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Profile reactors enable the acquisition of spatially resolved concentration and temperature profiles in fixed bed
reactors and have developed into an important laboratory tool in heterogeneous catalysis. However, the quan-
titative evaluation of such data for kinetic modeling is often accompanied by input and reactor model uncer-
tainties, particularly with respect to heat and mass transfer as well as the impact of the sampling capillary. In
this work, we combine experimentally validated particle-resolved reactive CFD of a profile reactor for the CO,
methanation reaction on a Ni/Al,O; catalyst with a systematic assessment of heterogeneous and homogeneous
pseudo-continuum models. Homogeneous pseudo-continuum models proved incapable of adequately describing
product selectivity, while heterogeneous models, even when considering the influence of the sampling capillary
and adjusted boundary conditions at the reactor walls, still cannot describe heat transport within the reactor
correctly, leading to erroneous kinetic parameters. Neglecting the evaluation of the energy balance and inserting
the measured average temperature profile directly into computationally efficient one-dimensional models can
yield improved results by circumventing these model uncertainties. However, this procedure is only viable when
the reaction rate can be linearized with sufficient accuracy over the radial temperature range. To verify this
prerequisite, we derive a condition that can be easily evaluated numerically a posteriori, based on measured
quantities in the profile reactor and the obtained reaction kinetics, ultimately enhancing the efficient utilization
of profile reactors in kinetic research.

1. Introduction

Profile reactors have recently gained increased attention in hetero-
geneous catalysis research, as they enable the efficient generation of
comprehensive datasets for studying reaction kinetics, resolving reac-
tion networks, and investigating reactor dynamics (Korup et al., 2011).
In general, these tubular or plate reactors contain a fixed bed or a layer
of porous, catalytically active material to facilitate chemical reactions.
Also, such reactors provide invasive or non-invasive probing mecha-
nisms for obtaining spatially resolved profiles of relevant quantities such
as gas-phase composition and temperature, the oxidation state of the cat-
alyst, and surface species present during operation (Horn et al., 2010;
Hernandez Lalinde et al., 2020; Cholewa et al., 2024; Shirsath et al.,
2023; Wolke et al., 2021). Early work to develop profile reactors for
various applications was conducted by Horn et al. (2006, 2007, 2010),
who embedded a capillary comprising orifices for defined sampling of
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the gas phase inside fixed beds, on the example of the partial catalytic
oxidation of ethane. A repeatable relative displacement of the fixed bed
with respect to the capillary allows for the systematic measurement of
temperature and concentration profiles. Later, a comparable setup was
used to investigate the Fischer—Tropsch synthesis on iron-based catalysts
(Wolke et al., 2021). Cholewa et al. (2024) investigated the ammonia
synthesis on ruthenium- and iron-based catalysts using a larger-scale
profile reactor (dg = 8 mm) to derive kinetic parameters from the mea-
sured temperature and conversion profiles. For the selective oxidation
of ethylene, a thorough investigation of reaction kinetics and inhibition
mechanisms based on both reactor profiles and experiments in differen-
tial reactors was conducted by Berg et al. (2024). In the context of CO
and CO, methanation, pioneering research was carried out by Kopyscin-
ski et al. (2010) and Hernandez Lalinde et al. (2018, 2020), who per-
formed axially resolved measurements in a coated plate reactor using
Ni/Al,O; catalysts. Coupled with DRIFTS measurements to identify ad-
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sorbed surface intermediates and a one-dimensional reactor model, the files (Kiichen et al., 2026). Shirsath et al. (2023) recorded spatially
authors identified the most likely reaction pathways and parameterized resolved temperature and concentration profiles over gamma alumina
the resulting kinetic rate equations considering the reverse water—gas- based nickel and nickel iron catalysts and compared the obtained pro-
shift @®WGS) and direct CO, methanation reactions. files with numerical results implementing microkinetic considerations
In another work, the reaction kinetics for a Ni/SiO, catalyst pro- (Schmider et al., 2021).

duced via spray pyrolysis were derived based on spatially resolved pro-
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Once the obtained spatial profiles are to be evaluated quantitatively
for kinetic modeling, numerical models of the employed profile reactors
become necessary. These models should represent the relevant transport
phenomena as accurately as possible to enable reliable conclusions. Typ-
ically, pseudo-continuum models are chosen, which offer an attractive
trade-off between accuracy, numerical stability, and computational cost.
However, in the current literature, the energy balance in these models
is often not evaluated and the measured axial temperature profile is in-
serted directly in the model. This simplification is usually justified by
assuming negligible radial temperature gradients or isothermal condi-
tions (Hernandez Lalinde et al., 2020). Using the measured temperatures
in the reactor model reduces the required computational cost and elim-
inates significant uncertainties in the mathematical description of heat
transport in the reactor (Shirsath et al., 2023; Cholewa et al., 2024). If
the energy balance is evaluated, significant discrepancies between mod-
eled and experimental values have been reported (Berg et al., 2024). To
further improve the utilization of profile reactors in reaction engineer-
ing research, profound knowledge of the conditions inside such reactors
is of paramount importance. Detailed multiscale heterogeneous mod-
eling techniques, such as particle-resolved reactive CFD (PRCFD) sim-
ulations, can contribute to improving the understanding of the condi-
tions present in laboratory-scale profile reactors (Wehinger et al., 2022).
Such computationally highly demanding approaches enable the com-
bined first-principles modeling across different scales, from reactions at
the catalyst surface and diffusive transport inside porous catalyst parti-
cles up to the macroscopic reactor behavior. Significant progress in the
integration of reaction kinetics into CFD simulations has been summa-
rized in reviews by Dixon and Partopour (2020) and Jurtz et al. (2019).
Since PRCFD simulations allow resolving inter- and intraparticle trans-
port coupled with catalytic reactions, recent applications have predomi-
nantly focused on highly exothermic and endothermic processes carried
out in slender fixed bed reactors (Kutscherauer and Wehinger, 2025;
Partopour and Dixon, 2018; Dixon, 2021; Maffei et al., 2016; Kutscher-
auer et al.,, 2024). For example, Kutscherauer and Wehinger (2025)
performed PRCFD simulations for the partial methanol and butane
(Kutscherauer et al., 2024) oxidation and quantified the impact of the
chosen reaction and boundary conditions on local phenomena inside the
fixed bed, which ultimately affect the overall conversion and selectivity.
Wehinger et al. (2016) conducted PRCFD simulations of the methane
dry reforming process on nickel and found good agreement with spa-
tially resolved experimental data, highlighting the complex interactions
of local transport phenomena and kinetics, which can be resolved in
PRCFD simulations without depending on empirical transport correla-
tions. Overall, insights gained from PRCFD simulations of profile reac-
tors can substantially enhance the understanding of the local conditions
prevailing in such systems and support the refinement and validation
of the assumptions commonly employed in pseudo-continuum reactor
models.

The CO, methanation reaction, a crucial part of Power-to-Gas (PtG)
technologies, is investigated in this study. Next to the direct hydrogena-
tion of carbon dioxide to methane according to Eq. 1, the reaction path
via the rWGS reaction (Eq. 2) with the consecutive methanation of car-
bon monoxide (COmeth, Eq. 3) is present as well. The direct carbon
dioxide methanation reaction is strongly exothermic and can lead to the
formation of distinct temperature hot spots in the typically employed
tubular reactors. The occurrence of the intermediate product carbon
monoxide is usually most pronounced around the temperature hot spot,
given the rWGS is an endothermic reaction. Typical industrial metha-
nation conditions include temperatures of 473 to 673 K, absolute pres-
sures of 1 to 20bar, and a H,/CO, ratio close to 4 (Lee et al., 2021;
Ronsch et al., 2016). The kinetics of these reactions are commonly for-
mulated using Langmuir-Hinshelwood-Hougen-Watson (LHHW) type
models assuming different combinations of the described reaction net-
work (Eq. 1 to 3) (Langer et al., 2023; Xu and Froment, 1989; Koschany
et al., 2016; Burger et al., 2021). In this work, the reaction kinetics re-
cently published by Langer et al. (2023), comprising a sequence of rtWGS
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and carbon monoxide methanation reactions, are employed for a 10 wt%
Ni/Al,O5 catalyst synthesized by incipient wetness impregnation.

CO, +4H,—=CH, +2H,0 (€]
CO, + H,==-CO + H,0 (2
CO + 3H,—==CH, + H,0 (3

In this work, we combine experimentally validated PRCFD simula-
tions of a profile reactor for the CO, methanation reaction with a system-
atic assessment of heterogeneous and homogeneous pseudo-continuum
models to (i) elaborate how input and physical reactor model uncer-
tainties can bias the fitted kinetic parameters and (ii) derive conditions
under which the energy balance can be neglected in the model-based
evaluation and the parameter fit can be based solely on measured ra-
dially averaged quantities, ultimately yielding more precise results. For
the latter, we propose a condition involving the wall temperature 7,,),
the measured hot spot temperature Tt,,,,, and the fitted reaction ki-
netics that can be easily tested a posteriori. Overall, this investigation
contributes to an improved implementation and understanding of pro-
file reactors in catalysis research.

2. Materials and Methods
2.1. Experimental

2.1.1. Catalyst synthesis and pretreatment

A 10wt% Ni/Al,O5 catalyst was prepared by incipient wetness im-
pregnation. Nickel(II) nitrate hexahydrate (Puratronic grade, Merck)
was dissolved in ultrapure water produced by a Sartorius Arium sys-
tem (0.055uScm™!). The resulting solution was impregnated onto the
alumina support (Puralox Granules 400/200, Sasol), composed of spher-
ical particles with an average diameter of d}, 5, = 412 um. The mass ratio
of nickel(I) nitrate hexahydrate to the support material was adjusted
to yield the desired nickel loading. The narrow particle size distribution
is displayed in the supporting information (Section S1). After impreg-
nation, the material was dried at 363K for 6 h and then calcined in air
at 723K for 6h using a mulffle furnace. Prior to catalytic experiments,
the catalyst was activated by reduction at 673K for 3h with a mixture
of 10mol% hydrogen in argon. The long-term stability of the Ni/Al,O5
catalyst was verified through a steady-state experiment conducted over
50h at 653 K (SI Section S2).

2.1.2. Physical and Chemical Charazerization

The specific surface area (SSA) of the particles was determined by
BET analysis (3Flex, Micromeritics Instruments Corp.) using nitrogen
adsorption. X-ray diffraction (XRD) was employed for crystallographic
characterization of the catalyst powders (Empyrean, Malvern Panalyti-
cal Ltd., Bragg-Brentano configuration, Cu Ka, 4 = 1.5406 A, scan rate
8°min~"). The density and pore diameter were measured using a he-
lium pycnometer (Pycnomatic ATC, Porotec) and a mercury porosimeter
(Pascal 140/440 Series, Thermo Scientific), respectively. Nickel disper-
sion D, nickel surface area ay;, and crystallite size deyg,pie Were de-
rived from hydrogen pulse experiments. The detailed experimental pro-
cedure is described in our previous works (Kiichen et al., 2024; Kiichen
and Turek, 2026), based on the method developed by Friedland et al.
(2020). All relevant chemical and physical properties are summarized
in Table 1. These are consistently in the typical range for supported alu-
mina catalysts produced by incipient wetness impregnation.

2.1.3. Profile reactor

Methanation experiments were performed in a Compact Profile Reac-
tor (CPR, REACNOSTICS GmbH), which enables spatially resolved mea-
surements of gas composition and temperature along an integral fixed
bed reactor. A silica-coated capillary positioned at the center of the tubu-
lar quartz reactor and equipped with four radially arranged orifices al-
lows defined extraction of gas samples. These sampling flow rates are
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Table 1
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Summary of physical properties of the 10 wt% Ni/Al,Oj; catalyst. Catalyst specific surface area SSA, pore volume ¥,,,.., hydrogen
adsorption capacity Qy,, Ni surface area ay;, Ni crystallite diameter d,ygqniee, dispersion D, apparent density p., thermal con-

ductivity 4, tortuosity 7., and pore diameter d,..

The XRD diffractogram is depicted in the supporting information (Section

S3).
Property Value Unit Method
ay; 8.3 m?g! H, chemisorption
D 12.3 % H, chemisorption
erystallite 8.1 nm H, chemisorption
doore 9.3 nm Hg porosimetry
Ae 0.15 Wm!K-! assumed based on Langer and Freund (2024)
Pe 1.704 gem™ Hg porosimetry and He pycnometry
Oy, 104.6 umol g~! H, chemisorption
SSA 188 m? g~} N, sorption
T, 3 - assumed based on Donaubauer and Hinrichsen (2019), Fischer et al. (2019)
Voore 0.39 cm? g~! N, sorption

Heating

PRI
jacket [

Feed
Reactor” [ Capillary

tube

Y4
—

o>
\ Orifice

measurement

Fig. 1. Details of the reactor and sampling mechanism.

typically kept below 5% of the total flow rate to minimize disruptions
of the flow field in the reactor (Wollak et al., 2022). The extracted gas is
directed to a gas chromatograph (Trace 1300, Thermo Fisher Scientific),
equipped with an FID and two TCDs and calibrated for the components
H,, CO,,CH,,CO, and N,, with nitrogen used as an internal standard,
while the local temperature is measured by a thermocouple whose tip
is located adjacent to the orifices. Axial profiles of temperature and gas
composition are obtained by moving the reactor relative to the fixed
capillary. Temperature control of the reactor is achieved using a heat-
ing block that is tightly interlocked around the reactor tube. The actual
temperature at the thermocouple tip is proposed to result from an in-
terplay between conduction through the stainless-steel capillary, radi-
ation and convective heat transfer while the measured temperature is
assumed to be biased towards the actual gas-phase temperature (Horn
et al., 2006; Korup et al., 2011). Accordingly, the measured tempera-
ture is treated as the radially averaged gas-phase temperature through-
out this manuscript, as illustrated in Figure 1, along with additional de-
tails of the reactor setup. Consequently, the composition of the extracted
sample gas is likewise assumed to represent a radial average.

Throughout this investigation, three experimental cases were consid-
ered at constant pressure and flow rate, with varying inlet temperatures
(593, 613, and 633 K). The accuracy and consistency of the gas analy-
sis were assessed using the carbon balance (SI Section S4), which was
consistently closed within +2 % for all experiments. The void fraction
reached in the experiments epeg experiment WaS determined based on the
total volume and mass of the packed bed, the mass per catalyst particle,
and the mean particle diameter. Details on the reactor and capillary ge-
ometry, the catalyst fixed bed and the investigated reaction conditions
are summarized in Table 2 and in Figure 2.

2.2. Numerical methods

2.2.1. Particle resolved computational fluid dynamics

The applied particle resolved computational fluid dynamics (PRCFD)
approach can be divided into three main steps: (i) generating the
fixed bed geometry, (ii) discretizing the geometry with a finite vol-
ume mesh and (iii) solving the governing equations based on this

Table 2

Summary of reactor, catalyst, and fixed bed geometry, as well
as the reaction conditions of the three investigated cases: mean
particle diameter d),5,, thickness of the reactor wall h,,
length of the fixed bed Lg,, inner (i) and outer (o) radii R of the
reactor (R), and capillary (cap), and the bed porosity &p.q. The
reactor radii correspond to the dimensions of the annular gap
that results from inserting the capillary into the reactor tube.
Pressures are given as absolute pressures. Standard conditions:
Tyq =273.15K, pyq = 1 atm.

Property Value Unit
dp50 412 pm
yan 1.5 mm
Lﬂ),experiment 30.0 mm
L, prerp 14.9 mm
Reapo 0.4 mm
Rcap,i 0.25 mm
Rei 0.4 mm
Rg,o 1.5 mm
£bed experiment 0.38

€bed,PRCFD 0.41 -

Pout 2 bar
Tin 593, 613, 633 K

Vi 14.04 Ly/h
Yco,.in 0.05 -
YH,in 0.20

YN, in 0.75

mesh (Jurtz et al., 2019; Kutscherauer, 2024). A detailed description
of the governing equations for modeling the fluid and catalyst domain,
as well as the capillary can be found in the supporting information
(Section S5).

Fixed bed and mesh generation

The fixed bed geometry is generated synthetically with the rigid body
approach implemented in the open source game engine Blender 2.79
using a filling algorithm developed by Partopour and Dixon (2017) and
extended by Kutscherauer (2024). The capillary centered in the reactor
tube is already considered in the filling procedure to describe its disturb-
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ing effect on the structure of the packed bed (Kutscherauer et al., 2023).
The spherical catalyst particles are dropped separately at randomized
positions within a defined region 20 mm above the bottom of the reactor
tube. This region is defined using cylindrical coordinates so that, when
inserted, the particles do not touch the reactor or the capillary wall. After
insertion, the spheres fall down due to gravity and fill the reactor tube.
The diameter distribution of the catalyst spheres used in the experiment
can be described using a Gaussian with a mean diameter dj, 5, of 412 um
(SI Section S1). To accurately capture the fixed bed morphology, the size
of the inserted particles follows these experimentally determined distri-
bution. The resulting fixed bed contains 1500 particles, corresponding to
a height of 14.9 mm, and the integral void fraction epeg prcrp- The devia-
tion between the void fraction of the experimental and the synthetically
generated fixed bed can mainly be attributed to the high measurement
error in the catalyst particle mass (10 %). Taking this into account, the
agreement between the simulated and experimental void fractions can
be considered sufficiently accurate.

The Siemens Simcenter STAR-CCM + meshing algorithm is applied
to generate the calculation mesh with polyhedral cells based on the
as STL file exported fixed bed geometry. To keep the computational
effort within reasonable limits, the wall thickness, the hole, and the
interior of the capillary are not resolved. During the mesh generation
procedure, the particle-particle and particle-wall contacts are modified
using the local caps method (Eppinger et al., 2011). Contact modifi-
cation is mandatory in fixed bed mesh generation, as it allows zero-
dimensional point contacts to be resolved without erroneous meshes or
unfeasible mesh refinement close to the contact regions (Dixon et al.,
2013-01; Pichler et al., 2021-01; Kutscherauer et al., 2022). In the lo-
cal caps method, the contact point is replaced with a gap that is filled
with fluid cells. This gap is smaller than 0.8 % of d,, 5y, resulting in a
high-quality mesh and ensuring a solution that is independent of the
contact modification (Kutscherauer et al., 2022). The base size, which
characterizes the cell size in Siemens Simcenter STAR-CCM + is set to
the mean particle diameter and the size of the surface cells is speci-
fied as 5% of the base size. Three layers of prismatic cells with a total
thickness of 5% of the base size are generated at the inner and outer
particle surface as well as at the tube and capillary wall to efficiently
resolve boundary layers. To improve mesh quality in the contact re-
gions, the number of prismatic cells is reduced or completely rejected
and the surface mesh is refined for close proximity surfaces. A mesh
dependency study is conducted, showing that the applied mesh resolu-
tion provides a physically accurate solution while keeping the computa-
tional effort feasible. The final mesh consists of 22.6 million cells for the
fluid region and 23.1 million cells for the catalyst domain. The details
of the mesh dependency study are given in the supporting information
(Section S5).

Simulation setup

The PRCFD simulations delineate the initial 14.9mm from the in-
let downstream of the catalytic fixed bed within the profile reactor. To
avoid influencing the results through outlet effects, only the first 13 mm
of the fixed bed is used for comparison with the experimental measure-
ments and further evaluations. Figure 2a shows a section of the gener-
ated mesh, while Figure 2b illustrates the simulation setup and applied
boundary conditions. At the inlet, the temperature, gas composition, and
velocity are specified. The inlet velocity is calculated from the flowrate
Vin- Additionally, the outlet pressure and wall temperature are set. The
values of these inlet, outlet, and tube wall boundary conditions are taken
from the experimental operating conditions. For the velocity, a no-slip
boundary condition is applied to the catalyst surface, the tube, and the
capillary wall. To prevent unphysical backflow at the outlet boundary,
an empty tube section is added between the end of the fixed bed and
the outlet.

Mesh generation and all simulations are carried out with the com-
mercial software Siemens Simcenter STAR-CCM + 2310.10. The govern-
ing equations are solved based on the computation mesh using the SIM-
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Table 3
Overview of the basic pseudo-continuum model configurations used through-
out this manuscript.

Model name  Dimensions Catalyst Efficiency = Boundary Condition  Capillary
Hom1D” 1D v

HetlD 1D

HetlD, . 1D - -

Het2Dg, 2D - Ro -
Het2Dp,.,, 2D - Ro v
Het2Dyy; ., 2D - Di v

PLE algorithm. The detailed numerical methodology is described else-
where (Kutscherauer et al., 2024). Convergence is monitored at each
iteration step by evaluating the residuals and several engineering quan-
tities, such as pressure drop and conversion, as well as the closure of
the overall mass, energy, and species mass conservation. All simulations
are performed on 640 CPUs of the high-performance computing server
bwUniCluster 3.0 with Intel Xenon Platinum 8358 processors at 2.6 GHz
and 200 GB RAM. After approximately 80 000 iterations, one simulation
converges, which takes about six days.

2.2.2. Continuum models

Pseudo-continuum models, which require a substantially lower
amount of computational effort than PRCFD simulations, with differ-
ent levels of detail are used throughout this work for comparison with
data obtained from the PRCFD simulations (Fischer et al., 2019; Kreitz
et al.,, 2019). We investigated six different pseudo-continuum models,
which are formulated either homogeneously (Hom) or heterogeneously
(Het), and which differ in dimensionality (1D or 2D), in the boundary
condition applied at the reactor walls, namely Robin (Ro) or Dirich-
let (Di) conditions, and in the inclusion of the capillary (cap). In ho-
mogeneous pseudo-continuum models, the catalyst effectiveness factor
n is derived from the Thiele modulus, assuming the rWGS reaction as
the rate-limiting reaction and carbon dioxide as the diffusion-limiting
species (Elnashaie and Abashar, 1993). A Robin boundary condition ac-
counts for a finite wall heat transfer coefficient, causing a temperature
step between the reactor wall and the fluid phase. When the heat transfer
resistance is negligible, this step at the wall disappears, as accounted for
by a Dirichlet boundary condition. The nomenclature is summarized in
Table 3. The one-dimensional model Het1D, ., isbased on the same
governing equations as the Het1D model. However, when computing the
overall heat transfer coefficient U, the heat transfer resistance between
the fixed bed and the tube wall is neglected. A schematic of the reactor
geometry, including all relevant dimensions, is shown in Figure 2c.

The employed balance equations, boundary conditions, reaction ki-
netics, and physical properties calculation methods are outlined in the
supporting information (Sections S6-8). The kinetic rate equations and
parameters are taken from Langer et al. (2023) without additional adap-
tion. The models were implemented in Siemens gPROMS Process® (Ver-
sion 2023.2.1, Siemens Digital Industries Software (2023)). The axial
domain z of the partial differential equation system was discretized us-
ing the finite element method into 50 elements, the radial domain r into
10 elements, the particle domain r, into 15 elements, and the radial cap-
illary domain r¢,, into 5 elements. The resulting system of differential-
algebraic equations was solved with the built-in DAEBDF solver, which
applies a variable-step and variable-order backward differentiation
scheme.

3. Results and Discussion

Deriving intrinsic reaction kinetics from spatially resolved profiles
requires the ability to clearly distinguish between transport and reac-
tion phenomena. The main aim of the following elaboration is to identify
a pseudo-continuum model that fits the considered profile reactor best
and is suitable for kinetic fitting. Firstly, results from PRCFD simulations
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Fig. 2. a Mesh including catalyst- and fluid phase as well as the capillary, b scheme of the PRCFD simulation setup and ¢, the two-dimensional continuum models.

are validated against experimental data. Secondly, these results are used
to evaluate pseudo-continuum models with different levels of detail and
boundary conditions to identify the best-fitting model. Then, the im-
pact of the selected model on the fitted kinetic parameters is quantified.
To avoid effects of an inaccurate modeling of the heat transport within
the reactor on the estimated kinetic parameters, the energy balance has
frequently been neglected in the evaluation, and the measured temper-
ature is directly introduced into the model. In the context of kinetic
parameter estimation from spatial reaction profiles, this is an appealing
simplification, because inaccuracies in the heat transport description do
not directly affect the estimated kinetic parameters, while simple one-
dimensional models ensure low computational cost. Accordingly, based
on the results from the PRCFD simulation, a criterion is derived that
specifies under which conditions this latter approach is viable and suf-
ficiently accurate for kinetic modeling.

3.1. Validation of PRCFD simulation with experimental data

The circumferentially and radially averaged spatial molar fraction
profiles (Figure 3a—c) and fluid-phase temperature profiles (Figure 3d-f)
obtained from the PRCFD simulations are compared with the experimen-
tal data over a bed length of 13 mm for all cases investigated. Averag-
ing is performed by computing an area-weighted average over defined
cross-sections. The respective standard deviations of the averages are
also calculated area-weighted and shown as shaded areas. The respec-
tive standard deviations are shown as shaded areas. Regarding the con-
centration profiles, the experimental and numerical results show over-
all good agreement in terms of both temperature-dependent trends and
quantitative values. Across all inlet temperatures, the overall conversion
is slightly overestimated by the PRCFD simulations. However, this dis-
crepancy decreases at higher inlet temperatures. The concentration pro-
files of the intermediate product carbon monoxide, which exhibit higher
peak concentrations at elevated temperatures, are also well captured by
the PRCFD simulations. The maximum absolute error in the predicted
carbon monoxide concentration is approximately 500 ppm. Because the
overall concentration of CO is rather small, these errors can correspond
to large relative errors. Since the sign of the relative deviation is temper-
ature dependent, kinetic parameters such as the activation energy and
adsorption enthalpies, which were directly adopted from the literature
without further modification, are a reasonable cause for this deviation.
Considering the rWGS reaction as an endothermic step within an over-
all highly exothermic process, the slightly differing selectivities would
mainly affect the temperature profile. However, this influence is negligi-
ble due to the overall low amount of CO formed. Obtained standard de-
viations from the PRCFD are narrow, indicating a radially homogeneous
gas-phase composition in the reactor. The evaluation of the flow fields
obtained from the PRCFD simulations indicates that this can mainly be
attributed to convective species transport in the lateral direction. Fur-
thermore, no distinct channeling around the capillary can be observed.
Such a bypass flow could lead to inaccurate temperature and gas com-

position measurements. More details on the fixed bed morphology and
velocity field can be found in the supporting information (Section S9).

For direct comparison with data obtained from the profile reactor,
the gas-phase temperature T; is extracted from the PRCFD simulations
together with the corresponding radial minimum and maximum tem-
peratures (Figure 3d—f). The overall shape of the temperature profiles
shows good agreement between simulation and experiment. However,
the experimental values are consistently 1 to 2 K lower than those pre-
dicted by the PRCFD simulations. Radial temperature gradients resolved
in the PRCFD simulations reveal a temperature range in the radial direc-
tion of up to 10K at T}, = 593K, 15K at T;;, = 613K, and 18K at T}, =
633 K, with the largest gradients occurring in the vicinity of the temper-
ature hot spot. The good agreement between the radially averaged tem-
peratures obtained from the PRCFD simulations and the experimental
measurements supports the assumptions made regarding the sampling
arrangement in the profile reactor, which is presumed to provide a radial
average of both temperature and composition. Overall, the PRCFD sim-
ulations are sufficiently validated against the experimental data from
the profile reactor and are therefore assumed to closely represent the
conditions inside the reactor.

3.2. Interparticle heat and mass transport phenomena - Comparison of
axial profiles of averaged quantities from PRCFD and pseudo-continuum
models

Pseudo-continuum models, especially homogeneous ones, are fre-
quently used to evaluate data from spatially resolved measurements for
various purposes, such as kinetic parameter estimation, investigation
of reaction networks and pathways, and analysis of dynamic reactor
behavior (Cholewa et al., 2024; Hernandez Lalinde et al., 2020; Berg
et al., 2024; Wolke et al., 2021). To derive the most accurate conclu-
sions from experiments efficiently, the applied models should resem-
ble the physical reactor as closely as possible while limiting the re-
quired computational effort. In the following, profiles of temperature,
carbon dioxide conversion, and selectivity to methane obtained from
the detailed PRCFD simulations (Figure 4) are compared with results
from continuum models of different levels of detail, as described in Sec-
tion 2.2.2. For the PRCFD simulations, circumferentially and radially
averaged profiles are depicted, while radially averaged quantities are
considered for the two-dimensional pseudo-continuum models. Since
homogenous pseudo-continuum models assume the fluid and catalyst
phases to be lumped together, the temperature T, extracted from the
PRCFD simulations and the heterogeneous pseudo-continuum models
represents an average of the fluid- and catalyst-phase temperatures.

In general, all considered continuum models predict an increasing
carbon dioxide conversion along the entire reactor, accompanied by
the formation of a temperature hot spot in the region between z = 0.4
and z = 0.6. The most significant systematic discrepancies between the
PRCFD and the pseudo-continuum models arise in the selectivity, which
initially exhibits already high values in the PRCFD due to the employed
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Fig. 3. Comparison of experimental data with results obtained from the PRCFD simulations. The shaded areas represent the respective lateral standard deviations
derived from the PRCFD. a, d show the concentration and temperature profiles for an inlet temperature of 7}, = 593K, b, e for T;, = 613K, and ¢, f for T}, = 633K,
respectively. The parity diagrams and the measured profiles over their full length of 30 mm are depicted in the supporting information (Sections S10-11).
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Fig. 4. Comparison of results obtained using PRCFD and one- and two-dimensional pseudo-continuum models for an inlet temperature 7}, = 613 K. a Temperature,
b carbon dioxide conversion, and c selectivity to methane. The employed boundary conditions at the bed inlet for the PRCFD lead to a high initial selectivity, which

cannot be reproduced by the continuum models.

boundary conditions, but starts at significantly lower values in the
pseudo-continuum models. This discrepancy can be clearly attributed to
the consecutive reactions of rWGS and CO methanation, coupled with
the axial discretization, which does not allow for significant reaction
rates of the CO methanation reaction at low values of z. However, as
indicated by the comparison of the one-dimensional homogeneous and
heterogeneous continuum models Hom1D” and Het1D, respectively, a
heterogeneous approach significantly improves the prediction of the se-
lectivity, as well as the temperature and conversion. Since heteroge-
neous continuum models consider intraparticle concentration gradients,
the consecutive reaction network of rtWGS and CO methanation reac-
tions can be better represented. This finding emphasizes that the catalyst

effectiveness factor derived from the Thiele modulus used in homoge-
neous continuum models is not applicable to reaction networks (Hand-
book of heterogeneous catalysis, 1997). Therefore, the following discus-
sion will only concern heterogeneous continuum models.

In the one-dimensional model Het1D, the overall heat transfer is sig-
nificantly underestimated, causing a temperature excess of about 20 K
compared to the PRCFD and, accordingly, an increased conversion. Sim-
ilar observations, especially at low Reynolds numbers, have been re-
ported by Dixon (2021) in the context of the partial oxidation of ethy-
lene. With the two-dimensional continuum model Het2Dg,,, the temper-
ature overshoot in the hot spot decreases to approximately 10K, with
a corresponding end-of-pipe conversion only slightly higher than that
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Fig. 5. Radial profiles of T, at the hot spot (T}, = 613K, z =0.6) from the
PRCFD in comparison to those from Het2Dg, ., and Het2Dp -

predicted by the PRCFD simulations. In two-dimensional models, the
radial heat transfer is calculated based on the effective radial thermal
conductivity, eliminating the need to apply a separate correlation for the
overall radial heat transfer. Apart from the first increments, the selec-
tivity to methane is slightly overestimated by the continuum model but
steadily converges to the results from the PRCFD toward the end-of-pipe.
This general behavior can be observed for all two-dimensional models.
A stainless steel capillary runs along the center of the reactor and, due to
its high thermal conductivity, affects both the radial temperature profile
through heat transfer from the fluid phase to the capillary and the ax-
ial temperature profile through thermal conduction along the capillary.
Results from the PRCFD simulations suggest that the amount of thermal
energy released through the capillary from the fixed bed corresponds to
approximately 9 % of the total generated heat and should therefore be
taken into account (SI Section S5). Compared to model Het2Dg,,, model
Het2Dg,, .,p behaves as expected, yielding a hot spot temperature re-
duced by approximately 3 to 4K and a generally slightly broadened
temperature profile. Nonetheless, model Het2Dg,, ,, still overestimates
the hot spot temperature by about 6 K.

The applied a,,,;-model introduces an artificial temperature jump
at the tube and capillary walls to account for the increased heat trans-
port resistance at the walls. It is well known that the temperature jump
resulting from the «,,,;-model leads to an inaccurate description of tem-
peratures close to the walls, particularly for fixed beds with small tube-
to-particle ratios (see Figures 5 and 6c¢,d) (Dixon, 2012). To test the
impact of the a,,; on the temperature distribution in the fixed bed,
the heat transfer between packed bed and wall is neglected by setting
@yay — oo in the one-dimensional model HetlD, ., and by imple-
menting Dirichlet boundary conditions at the interfaces between the
continuous phase and the reactor wall, as well as the capillary, in two-
dimensional models (Het2Dp; ¢,).

Figure 5 shows the radial temperature profiles obtained from the
PRCFD and the heterogeneous continuum models Het2Dg, .., and
Het2Dp; .., at z =0.6. The radial profile from the PRCFD generally
lies between those of the two continuum models, while the ordinary
model Het2Dg, .,, better describes the temperature toward the reac-
tor core. Increasing a,, resulting in model Het2Dp, .,;, leads to im-
proved accuracy toward the reactor wall. This observation is also vis-
ible in the axial profiles, where model Het2Dp; ,,, yields significantly
lower temperatures and conversion compared to Het2Dg, cqp- Accord-
ingly, model Het1D, leads to about 15 K lower temperatures than

all > &
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model HetlD, achieving the best agreement with the PRCFD simula-
tions of all the one-dimensional models investigated. Nevertheless, the
discrepancy between model Het1D, ., and the PRCFD is significant.
This can be attributed to the fact that, in the studied cases, the assump-
tion of a parabolic radial temperature profile when deriving the overall
heat transfer coefficient is insufficient (Froment, 1962).

Figure 6 presents the two-dimensional temperature fields obtained
from the PRCFD and the continuum models Het2Dg, .,, and Het2Dp; ¢4y,
along with the standard deviation of the PRCFD results and the differ-
ences between the PRCFD and the two continuum models. The fields ex-
tracted from PRCFD are calculated by determining the arithmetic mean
and standard deviation based on point seeds that are distributed equally
(distance between seeds: 0.2 d, 59) on circles with defined radii and axial
positions. The temperature field obtained from the PRCFD (Figure 6a)
emphasizes the shallow radial temperature profiles, while the narrow
standard deviation (Figure 6b), caused by local inhomogeneities in the
fixed bed, remains below 2 K. These local inhomogeneities can be exem-
plified by, for instance, non-rotational symmetric fixed bed structure, or
by stagnant zones resulting from local fluid-dynamic effects. Intraparti-
cle temperature distributions are evaluated in the supporting informa-
tion (Section S12). As discussed, the continuum model Het2Dg,, ,, over-
estimates the temperature while providing the best agreement with the
PRCFD at the reactor core (Figure 6¢,d), whereas model Het2Dp ., (Fig-
ure 6e,f) predicts overall lower temperatures, with better agreement at
the reactor wall. Overall, the discussion illustrates that continuum mod-
els with an increasing level of detail can describe the profile reactor
increasingly well. However, with the employed assumptions and avail-
able correlations, significant sensitivities to intraparticle mass transport
and interparticle heat transport are revealed, which have the potential
to interfere with the quantitative evaluation of such profiles in the con-
text of kinetic modeling and must therefore be adequately considered.

3.3. Intraparticle mass transport phenomena - Concentration fields and
catalyst effectiveness factor

Next to interparticle temperature and concentration fields, hetero-
geneous models such as the PRCFD and Het2Dp ., also allow one to
resolve intraparticle profiles. Figure 7a shows the molar fraction field
of carbon monoxide in an axial plane through the reactor, with magnifi-
cations of single particles near the inlet and outlet of the reactor. These
intraparticle concentration fields are emphasized in Figure 7b. The non-
symmetric concentration profiles inside a catalyst particle, most promi-
nently visible near the inlet of the reactor (Figure 7a), are the result of
fluid-dynamic effects.

For catalyst particles near the inlet, the carbon monoxide concen-
tration increases toward the particle interior, forming a maximum at
approximately r, = 0.8, whereas this maximum gradually disappears at
higher axial coordinates until particles in the downstream section of the
reactor show a monotonic decrease in the carbon monoxide concentra-
tion from the particle surface to the center. This profile is the result of
an interplay between intraparticle mass transport and changes in the gas
composition throughout the reactor. As shown in Figure 7b, this general
trend is also well described with the continuum model Het2Dp; ,p,. By
applying the original formulation of the catalyst effectiveness factor,

VLC J,#dv
T L o @
* / A f;jdA
which relates the volume-averaged reaction rate inside the particle
to the surface reaction rate, effectiveness factors of approximately
Ncometh ® 2 and nwgs ~ 0.5 are obtained at the inlet of the fixed bed
from both the PRCFD and the pseudo-continuum model (Figure 7c). To-
ward the outlet, the effectiveness factors converge to about 0.6 for both
reactions. Such values of the effectiveness factor cannot be predicted by
formulations based on the Thiele modulus, which are typically employed
in homogeneous continuum models. The applied definition of the effec-
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Fig. 7. a Molar fraction of carbon monoxide along a plane through the fixed bed center. b Circumferentially averaged radial profiles of the intraparticle carbon
monoxide mole fraction, normalized by its value at the catalyst surface. ¢ Comparison of the catalyst efficiency derived from pseudo-continuum model Het2Dyy .,
and the PRCFD simulation. In b and ¢, results from the continuum model are depicted as lines, while the effectiveness factor is evaluated for every particle separately
from the PRCFD results (T}, = 613K).
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Table 4

Summary of f, and coefficients of determination for the different models.
Model s 5, B K,
Hom1D” 0.33 0.963 0.981 0.896
HetlD 0.41 0.993 0.952 0.994
HetlD, .. 0.62 0.999 0.980 0.999
Het2Dg,, 0.59 0.998 0.977 0.999
Het2Dg, c.p 0.67 0.999 0.983 0.999
Het2Dy; o 1.13 0.996 0.999 0.994
Het1D w/o EB 0.93 n.a. 0.995 0.998

tiveness factor via the Thiele modulus is derived for a single first-order
reaction within an isothermal pellet (Aris, 1957), hence 0 < 5 ;<1 This
underscores why the considered reaction network cannot be adequately
modeled using pseudo-homogeneous continuum models (Figure 4). Con-
sidering these observations collectively highlights why the utilization
of heterogeneous pseudo-continuum models is crucial in systems pos-
ing selectivity problems under conditions that enable intraparticle mass-
transport limitations.

3.4. Implications on the quantitative model-based evaluation of data
obtained from profile reactors

As elucidated in Section 3.2, a higher degree of detail in the contin-
uum models leads to an improved agreement with the results obtained
from the PRCFD simulations under the investigated conditions. This im-
plication must be considered when spatially resolved data from profile
reactors are employed for quantitative, model-based evaluation, such
as kinetic modeling, because continuum models of varying complex-
ity can yield diverging kinetic parameters in the resulting parameter-
estimation problem. To emphasize this crucial relationship, the kinetic
rate constants kcometh/rwes are extended by a constant factor f;, which
is subsequently fitted to the results from the PRCFD simulations using
the different continuum models (Table 3). In one specific case, the en-
ergy balance is removed from the calculation, and the experimentally
measured temperature is introduced directly into the model (Het1D w/o
EB).

The resulting values of f, with each continuum model are summa-
rized in Table 4, together with the corresponding coefficients of deter-
mination R? for T, Xco,> and Scy,. These are not discussed in fur-
ther detail here, but they confirm the trend observed in Figure 4, as
expected: a higher deviation between model and PRCFD requires more
significant correction factors f,. For example, the kinetics with model
Hom1D” must be scaled down by f;, = 0.33, and the selectivity is poorly
predicted, while model Het2Dp; ,;, requires a much smaller correction
and more accurately predicts temperature, conversion, and selectivity.
This highlights how input and physical model uncertainties can super-
impose the fitted intrinsic kinetic parameters when an inappropriate
model is used for parameter estimation. Notably, the overall best fit is
reached with model HetlD w/o EB, which does not evaluate the en-
ergy balance. In this case, the measured mean axial fluid temperature
is directly inserted into the model to derive the reaction rates. Several
authors have employed this approach for estimating kinetic parame-
ters based on spatially resolved experiments (Hernandez Lalinde et al.,
2020; Cholewa et al., 2024; Kiichen et al., 2024). In this context, this is
a generous simplification, since the inaccurate modeling of heat trans-
fer does not negatively affect the estimated parameters, and the simple
one-dimensional models ensure a low computational effort. The condi-
tions that must be met for this simplification to be made are discussed
in the following section.

The fundamental assumption of the applied sampling technique,
which uses a capillary to extract a gaseous sample in the profile reactor,
is that the measured temperature and gas composition represent a radial
average. Rate equations, such as the kinetics implemented in this work,
usually do not depend linearly on their variables. For example, tem-
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peratures influence the rates exponentially, and partial pressures con-
tribute with exponents between 0.5 and 3. Accordingly, the use of av-
erage values can lead to incorrect conclusions if the non-linearities are
not properly accounted for. In this context, the conducted PRCFD cal-
culations revealed a very narrow standard deviation of the radially and
circumferentially averaged profiles of the species’ molar fractions (see
Figure 3), indicating a radially homogeneous gas-phase composition.
Therefore, no uncertainties arising from the non-linear contributions of
partial pressures are to be expected. This is not the case for the temper-
ature. In the hot spot region (see Figure 3e), the temperature difference
AT, between the wall temperature 7,,,; and the average temperature
T,¢ reaches around 15K which cannot be simply assumed as radially
isothermal. To check whether calculating the reaction rates based on
the measured mean temperature differs from radially averaging the ac-
tual rates itself, the reaction rates and temperature fields from the model
Het2Dy, ., are used. Figure 8a shows the axially resolved ratios of the
radially averaged reaction rates 7 1o F; (T.¢), the reaction rate calculated
based on the average temperature T, At z = 0, both reaction rates are
similar due to the applied boundary conditions. For the rtWGS reaction,
the maximum deviation between the two rates occurs around the tem-
perature hot spot and reaches approximately 1 %. The CO methanation
reaction reveals less pronounced differences in the rate. These low de-
viations between the two ways to calculate the reaction rates indicate
that, within the occurring temperature window, the rate equations can
be linearized with satisfying accuracy.

This assumption is further discussed in Figure 8b, where the
temperature-dependent reaction rates are depicted in both their orig-
inal and linearized forms. The rates are linearized using a first-order
Taylor expansion around T at the hot spot:

dr;

Fiin (Tet) = 7 (Teg) + =

(Tes -
dTe¢ Tet of

ch ) %)

Within the considered temperature range, which is assumed to span
symmetrically by AT =T — T, around T, the average deviation
is 1.45 % and the maximum deviation is 4.61 % for the rWGS reaction,
clearly showing that the respective rate equation can be linearized
around T with sufficient accuracy. The rate equation for the CO metha-
nation reaction can be linearized even more accurately. In combination
with the shallow radial temperature profiles (Figure 6a and e) and the
low radial standard deviation of the gas-phase composition, this char-
acteristic convincingly explains why ;(T,) satisfactorily represents the
reaction inside the profile reactor, which is ultimately assumed when
model HetlD w/o EB is used to derive kinetic parameters. It should
also be noted that the considered temperature window is chosen rather
conservatively with respect to the upper boundary, since the maximum
temperature simulated at the hot spot location, T, =633.4K, is well
within the temperature window.

In general, the reaction rates must be adequately linearizable within
the considered temperature range to apply the measured mean temper-
atures in the estimation of the kinetic parameters. This depends on the
kinetic rate equations and the temperature range across the cross sec-
tion. Since the rate equations are a-priori unknown, the linearizability
of the reaction rates can only be checked after parameter estimation by
assuming the maximum temperature of the cross section. The error in
the reaction rates caused by using the mean average temperature is al-
ways smaller than the maximum error of the rate equation linearization.
However, the actual size of the error can only be quantified by know-
ing the radial temperature profile. Nevertheless, neglecting the energy
balance in a computationally efficient one-dimensional model is reason-
able, if the maximum error of the rate equation linearization is smaller
5 %. Therefore, the following criterion can be defined based on the max-
imal relative deviation between the reaction rate linearized around the
measured hot spot temperature and the original reaction rate:

i‘j’liﬂsff max (T) - rl (T)
L~ T 7Y <005
7T

f,max

(6)

. max.
T€ (Tt max—AT T max +AT]
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Fig. 8. a Ratio between the radially averaged reaction rates 7; and #,(T,), the reaction rate calculated using the radially averaged temperature T, for the rWGS
and CO methanation reactions along the reactor as calculated with model Het2Dy; ,,,. b Temperature-dependent reaction rates ; of the rWGS and CO methanation
reactions, shown both in their original form and linearized using a first-order Taylor approximation around T at the temperature hot spot. The shaded temperature
regime provides a conservative estimate of the occurring temperatures inside the reactor (7}, = 613K).

with AT = T 0y — Ty, Where Tg o is the measured hot spot tempera-
ture. This criterion needs to be fulfilled for all reactions j in the investi-
gated reaction network. Under these conditions, directly incorporating
the experimentally measured temperature into the continuum model as
a replacement for evaluating the energy balance does not negatively
affect the derivation of kinetic parameters. In fact, this procedure also
eliminates uncertainties regarding the accurate description of heat trans-
fer inside profile reactors, ultimately increasing the accuracy of kinetic
parameters derived from data obtained in profile reactors. It should be
noted that the operating conditions and the properties of the fixed bed
used in this study were selected to ensure well-defined characteristics
that can be accurately calculated using PRCFD, thereby allowing con-
clusions to be drawn on appropriate modeling strategies. In the context
of reaction kinetics, the influence of intraparticle mass transport limita-
tions should be significantly reduced, for example through more highly
diluted feeds and smaller catalyst particles.

4. Conclusion

Detailed particle-resolved CFD simulations of a laboratory-scale pro-
file reactor were conducted and validated against experimental data
for the CO, methanation reaction. Insights into the local temperature,
concentration, and velocity fields derived from the PRCFD were used
to evaluate the applicability of pseudo-continuum models of differ-
ent levels of detail in the context of fitting kinetic parameters, which
first and foremost requires a clear distinction between intrinsic kinetic
processes and superimposed transport effects. At a glance, homoge-
neous pseudo-continuum models proved incapable of resolving selectiv-
ity problems under pore-diffusion-limited conditions. Employing hetero-
geneous pseudo-continuum models yields better selectivities, but even
when considering the influence of the thermally conductive sampling
capillary on the temperature field in the reactor and adjusted boundary
conditions, significant model uncertainties remained, which ultimately
can alter the derived kinetic parameters. To avoid these uncertainties,
the measured temperatures from the profile reactor can, in principle, be
directly introduced into a comparatively simple one-dimensional model,
thereby replacing the evaluation of the energy balance for fitting ki-
netic parameters. By avoiding the described model uncertainties, this
approach can provide improved results. However, since distinct radial
temperature profiles can occur in profile reactors, this approach requires
kinetic rate equations that can be sufficiently linearized with respect to
temperature. Based on results from the PRCFD and continuum models,
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we suggest a criterion that should be evaluated after the parameter fit
in order for this simplification to be valid. This criterion incorporates
the wall temperature and the measured average gas-phase temperature,
both of which are directly available from profile reactor measurements,
as well as the kinetic rate equations, and can therefore be easily verified
numerically.

Ideally, to allow for precise results, experiments in the profile re-
actor for kinetic studies should from the outset be conducted under
conditions that limit the influence of intraparticle transport limitations
and radial temperature gradients. As a starting point, this can be fa-
cilitated through catalyst particle sizes well below 500 um, depending
on the chosen support material, dilution of the fixed bed, and gener-
ally a diluted feed composition such as 75 % inert. Future PRCFD in-
vestigations of profile reactors should focus on fluid-dynamic effects
inside the reactor. In particular, it is still not fully understood which
fraction of the overall gas-phase flow passes through the orifices in the
capillary and whether this flow represents a true average of the gas-
phase composition and temperature. Further PRCFD simulations cou-
pled with an advanced optimization algorithm, such as Bayesian op-
timization, can be used to determine the optimal conditions for ki-
netic measurements (Hu et al., 2026). Overall, this study enhances the
understanding of the conditions inside profile reactors and improves
their application in reaction engineering research, where such reactors
are increasingly used as efficient tools for acquiring data for kinetic
studies.
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