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Nomenclature

AM Additive Manufacturing
CMC Catalytic Methane Combustion
CPR Catalytic Plate Reactor
MS R Methane Steam Reforming
S R Steam Reforming

1. Autothermal reactors

Steam reforming (SR) of hydrocarbons is recognized for
providing the highest hydrogen concentration compared to al-
ternative processes like catalytic partial oxidation and autother-
mal reforming [1]. However, SR is an inherently endothermic
process, necessitating an efficient method for supplying heat in
a reactor. Traditionally, SR is conducted in a fixed-bed catalytic
reactor with a prolonged residence time [2]. Nevertheless, the
fixed-bed design presents challenges such as heat transfer limi-
tations and internal diffusion, prompting exploration into alter-

native reactor designs, such as the catalytic plate reactor (CPR).
The CPR design exhibits superior heat and mass transfer

characteristics compared to conventional fixed-bed designs. It
enables the concurrent operation of highly endothermic reac-
tions like methane steam reforming (MSR) and exothermic re-
actions like catalytic methane combustion (CMC) in separate
flow channels [3]. The proximity of the exothermic heat source
to endothermic reaction sites significantly reduces overall heat
transfer resistance [4]. Additionally, utilizing catalytic combus-
tion for heat supply offers advantages over gas-phase combus-
tion. Catalytic combustion occurs at lower temperatures than
gas-phase combustion, mitigating NO formation. The lower op-
erating temperature also expands the range of material choices
for CPR design [5].

However, implementing catalytic combustion in a CPR in-
troduces localized thermal gradients (hot spots), particularly
near the inlets, due to the imbalance between generated and
absorbed heat in combustion and reforming reaction zones [6].
Such thermal imbalances lead to issues such as material fail-
ure and catalyst delamination, arising from the differing ther-
mal expansion coefficients of the coated catalyst and the metal
plate. Large thermal gradients also diminish the catalytic ac-
tive surface area, consequently affecting the conversion rate of
reactants [7].
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Certain research has suggested the implementation of seg-
mented catalyst layers [8,9], which, however, comes with the
drawback of not fully utilizing the reactor’s entire surface for
the reaction. In the current investigation, an inventive design
created through additive manufacturing (AM) is proposed as an
alternative. This design aims to address the issue of controlling
the heat profile along the length of the reactor by facilitating the
mixing of air and fuel.

2. Catalytic compact combustor

Utilizing ultra-compact planar reactors, distinguished by
their elevated surface-to-volume ratio, offers numerous bene-
fits, such as a generous surface area that fosters catalytic reac-
tions and effective heat regulation for stacked systems. In this
context, a CPR for the combustion of CH4 is examined in con-
junction with a steam reformer, aimed at decentralized hydro-
gen production through an ultra-compact autothermal system.
Consequently, this study exclusively focuses on the combus-
tion design, evaluating two Designs, A and B, as depicted in
the corresponding Figure 1. The reactor’s characteristics and
operating conditions for simulation are detailed in Table 1 .

Variable Amount
Gas phase

Inlet Composition 0.1CH4/0.9Air
Temperature 693.15 K

Pressure 1 bar
Velocity 3 m s−1

Geometry
Channel Length (L) 100 mm
Channel Height (H) 0.3 mm
Number of channels 60

Hole/Porous depth of air distributor (S) 0.7 mm
Catalyst layer
Thickness (δ) 20 µm

Porosity 0.4
Tortuosity 4

Thermal conductivity 0.4 W m−1 K−1

Kinetics
Pre-exponential factor (K0) 4 × 108 s−1

Activation energy (E) 90 kJ mol−1

Solid wall
Thickness (S) 0.7 mm

Thermal conductivity 25 W m−1 K−1

Table 1. The operational parameters and distinctive features of CPR used for
2D simulation in this study.

The reactor plates are constructed using Crofer 22 (VDM
Metals, Germany), with their specified dimensions outlined in
Table 1. in case of Design A, these plates are precisely cut ac-
cording to the design, and microchannels are formed through a
chemical etching process. Subsequently, the plates are seam-
lessly integrated using laser welding techniques. The design
of the laser seams is carefully structured to enable the scalable
assembly of the reactor by increasing the number of plates.

The catalyst utilized in this study is composed of
1.5Pd – 1.5Pt/Al2O3 and is applied to the microchannels using
a screen printing coating technique. The weight of the catalyst
and the thickness of the coated catalyst layer are determined for
simulation purposes.

Fig. 1. An ultra-compact planar catalytic reactor composed of catalytic plates
designed for CMC.

In the case of Design B, as a proof of concept derived from
the simulation data, a sample is fabricated using PBF-LB/M
aiming at integrating into an autothermal steam reformer for
hydrogen production. Further details will be expounded upon
in Section 5.

3. 2D simulation before the fabrication

A 2D non-isothermal simulation was performed to compare
Design A and Design B. The primary goal of this simulation
was to analyze flow distribution, uniformity, and the heat gen-
erated by the combustion reaction. Cross-sections of both de-
signs are illustrated in Figure 2, providing visual insights into
their characteristics. Mathematical formulations for this simu-
lation can be found in Appendix.

For the catalytic combustion reaction of CH4, the reaction
rate (r) is expressed as:

r = K0 · exp
(
− E

RT

)
·CCH4 (1)

where the relevant parameters are detailed in Table 1. Here,
R represents the universal gas constant (8.314 J/mol/K), T de-
notes the reaction temperature, and CCH4 signifies the concen-
tration of the CH4 species.

In summary, the fluid flow is modeled using weakly com-
pressible Navier-Stokes equations in the flow channels, while
the Darcy-Brinkman model is employed to capture flow in
porous catalysts due to pressure gradients. Convection-
diffusion equations are utilized to solve mass-fraction gradi-
ents of chemical species in the flow channels. Temperature
profiles in the flow channels are determined by resolving the
convection-conduction equation, and temperature distributions
in porous catalysts are obtained using a pseudo-homogeneous
heat-transfer model. The temperature distribution in the solid
Crofer plate, serving as a heat-transfer medium between the air
and fuel (CH4) channels, is determined through the informa-
tion provided by supplier [10]. Crofer is chosen for its high
structural stability and a melting point of approximately 1510-
1530 ◦C, making it an ideal substrate for coating various cat-
alysts. Thermal conductivities, heat capacities, and viscosities
of chemical components are calculated as functions of temper-
ature. The coupled set of partial differential equations is solved
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using the commercially available simulation software package
COMSOL multiphyisics version 6.0, which employs the finite-
element method. The CPR models are based on a automati-
cally generated mesh, with more mesh elements employed at
the catalyst inlets to capture larger variations in reaction rates
and thermal gradients. All solutions are resolved using a finer
mesh, and mesh-independent solutions are obtained for all runs
with a convergence criterion of 1 × 10−5 absolute error.

Several assumptions are made in developing the numerical
models, including the application of the ideal gas law under
high-temperature and low-pressure conditions, fully-developed
laminar flow in the channels, isotropic catalyst layers with all
reactions occurring within these layers, and neglect of body
forces.

Fig. 2. A graphical representation of the simulated domains for Catalytic Plate
Reactor designs A and B is presented in a two-dimensional view.

Figure 3 illustrates the temperature profile along the center
line of the channel C2 (depicted in Figure 2) for designs A and
B.

Fig. 3. Temperature profile and line graph along the bottom channel C2 for
design A and B.

The rise in temperature in the initial segment of the channels

indicates a swift increase, aligning with the exothermic nature
of CMC. In Design B, the T/Tinlet ratio is approximately 1.16,
while Design A shows around 1.06. This discrepancy is at-
tributed to the higher activity in Design B, where the diffusion
of gases to access active catalyst sites is facilitated at lower ve-
locities at the beginning of the channel. At each stage, includ-
ing micro holes or porous segments, the temperature elevation
results from the O2 addition of to the fuel, initiating the reac-
tion. Notably, the final temperature at the outlet of the channel
for Design B is approximately 1.28, slightly exceeding that of
Design A.

Fig. 4. The oxygen-to-inlet-oxygen ratio profiles and line graph along the bot-
tom channel C2 for Designs A and B.

Figure 4 illustrates the O2 profile in comparison to its in-
let concentration. Notably, Design A exhibits a rapid injection,
reaching approximately 90% of its initial concentration in the
first hole. In another case, Design B demonstrates a gradual de-
crease, with 65% of its initial concentration in the first segment,
followed by an additional 25% in the second porous segment.
Additionally, the pressure drop along C2 restricts the passage
of the oxygen stream through the middle holes for Design A.
However, an exponential increase in the size of the porous seg-
ments along the reactor facilitates the penetration of O2 into the
middle segments for Design B.

Figure 5 depicts the O2 to CH4 ratio as a significant influ-
encing factor. The key observation is that, for a lean condition
in CMC, there is a consistent demand for excess oxygen to sus-
tain the reaction along the reactor. Notably, in Design A, this
ratio surpasses 2, while Design B maintains a value around 0.5.
In lean conditions, an excess of O2 is always expected in the
system.

Specifically, Design B exhibits a ratio of O2 to CH4 of ap-
proximately 0.5 in the first segment, suggesting that, for this
design, the Air to CH4 ratio, which is around 10 in this study,
should be considered higher. Subsequent segments in both de-
signs demonstrate O2 to CH4 ratios exceeding stoichiometric
ratio, reaching at the outlet to approximately 6 and slightly
above 6.5 for Design A and Design B, respectively.
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Fig. 5. The oxygen-to-methane ratio profiles and line graph along the bottom
channel C2 for Designs A and B.

Fig. 6. The velocity magnitude profiles and line graph along the bottom channel
C2 for Designs A and B.

Examining the outcomes presented in Figure 6 reveals the
uniformity of velocity along channel C2. As previously noted,
Design A exhibits challenges in the even distribution of O2
within channel C2. Notably, two distinct and sharp injections
are observed at the first and last holes. In contrast, Design B
showcases a progressively increasing step-wise velocity profile,
ranging from below 0.5 m/s to 5 m/s.

4. Discussion

The results presented suggest that adopting an oxygen feed
with an exponentially decreasing profile (refer to Figure 4) con-
tributes to achieving a uniform temperature profile. This ap-
proach can be implemented into the systems consisting of en-
dothermic reactions, providing the requisite heat for the reac-
tion. To implement such a temperature profile, exploring tech-
nological solutions for oxygen feed distribution becomes cru-
cial. One potential solution involves the development of a fully
automated design, followed by additive manufacturing of the
reactors based on the operational conditions of the process.

Furthermore, for processes operating at elevated tempera-
tures, utilizing a porous structure as a substrate for additional
coating with an oxygen-selective layer, known as the utiliza-
tion of oxygen-permeable membranes, becomes feasible. In a
related context, Huppmeier et al. [11] explored the use of a
pure oxygen stream on the retentate side and a staged mem-
brane with decreasing permeability along the axis. This de-
sign enables an oxygen feed distribution that approximates the
exponentially decreasing profile mentioned earlier. However,
the traditional implementation of such a solution poses techno-
logical challenges, especially in assembling a membrane with
variable permeance, necessitating either a gradual increase in
thickness or a decrease in porosity. Therefore, additive manu-
facturing based on the optimized design emerges as a promising
solution to overcome the mentioned challenges.

5. Additive manufacturing of catalytic combustor with con-
trolled air distributor

Additive manufacturing of reactor housings provides users
with the flexibility to tailor the geometry according to specific
preferences. In the context of catalytic combustion of fuels,
such as CH4, the distribution of the oxidant (air or O2) can
be controlled within the fuel channel using porous components
(gas-permeable). This aspect of additive manufacturing has
been explored in our previous research, specifically in relation
to metallic supports for membranes. Our earlier investigations
revealed that the pore structure undergoes variations based on
changes in hatch distance, laser spot size, and scan strategy.
The optimized parameters derived from these studies were sub-
sequently employed in the fabrication of dense-porous plates
made of 316L through the PBF-LB/M technique [12].

Figure 7 shows the 3D-printed plate fabricated with PBF-
LB/M technique according to the results of the simulation. The
design can be further optimised depending of the desired appli-
cation. A list of the parameter used in this print job is illustrated
in Table 2.

Hatch Contour
Laser power PL (W) 180 180

Scan speed vs (mm s−1) 1750 750
Hatch distance hs (µm) 80 -
Layer thickness s (µm) 50 50

Table 2. parameters used for additive manufacturing of the Design B using
PBF-LB/M technique.

The reduction of pressure drop can be achieved through ad-
justments in printing parameters, for instance by increasing the
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Fig. 7. Additive manufacturing of the Design B using PBF-LB/M technique.

hatch distances both the porosity and permeability increase and
therefore lower pressure drop is expected [12].

6. Conclusion

Designing autothermal reactors necessitates meticulous heat
management across their structure, particularly in scenarios
where reaction heat stems from catalytic exothermic reactions,
making heat distribution a critical aspect.This paper introduces
an innovative approach that explores the utilization of additive
manufacturing techniques for crafting reactors seamlessly in a
single process. This technique enables precise fuel and oxidant
mixing, facilitating reactions in accordance with predefined pat-
terns. The study results showed the incorporation of a porous
medium, serving as a diffusive air into CMC reactor. Based on
a comprehensive 2D simulation, an exploration of various pa-
rameters for two proposed designs was conducted. The results
notably indicate that Design B, crafted through additive manu-
facturing, exhibits a remarkable degree of tunability in terms of
flow distribution. Moreover, it allows for a controlled temper-
ature profile along the reactor, contingent upon the positioning
of hot and cold spots within the system. This suggests that the
additive manufacturing process not only enhances flexibility in
adjusting flow patterns but also provides a level of precision
in temperature control, showcasing its potential for optimized
performance in practical applications.
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Appendix

A. free-flow channel of combustion

A.1. momentum transfer and mass conservation
momentum in x direction

ρmix(ux
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continuity equation
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∂y
) = 0 (4)

In this equation, ρmix represents the density of a gas mixture,
which is estimated using the ideal-gas state equation. Mean-
while, µmix denotes the viscosity of the gas mixture, which is
estimated using the Wilke method as reported by Poling et al.
[13].

A.2. heat transfer and energy conservation

ρmixCp,mix(ux
∂T
∂x
+ uy
∂T
∂y

) = kmix(
∂2T
∂x2 +

∂2T
∂y2 ) (5)

In this context, Cp,mix denotes the heat capacity of a gas
mixture, which is determined by computing the weighted av-
erage heat capacity of the chemical species involved. Addition-
ally, kmix represents the thermal conductivity of the gas mixture,
which is estimated utilizing the Mason and Saxena method as
reported by Poling et al. [13].



416 Masoud Mahmoudizadeh  et al. / Procedia CIRP 128 (2024) 411–417

A.3. mass transfer
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(6)

where ω and x respectively denote the mass fraction and
mole fraction of chemical species. The multicomponent Fick
diffusivities, denoted as DF

i j, are related to the Maxwell-Stefan
diffusivities as follows [14]:

DMS
i j =

xix j
∑

k�i DF
i j(ad jBi)k j

ωiω j
∑

k�i (ad jBi)k j
; where(Bi) jk = −DF

jk + DF
ik (7)

In the context of multicomponent diffusion in gases at low
density, the Maxwell-Stefan diffusivities DMS

i j can be substi-
tuted with the binary diffusivities Di j [14]. These binary dif-
fusivities are estimated using the Fuller equation as reported by
Poling et al. [13].

A.4. Boundary conditions
Inlet conditions as shown in Figure 2

• fully developed flow with an inlet velocity ux = uin

• temperature T = Tin

• mass fraction ωi = ωi,in

conditions at the outlet

• pressure P = Pout

• zero flux ∂wi
∂x = 0; ∂T

∂x = 0

at y = 2H + S + δ

• ∂ux
∂y = 0; ∂ωi

∂y = 0; ∂T
∂y = 0

at the interface of the catalyst layer and flow channel

• no slip ux = 0
• heat flux continuity −→n .(Nchannel − Ncatalyst) = 0
• zero flux ∂ωi

∂y = 0

B. porous catalyst layer and 3D-printed porous part

For Design A, the porous part is limited to only the cata-
lyst layer. However, for Design B, it includes both the catalyst
layer and the 3D-printed porous parts for air. Therefore, it is

assumed that the reaction takes place only in the catalyst layer
domain. Consequently, in the following equations, no source
term is considered for the 3D-printed part of Design B (r = 0).

B.1. Momentum and mass conservation
momentum in x direction
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continuity equation

ρmix(ux
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∂uy
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+ uy
∂ρmix
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) = 0 (10)

In this equation, κ represents the permeability of the porous
media, which is calculated based on the Kozeny-Carman equa-
tion [15]. Additionally, ϵ denotes the volume void fraction
(porosity) of the porous media, which is assumed to be 0.4 for
the catalyst layer and 0.3 for porous Crofer part in Design B.

B.2. heat transfer and energy conservation

ρmixCp,mix(ux
∂T
∂x
+uy
∂T
∂y

) = ke f f (
∂2T
∂x2 +

∂2T
∂y2 )+νrcom∆H (11)

In this expression, H represents the enthalpy of reaction,
while ke f f denotes the effective thermal conductivity for a
porous catalyst domain, which is computed using a volume-
weighted average. The thermal conductivity of the solid cata-
lyst (kcat/cro f er) is estimated based on alumina and is given in
Table 1. Therefore, the ke f f is calculated as follows:

ke f f = ϵkmix + (1 − ϵ)kcat/cro f er (12)

where kmix represents the gas mixture thermal conductivity and
kcat/cro f er is the porous (catalyst or Crofer) layer thermal con-
ductivity.
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B.3. mass transfer
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for calculation of Di j,e f f the following equation was used

Di j,e f f = Dji,e f f =
ϵ

τ

1
2

(
1

1
Dk

i
+ 1

Di j

+
1

1
Dk

j
+ 1

Dji

) (14)

In this equation, Dk
i and Dk

j represent the Knudsen diffusion
coefficients of chemical species i and j respectively. Di j and
Dji denote the binary diffusion coefficients of chemical species
i and j. The values of tortuosity (τ) are calculated using the
Bruggeman correlation [16].

B.4. boundary conditions
interface boundary between catalyst layer and gas channel

• continuity: the momentum, mass, and heat flux compo-
nents normal to the boundary remain continuous across the
boundary; −→n .(Nchannel − Nporous) = 0

C. Solid plate of Crofer 22 APU

C.1. heat transfer

∂2T
∂x2 +

∂2T
∂y2 = 0 (15)

C.2. boundary conditions
• heat flux continuity in the interface between the gas chan-

nel and solid plate; −→n .(Nchannel − Nporous) = 0
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