4 slesel Cye
zli g cwl a3 8 18 anglie 050 Slles Gloold LY giluas g 2lb cdloolo LY giluas g, cwloas

awlodls dewlne 13 Jg0 8 b ez s o . cewloalionls Lis (V) Jgaz o

‘(Simulatian data — industrial datu)‘

‘XIOO V)

‘ industrial data

Lol e glwand g Wl Sais laosly p o il Slles g b giluad g0 0 glaosls

ko 5 > 1yb byl pd GUosls b basslutpnds s2ins Jluiel -V Jgor

Table7- validation of simulations with design and operating conditions

Parameters | Design data | Simulation 1 | Error (%) | Operation data | Simulation 3 | Error (%)
Furnace

Temperature (K) 1208 1211.7 0.3 1247 1244.5 0.2
0, mole fraction 0.015 0.011 2.6 0.03 0.021 0.3
CO, mole fraction 0.08 0.082 2.5 0.07 0.06 14
H,0 mole fraction 0.24 0.24 0 0.25 0.23 8
Ar mole fraction 0.0082 0.0082 0 0.0084 0.0083 0.9
N, mole fraction 0.65 0.65 0 0.65 0.669 2.9

Tubes

Temperature (K) 983 981 0.2 975 973.06 0.19
H, mole fraction 0.5022 0.504 0.35 0.5182 0.5102 1.5
CH4 mole fraction 0.326 0.325 0.3 0.3202 0.339 5.8
CO, mole fraction 0.091 0.0908 0.2 0.095 0.0912 0.8
CO mole fraction 0.0504 0.0498 1.19 0.0477 0.0451 5.4
N, mole fraction 0.0304 0.0304 0 0.0189 0.0145 32

Sl (695,9 ¥ogluand cewloads aglie (A) Jooo o el lagiluacs 10 0,65 g dlg) 29,5 slaosls
Sglaie pid ol o 33 ¥ gsland 4 Cais g el Oglate b Cdloas Coid CS g £95 9 e L3 0l (ol ols

Elizo (g jlwdmid (955 oold duglio -A Jau

Table 8- comparison of various simulation outlets

Parameters | Simulation 1 | Simulation 2 | Simulation 3
Furnace
Temperature (K) 1211.7 1225.6 1244.5 1250
O, mole fraction 0.011 0.021 0.021 0.02
CO; mole fraction 0.082 0.067 0.06 -
H,0 mole fraction 0.24 0.237 0.23 -
Ar mole fraction 0.0082 0.0083 0.0083 -
N, mole fraction 0.65 0.66 0.669 -
Tubes
Temperature (K) 981 986.9 973.06 1106
H, mole fraction 0.504 0.543 0.5102 0.4734
CH4 mole fraction 0.325 0.304 0.339 0.0389
CO; mole fraction 0.0908 0.087 0.0912 0.0574
CO mole fraction 0.0498 0.0523 0.0451 0.0905
N, mole fraction 0.0304 0.0137 0.0145 -
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Figure 4- Temperature contour on the middle of reformer of a) simulation 1 b) simulation 2 ¢) simulation 3

Vo f



1150 0 ! T T T L}
1100 R . -
L d -"
L d
1050 -
<
o 1000 _—
2 1l ST o T R
® 950 o0 |
[
<3
£ 900 -
[
850 simulation 1 i
---- simulation 2
800 =@+ simulation 3 |
= = = Aguirre et al.
750 . ] ) .
0 2 4 6 8 10 12 "

Tube length (m)
[vs] ol g x,ﬁ w95 b alico sl ancl ;o Lralgl J515 515 slod duylin -0 JC&
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Figure 8- comparison of temperature contours in the middle of reformer furnace for a) simulation 1 b) simulation 2 c¢)
simulation3
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Figure 9- comparison of gas streamlines in the middle of reformer furnace for a) simulation 1 b) simulation 2 c) simulation3
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Figure 10- comparison of gas streamlines in the middle of furnace burner for a) simulation 1 b) simulation 2 ¢) simulation3

0595 0,lgd by pU
i 515 a5 5 s sm Gl 0155 13 b B ol ] el 8IS 5 ja e, e Gl i S 5T
0,55 o)l ln (Sl Slaidigy 5l oslinul slerioy jLasil olye Al e (ulple wlioe (Ral8 55 dlgd 5o
3leysS o)lpd Jlatil cu po Lald 5 ul plonil 0,95 o)l 125w po il b dume T (luands 315 o0 )18 (o) 20 990
Ao ooyl ) (ol ps idigy boysS oV (gilwancd gl 0,65 g dlg) (29,5 dunlio (A) Jouz il ulidl -/A L -/
O gadas 4z 10 0 Sga> e o) 5l 2g 5 S5 les il o (Sl p il 3l solaiul s goylis mlis
9 0l (Ll Ol JESI p gaz 3 HLasil co po Cload Bras 6 e g A (A (jgy0eR 9 99d s
S [YA] ) jaidle asols plouil b lgss jLictl o o s b oo yeS jo ol &l Jlasl iol38) g g0l (ol ylaisee
Voo 0)55),“95 o8k Q,.&ls S0y oLy 0)55 ‘_g),.a.a ‘5))415 o;ooLa...m‘ 0)55 o)‘}lo $9y tsi"“)""' g VAAY JL»
3,8 el 5l oa 0dgi TengS ) pb b (Sl s gy 5l eolatil LYY Jle o [ ] TSy bl iuliEl as s
015 (o )5 L s g Sl Sge 098 po Lo (B5Sy 5 wiols Gl o)lses el cupo i 2T oS o lses )
oy hb ool b (gilwas jo cwladl jals coguw lacas b 315 G pas do o FIA cilaidl ulisl s
oS b alg) s glos yoss ases (Vo) Jsaz j0 b oo ials Lo Job j0 5 ol < /A lal [0 0,65 o lgso Ll
oy il b ledy sles Koz il g Cusloaibosls lid +/Q 5 < /F /A b dw 10 0,65 o,les0 Lail o o
UL.M.: AR Jiw 5o ledJ5J u.:‘ J.?u aS Cewloads ‘59).!.0 o)Lwi': L Lide}l ) de.? PRt odalive Oy )| oslawl 9y

Cawloaosls

1 Hellander
2 Benko
3 ENECOAT

VoA



S50 00l

Sl gy Sl b (Fldos > y0 gl whaw glod s lio -4 Jgu

Table9- comparison of tube skin temperature in operating condition and ceramic cpating case

Parameters Ceramic coating Simulation 3
Temperature (K) 978.3 973.06
H: mole fraction 0.305 0.294

CH4 mole fraction 0.217 0.224
CO2 mole fraction 0.056 0.058
CO mole fraction 0.034 0.032
H:0 mole fraction 0.388 0.4

b bl 55 Al oy s (5lod 1 LBl gy Hal331 N g

Table 10-effect of emissivity coefficient increasing on the skin tube temperature in design condition

Tube Ceramic coating Design Design
No. (e=0.9) condition condition

(e=0.8) (e=0.4)
44 910.43 908.05 840.33
38 911.09 907.79 839.80
33 911.20 908.18 840.23
28 909.71 906.90 839.92
23 910.40 908.28 840.09
18 909.85 907.77 839.78
13 910.90 908.38 839.55
8 909.77 907.54 839.98
3 894.194 840.24 890.24
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Figure 11- the location of tubes in the reformer (top view)
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The methane steam reforming reaction is highly endothermic, thus the tubes full of catalysts are placed in the furnace.
Due to the dominance of radiation heat transfer in the reformer furnace, one of the most important parameters in increasing
the efficiency of the reformer is the emissivity coefficient of the furnace wall and tubes, which over time has caused a
decrease in the thermal efficiency of the furnace and a decrease in the hydrogen production in the reformer. In this study,
the effect of changing the emissivity coefficients of the furnace wall, tunnel and tubes on the synthesis gas production
efficiency, especially hydrogen inside the tube and the reformer furnace outlet temperature has been studied. The Zagros
Petrochemical reformer furnace was simulated in three dimensions using computational fluid dynamics and validated
with industrial data. The results showed that a decrease in the emissivity coefficient during ten years of furnace use causes
a 3% decrease in hydrogen production and a 3% increase in residual methane at the tube outlet. To increase the efficiency
of the furnace, the use of ceramic coatings was investigated and the results showed that increasing the wall emissivity to
0.9 increased the skin tube temperature and outlet gas by about 8 degrees Celsius, increased hydrogen production by
about 6.3 percent, and reduced methane consumption by about 10.2 percent compared to the operating condition.

Keywords: Steam reformer; Furnace; Emissivity coefficient; Ceramic coating; Radiation energy
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