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ABSTRACT: Inthe first part of the research, non-catalytic natural gas reformer is investigated numerically. Review History:

The governing equations include the mass equation, the species equation with eddy dissipation concept geceived: Apr. 13, 2020
modeling using GRI-1.2 mechanism, the momentum and energy equation with Reynolds-averaged Navier—  Revised: Oct. 14, 2020

Stokes turbulence model. The results show that increasing the pressure promotes conversion of CH4 into  Accepted: Oct. 25, 2020
hydrogen, but from pressure 3 MPa and above, hydrogen production remains almost constant. Also, if the Available Online: Jan. 01, 2021
ratio of oxygen to natural gas increases to 0.66, the temperature increases and the concentration of CH4 in
the exhaust gas decreases In addition, as the ratio of water vapor to natural gas increases, the temperature
in the reformer decreases and the H2/CO (synthetic gas) ratio in the output increases. In the next section,
methane steam reforming is examined to overcome the hot spot problem in these reformers. The mass,
Brinkman, component and energy transport equation are used for the multi-tube catalytic reformer. The
effects of inlet temperature of heating tubes, CH4/H20 ratio and configuration of heating tubes have been numerical method
investigated. The results show that increasing the inlet temperature of the heating tubes, the CH4/H20  Partial oxidation
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ratio up to 0.25 and the number of heating tubes, increase methane reforming.

Porous media.

1- Introduction

The main method of producing hydrogen gas is its
extraction from synthetic gas, which is very important from
an economic point of view. Steam reforming, non-catalytic
partial oxidation and auto thermal reforming are the three
main methods for converting natural gas to synthesized gas
[1]. The non-catalytic partial oxidation method has been
successfully commercialized and used on a large scale. This
method, similar to the automatic temperature reforming
method, causes technical problems such as the formation of
high-temperature points (up to 2000 K) which cause damage
to the reformers due to the appearance of hot spots.

Numerical modeling and simulation of laboratory models
in these reformers play an important role in the design,
optimization and also increase the size of these chemical
reactors. Zero-dimensional rotating reactor models [2] and
one-dimensional premixed models [3] have been reported to
simulate medium-sized reactors. In previous studies, Zhou et
al. simulated partial non-catalytic oxidation of natural gas in
high-pressure reformer [4].

Another method that is currently used as the main
method of hydrogen production is natural gas reforming, in
which approximately 95% of the hydrogen produced on an
industrial scale in the United States is done by the Methane
Steam Reforming process (MSR) in the catalytic bed. In the
MSR process, methane to hydrogen is converted using two
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reforming and Water-Gas Shift (WGS) reactions [5]. Research
shows that reforming large converters with capacities of 0.5
to 500 MW to produce hydrogen in small-scale fuel cells
(500 kW) is not cheap [6]. Therefore, more attention has been
focused on small-scale technologies to provide efficient,
compact and flexible systems for converting methane to
hydrogen.

2- Mathematical Modeling
2- 1- The first part of the research: Modeling the natural
gas oxidation process

The industrial reformer used in the first part of this
research has a height of 11.58 meters and a diameter of 1.8
meters. Natural gas (98.57% methane, 0.95% ethane and
0.48% propane based on molar fraction), oxygen and water
vapor are injected through a multi-channel chamber which is
demonstrated in Fig. 1.
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Fig. 1. Schematic of modeled non-catalytic reformer
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Fig. 2. Schematic of modeled catalytic bed reformer

Table 1. Comparison of this study and experimental approach

Present  Experimental
study data [4]

H2 mole fraction (%) 52.14 61.08

CH4 mole fraction (%) 0.48 0.93

CO mole fraction (%) 30 34.62

Output gas temperature (K) 1750 1610

The governing equations [7] include the conservation
of mass, species, momentum, and energy equation with
Reynolds-averaged Navier—Stokes (RANS) approach. The
GRI-1.2 mechanism, based on Eddy Dissipation Concept
(EDC) model, which includes 177 basic chemical reactions
for 32 species, is used to calculate the reaction rate in
oxidation processes.

2-2-The second part of the research: Methane steam
reforming modeling

To model the methane steam reforming, a reactor with
nickel as catalysts is investigated. The reformer consists of
a porous cylinder with a diameter of 60 mm and a height of
150 mm, which is covered with 3 mm thick foam. Inside the
cylinder, copper heating tubes (8 or 12) with a diameter of 8
mm and 150 mm length are used to provide the heat for the
chemical reaction which is demonstrated in Fig. 2.
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Fig. 4. H2 Mass fraction along reformer centerline for different
heating tube configuration
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Fig. 3.The effects of pressure on outlet CH4 concentration.

Hot air enters the heating tubes from one side and water
vapor and natural gas from the other side enter the reformer.
The conservation of mass equation, Brinkman, and Stefan
Maxwell transport equations for a multi-channel catalytic
reformer have been studied in more detail demonstrated in

[8].

3- Results and Discussion
3- 1- First part results

As described above the methane consumption in output
boundary is lower than experimental data so it is shown that
the reactions have been terminated because the syngas cannot
reach chemical equilibrium with reactant in the reforming
condition.

The effect of pressure on outlet syngas concentration
is shown in Fig. 3. The result indicates that an increase in
pressure promotes natural gas conversion.

3- 2- Second part results

As shown in Fig. 4, the conversion of methane for T =
1200K in the 12-tube configuration is 1.7 times higher than
that in the 8-tube configuration. With this configuration, the
required temperature for the reforming process decreases,
which is ideal for the reformer design and operations.
Furthermore, by comparing the 8-tube reforming at 1200 K
and the 12-tube reforming at 1000K, it is shown that it is more
effective to increase temperature than to increase heating
tubes.

As demonstrated in Fig. 5, when ratios are higher than
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centerline for different ratios of CH4/Steam
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stoichiometric ratios (0.25), reforming process raises
although for 0.25 < CH4 / Steam < 0.33, the conversion of
methane is the same as that at the outlet of the catalytic bed
(about 98% of reforming can be achieved). But for fewer
ratios, its efficiency is decreased down to 70%. Also, it shows
that when the ratio is 0.25, the reforming can be achieved
on half of the reformer, so it can be in the best condition to
be designed for the reformer length and it also reduces the
reformer dimension with higher efficiency.

4- Conclusions

Due to the limitations of the experimental method for
studying hydrogen production reformers, CFD has been
used in this research. The findings of this study in the first
part show that increasing the ratio of oxygen to natural
gas, increasing the ratio of water vapor to natural gas and
increasing the chamber pressure increases the production of
hydrogen gas. To overcome this hot spot and compare two
described method, the numerical study of MSR in a catalytic
bed with two different configurations have been investigated
using Comsol software. The simulation results show that
increasing the inlet air temperature in the heating tubes
increases the performance of the reformer but also increases
the percentage of carbon monoxide in the reformer outlet,
which is considered a challenge. To solve this problem,
instead of increasing the inlet air temperature, we increase the
number of tubes in the catalytic bed. This design eliminates
the need to increase the temperature as well as increase the
efficiency of the reformer. Although the effect of increasing
the temperature at the inlet of heat tubes is still better than
increasing the number of tubes, but with a 12-pipe converter,
the conversion takes place at a shorter distance from the
converter, which in turn makes the converter shorter and it
becomes economic savings.
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Tablel. Details of multi-channel investigated reformer in first part of the research
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Table 3. Details of of grid generation used in the second part of the research
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Table 4. Boundary conditions in the catalytic bed
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Table 5. Boundary conditions in insulation material of catalytic reformer
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Table 6. Validation of results with experimental data

=9 B sles (S aSsige (Joe S (S anSled Jge S b (Joe S 5g,0un (Jae S anlllasd y50 (i3,

9] (%) (%) (%) (%)
Yo - Y. Al “IEA OY/F APy
V£ . YE5Y YISA /Ay S\ A [a] ool slaosls
2500 -
2000 - "
- A —
5 —— -
@ 1500 - S -——
g -
m
g
2 1000 - ——507410
a
= ——670340
500 E 856000
0 T T T 1
0 5 10 15 20

Reformer Axis (m)

Gliseo by o Slowi b Flowlxo 4l (635 po Coond Lo 40 oo gy 595 .V SO0

Fig. 3. Temperature distribution on axis of the computational region with different number of grid

YYAY



FYAY B YYVO docio VFe v Jlo o 0 lesd DY 0,93 S yual SlSo swoigen & il

Lo T B N o T o S T S T T . N T i TR St N A Y A Y B R B |
Lo S s S o A o T s T o T s o T s s N s T s s s T s T s o N v
+ + + + + + + + + + + + + + + + + + + + +
k] T D I I D D L D D T D LR TR 4 I 1 I D D I
o D = N o W O M~ 0o T D oty o = N = D e TR e
= = O O 9w M~ O W = ¢ ooy o — O Ly 0 M~ 0 On o
o Y e e e e e v v v v — v— (O O P~ WO LW W =t

Slowlre 4l 3 Sl slosen bohs F Ui

Fig. 4. Static temperature contour in the computational region

o A e e S B e e B Sl e S e S~ e S et e ol R, 5. N 22,1 N cle.| I s
R 5 G SR G R 5 Gk BT s 5 e R 5.5 5
T D 3 B o D D D I B B D D D a1 & B D D I D
= 02 t« o oo - = = o o O 9o P~ — L O = LD
W = =t = = o2 o7 o0 oo o oty N o o o o M~ D™ [~

Flowlome 42l 53 (459,008 (Jgo pus b JSCB
Fig. 5. Hydrogen mole fraction in the computational region

—— CO2
1.0 - 0
e CO
g 0.8 - ceeeeeees H2
=
2 0.6 —— 02
o 04 -
(=] e L s L - =
= 02 - o R
0.0 I T T T T

0 2 4 6 8 10 12
distance from input boundary (m)

Slls 426 (635 0 Coomnd 50 STy 5l Jole slil (Jgo g @595 F JSD
Fig. 6. Distribution of species molar fraction on axis of computational region

YYAY



FYAY B YYVO doxio VFe v Jlo oy 0ylad DY 0,93 «pusS yual CSlSlo usdies &y il

4 50e+02
4.00e+02 4 |
350e+02 | ¢
T L ]
3.00e+02 .
T % Turbulent
. el
2506402 4 & Kinetic
1% Energ(
> L]
2.00e+02 :
1 3 (m2/fs2
150e+02 + 3
’: - E
1.00e+02 8 ]
s
5.00e+01 j\l \
0.00e+00 . g ‘
0 2 4 3 8 10 12 14 16

Position {m)

& lwlxe 4l (655 o Canmnd 50 (4l y2 (i (655 Hloged Y S

Fig. 7. Kinetic energy distribution on axis of computational region

OLas Baiod 3l Caond ol s iy oo ol e 4 Jows 4
SHp sledae ;0 Gigae 4 ol 55 Lo Jes 45 w2
§lo abaii 8439 ;K00 b 5l bl o 3Ll alisS Jlows alols o
oy 51 (S oS ool (Bl 355 S8 4 lizeen I Jae ol 5o
P90 Caomd )0 a5 Cuwsl ygmmlonnST (g, 4 (459,000 adgi (Lol

b 35 amlannsT jo LS ol 1 - - -

oo i Lulyd o CH, a2 )l 53l g sl
Slid 4 e jlad coas b il olge dan o0 (28l Uil
NENY bl cas glo,lid 008 o pubals gio Slles
s syl sles 5 Lzd ol STl Il Ko £ 5 FIA X8
Lol 0030 5 &1 g A Gla IS o ylie il 3 (>,

MPa 4, V/Y MPa 3l JLed as” Sl B g A sla S 4y az g5 b
5 oml38l cpslS YAYD B AV 5l w58 gloo il ialidl #
8wy jmalS sy /AT L as o VF 5l Gl Jee S
o)l 31 Sl slo,F ole 90 5 o (29,5 i I (sle
Hlid as gloj oylgns sl eadals sl ,S #5013 CH, b g

Jdo a4 aibe oo BL ol S o s # MPa 4, VY MPa )

el WV ee BT o Lo cymllos asls il

RelS VA BV 0 boo uwgioles axbiios

SrslS VI B VA s Les Yhloo aols iz

szl o oS loged ey g lasel Jl aslllas sl
el 00 @)V o F la IS o plazél iz g5 5 STy

alold ;o 5nST jlade 34 oo canlie £ K& 0 a5 b len
a5 amd oo i (nl g 3580 Bras Sty Jore 5l (5% VO
sanlice ¥ S 50 jel ol o sl g s ' WS 4 mb ol o
P9 50

Sre Valols jo lazel cice (65, jlade V S ulusl
Slge gy LIS cely ol prad azeiS o .l 0L Jlaws Jos
Brae ceb pl g ool Joe ad 5l alols (pl jo caims STy
S SmSgige 9 Ojgyded Hlaie &5 (J)ge)d ediee eS|
it n T3 Js ad 31 pgme Jsb 5o (151 L i g0
Sl sl alols (pl )3 on)S apaSTs g ol Jlade S0 B3k
st o 015 0S5 Gl ke L il e 815
2 S Sl g JSa3 snimoplis o col i e o

e F LY alold jlan SV game ol oale 1 ool Jlazl al> e

1 - Mixing

YYAL



YYaY B YYY0 axio Mo Jl.w Al b).:s o)Lo.w HY 0)9> :)ﬁ.as).:.nl \_iu&n L;\.\J._\.-.@(a 4.4)..;3:

1,860 -
1,830 -
£ 1800 -
-
1,770 -
1,740 . .

P (Mpa)

Jose 3l o205 G35 slos 2 yLiad @l 1A JSis
Fig. 8. Effects of pressure on temperature of the exhaust gases from the reformer

0.016 -
0.014 -
0.012 -
0.010 A

0.008 -
0.006 -
0.004 -
0.002 A

CH4 Mole Fraction

0.000 . .

P (Mpa)

Juwo 51 (2955 (1595908 (Jgo s LIS I A Sl

Fig. 9. Effects of pressure on hydrogen molar fraction of the exhaust gases from the reformer

wallae ol bl Blas aos oo ialBl ) ends 58 Las o jlad
Ly 00,8 oo Slpiiey sio Ollas I 0Y MPa 5l i, jLid
Bd? MPa jl 208 L o slie e 3 Slhes Lsd ol 36

YYAo

SloyS & ojlges 5l oals Ay (glo )5 Lo gl Slge Doglite 8l
b Slbee jlad o o lade 1 e ol Slles L2 o S
OieS| (oo puS S plyy Ll o e JolS b el
5 Sl SleyS 0T S ol 5 4 Sl g b 5B

Ol Bl aS caF Gl ce plply al walyr Lo relS 4 e



0.25
0.2
0.15
0.1
0.05
0.030.02 00 -
m

\

\

=
,,;;’/};:'::Ogﬁ 1200 T '
%Sﬁ 1150 F mesh - 15320 i
o —A— mesh - 16456
T 1100 i
5?‘5?”‘* —3— mesh - 17265
= oo - 10s0f |
= "‘ﬁﬁ <
2222 <
gZ> ¢ 1000f |
=2 ,-_;; ‘t..ju
gﬁgg g 9sor |
Ty a
gﬁg,@ £ 900 i
b e
Tt 850 - i
_‘gﬁgf
= 800 ]
% 750 |
700 . !
0

0.05 0.1
Reformer Height-Zaxis (m)

ilisio ladSid b (Fluwlns 4ol (535 50 Caomnd b3 50 Lod g1598 9 ol 0y pu Ne JSB

Fig 10. Mass fraction of methane and temperature distribution in the center line of the reformer with different number
of meshes
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Fig. 12. Conversion of methane for different ratios of CH4/H2O on axis of the reformer
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Fig. 13. Mass fraction of carbon dioxide and temperature for different ratios of CH4/H2O on axis of the reformer
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Fig. 14.Methane conversion and hydrogen production for two proposed heating tubes on axis of the reformer
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