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Abstract 

Microreactors fulfill the critical need for scalable on-site hydrogen and/or syngas production from 

natural gas. The coupling of endothermic steam reforming of methane with exothermic combustion of 

methane allows for stand-alone, self-sustaining operation. Several examples of this reactor and chemistry 

have been studied, typically consisting of a planar geometry with alternating combustion and steam 

reforming plates. A critical challenge for these designs is the appropriate balancing of endothermic and 

exothermic reaction heats in order to achieve near-isothermal operation without significant hot-spot 

formation. The authors present a novel annular microchannel reactor (AMR) designed to address the 

manufacturing challenges associated with planar systems. Computational fluid dynamic models are used 

to predict performance of the AMR and to determine the efficacy of pairing steam reforming of methane 

with catalytic combustion of methane in a heat exchanger microreactor. Initially, steam reforming and 

combustion volumes were modeled separately with an isothermal operation boundary condition imposed 

at the catalyst-coated wall. After appropriate methane capacities and a nominal operating widow was 

chosen for both volumes, an all-inclusive, non-isothermal model was used to predict and improve 

performance of the overall system. 
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Microreactors allow for increased viability of multiple 

energy & fuels applications due to the ability to achieve 

breakthroughs in thermal efficiencies from process 

integration. By reducing the characteristic transport lengths 

from millimeters to microns, order-of-magnitude 

improvements in heat transfer rates per unit reactor volume 

are achieved. This enables breakthroughs in reactor 

capacity and performance for highly endothermic 

processes including hydrogen and/or syngas production 

from natural gas. In collaboration with Power+Energy Inc., 

our research group has focused upon design of the patented 

(Bossard, 2012; Bossard and Mettes, 2014) Annular 

Microchannel Reactor (AMR) technology which provides 

several advantages over existing planar technologies, 

including (i) thermal isolation of individual microchannels, 

(ii) order-of-magnitude reduction in welding area for ease 

of fabrication, and (iii) resulting improvement in system 

durability owing to the absence of delamination risks 

associated with axial thermal stresses in planar systems.  



  
 

Previous Work and Motivation 

In a previous report (Butcher et al., 2014), a 

computational fluid dynamic model was assembled based 

on available kinetics to describe fluid-phase convection of 

heat and mass, catalyst-phase conduction of heat and mass 

in presence of reaction, and solid-phase heat conduction in 

the microreactor wall. The model was validated through a 

bench-scale AMR prototype tested at a steam to methane 

ratio of 3.3:1, a temperature of 750 °C, and a pressure of 

11 atm. The model was subsequently used to simulate a 

final manufactureable design (catalyst volume of 0.023 

cm
3
), which was then used to identify an optimum 

operating window of 0.5-2.0 SLPM of methane, 

corresponding to hydrogen yields of 99%-75% of 

equilibrium values (Table 1) (Butcher et al., 2014).  

Table 1. Nominal operating window results 

Space velocity (h
−1

) 195,000 391,000  782,000 

Methane capacity, 

dry basis (SLPM) 
0.5 1.0  2.0 

Reaction heat duty 

(W) 
55.8 108.6  176.1 

Heat flux (cat. vol. 

basis) (kW/cm
3
) 

0.77 1.50  2.43 

 

The aforementioned simulations assumed that the 

outer wall of the AMR was maintained at a uniform 

temperature of 750
o
C, as may be achieved using multi-

zone resistive heating or appropriate heat-transfer fluid in 

contact with an independent catalytic combustor. 

Assuming a combustor heat transfer efficiency of 50%, an 

overall device thermal efficiency of ~55 – 65% is 

estimated.  

Results and Discussion 

Based upon these promising results, the authors 

followed a multi-step approach to identifying final heat-

integrated AMR designs for directly coupling endothermic 

reforming and exothermic combustion.  

 

For a discrete set of flow rates within the previously 

determined operating window, corresponding methane 

capacities were found to maintain the methane conversions 

obtained with the isothermal simulations.  Two 

combustion catalyst configurations were tested shown in 

Figure 1. Configuration 1 was used to mimic the 

isothermal simulations and configuration 2 was 

implemented to off-set the combustion zone in order to 

avoid quenching of the wall temperature at the reforming 

inlet.  

 

Figure 1. Catalyst configurations 1 and 2 

When configuration 1 failed to achieve adequate 

combustion methane conversions, configuration 2 was 

tested. Configuration 2 was able to maintain performance 

with similar efficiencies as predicted, but results indicate 

local deviations from the nominal wall temperature of 

750
o
C of up to 250 degrees increase located near the 

entrance of the reforming reaction. However, these 

deviations diminish at higher reformer flowrates.  

Conclusions 

CFD simulations of methane-air catalytic combustion 

over the outer surface of a washcoated AMR were 

conducted in order to confirm the potential for catalytic 

combustion to provide required reforming heat duties via 

catalytic reaction. These simulations were also used to 

match ideal isothermal reforming heat duty axial profiles 

such that near-isothermal AMR axial temperature profiles 

may be expected. These findings confirm that AMR 

designs are capable of providing overall autothermal 

hydrogen production from methane via coupled steam 

reforming and catalytic combustion over a single-AMR 

methane capacity of 0.25 – 2.0 SLPM on dry-gas basis 

with competitive thermal efficiencies and hydrogen yields 

while avoiding local hot-spots sufficient for catalyst 

deactivation. 
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