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Abstract. Direct solar-powered reforming of methane has the potential to lower the CO: foot-
print of reforming and to harvest solar energy with high-efficiency [1]. Combined with bio-
sourced feedstock and recycled CO,to perform dry methane reforming (DMR), this approach
can highly decrease methane reforming environmental impact [2]. Using high solar concentra-
tion solar towers or parabolic dishes to provide the highly endothermal reaction heat required
for DMR, it is possible to reach the temperatures of conventional reformers, ranging from
800°C up to 900°C. At this temperature, radiation losses are such that high solar concentra-
tions approaching 1000x are required to reach high thermal efficiency, making heat flux man-
agement highly challenging. Previous work from Université de Sherbrooke experimentally
shown the potential for such reactors to operate under high heat flux [3],[4]. The current work
presents the modeling approach used to design these reactors and increase the heat flux
within the absorption surface, while maintaining reasonable temperature drop within the reac-
tor. Dimensional analysis if first assess that no diffusion limitation occurs within the reactor and
the system can be simulated as a plug flow reactor with porous catalyst. Using DMR and
RWGS kinetics from literature with 2D modeling in COMSOL Multiphysics, temperature and
reaction rates along the reactor are evaluated showing consistency with experimental values.
Parametrical analysis shows that optimal catalyst channels width appears to be equal or under
0.5 mm. Finally, it is demonstrated that optimal conversion occurs when around 1/3 of the
catalytic bed is covered with metallic conductive fins. Over this value, increased conductivity
gains are overpassed by the lowering of catalyst volume within the conduction chamber.

Keywords: Solar Fuels, Dry Methane Reforming, Micro Reactors

1. Introduction

Dry methane reforming (DMR) is a process by which CO; an CH4 reacts together to produce
synthesis gas (eq. (1)), a valuable feedstock to produce chemicals, such as methanol or other
carbonaceous compounds trough Fisher-Tropsch process. To maintain sufficient reaction rate,
this highly endothermal process (AH=247.3 kJ/mol), must operate under high temperatures
ranging from 800 °C to 900 °C within a catalyst packed. In conventional SMR reformers, for
example, this energy is supplied by the combustion of a portion of the natural gas feedstock,
leading to additional CO2 emissions and natural resources consumption.

DMR CH, + CO, & 2C0 +2H,  AH%g = 247.3kJ/mol (1)

Solar reforming aims at reducing the DMR syngas production footprint by replacing the
heat input by concentrated solar power. To reach temperatures over 800 °C, solar rays are
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concentrated using optical systems such as solar towers and parabolic throughs. At the focal
point of concentrators, heat flux reaches from 500 to 1000 times the solar irradiance at see
level, meaning 500 to 1000 kW/m?2. Although such heat flux is required to encompass the ra-
diation losses at operation temperatures, considerable efforts must be made to conduct energy
to the reaction zone.

Solar receivers for methane reforming appear in two main categories in literature, namely
open and close receivers [5]. Open receivers characterize using a heat-resistant window to let
the sunlight enters the receiver’s cavity and directly hit the catalytic zone. The benefit of this
system is to directly supply the reaction zone, without the need for intermediary conduction
between the absorption and the reaction points. Potential challenges encountered with these
systems are the sealing and potential cooling of the windows as well as its capacity to sustain
reforming operation pressure ranging from 2 to 30 bars in conventional SMR reformers. Since
solar towers focal point can reach several square meters, the scalability of such windows might
also be challenging while not impossible. Closed receivers, on the other hand, use a solar
absorptive surface to harvest energy while heat is conducted to the reaction zone within the
reactor’s structure and catalyst. This configuration has the benefit of simplicity of sealing, pres-
sure resistance, and scalability, but implies high thermal gradient within the structure at such
heat flux. Indeed, roughly 50 °C per mm of structure will be lost to conduct a 1000 kW/m? heat
flux in Inconel 625 at operation temperature, meaning that the absorption surface must be thin
to avoid excessive surface temperature and radiation losses. Such systems have been shown
to be highly effective in the past for parabolic dishes by the PNNL [6]. Furthermore, the round
configuration of the PNNL’s receiver, coupled with radial flow, perpendicular the absorption
surface makes this reactor well adapted to parabolic dishes, but their adaptation to solar towers
remains unexplored.

Previous work from the Université de Sherbrooke (UdS) shown promising results and high
scalability potential for use on solar tower and even radiative electrical elements [3], [4], [7],
[8]. The approach inspired by micro-manufacturing uses a series of high-density micro-cham-
ber operating in parallel to cover the surface of a receiver. Using micro-channels, allows to
operate the reactor at high pressure while maintaining a low absorption surface thickness,
which is helpful to maintain low absorptive surface temperature. These reactors have shown
to operate at high heat flux and methane conversion under simulated and real environment.
Parallelizing of the system has also found to be feasible, but management of the incoming heat
flux remains challenging, while necessary for high efficiency.

This study shows the modeling process of these reactors to provide better understanding
of the current architecture for eventual optimisation. First, the reaction zone is detailed, and
the general system’s architecture are detailed. Dimensional analysis is used to validate as-
sumption used to model the reaction domain. The DMR reaction Kinetics is then evaluated and
reaction rates used entered into a COMSOL parametrical study to evaluate their effect on the
reactor ‘s conversion. Results are finally analysed to emerge general rules for the design of
such reactors.

2. Reactor’s architecture

The studied reactors are made of 3D-printed Inconel 625 equipped with a CO, + CHs inlet, an
optional water inlet and a syngas exhaust (Figure 1-a). During their descent to the catalytic
bed, reagents are preheated by the hot products exhausting within a s-shaped counterflow
heat exchanger (Figure 1-b).

Reagents are then heated by the outcoming products until they get into a second plenum
designed to spread flow uniformly into micro-channels Figure 1-c. These micro-channels then
bring the flow near the absorption zone where it crosses filters and then several channels
packed with catalyst. These vertical millimetre-scale fins, parallel to the reactor’s solar absorp-
tion, also serve to transport heat from the absorption surface through the reaction bed. Nickel-
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based catalyst crushed in particles is placed between the fins to accelerate DMR reaction. As
the reaction occurs, reagents transform to product until it gets to the top of the catalytic bed
where other filters are placed to maintain catalyst. Flow then passes through the exhaust ple-
num to enters the hot side of the heat exchanger and finally exhaust the reactor. This archi-
tecture allows the use of a 2D model and axial periodicity to reduce computing time (Figure 1-
d-e).
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Figure 1. a) and b) Reactor's architecture [9], c) close view of the catalytic bed and d) domain used in
the COMSOL model and d) typical 2d temperature profile evaluated with COMSOL.

3. Modeling approach

3.1 Numerical model

The current system comprises features and phenomenon ranging from the atomic to the cen-
timeter scale. To properly account for each of these phenomena without increasing computa-
tion time, analysis of the dominant phenomena have been performed and reaction domain is
simplified (Figure 2). Indeed, low Reynold’s number within the catalyst allow to treat flows as
simple Darcy flow and other numbers such as Mears, Weis-Prater show that no heat or mass
diffusion limitation occurs within or around the catalyst pellets. Dam Kohler number also proved
the heat of reaction to be much higher than the sensible energy caried by the reactive, allowing
to neglect heating of the downward incoming reagents within the conductive fins (Figure 2).
Fully developed plug flow is considered through all the domain since the catalyst bed’s length
is much longer than its width.
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Figure 2. Modeled region of the reactor comprising an isothermal entrance, two symmetry planes and
an adiabatic exhaust
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Catalytic zone geometry is described by the length of the channels and fins H, as well as
the catalyst bed and fins width w. and w, respectively. Uniform temperature at the bottom of
the fins and catalyst channels and perfectly insulated fins top are used as boundary conditions.
COMSOL Multyphysic software is used to solve the model. Analyses are performed consider-
ing the thermodynamics, chemistry, transport of concentrated species in porous media, heat
transfer in porous media and free and porous media flow simultaneously. Reaction rates used
are directly included in the COMSOL chemistry module and described at section 3.1.The de-
veloped model is then used to perform parametrical analysis to establish the impact of the
catalyst thermal conductivity k_, catalyst channels widthw_, as well as the effect of the ratio

between the fins, and catalyst channels widths w, W, Optimal balance is then expected to

change with the catalyst and fins thermal conductivity k. and &ras well as the catalyst kinetics
and operation conditions such as the entrance temperature Ty, entrance pressure Py, CO2:CH4

ratio and exhaust methane conversiona,,, .

3.2 Kinetics

Several parallel reactions occur during dry reforming of methane with DMR and reverse water
gas shift (RWGS) reaction (eq. (2)) being the main components of heat consumption and CO
production [10], [11], [12].

RWGS H, + €0, & CO + H,0 AH24g = 41 k] /mol (2)

Although other reactions might have an impact on the conversion, only these two are here
considered as they shown good results using this representation. The DMR and shift rate
equations r1 (eq.(3)) and r2 (eq.(4)) and constants used in the present work are obtained from
Paripatyadar [13] derive from a Langmuir-Hinshelwood type mechanism of a 0.5%wt Rh/Al>O3
catalyst. Kinetic data obtained from former work were validated through further experiments in
both a pellet string reactor and a pilot unit solar receiver [14]. In the current study, the kinetics
depicted an adequate representation of heat flux, temperature, and partial pressure depend-
encies in the current modelling of the reaction zone.

2
kiKco, 1Kcu,1Pen, Peo, ( (PcoPy,) )

ro= - 3)
T+ Kco,1Pco,+Kcn,1PcH, Kp, (PCH4PCOZ)
2
- k2Kco,,2Kn,,2Pco, P, B (PcoPu,0) (4)
271+ Kco,2Pco,+Kn,,2PH, Kp, (Pcoz PHz)

The latter consider an Arrhenius driven reaction rate constants, k]-, as well as Van't Hoff

driven equilibrium constants, K, ;, and a fitted model for adsorption constants, K; ; (eq. (5)-(6)).

AH;
K=Kyep(-=2)  ©
Eq,
kj = ko ;exp “RT (6)
—102065 9262
~81030 6025
= . 6 9 = ' "RT 10
ky = 0.35x10 exp( R37';64)1 (9) Ki,2 =1 494eXp< 15579260 (10)
Kcoz,1 = 2.61x10‘2exp( RT ) (11) Kp, = 6.78x1014exp( RT ) (12)
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Ken,a = 2.60x10‘2exp( o7 (14)

—36580)

) (13) K,, = 56.4971exp( -

Which are specifically expressed:

These reactions are directly integrated within the COMSOL Multiphysics Chemistry mod-
ule, and the transport and chemical properties of each species are calculated within the Ther-
modynamics module. The specific molar reaction rates, r; (eq. (15)), are described within the
software using summation of the kinetic data from previously mentioned literature:

m
= Z Vij T:] (1 5)

Jj=1

4. Results and analysis

A first design point was runed and is considered as the baseline for the rest of the study. This
baseline uses the same dimensions as the reactor tested by Francoeur et al. which has a bed
length H, a fin width ws, and catalyst channel width weat of 10 mm ,1 mm and 1 mm respectively.
Figure 3 shows the species molar fractions, reaction rates and temperature profile along the
catalyst channels while operating at 800°C and a GHSV of 35 000 h™'. As expected with packed
bed reactors, high reaction rates occur at the reactor entrance and quickly reduce as reagent
concentrations diminish. This behaviour provokes a quick temperature drop within the first mil-
limeters of reactor as the reaction consumes high quantity of energy. The temperature profiles
then stabilizes as less heat flux passes trough the conductive fins. It also must be mentioned
that the high temperature gradient between the entrance and exhaust of the channels is con-
sistent with results obtained by Francoeur et al. and molar compositions coincide with results
from [15]. It indeed appears that RWGS reaction gets important as soon as the hydrogen con-
tent increases, explaining presence of water within the products and higher selectivity toward
CO. This result implies that higher CO conversion must be expected using such catalyst and
that higher CO2:CHjs ratio should be used to increase CH4 conversion for a given temperature.
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Figure 3. Profiles along the catalytic chamber for, a) molar fraction of each species, b) DMR and
RWGS reaction rate and temperature

Parametric COMSOL analysis was also performed to assess the effect of catalyst pockets
and fins widthw,,,, and w,, , and respective conductivities k_,, and k. Figure 4-a shows anal-
ysis where the width ratio between catalyst and fins (w,,, : w,, ) was maintained constant to 1

and while varying catalyst conductivity and catalyst channels width. For low catalyst conduc-
tivity, results show quick reduction of the methane conversion when w,_, reduces. This result
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is mainly caused by transversal temperature drop within the catalyst as channels get bigger,
which also explain why the effect vanishes as the conductivity increases. Another interesting
point is that catalyst conductivity only causes small variation of conversion for low catalyst
channel width. This can be explained by the small contribution of the catalyst conductivity on
the vertical conduction when much smaller than fins conductivity (eq. (16)).

kcathat + kfianin

k = 16
eIry Weat + Wfin ( )

Consequently, appreciable conversion gain only occurs when thermal conductivity of the
catalyst reaches the same order of magnitude as the fins, which is hardly obtained for a porous
catalyst. Finally, results of Figure 3-a shows that a conversion plateau happens for catalyst

pocket width lower than 0.5 mm, which approach the current metal 3D printing limits.

Effect of catalyst-fin width ratio is observed on Figure 4-b. For the given operation condi-
tions, conversion increase is observed when catalyst proportion passes from 0.5 to 1.5. How-
ever, the improvement becomes negligible beyond a ratio of 2, with the curves for Weat/Wiin
=1.5 and 2 being nearly indistinguishable in the high-performance region (near wcs=0). This
indicates a saturation point where further increasing the catalyst channel width relative to the
fin width no longer yields a significant gain in conversion. At this point gains of having higher
catalyst content gets compromised by the reduction of vertical conductivity coming with lower
metal content. Since no reaction occurs within the metallic fins, compromise between conver-
sion and total heat consumption (and heat flux) must be made.
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Figure 4. Conversion over the maximum achievable isothermal conversion with catalyst bed width

5. Conclusion

Dry methane reforming using concentrated solar power is a promising way for both CO; reval-
orization and renewable energy production. To reach economical viability, high thermal effi-
ciency and reagent conversion must be achieved, meaning that high heat flux and reaction
rates must be processed within the reactor. Experimental work from the Université de Sher-
brooke experimentally shown that high performance is reachable using 3D printed micro reac-
tors. This document presents the modeling efforts made to understand the parameters gov-
erning conversion and heat use within the reactor tested by Francoeur et al. for future optimi-
zation. Dimensional analysis first confirmed the low Reynolds number flow and high transport
phenomena inherent to miniaturized systems as well as the validity of simplified bed descrip-
tion of the homogeneous flow in porous catalyst. The Dam Kdéhler I number also revealed
weak influence of the advection on the energy transport, making the description of the reaction
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zone as a simple juxtaposition of a metallic fin and plug flow catalytic channel possible. Lang-
muir Hinshelwood kinetic description of the DMR and RWGS reaction was used to describe
rates of species consumption and creation within the catalyst. 2

2D COMSOL Multiphysics modeling of the reaction zone using the previously mentioned
hypothesis shown good fidelity with literature and experimental value previously obtained. Val-
ues obtained at atmospheric pressure for an operation point of 800°C and a GHSV of 65 000
h' and a CO,:CHjy ratio of 1 shows high energy consumption within the first millimeters of
reactor which also coincide with the high temperature drop present at the entrance. High at-
tention to the low exhaust temperature must be given in future works as these conditions might
accelerate catalyst coking.

Parametrical analysis ran to assess the effect of the reaction zone geometry and catalyst
conductivity shows that maximum conversion comes for low catalytic bed width, where trans-
versal conduction is sufficient to supply heat to the reaction without influencing rates of species
consumption. At that point, 2D description can simplify to an axial 1D model, for which thermal
conductivity is pondered with the respective volumes and conductivity of catalyst and conduc-
tive fins within the reaction zone. For the current reaction, this point for channels having less
than 0.5 mm, which is close to the metal 3D printing limits. In this region, appreciable conver-
sion gain was obtained only when catalyst conductivity gets close to the fins one.

The ratio between catalyst channels and conductive fins width also shown an optimal
value around w,,, : w,, =2, with the impact being slightly dependent on the channel width itself.

Future work will focus on the evaluation of the system’s thermal efficiency as well as the geo-
metric optimization of the catalytic zone.

Notation
Symbols Greek letters
Ae Frequency factor Ay, Methane conversion -
Gi Concentration of ith species mol/m’ vy Stoichiometric coefficient of ith | -
Dz Mass diffusivity of species A in B | m’/s species in jth reaction
E, Activation energy J/mol ur Thermal efficiency )
GHSV | Gas hourly space velocity h! p) Pellets porosity N
h Heat convection coefficient W/m?*k 4
— o Constriction factor -
Keat Catalyst thermal conductivity W/m?*k e
k; Reaction rate constant in jth re- Bulk catalyst density Kg/m?®
action Ps
K,. Equilibrium constant for DRM Pa’ 7 Tortuosity -
K, Equilibrium constant of jth reac- | -
tion
K;j Adsorption constant of ith spe- | -
cies in jth reaction
kr Fins thermal conductivity W/m**k
Ly Catalytic bed length m
L. Characteristic length m
MRy Thermal Mears number -
MRy, Mass Mears number -
n Reaction order -
P; Partial pressure of species i Pa
Piy Catalyst bed entrance pressure Pa
@, Absorbed heat flux W/m?
r Reaction rate mol/s/m’
R. Channel radius -
R, Pellets Radius m
R, Universal gas constant (8.31) J/mol*K
Rep Reynolds number base on the di- | -
ameter
Tin Catalyst bed entrance tempera- | K
ture




Dufault et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

|4 Fluid velocity m/s
Wear Width of the catalyst bed m
wy Width of the metallic fins m
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