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Abstract: To improve hydrogen production performance of self-heating methanol
steam reforming (MSR) microreactor, a novel nickel foam with multiple
microchannels was proposed as combustion reaction support. A wall temperature
comparison of the methanol combustion microreactors with nickel foam catalyst
support and particles catalyst support in the combustion reaction process was
performed. According to the numerical simulation results of combustion reaction of
nickel foam, the shape and size of multiple microchannels of nickel foam were
determined. The laser processing was then used to fabricate the multiple
microchannels of nickel foam. The experimental results show that the methanol
combustion microreactor with nickel foam loaded with Pt catalyst exhibits similar
wall temperature distribution with the methanol combustion microreactor with
Pt/y-Al,O5 particles reaction support. Compared with the nickel foam without
microchannel, the AT,,,x (maximum temperature difference) and the maximum in the
temperature distribution of nickel foam with multiple microchannels decreased
respectively by 57.8% and 33.8°C when 1.1 mL/min methanol flow rate was used.
Hydrogen production performance of self-heating MSR microreactor using the nickel
foam with multiple microchannels increased by about 21% when 430 °C reforming
temperature and 4 mL/h methanol-water mixture flow rate were performed.

Keywords: Methanol steam reforming; Methanol combustion; Nickel foam; Multiple

microchannels
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Nomenclature
Variables

K Kelvin environmental temperature of methanol steam reforming, K

m  volume fraction of CO in reaction product, %
n  volume fraction of CO; in reaction product, %
Vio  flow rate of H,, mol/h

Vinjection  flow rate of the methanol-water mixture, mL/h
Vieactant flow rate of reactant, mL/min

Xchzon methanol conversion, %

z volume fraction of H, in reaction product, %
Abbreviations

EDS energy dispersive spectrometer

MC methanol combustion

MSR methanol steam reforming

PPI pores per inch

SEM scanning electron microscopy

AT maximum temperature difference
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1. Introduction

Methanol steam reforming (MSR) microreactor is used as one of the main
technology for hydrogen production because of its high ratio of hydrogen to
carbonl!~%]; easy storage and transportation!®], low reforming temperaturel®l. The MSR
microreactor using fuel as its heat-supply mode has a wide application in fuel celll’-11]
owing to little electrical power consumption, it has been paid much attentions from
scholars.

The MSR microreactor using fuel as its heat-supply mode has been widely
studied, including some researches such as heat-supply mode, catalyst for combustion,
catalyst support for combustion. In the heat-supply mode, the fuels of butane, propane
and methanol have been studied to realize the heat-supply of MSR microreactor(!2-15],
As for the combustion catalyst, the effects of catalyst composition, catalyst
preparation process, and catalyst reaction condition on the catalytic performance of
catalyst have been investigated. The catalysts with different activities have been
obtained, such as Pd/ZrO,, Pt/Al,03; and Mn/Cu catalysts[16-18],

In terms of catalyst support for combustion, the spherical particles and metal
plate with microchannels were investigated!!>!9). For example, Chein et al. used
Pt/Al, O3 particles as combustion reaction support for the heat-supply of MSR reaction.
The 97% conversion of the reforming methanol can be obtained!'3l. Reuse et al. used
FeCrAlloy metal plate with microchannels as catalyst support, which was loaded with
highly active cobalt oxide catalyst, for the heat-supply of MSR reaction. It was found
that more than 99% reforming methanol conversion can be obtained at the reforming

Page 3 of 29

ACS Paragon Plus Environment

Page 4 of 30



Page 5 of 30

oNOYTULT D WN =

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Energy & Fuels

temperature higher than 250 °C1%l. The wall temperature and combustion methanol
conversion of the self-heating MSR microreactor with combustion catalyst support
were investigated in the above studies. However, the temperature distribution of the
combustion catalyst support has not been studied in detail. A few research works on
temperature distribution optimization of hydrogen production microreactor have been
done by some research groups?*-?!l. For example, Hsueh et al. used numerical
simulations to investigate mass-transfer and heat-transfer performances of self-heating
MSR microreactor. It was found that the countercurrent configuration of MSR gas
and methanol combustion (MC) gas can increase reaction performance of the
microreactor!?’], Herdem et al. used numerical simulation to investigate temperature
distribution of MSR microreactor. It was found that temperature distribution of MSR
microreactor was an important influential factor in improving the reaction
performance of the reactor?!,

Although some research works on heat-supply method, catalyst and catalyst
support for combustion have been performed, the temperature distribution
optimization of the self-heating MSR microreactor using metal foam as combustion
reaction support has not been studied in detail. In fact, compared with the traditional
packed bed system, the metal foam used as reaction support in the microreactor has
the advantages of lower pressure drop and less cold spots!??l. Moreover, the catalyst
support of metal foam was easy to be secondary processed by laser, thus it can easily
achieve the fabrication of the optimized structure of reaction support, so as to perform
the difference decrease in the temperature distribution of the catalyst support. In
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addition, the metal foam has strong catalytic reaction ability because of its large
specific surface area. Therefore, the nickel foam was chosen as a research object of
the MC catalyst support. The wall temperature distribution of methanol combustion
microreactor with the nickel foam loaded with Pt catalyst was studied. A numerical
simulation model of combustion reaction of the nickel foam was established. A
structural optimization of the nickel foam reaction support was carried out to decrease
difference in the temperature distribution of the nickel foam based on the numerical
simulation model. The wall temperature distributions of methanol combustion
microreactors with the nickel foams before and after structural optimization were
investigated in detail. In addition, the reforming methanol conversion and H, flow rate

of self-heating MSR microreactors with the nickel foams were studied.

2. Experimental and numerical setup
2.1. Nickel foam as combustion reaction support

It is difficult to locate the Pt/y-Al,O5 particles in a chamber plate and change the
distribution of these particles to optimize the temperature distribution, however the
temperature distribution optimization of chamber plate needs change the particles
distribution of Pt/y-Al,O; particles. Thus a metal foam was proposed to be used as
catalyst support for combustion because of its advantages of rapid assembling ability,
easy secondary processing ability which can achieve the temperature distribution
optimization of chamber plate. In addition, the metal foam has the advantages of low
pressure drop and large specific surface area. The copper foam becomes brittle at high

temperature because its easy oxidation at high temperature and therefore is not
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suitable for being used as catalyst support for combustion. Ni-based foam and
Fe-based foam have been used as combustion reaction supports by some scholars
because of their good oxidation resistance and corrosion resistancel?3-?71. For example,
Cimino et al. investigated the methanol combustion reaction of Fecralloy foam loaded
with Pt catalyst by cathodic electrodeposition(?3]. The results showed that the initial
temperature of methanol combustion reaction can be lower than 80 °C, and the
conversion of the methanol can reach 100% when the Pt content is 13 mg/cm?3. Jin et
al. studied the H, combustion reaction of nickel foam loaded with Pt catalyst!>4. Tt
was found that the H, conversion of the nickel foam reaction support was higher than
99%. Yang et al. investigated the methane combustion reactions of the copper foam
and the nickel foam loaded with Pt catalyst[?]. The result showed that the nickel foam
had better catalyst adhesion and more heat release amount than copper foam in the
combustion reaction. In this way, 110 PPI nickel foam with 0.2mm average pore size,
0.06mm average strut size and 98% porosity (purchased from Jia Yi Sheng Company,
Jiangsu, China) is used as a research object of combustion reaction support.
2.2. Pressure drop test

Fig.1 shows the testing system of pressure drop of reaction support. This testing
system mainly consists of inlet chamber plate, testing chamber plate, reaction support,
outlet chamber plate, digital pressure gauge with 0.4% measurement precision
(YB-100A, Suzhou Xuansheng Technology Company, China). The pressure drop of
reaction support was investigated by comparing the pressure in the front of reaction

support with the pressure in the back under different flow rates of air.
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Testing chamber plate  Reaction support Digital pressure gauge

L i
" ‘_}.i' / -»

Inlet Inlet chamber Graphite seal Outlet chamber  Qutlet
plate plate

Air
-b

Fig.1. Testing system of pressure drop of reaction support

2.3. Catalyst loading process and adhesion test

5g commercial Pt/y-Al,O3 (1 wt% Pt) catalyst particles with 2 mm diameter
(purchased from Kaida Chemical Engineering Company, Shanxi, China) were ground
for one hour in planetary ball mill instrument to obtain the Pt catalyst powder. The
ground Pt catalyst powder was mixed with Al(NOs3);-9H,0, CH;0H, H,0 at a mass
ratio of Pt catalyst powder : AI(NO3);-9H,0 : CH;0H : H,O =2 :1:5: 5 to prepare
catalyst precursor slurry. In order to uniformly disperse the Pt catalyst powder in the
precursor slurry, the precursor slurry was continuously stirred in a magnetic stirrer at
room temperature.

The Pt catalyst was loaded on nickel foam by impregnation-dry method. The
nickel foam was sufficiently impregnated in the catalyst precursor slurry and was then
dried at 100°C for 15 mins in an oven. The above operations were repeated until the
slurry was consumed. The component of Pt catalyst on the nickel foam was analyzed
by scanning electron microscopy (SEM). The adhesion of Pt catalyst on the nickel

foam was investigated using ultrasonic cleaning machine at ultrasonic frequency of 40
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kHzPI.

2.4. Numerical simulation model of combustion reaction

2.4.1. Physical model

Reaction

zone diffusion ~ (-35.24,0)

zone (-35,20,0)

Heat
conduction
plate

d1ffus1on(_35’_20’0) ol : . 00
(-35,-24,0) : i e ©(35,-:22,0)

Fig.2. Computational domain composition of the numerical simulation model of combustion

reaction

According to the composition of MC microreactor, the computational domain of
simulation model for combustion reaction was divided into six parts: inlet, inlet
diffusion zone, reaction zone, heat conduction plate, outlet diffusion zone and outlet,
as shown in Fig.2. The flow velocity of methanol-air mixture which flowed through
the reaction support was more than 0.1 m/s, therefore the Reynolds number of the
fluid was more than 4000. In this way, the methanol-air mixture was regarded as the
turbulent gas in numerical simulation of combustion reaction. The fluid flow in the
nickel foam reaction support was simulated by a Darcy 's law (Eq.(1)). The flow
behavior of the fluid can be described by Navier-Stokes equation (Eq.(2)) and
Continuity equation (Eq.(3))?%]. The pre-exponential factor of methanol oxidation was
set to 4e+06. The activation energy of methanol oxidation was set to 3.5e+07

J-kmol!.
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T (1)
(V-u)=-VP+u-Viu (2)
V(p-u)=0 (3)

2.4.2. Boundary condition

The boundary conditions of inlet and outlet were set to constant velocity and
pressure-outlet, respectively. No slip was set as the boundary conditions of all walls
and interfaces in the computational domain. The thermal conditions of all wall
surfaces were set to mixed conditions with the 15 W-(m?-k)-! heat-transfer coefficient,
300 k free stream temperature, 1 external emissivity and 573 k external radiation
temperature. The reaction zone was set to the porous reaction zone with 98% porosity.
The viscosity resistances of porous zone in X, Y and Z directions were set to
2.158e+09 m=. The inertial resistances of porous zone in X, Y and Z directions were
set to 40928 m-!.
2.4.3. Numerical solution condition

FLUENT 17.0 was used as numerical solution software. The QUICK scheme
with SIMPLE algorithm was used for pressure-velocity coupling. The convergence
criteria of pressure-based solver were set to 1e—05, and the under-relaxation factors of
pressure, density and momentum were set to 0.35, 1, 0.5, respectively.
2.4.4. Grid independence analysis

ICEM CFD 17.0 was used to establish unstructured grids for discretization of the
computational domain. The grid independence was investigated by comparing the

simulation results of the simulation models with the grids of 630409, 877589,
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1511424 and 2466095, respectively. According to the simulation calculation results,
the average temperatures of the simulation models with grid numbers of 630409,
877589, 1511424 and 2466095 were 407.9 °C, 393.1 °C, 391.2 °C and 389.9 °C,
respectively. The average temperature difference between the grid numbers of 877589,
1511424 and 2466095 was less than 3%. Considering the calculation time and
accuracy, the grid number of 1511424 was used. Moreover, according to the grid
quality evaluation of ICEM CFD, the grid quality of the model with the grid number
of 1511424 was greater than 0.3, so it met calculation accuracy requirement.
2.4.5. Reliability validation of numerical simulation model

The reliability of the numerical simulation model was verified by investigating
the difference between simulation temperature and experimental temperature of nine
points on combustion chamber plate of MC microreactor under methanol flow rates of
0.8, 0.9, 1.0 and 1.1 mL/min, respectively.
2.5 Structural optimization of nickle foam

In the reaction process of methanol combustion, the reaction occurs when
reaction gas comes into contact with catalyst. A large amount of reaction gas is
reacted with catalyst in the front of nickel foam loaded with catalyst because of the
nickel foam’s porous structure with small pore size and dense hole distribution.
Therefore, the violent methanol combustion reaction in the front of the nickel foam is
obtained. In this way, the temperature on the front of chamber plate with the nickel
foam combustion reaction support was high, however that on the back was low. In

order to optimize the temperature distribution of the chamber plate, it is necessary to
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control reaction zone of the reaction support. In fact, the distribution of reaction gas
and catalyst in the reaction support can be adjusted by designing multiple
microchannels on the reaction support. Therefore, the shape and size of multiple
microchannels of the nickel foam were designed based on numerical simulation
results of combustion reaction of nickel foam.
2.6. Combustion performance test

Fig.3 shows a methanol combustion microreactor and Fig.4 shows a testing
system of methanol combustion microreactor>4l, The methanol for combustion was
evaporated in the inlet evaporation chamber plate and combustion evaporation
chamber plate, then was mixed with the air in the mixing chamber plate. Subsequently,
the mixed gas was reacted with the combustion reaction support in the outlet chamber
plate. The combustion reaction support in the microreactor had 70mm length, 40mm
width, and 2mm thickness. The temperature inspection instrument with 0.1 °C
measurement accuracy (AT4516, Applent Instruments Company, China) was used to
investigate the temperatures of the different points on combustion chamber plate of
the microreactor. The maximum difference and the maximum in the temperature
distribution of the nine points were used for determining combustion performance of
the microreactor®®l, The low maximum difference and the low maximum in the
temperature distribution indicated the better combustion performance. Eq. (4) shows
the MC reaction processl!322],
CH ,0H +1.50, — CO, + 2H,0 AH =-192.2 KJ/mol 4)

In this study, particles reaction support was the 5g Pt/y-Al,O5 catalyst particles

Page 11 of 29

ACS Paragon Plus Environment

Page 12 of 30



Page 13 of 30

oNOYTULT D WN =

226

227

228

229

230

231

232

233

234

235

236

237

238

239
240

Energy & Fuels

with 2 mm diameter. The same 5g Pt/y-Al,O;3 catalyst particles were ground to
prepare catalyst precursor slurry and the Pt catalyst precursor slurry was then loaded
on the nickel foam to obtain the nickel foam reaction support. The wall temperature of
methanol combustion microreactor with nickel foam reaction support was compared
with that of methanol combustion microreactor with particles reaction support under
0.8 mL/min flow rate of methanol, namely 3.93 L/min flow rate of methanol-air
mixture gas (the mole ratio of gaseous methanol to air was 1:7.14). The wall
temperature of methanol combustion microreactor with the nickel foam in the
combustion reaction process under different flow rates of methanol was investigated.
The long-time combustion stability of the nickel foam in condition of 1 mL/min flow
rate of methanol was studied. In addition, a combustion performance comparison of
nickel foams without microchannel and with multiple microchannels at different flow

rates of methanol was performed .

—> Air Pt/ALOs particles reaction
> CH;OH support for methanol

COx+ H20 combustion

Thermal

Thermocouple

Inlet tube for
methanol
combustion

Outlet tube for
methanol

Heating combustion

cartridges

Inlet evaporation ~ Evaporation — Mixing chamber Baffle plate Outlet chamber plate
chamber plate for chamber plate plate for for combustion
combustion for combustion combustion

Fig.3. Methanol combustion microreactor
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3 |-231-15] 0 8 0]15] 0

Thermostat 4 231 0 0 9 |-23]15] 0

Fig.4. Testing system of methanol combustion microreactor

2.7. Hydrogen production performance test

Fig.5 shows a self-heating methanol steam reforming microreactor and Fig.6
shows a testing system of self-heating methanol steam reforming microreactor(??l, The
combustion methanol was evaporated in the inlet evaporation chamber plate and
combustion evaporation chamber plate, then was mixed with air in the mixing
chamber plate. The combustion reaction of methanol-air mixture occurred in the
combustion reaction chamber plate. The methanol-water mixture was evaporated in
the reforming evaporation chamber plate, then performed methanol steam reforming
reaction in the reforming reaction chamber plate. The methanol combustion and
methanol steam reforming reaction supports in the microreactor had 70mm length,
40mm width, and 2mm thickness. Pt/y-Al,O; catalyst particles in combustion
chamber plate of the microreactor were used to supply heat to the reforming chamber
plateB3%-33], The reforming temperature of the microreactor was measured using B-type
thermocouple with 0.5 °C measurement accuracy (M6-K, Jing Lan Electric Heating
Instrument Company, China) which was on the chamber plate for reforming. The

MSR reactant was reacted with the PdZn catalyst which was on the copper foam in
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reforming chamber plate of the microreactor3¥. The soap bubble flowmeter with +1%
measurement deviation (JCL-2010(S)-A, Qingdao Juchuang Environmental Company,
China) was used to investigate the flow rate of total reaction product, the gas
chromatograph with 50 ppm measurement accuracy (GC2014C, Shimadzu Company,
Japan) was used to determine the volume fractions of different reaction products (8],
Egs.(5)-(7) show the main reaction process of MSR reaction!33-37], The methanol
conversion and H, flow rate were used as the main indices for determining hydrogen

production performance of the microreactor, which were calculated using Eqs.(8) and

(9)[7,9,29,38].
CH,OH+H,0 — 3H,+C0, AH =+49.4 KJ/mol (5)
CH,0H — CO+ 2H, AH = +92.0K/mol (6)
CO+H,0—CO,+H:  AH =—-41.1KJ/mol (7)
V. . *(m+n)*K
X = reactant
cson I/inject‘ion * 1592'5 (8)
V *z
V., = reactant 9
2 1344000 ©

—> CHi:OH Pt/y-ALO;s particles Copper foam loaded with
—> Air reaction support for 0 mm PdZn catalyst_ for methanol
— > CH;0H+H,0 methanol combustion steam reforming
—>> CO,+ H,O+etc e AT
—>CO+CO+ H, 70 mm

Heating  A-type GrapNge seal B-type

cartridges thermocouple thermocouple

Inlet tube for

methanol steam
reforming reaction

Thermal
insulation jacket

/ \ [ ]
& o 08 TN A F i Outlet tube for methanol
| ! combustion

Outlet tube for methanol

Inlet tube for . -
steam reforming reaction

methanol
combustion |pjet

Evaporation Mixing Evaporation Reaction Reaction
evaporation  chamber chamber  chamber chamber
chamber plate plate for platefor  plate for plate for
for combustion combustion combustion reforming  combustion

Outlet
chamber plate “champer plate
for reforming

Fig.5. Self-heating methanol steam reforming microreactor
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Electronic
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Fig.6. Testing system of self-heating methanol steam reforming microreactor

110 PPI copper foam which loaded 0.5 g PdZn catalyst was used as methanol
steam reforming reaction support of self-heating MSR microreactor®¥. The nickel
foams without microchannel and with multiple microchannels used as combustion
reaction supports were respectively installed into the self-heating microreactors. The
hydrogen production performances of the microreactors with different combustion
reaction supports at different reforming temperatures and 4 mL/h flow rate of
methanol-water mixture were investigated. Moreover, the hydrogen production
performances of the microreactors under different flow rates of methanol-water
mixture and 415 °C reforming temperature were also studied.

3. Results and discussion
3.1 Pressure drop of nickel foam

Fig.7 shows the pressure drop of different reaction supports under different flow
rates of air. From Fig.7, it is found that the pressure drop of reaction supports
becomes high with the increase of flow rate of air. Moreover, compared with particles

reaction support, the nickel foam reaction support has the lower pressure drop.
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100 f —s— Particles reaction support
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Fig.7. Pressure drop of different reaction supports under different flow rates of air

3.2. Catalyst adhesion of nickel foam

Fig.8 shows the catalyst adhesion of nickel foam. The Pt catalyst is loaded on
nickel foam, as shown in Fig.8(a). According to Fig.8(b), it is known that some loss of
catalyst occurs at the early stage of ultrasonic vibration process under five replicated
experiments. The mass of catalyst remains basically unchanged at the later stage. In
this way, the good catalyst adhesion of nickel foam can be concluded. This is mainly
due to the presence of Al(NOs;); binder in the catalyst precursor slurry, and the large
specific surface area of the nickel foam, resulting in a large interfacial area of
adhesion. Therefore, the catalyst had a high bonding strength with nickel foam. The

good catalyst adhesion of nickel foam can be obtained.

(@) (b)

0.850
0.825
%50.800
20775}
E]

S 0.750 F
S 0725}
o

% 0.700 -
= 0675}
Name C (6] Al Ni Pt Total 0.650 % E

Spc 001 1.96 58.70 36.03 2.51 0.80 100 1 2 3 4 5 6
t (min)

Fig.8. Catalyst adhesion of nickel foam: (a) SEM and energy dispersive spectrometer (EDS),
(b) adhesion
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3.3. Wall temperature of the methanol combustion microreactors with nickel

foam

Fig.9 shows the wall temperatures of the methanol combustion microreactors
with different catalyst supports. Compared with catalyst support of particles with 2
mm diameter, the higher temperature distribution is existed in the front (1-4
temperature measurement points) of the nickel foam catalyst support and the similar
temperature distribution is existed in the back, which can be seen in Fig.9. It may be
attribute to the fact that 110 PPI nickel foam has larger specific surface area because
of its porous structure with small pore size and dense hole distribution(3*-4], Therefore,
the violent combustion reaction was existed in the nickel foam loaded with Pt catalyst,

especially in the front of the nickel foam.

—=»— Nickel foam loaded with Pt catalyst
—A— Pt catalyst particles

__________________

/\\

1 2 3 4 5 6 7 8 9
Temperature measurement point

Fig.9. Wall temperatures of the methanol combustion microreactors with different catalyst

supports
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Fig.10. Wall temperature of the methanol combustion microreactor with nickel foam: (a) wall
temperature under different flow rates of methanol (b) long-term wall temperature
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Fig.10 shows the wall temperature of the methanol combustion microreactor
with nickel foam. From Fig.10(a), it can be seen that with the increase of methanol
flow rate, the temperatures of different measurement points increase, suggesting that
the exothermic amount of the MC microreactor can be controlled by adjusting the
flow rate of methanol. The temperatures of the nine points on combustion reaction
chamber with the nickel foam remain basically unchanged within 24 hours
combustion reaction, as shown in Fig.10(b), indicating that the nickel foam has good
long-time combustion stability.

3.4. Reliability of numerical simulation model

Fig.11 shows the simulation and experimental temperatures of nine points on
combustion chamber plate. The changing trend of the simulation temperatures of the
nine points on combustion chamber plate under different flow rates of methanol is in
agreement with the experimental temperatures, as shown in Fig.11. The deviations
between simulation and experimental results of the minimum, maximum and average
temperatures are 0.08%, 7.84%, 3.56%, respectively. Thus, the certain reliability of

numerical simulation model is obtained.
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Fig.11. Simulation and experimental temperatures of nine points on combustion chamber plate

3.5. Numerical simulation of combustion reaction of nickel foam
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Fig.12 shows the numerical simulation results of combustion reaction of nickel
foam. From Fig.12, it can be seen that the high methanol concentration and
temperature are existed in the front of nickel foam, however the low methanol
concentration and temperature are existed in the back. A large amount of reactant
reacts with catalyst in the front of nickel foam because of the nickel foam’s porous
structure with small pore size and dense hole distribution. The violent MC reaction in
the front of the nickel foam is obtained. However, the less MC reaction occurs in the
back of the nickel foam. In this way, the high temperature difference was emerged on
the nickel foam. In order to decrease the difference in the temperature distribution of
the chamber plate, it is necessary to control reaction zone of the reaction support. In
fact, the distributions of reactant and catalyst in the reaction support can be adjusted
by designing different multiple microchannels on the reaction support. Therefore, the
multiple microchannels with specific shape and size were designed to investigate the

effect of multiple microchannels on the temperature distribution of the nickel foam.

(a) l1~22°01 Methanol concentration(%) (b) Ij:)j Temperature (C)

114601
1.06601 Flow direction of reactant 400 Flow direction of reactant
9.886-02 394
9.100:02 387
8.33¢:02 381

|. 7.56e-02 “ 374
679602 368
6.020:02 361

I5A24@oz I355 v

348 ‘

-

Fig.12. Numerical simulation results of combustion reaction of nickel foam: (a) methanol

4.47¢-02

concentration, (b) temperature

3.6. Structural parameters of nickel foam with multiple microchannels

In order to reduce the difference in the temperature distribution of nickel foam,

the amount of reactants which performs MC reaction in the front of the reaction
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support should be reduced, and the amount of reactants which performs MC reaction
in the back of the reaction support should be enhanced. Therefore, the multiple
microchannels with wide microchannel in the front of the nickel foam and narrow
microchannel in the back of the nickel foam were designed on the nickel foam. Fig.13
shows the structural shape of multiple microchannels of nickel foam. The structural
parameter A is the microchannel width which near the outlet of reaction chamber, the
structural parameter B is the height of the microchannel, the structural parameter C is
the distance between the edge of nickel foam and the centerline of the microchannel
and the structural parameter a is the angle between the width direction and the longest
side direction of the microchannel. A set of specific structural parameters of multiple

microchannels of the nickel foam was determined, which is shown in the Tab.1.
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Fig.13. Structural shape of multiple microchannels of nickel foam

Tab.1 Structural parameters of multiple microchannels of nickel foam

Microchannel
umber 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Structural parameter

A 1 1 1 1 1 0.6 0.6 06 04 04 06 0.6 0.6 1 1 1 1 1
B 32 30 28 27 26 25 24 23 23 23 23 24 25 26 27 28 30 32
C 45 9 13.75 17.75 21.75 25.175 28.375 31.175 33.5 36.5 38.875 41.625 44.875 48.25 52.25 56.25 61 65.5
o 88° 88" 88° 88" 83"  88° 88° 88° 88" 88"  88° 88°  88° 88° 88" 88" 88" 88°

3.7. Numerical simulation of combustion reaction of nickel foam with multiple

microchannels
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Fig.14 shows the numerical simulation results of combustion reaction of nickel
foam with multiple microchannels. From Figs.12 and 14, it can be seen that compared
with the nickel foam without microchannel, the methanol concentration distribution in
the nickel foam with multiple microchannels has been changed, and the lower
difference in the temperature distribution of the nickel foam under 0.8 mL/min flow
rate of methanol is obtained. It reveals the fact that the design of multiple
microchannels of nickel foam could decrease the difference in the temperature
distribution of nickel foam. Subsequently, a pulsed fiber laser was adopted to

secondary process the nickel foam to obtain the nickel foam with the multiple

microchannels.
(a)l1-23e-01 Methanol concentration(%) (b) zjj Temperature ('C)
1.16e-01
1.09e-01 Flow direction of reactant Sy Flow direction of reactant
1.02-01 34 | g
9.53¢-02 338
8.84¢-02 335
8.16¢-02 332
7 47¢-02 329
6.78e-02 326
Is.oge.oz N I323 v
5 41e-02 320

Fig.14. Numerical simulation results of combustion reaction of nickel foam with multiple
microchannels: (a) methanol concentration, (b) temperature

3.8. Reaction performance of nickel foam with multiple microchannels

3.8.1 Combustion performance

Fig.15 shows the AT, in the temperature distribution of different combustion
reaction supports. Compared with the nickel foam without microchannel, the AT, in
the temperature distribution of the nine points on combustion chamber plate using the
nickel foam with multiple microchannels decreases by 57.8% when 1.1 mL/min

methanol flow rate is used, which can be seen in Fig.15. The maximum temperature
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decreases by 33.8 C. It is indicated that the design of multiple microchannels of
nickel foam is of great significance for decreasing the difference and the maximum

in the temperature distribution of the nickel foam.
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Fig.15. AT, in the temperature distribution of different combustion reaction supports: (a) nickel
foams without microchannel and with multiple microchannels, (b) nickel foam without

microchannel, (c) nickel foam with multiple microchannels

3.8.2 Hydrogen production performance

Fig.16 shows the hydrogen production performances of self-heating methanol
steam reforming microreactors using different combustion reaction supports at
different reaction conditions. From Fig.16, it can be seen that compared with the
nickel foam without microchannel, the self-heating MSR microreactor using the
nickel foam with multiple microchannels exhibits better hydrogen production
performance. The reforming methanol conversion increases by 21.3% and the H, flow
rate increases by 21.5% when 430°C reforming temperature and 4 mL/h flow rate of

methanol-water mixture are used. This is mainly due to the fact that compared with
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the nickel foam without microchannel, the lower difference and the lower maximum
in the temperature distribution of combustion chamber plate using the nickel foam
with multiple microchannels are existed. Accordingly, the lower difference and the
lower maximum in the temperature distribution of reforming chamber plate are
obtained. In the process of MSR reaction for hydrogen production, high temperature
can easily make the carbon deposit on the surface of the catalyst, reducing the activity
of the catalyst. The high temperature will agglomerate the catalyst particles, making
the size of catalyst particles be larger and the global catalytic activity area of the
catalyst be less. The global reaction performance of the catalyst will decrease.
Therefore, the lower difference and the lower maximum in the temperature
distribution of reforming chamber plate can prevent the occurrence of the catalyst
deactivation in reforming chamber platel?’#!l. The better global catalytic reaction
performance of the catalyst in reforming chamber plate can be obtained. In this way,
the self-heating microreactor using the nickel foam with multiple microchannels

exhibited better hydrogen production performance.
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Fig.16. Hydrogen production performances of self-heating methanol steam reforming
microreactors using different combustion reaction supports at different reaction conditions (a)
different reforming temperatures with 4 mL/h methanol-water mixture flow rate, (b) different

methanol-water flow rates with 430°C reforming temperature
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4. Conclusions

To improve the reaction performance of self-heating methanol steam reforming
(MSR) microreactor, a nickel foam was used as catalyst support for combustion. A
numerical simulation model of combustion reaction of nickel foam was established.
The multiple microchannels of the nickel foam were designed based on the numerical
simulation results, and some related reaction performances were investigated. It is
found that the nickel foam reaction support has a similar temperature distribution with
the particles reaction support. In addition, the nickel foam has good long-time
combustion stability. Thus, the nickel foam can be used as a combustion reaction
support for self-heating MSR microreactor. Compared with the nickel foam without
microchannel, the AT, and the maximum in the temperature distribution of the nine
points of the combustion chamber plate using the nickel foam with multiple
microchannels decreased by 57.8% and 33.8 'C  respectively, when 1.1 mL/min
methanol flow rate was used. Compared with the nickel foam without microchannel,
the self-heating MSR microreactor using the nickel foam with multiple microchannels
exhibited better hydrogen production performance. The reforming methanol
conversion increased by 21.3% and the H, flow rate increased by 21.5% when 430C

reforming temperature and 4 mL/h flow rate of methanol-water mixture were used.
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