[bookmark: A_columnar_regular-porous_stainless_stee] 

A columnar regular-porous stainless steel reaction support with high superficial area for hydrogen production
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· A columnar regular-porous hydrogen production reaction support is proposed.
· A numerical simulation model of regular-porous stainless steel
structure is built.
· Heat transfer ability and pressure loss of regular-porous structure are studied.
· Temperature and reactant con- centration of regular-porous
structure are explored.
· Hydrogen production performance of regular-porous structure is investigated.
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A B S T R A C T

To improve hydrogen production (HP) performance of regular-porous structure (RPS), a columnar RPS with small specific surface area and high superficial area is developed. A numerical simulation model of regular-porous stainless steel structure (RPSSS) is estab- lished. Subsequently, heat transfer performance, pressure loss, temperature, methanol concentration, H2 concentration distributions and HP performance of the columnar RPSSS with small specific surface area and high superficial area and the body-centered cubic RPSSS with high specific surface area and small superficial area are compared. Then, temperature, methanol concentration, H2 concentration distributions and HP performance of axial and longitudinal size-enlarged columnar RPSSSs are studied. The results show that
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compared to the body-centered cubic RPSSS, the columnar RPSSS has higher methanol conversion, larger H2 flow rate and higher CO selectivity. Especially in the condition of 300 ◦C wall temperature and 12 mL/h methanol-water mixture injection rate (MWMIR), the methanol conversion, H2 flow rate and CO selectivity of the columnar RPSSS are increased by 12.3%, 9.24% and 30%, respectively, indicating that the superficial area of RPSSS is more important for its HP performance compared to its specific surface area. Compared to the longitudinal size-enlarged columnar RPSSS, the axial size-enlarged columnar RPSSS has higher methanol conversion, larger H2 flow rate and higher CO selectivity. This research
work provides a new method for the optimization of hydrogen production reaction support (HPRS).
© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.





Introduction

Hydrogen production reaction support (HPRS), which is used as a key component of methanol steam reforming micro- reactor for hydrogen production (HP) [1e5], is not only the structure support for supporting HP catalyst, but also the main medium of mass and heat transfer between the methanol steam reforming micro-reactor and reactants [6e10]. Its structure performance determines the HP performance of methanol steam reforming micro-reactor for HP. Porous structure has high mass and heat transfer abilities due to its large specific surface area (specific surface area is the ratio of the superficial area of the porous structure to its substance volume), and it has large catalytic area due to its large su- perficial area, which is regarded as an ideal HPRS widely used in methanol steam reforming micro-reactor for HP [11e15].
Nomenclature

Variables
a	volume fraction of  CO  in  reaction product, % b	volume fraction of CO2 in reaction product, % C	concentration of the reactant, %
E	activation energy of chemical reaction, J/mol g	gravitational body force per unit mass, N/kg h	enthalpy, kJ/kg
i the i-th fluid
j one direction in x, y and z directions
J	diffusion flux of fluid, kg/m2$s
k	Arrhenius reaction rate constant of chemical reaction
K	equilibrium constant of chemical reaction
Ke	Kelvin environmental temperature of methanol steam reforming, K
keff	effective thermal conductivity, W/m$K
p	pressure of fluid, bar
r	reaction rate, kg/m3$s
R	universal gas constant, (m3$bar)/(mol$◦C)
S1	momentum source term, N
S2	energy source term of chemical reaction, kW/ m3
Sco	carbon monoxide selectivity of reaction product,%
T	temperature, ◦C
u	flow rate of fluid, m/s
Vinjection flow rate of methanol-water mixture, mL/h Vreaction product flow rate of reaction product, mL/min VH2	flow rate of H2, mol/h
XCH3OH    methanol conversion rate, %
Y	mass fraction, %
z	volume fraction of H2 in reaction product, %
r	density of fluid, kg/m3
t	stress tensor of fluid, bar

Abbreviations
HP	hydrogen production
HPRS	hydrogen production reaction support MWMIR methanol-water mixture injection rate RPS	regular-porous structure
RPSSS	regular-porous stainless steel structure

In the research of HPRS with porous structure, the porous structures with high specific surface area are mainly devel- oped as HPRS. Tang [8] (2008) used solid-phased sintering technology to manufacture a porous copper fiber  sintered plate with high specific surface area which is used as HPRS. It was found that the porous copper fiber sintered plate can
obtain  >90%  methanol  conversion  under  300  ◦C  reaction
temperature and 16252.4 mL/(g$h) GHSV. Zhou [16] (2017) used copper foam with high specific surface area as HPRS. It was found that the copper foam can gain 100% methanol conver- sion  in  the  condition  of  300  ◦C  reaction  temperature  and
16252.4 mL/(g$h) GHSV. Lei [17] (2019) prepared a 3D-printed
porous stainless steel structure with high specific surface area as reaction support. It was shown that the 3D-printed porous stainless steel structure can obtain >90% methanol conver- sion under the 360 ◦C reaction temperature and 16252.4 mL/
(g$h) GHSV. Zheng [18] (2020) 3D-printed a regular-porous
stainless steel reaction support with  high  specific  surface area for HP. It was demonstrated that the 3D-printed regular- porous stainless steel reaction support had >95% methanol conversion when methanol-water mixture injection rate (MWMIR) and reaction temperature were 4 mL/h and 360 ◦C, respectively. Wang [3] (2021) used the porous copper foam with high specific surface area as catalyst support of the thermally autonomous methanol steam reforming micro- reactor. It was indicated that the overall efficiency of the microreactor can reach approximately 35%e45%. The above
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research works use high specific surface area of the porous structure as its design target, and they have successfully ob- tained porous structures with high HP performance. The su- perficial area of the porous structure affects its catalytic area, and therefore it determines the HP performance of the porous structure. However, the influence of superficial area of the porous structure on its HP performance has not been studied. To further enhance the HP performance of reaction support, it is necessary to investigate the HP performance of the porous structure with high superficial area, which needs a large number of numerical simulation and experiment research works. In this research work, the systematic numerical simulation research work of the HP performance of the porous structure with high superficial area is performed.
In this research work, in order to improve HP performance
of porous structure, a novel columnar regular-porous stainless steel structure (RPSSS) with small specific surface area and high superficial area is proposed. A numerical simulation model of RPSSS is established for investigating its related re- action performance. Then the heat transfer performance and pressureloss of the columnar RPSSS with small specific surface area and high superficial area and the body-centered cubic RPSSS with high specific surface area and small superficial area are compared via the numerical simulation model, and their HP performance is investigated. HP performance of axial and longitudinal size-enlarged columnar RPSSSs is also explored.

occurs in the help of both temperature and catalyst [19e23], which can be shown in Fig. 1(a). As shown in Fig. 1(b), the larger catalytic area of RPS can obtain more opportunities of contact between the RPS and the reactants, resulting in its higher HP performance [24e28]. As can be seen in Fig. 1(c), the slower flow rate of the reactants has more opportunities of contact between the RPS and the reactants, which is beneficial for obtaining higher HP performance of the RPS [29e33]. As shown from Fig. 1(d), the higher wall temperature of RPS is good for higher activity of the reactants, realizing more op- portunities of contact between the RPS and reactants [34e38]. In this way, the higher HP performance of the RPS can be achieved. The specific surface area of the RPS affects its heat transfer ability which determines its temperature obtained from heating source. The higher specific surface area of the RPS can obtain its higher heat transfer ability of the RPS, so as to obtain its higher temperature from the  heating source and its higher HP performance. In addition, the specific surface area of RPS affects the residence time of the reactants in the RPS, which determines the contact time between the RPS and the reactants. The higher specific surface area of the RPS can obtain the longer residence time of the reactants in it, so as to obtain longer contact time between it and the  reactants  and its higher HP performance. The superficial area of RPS affects its catalytic area. The higher superficial area of RPS can obtain its higher catalytic area and its higher HP performance. Therefore, the specific surface area and the superficial area of

 		RPS have important influence on its HP performance.
Experimental


Influence of specific surface area and superficial area of regular-porous structure (RPS) on its HP performance

Fig. 1 shows the influence of reaction conditions of RPS on its HP performance. The methanol steam reforming reaction

Structure design of RPS

Fig. 2 shows the structure design diagram of RPS. Fig. 2(a) shows the columnar RPS with small specific surface area and high superficial area. Fig. 2(b) shows the body-centered cubic RPS with high specific surface area and small superficial area.




[bookmark: _bookmark4]Fig. 1 e Influence of reaction conditions of RPS on its HP performance: (a) Reaction conditions of HP; the influence of (b) catalytic area, (c) contact time and (d) reaction temperature on the HP performance of RPS.
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[bookmark: _bookmark5]Fig. 2 e Structure design diagram of RPS: (a) Columnar RPS with small specific surface area and high superficial area, (b) body-centered cubic RPS with high specific surface area and small superficial area.



The columnar RPS is obtained through Boolean operation of the intersection between the three-dimensional intersecting columnar and the cube. The body-centered cubic RPS is ob- tained using Boolean operation of the intersection  between the body-centered cubic crystal structure and the cube. Table 1 shows the structure performance of various RPSs. As shown in Table 1, the superficial area, substance volume and specific surface area of the columnar RPS are 243.015 mm2, 37.891 mm3 and 6.414 mm2/mm3, respectively, and those of the body-centered cubic RPS are 173.211 mm2, 15.554 mm3 and
11.136 mm2/mm3, respectively. Compared to the body- centered cubic RPS, the columnar RPS has a smaller specific surface area and a higher superficial area.

Numerical simulation model of RPSSS

Physic model
Fig.  3  shows  the  numerical  simulation  physic  model  of

through the cross-section of the RPSSS, the Reynolds coeffi- cient of water is less than 2000, and therefore the water in the numerical simulation model is set as laminar fluid. In the research of HP performance of RPSSS, due to the less than
1 m/s flow rate of methanol steam reforming gas flowing through the cross-section of the RPSSS, the Reynolds coeffi- cient of methanol steam reforming gas is less than 2000, and therefore methanol steam reforming gas in the numerical simulation model is set as laminar fluid. The flow perfor- mance of fluid in the RPSSS can be expressed using the equations including continuity equation, momentum con- servation equation and energy conservation equation, as well as component mass conservation equation, which are shown in Eqs. (1)e(4) [39e41]. 	  ¼

[bookmark: _bookmark6]v ruj         0	(1)
vtj

RPSSS. The numerical simulation physic model of RPSSS is

ru vui	vp    vtij

j vt ¼ — vt þ vt

þ rgi þ S1	(2)

composed of  inlet  region,  internal  flow  channel  region  of
RPSSS, RPSSS region, outlet region and heating plate region. The internal flow channel region is used for the flow of fluid.
The RPSSS region is used for transferring heat and setting


j	i


vh     v   ruj vt ¼ vt
keff vt —


j

vT	Xn	!	vphi Jij
þ ujvt þ S2	(3)


catalytic surface, whose material is set to stainless steel. The heating plate region is used for setting heating source. In the
research of heat transfer performance and pressure loss of

j	j	j	i¼1	j

ru vYi	vJij þ R	(4)j vt ¼ — vt	i


j	j
RPSSS, due to the less than 1 m/s flow rate of water flowing
The methanol steam reforming reaction for HP can be seen
 		in Eqs. (5)e(7) [42e46]. The reaction kinetics equations of
[bookmark: _bookmark7]methanol steam reforming reaction for HP can be shown in Eqs. (8)e(10) [47e49].Table 1 e Structure performance of various RPSs.
Structure type
Superficial area (mm2)
Substance    Specific surface volume		area (mm3)	(mm2/mm3)
Columnar RPS Body-centered
cubic RPS
243.015
173.211
37.891
15.554
6.414
11.136


[bookmark: _bookmark8]CH3OH þ H2O/CO2 þ 3H2	(5)
CH3OH / CO þ 2H2	(6)
CO þ H2O4CO2 þ H2	(7)
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[bookmark: _bookmark9]Fig. 3 e Numerical simulation physic model of RPSSS.
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the methanol conversion, H2 flow rate and CO selectivity of

MSR

MSR

RT	CH3 OH

H2 O

the numerical simulation models of the RPSSSs with various numbers of discretized mesh are compared, respectively, for

rMD

¼ kMD

exp    — EMD	(9)

determining the optimal number of mesh for the discretiza- tion of the numerical simulation model of the RPSSS.

r	¼ kRT


exp   — EWGS         P    P

— PCO2 PH2   ; K



Numerical solution

WGS

WGS

RT	CO    H2 O

KWGS

WGS

Coupled algorithm is used to solve the numerical simulation

¼ exp   Er—WGS — k


 	(10)


model of the RPSSS. During the solving process, the conver-

RT

Boundary conditions

r—WGS

gence criterion of pressure based solver is set as 1e-5, and the under-relaxation factors of pressure, density and momentum

The inlet is set as velocity inlet and the outlet is set as pressure outlet. The boundary conditions for all the walls and in- terfaces of the numerical simulation model are set as no slip boundary and the temperatures of the walls are set according to the specific reaction conditions. When the heat transfer performance and pressure loss of RPSSS are investigated, the walls of RPSSS region are all set as non-reaction wall. When the HP performance of RPSSS is studied, the walls of RPSSS region are all set as reaction wall and their catalytic layer coefficient is set as 0.01.

Mesh independence analysis
The numerical simulation model of columnar RPSSS is dis- cretized by unstructured mesh via ICEM CFD 17.0 software. In the condition of 300 ◦C wall temperature and 4 mL/h MWMIR,

are set as 0.6.

Heat transfer performance and pressure loss

The heat transfer performance of the numerical simulation model of RPSSS is the water temperature increase of its outlet relative to its inlet. The higher temperature increase indicates the better heat transfer performance of the RPSSS. The pres- sure loss of the numerical simulation model of the RPSSS is the pressure loss of its outlet relative to its inlet. The smaller pressure loss of the RPSSS indicates the lower energy con- sumption of the reactants flowing through the RPSSS.
To determine the difference of heat transfer performance and pressure loss between the columnar RPSSS with small specific surface area and high superficial area and the body-


centered cubic RPSSS with high specific surface area and small superficial area, the temperature increase and pressure loss of water  with  25  ◦C  initial  temperature  respectively  flowing
through columnar RPSSS and body-centered cubic RPSSS are

VH2

Vreaction product*z
¼	22400*60

(12)

investigated under 300 ◦C wall temperature and various water injection rates, and their temperature increase and pressure loss under 40 mL/h water injection rate and various wall

Sco

    a 
¼ a þ b × 100%	(13)

temperatures are also studied.

HP performance

To determine the importance of superficial area relative to specific surface area in the HP performance of RPSSS, the temperature, methanol concentration and H2 concentration distributions of the columnar RPSSS with small specific sur- face area and high superficial area and the body-centered cubic RPSSS with high specific surface area and small super- ficial area under 300 ◦C wall temperature and 4 mL/h MWMIR are investigated, and their HP performance under 300 ◦C wall temperature and various MWMIRs is studied, and their HP performance under 4 mL/h MWMIR and various wall tem-
peratures is also explored.
To realize the large-scale application of RPSSS in meth- anol steam reforming reaction for HP, the temperature, methanol concentration  and  H2  concentration  distributions of axial and longitudinal size-enlarged columnar RPSSSs under 300 ◦C wall temperature and 8 mL/h MWMIR are investigated, and their HP performance under 300 ◦C wall temperature and various MWMIRs is studied, and their HP performance under 8 mL/h MWMIR and various wall tem- peratures is also explored.
The evaluation indexes of HP performance of the RPSSS are methanol conversion, H2 flow rate and CO selectivity. The methanol conversion, H2 flow rate and CO selectivity can be calculated by Eqs. (11)e(13) [44,50].


Results and discussion

Mesh independence analysis of numerical simulation model of RPSSS

Fig. 4 shows the mesh independence of numerical simulation model of columnar RPSSS. As shown in Fig. 4, the methanol conversions of the numerical simulation models with 211507, 296790, 433810, 616304 and 973731 meshes are 79.16%, 79.07%,
79.02%, 78.87% and 78.69%, respectively, and their H2 flow rates are 0.1472 mol/h, 0.1472 mol/h, 0.1470 mol/h, 0.1468 mol/ h and 0.1467 mol/h, respectively, and their CO selectivities are 7.93%, 7.91%, 7.90%, 7.86% and 7.84%, respectively. The dif- ferences of methanol conversion, H2 flow rate and CO selec- tivity among the numerical simulation models with 433810, 616304 and 973731 meshes are all less than 1%, and their mesh quality is greater than 0.3. Considering the accuracy of nu- merical simulation result and the calculation time of the nu- merical simulation, 433810 meshes are selected to discretize the numerical simulation model.

Heat transfer performance and pressure loss of various RPSSSs

[bookmark: _bookmark11]Fig. 5 shows the heat transfer performance and pressure loss of various RPSSSs. As can be seen from Fig. 5(a) and (b), when the waterflowsfrom theinlet of the RPSSS to theoutlet of the RPSSS, the temperature of water increases, but its pressure decreases.

X	¼   Vreaction  product*ðm þ nÞ 

(11)

Compared to the body-centered cubic RPSSS with large specific

CH3 OH	V

* 1 * 1 *273*22400

surface area and small superficial area, the columnar RPSSS

injection   60   64    K
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[bookmark: _bookmark12]Fig. 4 e Mesh independence of numerical simulation model of columnar RPSSS: (a) Methanol conversion, H2 flow rate and (b) CO selectivity.
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[bookmark: _bookmark13]Fig. 5 e Heat transfer performance and pressure loss of various RPSSSs: (a) Heat transfer performance and pressure loss under various water injection rates and 300 ◦C wall temperature, (b) heat transfer performance and pressure loss under various wall temperatures and 40 mL/h water injection rate.



with small specific surface area and large superficial area has a smaller temperature increase and lower pressure loss, indi- cating that the columnar RPSSS has lower heat transfer perfor- mance and smaller energy consume. In the condition of 300 ◦C wall temperature and 50 mL/h water injection rate, the tem- perature increase and pressure loss of the body-centered cubic RPSSS are 140.47 ◦C and 132.73 Pa, respectively, and those of the columnar RPSSS are 118.65 ◦C and 75.75 Pa, respectively. Compared to the body-centered cubic RPSSS, the temperature increase and pressure loss of the columnar RPSSS are decreased by 15.5% and 42.9%, respectively.
Due to its smaller specific surface area compared to the body-centered cubic RPSSS, the columnar RPSSS has lower heat transfer performance compared to the body-centered cubic RPSSS [51,52]. Due to its simpler and straighter fluid channel structure compared to the body-centered cubic RPSSS, the columnar RPSSS has lower pressure loss compared to the body-centered cubic RPSSS. Therefore, compared to the body-centered cubic RPSSS, the columnar RPSSS has a smaller temperature increase and lower pressure loss.

HP performance of various RPSSSs

The steady HP performances of columnar RPSSS and body- centered  cubic  RPSSS  are  obtained  after  360  min  and 200 min numerical simulation calculations, respectively. Fig. 6 shows the temperature, methanol concentration and H2 concentration distributions of various RPSSSs under 300 ◦C wall temperature and 4 mL/h MWMIR. From Fig. 6 (a) and (b), it can be seen that the low temperature of the reactants exists in the inlet of the RPSSS and the high and similar temperature
exists away from the inlet of the RPSSS. The reaction principle of the reactants is that when the reactants firstly contact the reaction support, the reactants firstly perform the reaction.
Since a large amount of reactants perform the HP reaction in the inlet of the RPSSS and the reaction needs absorb heat, the low temperature of the reactants exists in the inlet of the RPSSS. Due to the low reactant concentration of the reaction

area away from the inlet of the RPSSS, the amount of the re- actants which perform the HP reaction is not much and the RPSSS has the good heat transfer ability, and therefore, the high and similar temperature exists away from the inlet of the RPSSS. As can be seen from Fig. 6 (c)e(f), the methanol con- centration gradually decreases and the H2 concentration gradually increases from the inlet to the outlet of the RPSSS. Although a large amount of reactants perform the HP reaction in the inlet of the RPSSS, the reactants gradually perform the HP reaction from the inlet to the outlet of the RPSSS. There- fore, the methanol (reactant) concentration gradually de- creases and the H2 concentration (reaction product) gradually increases from the inlet to the outlet of the RPSSS.
Fig. 7 shows the HP performance of various RPSSSs. As can be seen from Fig. 7 (a)e(d), compared to the body-centered cubic RPSSS with large specific surface area and small super- ficial area, the columnar RPSSS with small specific surface area and large superficial area has larger methanol conver- sion, higher H2 flow rate and larger CO selectivity. Especially
under 300 ◦C wall temperature and 12 mL/h MWMIR, the
methanol conversion, H2 flow rate and CO selectivity of the body-centered cubic RPSSS are 52.2%, 0.303 mol/h and 3.03%, respectively, and those of the columnar RPSSS are 58.6%,
0.331 mol/h and 3.94%, respectively. Compared to the body- centered cubic RPSSS, the methanol conversion, H2 flow rate and CO selectivity of the columnar RPSSS are increased by 12.3%, 9.24% and 30%, respectively. Due to its larger catalytic area obtained by larger superficial area compared to the body- centered cubic RPSSS, the columnar RPSSS has larger meth- anol conversion, higher H2 flow rate and larger CO selectivity compared to the body-centered cubic RPSSS.

HP performance of axial and longitudinal size-enlarged columnar RPSSSs

Fig. 8 shows the temperature, methanol concentration and H2 concentration distributions of axial and longitudinal size- enlarged columnar RPSSSs under 300 ◦C wall temperature
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[bookmark: _bookmark14]Fig. 6 e Temperature, methanol concentration and H2 concentration distributions of various RPSSSs under 300 ◦C wall temperature and 4 mL/h MWMIR: (a) Temperature, (c) methanol concentration and (e) H2 concentration distributions of columnar RPSSS; (b) temperature, (d) methanol concentration and (f) H2 concentration distributions of body-centered cubic RPSSS.



and 8 mL/h MWMIR. As can be seen in Fig. 8 (a)e(f), compared to the longitudinal size-enlarged columnar RPSSS, the axial size-enlarged columnar RPSSS has lower minimum tempera- ture, same maximum temperature, higher minimum meth- anol concentration, smaller maximum methanol concentration, lower minimum H2 concentration and larger maximum H2 concentration. Due to the heat absorption re- action of the reactants reaction and the faster axial velocity of the reactants flowing through the axial size-enlarged columnar RPSSS compared to the longitudinal size-enlarged columnar RPSSS, the inlet has a higher heat consume per area in the inlet of under the same wall temperature, and

therefore the axial size-enlarged columnar RPSSS has the lower minimum temperature in the inlet compared to the longitudinal size-enlarged columnar RPSSS, indicating its higher minimum methanol concentration and lower mini- mum H2 concentration. Due to the same wall temperature, the axial size-enlarged columnar RPSSS has the same maximum temperature compared to the longitudinal size-enlarged columnar RPSSS. Since the axial and longitudinal size- enlarged columnar RPSSSs have the same injection volume of reactants and the same flow space, the residence times of reactants in the fluid channels of the two RPSSSs are the same and the heat absorbing times of the reactants under the same





[bookmark: _bookmark15]Fig. 7 e HP performance of various RPSSSs: (a) Methanol conversion, H2 flow rate and (b) CO selectivity under various MWMIRs and 300 ◦C wall temperature; (c) methanol conversion, H2 flow rate and (d) CO selectivity under various wall temperatures and 4 mL/h MWMIR.







wall temperature are the same. In addition, in the condition of the same specific surface area and superficial area of the axial and longitudinal size-enlarged columnar RPSSSs, due to its smaller longitudinal size compared to the longitudinal size- enlarged columnar RPSSS, the axial size-enlarged columnar RPSSS has higher heat transfer efficiency in the longitudinal direction compared to the longitudinal size-enlarged columnar RPSSS, and therefore it has higher reaction tem- perature. In this way, the higher methanol conversion of the axial size-enlarged columnar RPSSS can be obtained compared to the longitudinal size-enlarged columnar RPSSS, indicating its smaller maximum methanol concentration, and higher maximum H2 concentration compared to the longitu- dinal size-enlarged columnar RPSSS.
Fig. 9 shows the HP performance of axial and longitudinal
size-enlarged columnar RPSSSs. As can be seen from Fig. 9 (a)e(f), compared to the longitudinal size-enlarged columnar RPSSS, the axial size-enlarged columnar RPSSS has larger methanol  conversion,  higher  H2  flow  rate  and  larger  CO


selectivity under low  wall  temperature.  Especially  under 300 ◦C wall temperature and 8 mL/h MWMIR, the methanol conversion, H2 flow rate and CO selectivity of the longitudinal size-enlarged columnar RPSSS are 78.74%, 0.293 mol/h and 7.81%, respectively, and those of the axial size-enlarged columnar RPSSS are 80.08%, 0.296 mol/h and 8.11%, respec-
tively. Compared to the longitudinal size-enlarged columnar RPSSS, methanol conversion, H2 flow rate and CO selectivity of the axial size-enlarged columnar RPSSS are increased by 1.7%, 1% and 3.8%, respectively. As analyzed in Fig. 8, due to its smaller longitudinal size compared to the longitudinal size- enlarged columnar RPSSS, the axial size-enlarged columnar RPSSS has higher heat transfer efficiency in the longitudinal direction compared to the longitudinal size-enlarged columnar RPSSS, and therefore it has higher reaction tem- perature. In this way, the axial size-enlarged columnar RPSSS has higher methanol conversion, larger H2 flow rate and higher CO selectivity compared to the longitudinal size- enlarged columnar RPSSS [6,30].
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[bookmark: _bookmark16]Fig. 8 e Temperature, methanol concentration and H2 concentration distributions of axial and longitudinal size-enlarged columnar RPSSSs under 300 ◦C wall temperature and 8 mL/h MWMIR: (a) Temperature, (c) methanol concentration and (e) H2 concentration distributions of axial size-enlarged columnar RPSSS; (b) temperature, (d) methanol concentration and (f) H2 concentration distributions of longitudinal size-enlarged columnar RPSSS.







Conclusions

To improve HP performance of RPS, a columnar RPS with small specific surface area and high superficial area is designed. Heat transfer performance, pressure loss, temper- ature, methanol concentration, H2 concentration distributions and HP performance of the columnar RPSSS are investigated. The main research results are listed as follow.

(1) The superficial area of RPSSS is more important for HP performance of RPSSS compared to its specific surface area. Compared to the body-centered cubic RPSSS with

high specific surface area and small superficial area, the columnar RPSSS with small specific surface area and high superficial area has higher methanol conversion,
larger H2 flow rate and higher CO selectivity. Under 300 ◦C wall temperature and 12 mL/h MWMIR, methanol conversion,  H2  flow  rate  and  CO  selectivity  of  the
columnar RPSSS are 58.6%, 0.331 mol/h and 3.94%, respectively, which are increased by 12.3%, 9.24% and 30%, respectively, compared to the body-centered cubic RPSSS.
(2) The smaller longitudinal size between the centerline of the RPSSS and the wall of heating source of HP micro- reactor is beneficial for obtaining higher reaction
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[bookmark: _bookmark17]Fig. 9 e HP performance of axial and longitudinal size-enlarged columnar RPSSSs: (a) Methanol conversion, (b) H2 flow rate and (c) CO selectivity under various MWMIRs and 300 ◦C wall temperature; (d) methanol conversion, (e) H2 flow rate and (f) CO selectivity under various wall temperatures and 8 mL/h MWMIR.
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temperatureof RPSSS, resulting inhigher HPperformance of the RPSSS. In the condition of 300 ◦C wall temperature and 8 mL/h MWMIR, methanol conversion, H2 flow rate and CO selectivity of the axial size-enlarged columnar RPSSS are 80.08%, 0.296 mol/h and 8.11%, respectively,
which are increased by 1.7%, 1% and 3.8%, respectively, compared to longitudinal size-enlarged columnar RPSSS.

The design of RPSSS with high superficial area not only improves the HP performance of RPSSS, but also reduces its pressure loss, which has a broad application prospect in methanol steam reforming reaction for HP.
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