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Abstract: The flow field characteristics in the reforming channel and the temperature distribution characteristics of the
catalytic bed under the hot air heating condition are first investigated in a double-jacketed methanol steam reforming
(MSR) reactor. It is shown that the temperature of the catalytic bed decreases rapidly along the flow direction, with
the minimum temperature region at 15 mm to 20 mm from the catalytic bed inlet. And the temperature increases
gradually with the flow direction to approach the heating temperature. In addition, the temperature gradually increases
along the radius from the center to the wall, and heat transfer resistance makes the temperature in the middle of the
catalyst bed lower than the temperature around. Based on this reaction characteristic, a variable cross-sectional
reforming reactor is proposed in this paper to completely utilize the heat supply energy and improve the reaction
efficiency. The response surface methodology (RSM) is then used to optimize the structural parameters of the
variable cross-section reactor. It is shown that the methanol conversion is significantly increased at the same boundary
conditions for the outer radius R,=49.94 mm at the reforming inlet of the heating channel, the radius R,=39.99 mm
at the minimum cross-section and the distance D=98.44 mm from the minimum cross-section to the catalytic bed inlet.

Key words: methanol steam reforming; variable cross-sectional reactor; methanol conversion; response surface

Vol. 40 No. S2

methodology

CLC number: TK123 Document code: A

0 Introduction

Hydrogen 1s an important secondary energy
source in the core conversion position in multiple en-
ergy systems. It is considered the best alternative to
traditional fossil fuel (e.g., domestic RP-3 aviation
kerosene) because of its high calorific value, zero
emissions and no pollution, and its application in
aerospace and other fields has received wide atten-
tion from domestic and foreign research institutions
and aero-engine manufacturers' '), Despite many ad-
vantages as a clean energy source, hydrogen has
challenges in storage and transportation. Storage
and transportation technology are key factors re-
stricting hydrogen efficient development and utiliza-

tion. Therefore, direct hydrogen production technol-
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ogy has received attention to meet the hydrogen de-
mand in modern society instead of its storage and
transportation.

With the advantages such as easy availability,
easy storage, low toxicity, low reaction tempera-
ture for hydrogen production, high hydrogen-carbon
ratio, and no sulfur, methanol has been defined as
competitive material for hydrogen production'*”.
The reforming reactor is a key device for converting
methanol to hydrogen, and its design is crucial to
improve the efficiency of methanol steam reforming
to hydrogen. Therefore, it is of great significance in
engineering applications to improve the reaction effi-
ciency of methanol-reforming hydrogen production

by establishing the structural model of micro metha-
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nol steam reforming reactor, analyzing the influence
of reactor structure on the performance of methanol-
reforming hydrogen production, and then studying
the characteristics of different structures to improve
the reforming characteristics and optimize structural
parameters.

According to Ref.[6], microchannels can be
generally classified into two major types: ordered
microchannels (for substrate materials) and 3D net-
work microchannels (for porous materials). Numer-
ous numerical and experimental studies regarding
the structural design of ordered microchannel re-
formers have sprung up in the 21st century. Ribeir-
inha et al.'” proposed the combination of a high-tem-
perature proton exchange membrance fuel cell
(PEMFC) with a methanol steam reformer after nu-
merical simulation. Both the fuel cell and the reform-
ing chamber use the serpentine direct microchannel,
in which the reactions of methanol steam reforming
(MSR) , reverse water gas shift (RWGS) , and
methanol decomposition (MD) were considered in
their calculation. The poisoning effect of CO on the
electro-catalytic activity of the membrane electrode
assembly (MEA) was also evaluated. As a result,
both the rise of the space-time ratio and the reform-
ing temperature can increase CO concentration. Mei
et al."® studied an A-type microchannel reactor with
a flow pattern of one inlet and two outlets to opti-
mize the traditional Z-type design. With a combina-
tion of simulation and experiments, the component
distributions in the A-type microchannel reactor
were found to be more homogeneous than those in
the Z-type one. Although researchers had paid much
attention to developing new microchannels with vari-
ous structures, relatively few scholars had paid at-
tention to improving reactor structure based on reac-
tion characteristics.

The objective of this study is to comparatively
analyze the reaction characteristics of MSR reaction
by CFD simulation and further obtain the optimal
structure of the microchannel and the structural pa-
rameters of the variable cross-section reactor, which
are optimized by response surface methodology
(RSM) to achieve high methanol conversion and

high hydrogen production.

1 Physical, Mathematical and Ki-
netic Models

1.1 Physical model

The schematic diagram and cross-sectional di-
mensions of the overall structure of the double-jack-
eted tubular reforming reactor used in this paper are
shown in Fig.1. The hot air provided by the external
heat source enters the heating channel from the inlet
to supply heat to the reforming reaction. The mix-
ture of methanol and water enters the reaction chan-
nel through the reactant inlet. The geometrical pa-

rameters of the reactor are shown in Table 1.

(a) Three-dimensional structure

Heat
- = -
Methanol+steam & s éz
(CH,0H+H,0) :
it Catalyticbed @ & N
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Heat
=) - t = - ¥ - -
1, A
L
(b) Model dimension

Fig.1 Schematic diagram of restructuring reactor structure

Table 1 Geometrical parameters of reforming reactor

Parameter Value
Reforming reactor length L. / mm 160
Ingress segment length /,/ mm 30
Catalytic bed length Z, / mm 100
Reforming gas channel diameter ¢, / mm 40
Hot air channel diameter ¢, / mm 80
Wall thickness / mm 2

1.2 Control equation

Continuity equation is shown as
VeV=0 (1)

Momentum equation is shown as
VeV IW=—"Vp+ vV +s, (@
O Ot
where ¢ is the catalyst porosity and set as 0.5, o

the density of the fluid, p the viscosity of the mix-

ture, and S,, the momentum source term generated
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by the porous catalyst, shown as verse water gas shift (rWGS) R,ys are
2 BV - E
Sp="— V— ‘V| (3) Ruw = £ CY  C% exp| — —2 10
pr 2 MSR 1Ccn,onCn,0 €XP RT ( )
where K is the permeability, and £ the inertia loss . E,
S o . Rowes = k,Ceo,Cy, exp| — ——= | —
coefficient in each direction in the porous material of e 2ot €XP RT
the catalyst. o E.
. . . k;CeoChoexp| — - (11)
Component concentration equation is shown as RT

e(VeV)C,=DyV'C+e>S M, R, (4

=1

where C; denotes the concentration of the ith sub-
stance CH;OH, H,O, H,, CO,, and CO, D,; the ef-
fective mass diffusion coefficient based on the Ste-
fan-Maxwell equation, M, ; the molecular weight of
the ith species, R;, the reaction rate of reaction r,
and the last term is the source term of the chemical
reaction induced in the catalyst. For the non-catalyst
region, this term is zero.

Energy equation is shown as

(pic,) (VeV)T=24V*T + &S, (5)
where A 1s the effective thermal conductivity; T
represents the temperature; and the source term S,
in the energy equation, caused due to the chemical
reaction, is zero in the reactor except for the catalyst
region. It can be expressed as
A=A+ (1 —e)A, (6)
where A; and A, are the fluid thermal conductivity and
solid thermal conductivity in porous media, respec-
tively.

With regard to the chemical reaction equa-
tions, Srivastava et al."" showed that the methanol
steam reforming reaction occurs faster than the
steam conversion reaction. Therefore, the following
reaction process was applied in this study.

(1) Methanol steam reforming reaction
CH;OH + H,O— CO, + 3H,
AH = +49.5kJ/mol

where AH represents the amount of heat released or

(7)

absorbed by the chemical reaction.
(2) Water gas shift reaction
H, + CO,—> CO + H,0 AH=-+41.2kJ/mol (8)
CO+H,0—H,+ CO, AH=—41.2kJ/mol (9)
The Arrhenius model is used to calculate the
rates of the above chemical reactions. The rate ex-

pressions for the methanol MSR Rys; and the re-

where % is the pre-exponential factor and E, the acti-
vation energy corresponding to the reaction. The rel-

evant parameters are shown in Table 2/

Table 2 Basic parameters used in this study

Parameter Value
Density of catalyst bed o / (kgem ™) 1480
Thermal conductivity of solid catalyst 4,/
(Wem™'.K™")
Catalyst bed porosity e 0.5
Mass diffusion coefficient D, / (m®s ') 6.8X10°°

Universal gas constant R / (Jemol '-K™") 8314
Pre-exponential factor for steam reforming 4, /

1 8§ 10°
s
Pre-exponential factor for reverse WGS 4, /
. 4X10°
(m*smol 'ss)
Pre-exponential factor for backward WGS £, /
4 10°
(m’smol~'ss)
Activation energy for steam reforming E,, / .
7X 107
(Jemol ™)
Activation energy for reverse WGS E,, /
1Xx10°
(Jemol ™)
Activation energy for backward WGS E, , /
1x10°
(Jemol™")

The methanol conversion can be obtained from
Eq.(12).

~ ~

— T 100% (12)

CH,OH, in

CH,OH

where Ceponim and Ceyon o denote the mass frac-

tion of methanol at inlet and outlet, respectively.
1.3 Boundary conditions

The calculation parameters used in the simula-

tion are listed in Table 3.

1.4 Grid independence analysis and numerical

model validation

The numerical calculation results are shown in
Fig.2, when the number of grids is 39 156, 135 366,
201 405, 421 716, 581 742, and 736 230, respec-
tively. When the grids are 581 742, the numerical

calculation results almost no longer show significant
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Table 3 Calculation parameters used in simulation

2 Results and Discussion

Parameter Value
Hot air inlet speed / (m-s ™) 0.5—=3.0 2.1 Characteristic of methanol steam reform-
Hot air inlet temperature / K D23 —673 ing in a double-jacketed reformer reactor
Reactant speed / (mes ') 0.1
Reactant inlet temperature / K 453 From the temperature distribution in Fig.4, the
Steam-carbon ratio 1.1 fuel mixture is preheated and reformed in the catalyt-
Porosity 0.5
Outlet pressure / MPa 0.1 Temperature / K

300 320 340 360 380 400 420 440 460 480 500

changes as the mesh increases. Considering the accu-
racy and high efficiency of the calculation, 581 742

grids are chosen to carry out the subsequent re-

search work.

(a) Temperature
o — Mass fraction
’ —— Methanol conversion ’

68.0 —s— Mass fraction of hydrogen0.528 0.00 0.050.10 0.15 0.200.25 0.30 0.35 0.40 0.450.50
s 5]
Ny | ] o0
,§ 67.8 0.527 §
g 67.61 10.526 =
> =}
g 6741 10.525 g
3 2
% 67.21 This work 10.524 § (b) CH,OH mass fraction
% 67.01 10.523 @ Mass fraction
= =

66.8F 10.522 [ I D D N
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' 200 000 600 000 1 000 000 =
Grid number
Fig.2 Grid independent verification
To ensure the validity of the model, the simula- (c) H,0 mass fraction
tion results are compared with the experimental data Mass fraction
performed by Fukahori et al'¥/. As shown in Fig.3, 000 001 002 003 004 005 0.06

simulation of this model is 89.81%, 76.93%, and
61.32% at the space velocity of 1 075, 2 150, and
4 300 h™', respectively. And the difference between (d) H, mass fraction

the methanol conversion obtained by comparing the ‘

the simulation results and the experimental data in Mass fraction

Ref.[12] is within 3%, which fully proves the accu- 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.450.50

racy of the numerical model in this paper.
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Space velocity / h'' Fig.4 Temperature and component distribution of the dou-

Fig.3 Validation of the numerical model"” ble-jacketed reforming reactor
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ic bed. As the reaction absorbs heat, the catalytic
bed temperature decreases significantly. The trends
in the mass fractions of products such as hydrogen
and carbon dioxide are opposite to that of the metha-
nol and steam mass fractions. This phenomenon is
because, at the beginning of the methanol and
steam mixture entering the catalytic bed, the MSR
reforming reaction is rapidly carried out under the ac-
tion of the catalyst, the methanol consumption in-
creases sharply, and the content of hydrogen and

13 Tt is obvious that

carbon dioxide increases rapidly
the MSR reaction is reversible and will eventually
reach chemical equilibrium as the reaction proceeds.
From the distribution of each component in Fig.4, it
can also be found that the reaction is more intense at
the catalytic bed wall, and the molar concentrations
of methanol and steam gradually decrease along the
reactor radial direction from the center. In contrast,
the molar concentrations of products such as hydro-
gen and carbon dioxide show the opposite trend.
This is since the heat flow density is higher near the
wall, and the reaction is stronger. While the thermal
resistance is higher at the center of the reactor, and
the reaction rate is slightly lower than that at the
wall.

The temperature distribution in the catalytic
bed is shown in Fig.5. From the trend of tempera-
ture change in Fig.5, and it can be seen that the tem-
perature along the flow direction drops rapidly from
441.26 K at the inlet of the catalytic bed to 409.2 K
at the end of the catalytic bed. Besides, the tempera-

ture gradually decreases from the wall to the center

Temperature / K
570
554
: 538

522

’»f 520 - . 507

1 i 491

476

460

444

428

413

Fig.5 Diagram of the flow field in heating channel of the no-

ribbed double-jacketed reforming reactor

along the radius. In addition, from the radius direc-
tion of the inlet cross-sectional, the temperature
gradually increases from the center along the radius
direction. As the reaction proceeds, the catalytic
bed section is fully heated, the concentration of reac-
tants gradually decreases, and the temperature grad-

ually increases.

2.2 Variable cross-sectional methanol steam
reforming reactor based on reaction char-

acteristics

According to the temperature distribution char-
acteristics of the catalytic bed above, the prelimi-
nary scheme for enhancing the heating capacity of
the reactor based on the reaction characteristics can
be summarized as follows: In the rapid reaction
zone of contact with the catalytic bed, the heating
channel adopts a reducing section. The reduced sec-
tion 1s used in the violent reaction section, and it
can be seen from the Bernoulli equation that the hot
air flow velocity gradually increases and the heat
flux density gradually increases due to the gradual
shrinkage of the section, so the heating capacity in
the reforming channel is strengthened. However,
the gentle reaction zone in the catalytic bed adopts a
gradual divergent section. Because the flow velocity
is not supersonic, the hot air is affected by the grad-
ual expansion of the section, and the flow velocity
gradually decreases, which ensures that the hot air
is fully in contact with the reforming channel and
provides heat for the reforming reaction. As shown
in Fig.6, the cross-sectional characteristics of the re-
actor are summarized as the outer radius of the hot
air channel R,, the minimum interface outer radius
R,, and the distance D of the two sections.

The shape of the cross-section is determined by

the radius R, at the reforming inlet, the radius R, at

Fig.6 The geometry of variable cross-sectional heating

channel reforming reactor
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the minimum cross-section and the axial distance D
from the front to the minimum cross-section. The
flow field distribution during the reforming reaction
is shown in Fig.4. When the reforming gas is in con-
tact with the catalyst bed, the heating channel cross-
section can be appropriately reduced to increase the
local flow velocity, thus, the heating capacity.
Meanwhile, it can be seen from the flow field distri-
bution of the hot air channel in Fig.7 that the temper-
ature of hot air in the channel drops significantly as
the supply gas flows to the reforming channel for

heating.

Temperature / K
673

Fig.7 Diagram of flow field in heating channel of the dou-

ble-jacketed reforming reactor

Compared with the original reactor for the hot
air temperature range from 553 K to 673 K, the sim-
ulation results of the variable cross-section heating
channel are shown in Fig.8. It can be seen that the
methanol conversion of the variable cross-sectional
reactor increases from 62.71% to 88.32% and is
generally higher than that of the original reactor
when the hot air temperature gradually increases.
This indicates that the methanol conversion of the
variable cross-sectional reactor is better than that of

the original reactor when the inlet and outlet bound-

[IE_IOriginal reactor 7

s 100 - EZZ]Optimized reactor 10.09
% —=— Original reactor o
= *— Optimized reactor o
'_8' 80 0.08 =
s
£ &=
g 60 0.07 3
g 8
§ 40 0.06 2
§ =
g 20 0.05
&

0 0.04

Temperature / K

Fig.8 Reforming effect of variable cross-section reforming

reactor

ary conditions are constant. It can be concluded that
the reactor with variable cross-sectional heating
channels has a better heating effect, and the reform-
ing reaction occurs more fully under the same bound-

ary conditions.

2.3 Optimization of variable cross-section

methanol steam reforming reactor

From the previous study, it can be found that
the variable cross-sectional reactor based on the re-
action characteristics effectively enhances the heat
transfer on the hot air side in the double-jacketed re-
forming reactor and improves the catalytic reforming
efficiency of methanol. It is shown that the opti-
mized design of the geometry of the variable cross-
section heat supply channel helps further to improve
the heat transfer performance of the reactor.

To further explore the optimal structure, the
response surface methodology is adopted to opti-
mize the design of heating channels in this paper to
study the effects of R,, R,, D and other parameters
on the characteristics of hydrogen production from
methanol reforming in the reactor. And the metha-
nol conversion and hydrogen flow rate are used as
the evaluation indexes for the optimal design of the
reactor. As a result, a database was established.

An analysis of variance (ANOVA) was per-
formed on the model to assess the accuracy of the
model. As shown in Table 4, the F-values for both
methanol conversion and hydrogen flow responses
are large and the P-values less than 0.000 1, indicat-
ing that the fitted model is highly statistically signifi-
cant. R* and Adj R” are close to 1, the difference be-
tween Adj R® and Pred R” is less than 0.2, and
C.V.% is less than 10, proving that the model is de-
sirable. In addition, Fig.9 shows the predicted val-

ues of response surface analysis compared with the

Table 4 Variance analysis of methanol conversion and

hydrogen flow rate

Response  Methanol conversion rate  Hydrogen flow
F-value 20.87 33.23
P-value <<0.000 1 <20.000 1

R’ 0.964 1 0.977 6
Adj R’ 0.9179 0.948 7
Pred R’ 0.883 7 0.824 5
C.V.% 3.88 3.18
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actual values of the numerical model. As seen from
Fig.9, the predicted and actual values fit relatively
closely, indicating that the model is very reliable in

predicting the data.

0.90F
, 085
< 0.80}
>
2075
3
=
g 0.70}
&
0.65}
0.60F

0.60 0.65 0.70 0.75 0.80 0.85 0.90
Calculated value of methanol conversion

Fig.9 Comparison between calculated value and predicted

value

From the above study, it is clear that R,, R.,
and D all have some influence on the reactor perfor-
mance, and the influence mechanisms are different.
For this reason, based on the CFD simulation re-
sults above, the response surface methodology is ap-
plied to optimize each parameter affecting the perfor-
mance of the reformer reactor. The optimized pa-
rameters of the variable cross-sectional reactor struc-
ture are shown in Table 5 and Table 6. The opti-
mized methanol conversion rate is 99.15% , and the
hydrogen flow rate is 0.006 849 g/s. Meanwhile, it
is shown that the relative error of methanol conver-
sion and hydrogen flow rate is within 1%, which is
within the acceptable range and fully demonstrates
the reliability of the optimization model.

Table 5 Optimal values of cross-section parameters ob-

tained based on response surface optimization

method mm
Parameter Optimization value
R, 49.94
R, 39.99
D 98.44

Table 6 Optimization values based on response surface

optimization method

Response result
Methanol conversion(CFD calculation)/

Optimization value

y 98.63
Methanol conversion rate (response sur- .
face prediction) / % 9915
Hydrogen flow rate(CFD calculation) 0.006 513
Hydrogen flow rate(response surface
0.006 849

prediction)

Fig.10 shows the temperature distribution com-
parison of the original and variable cross-section re-
actor under the same heating parameters. It can be
seen that the hot air is more fully preheated in the in-
let section when the heating channel adopts a vari-
able cross-section, and the overall temperature is
higher and more uniform. Due to the improved heat-
ing capacity, it can be seen from Fig.11 that the
mass fraction of hydrogen is larger than that of the
original reactor. Besides, the hydrogen concentra-
tion is larger, and the progress of the reforming reac-

tion 1s more sufficient.

Temperature / K

410 420 430 440 450 460 470 480 490 500 510 520 530

(a) Original reactor
Temperature / K

410420430440450 460 470480490 500 510 520 530

(b) Variable cross-section reactor
Fig.10 Comparison of temperature distribution of different

reactors under the same heating condition

Mass fraction
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(a) Original reactor
Mass fraction

0.000 0.0100.020 0.030 0.041 0.051 0.061 0.0710.081 0.091 0.102 0.112 0.122

(b) Variable cross-section reactor

Fig.11 Comparison of different reactors H, mass fraction

distribution under the same heating condition

Table 7 shows the comparison of reactor per-
formance with different cross-sections at a methanol

conversion of about 97% through iterative calcula-
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Table 7 Comparison of boundary temperature and ener-

gy consumption

Boundary  Methanol Energy con-
Scheme temperature/ conversion/ sumption/
K % (Jgh
Original reactor 673 97.02 80.28
Variable cross-section 632 97 04 4473
reactor

tions. It can be seen from Table 7 that with the opti-
mization of the variable cross-section of the reactor,
the heating temperature gradually decreases when
the same reforming effect is achieved. The heat ab-
sorption of the reforming reaction is higher, and the
energy consumption per unit of hydrogen production
during hot air heating gradually decreases from
80.28 W to 44.73 W, which fully proves the effect

of reactor optimization on energy consumption.

3 Conclusions

Since the utilization of waste heat in conven-
tional reactors needs to be improved, this paper in-
vestigates and designs a variable cross-sectional
methanol steam reforming reactor based on the reac-
tion characteristics. Then, based on CFD numerical
simulation and response surface methodology, the
hydrogen production performance of the new metha-
nol reforming reactor with variable cross-sectional
was evaluated and optimized. The main conclusions
are as follows:

(1) A low-temperature region at the inlet area
of the catalyst bed is formed in the traditional dou-
ble-jacketed methanol steam reforming reactor due
to the strong heat absorption reaction of MSR near
the axis and the temperature difference between the
lowest temperature of the low-temperature region
and the inlet temperature are the largest. In the inlet
section of the catalyst bed, the heating demand is
greater, so the heating capacity of the front section
of the catalyst bed can be increased.

(2) The performance of the reactor can be im-
proved by using a variable cross-sectional heating
channel based on the reaction characteristics. The
angle of hot air scouring against the wall changes un-
der the obstruction of the tapering cross-sectional,

which increases the Reynolds number and thus en-

hances the heat transfer.

(3) The optimal design of the cross-sectional
structure by response surface methodology indicates
that the reactor performance is optimal for the same
heating parameters with R,=49.94 mm, R,=
39.99 mm and D=98.44 mm.

The design of a new reforming reactor is a key
aspect of methanol-reforming for hydrogen produc-
tion, which is a promising application for onboard
hydrogen production due to the increasing interest in
hydrogen energy utilization. The results of this
study have implications for the development of en-
gine exhaust gas heat reforming for hydrogen pro-

duction and the optimization of the reactor.
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