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Based on the kinetics of Fischer—Tropsch synthesis and computational fluid dynamics, this study established
a numerical model for a coated microchannel reactor. The simulation results revealed the distribution
characteristics of the flow fields within the reactor, demonstrating that the pressure drop in the
microchannel reactor was only 3-5 Pa, with minor backmixing and potential hot spots observed near
the inlet and outlet regions. Under the conditions of an inlet temperature of 340 °C, a gauge pressure of
0.7 MPa, and an H,/CO feed ratio of 2/3, the reactor with catalyst coating on both the inner and outer
surfaces of the channels exhibited a maximum temperature increase of 9.1 °C and an 8.9% improvement
in CO conversion compared to the reactor with only internal channel coating. The simulation results
were in good agreement with experimental data, validating the accuracy of the model. The sensitivity

analysis of the operating conditions revealed that inlet temperature, H,/CO feed ratio, operating
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Accepted 10th April 2025 pressure, and space velocity exerted distinct influences on CO conversion, maximum temperature

increase, and product distribution. Lower inlet temperatures, H,/CO feed ratios, and space velocities,
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1. Introduction

Against the backdrop of increasingly strained petroleum
resources, Fischer-Tropsch synthesis (FTS) offers a promising
pathway to convert syngas derived from non-petroleum resources
such as coal, natural gas, and biomass into sulfur-free and
aromatic-free liquid fuels, including gasoline and kerosene.* This
process holds significant importance for diversifying energy
structures, reducing dependence on petroleum, and providing
more possibilities for the development and utilization of clean
energy.” However, due to the highly exothermic nature of FTS and
its complex catalytic reaction process, traditional reactors such as
fixed-bed, fluidized-bed, and slurry-bed reactors face inherent
limitations that are difficult to overcome. In recent years,
advancements in microchannel reactor technology have provided
new solutions for the efficient operation of FTS.?

Microchannel reactors can significantly reduce heat and
mass transfer distances at the micro/millimeter scale, offering
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notable process intensification. They can enhance reaction
rates by 10 to 1000 times while accelerating heat dissipation,
thereby preventing thermal runaway and establishing a new
safety paradigm for FTS.* Additionally, microchannel reactors
can operate at low costs with small-scale gas sources and are
easily scalable by numbering-up.® Several researchers®® have
reported on the feasibility and effectiveness of microchannel
reactors for FTS. Internationally, companies such as Compact
GTL and Velocys Inc. have developed small-scale gas-to-liquid
technologies utilizing microchannel reactors for FTS applica-
tions.*® Nevertheless, the performance of FTS in microchannel
reactors is highly dependent on channel configuration, catalyst
design, and flow field distribution. Due to the micro/millimeter-
scale diameter of the reactor channels, it is challenging to
directly insert sensors for continuous measurement during
operation, making it difficult to obtain localized parameter
distributions within the reactor. This poses challenges for
subsequent optimization and modification.”

With the continuous improvement of numerical techniques
in chemical process modeling, computational fluid dynamics
(CFD) has emerged as one of the reliable numerical methods for
simulating fluid dynamics in catalytic reactors.'*> By inte-
grating CFD with reaction kinetics, a numerical model of FTS in
microchannel reactors can be established to overcome the
difficulties associated with experimental measurements. This
approach enables the acquisition of internal flow field charac-
teristics, such as temperature, pressure and concentration
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distributions, providing a reliable reference for the safe opera-
tion, optimal design, and selection of operating conditions for
the reactor. Current research on numerical simulations of
microchannel reactors primarily focuses on designing reactor
structures and catalyst arrangement to control reactor temper-
ature and enhance the yield of target products. For instance,
Gumuslu et al.*® developed a two-dimensional reactor model
with square-grid-arranged microchannels for FTS, considering
factors such as wall thickness, material, and channel size to
evaluate their impact on reactor temperature. Park et al™
employed numerical methods to study the effects of different
microchannel arrangements and catalyst packing zones on
temperature distribution and maximum temperature differ-
ences in FTS reactors. Na et al.”* combined CFD with stochastic
optimization algorithms to design catalyst packing zones,
aiming to maximize Cs; yield while minimizing the maximum
temperature rise. However, these studies primarily focus on
square-grid-arranged microchannel reactors, with limited
research on multi-tubular catalyst-coated microchannel reac-
tors. Moreover, there is a lack of comprehensive discussion on
the impact of various operating conditions, including inlet
temperature, operating pressure, H,/CO feed ratio, and space
velocity, on the reaction performance.

In this study, based on FTS reaction kinetics and CFD,
a novel microchannel FTS reactor model was established. The
reactor employed steel tubes with an outer diameter of 3 mm as
microchannels, utilizing the inherent Fe content to form Fe-Mn
catalytic active substances on the inner/outer surfaces of the
tubes via an impregnation method, thereby achieving enhanced
mass and heat transfer. The study aims to investigate the
characteristics of the flow field distribution within the reactor,
as well as the impact of various operating conditions on cata-
lytic performance.

2. Model description
2.1 Geometric model and meshing

The reactor was constructed by closely packing seven micro-
tubes (designated as Tube I) with dimensions of ¢2 x 0.5 x
100 mm and nesting them within a larger tube (designated as
Tube II) with dimensions of ¢9 x 1 x 160 mm, forming
multiple distinct reaction channels of varying shapes. The tubes
were fabricated from 20# carbon steel (AISI 1020). Tube I was
centrally positioned along the axial direction of Tube II, with
both the front and rear ends being 30 mm away from the inlet
and outlet of Tube II, respectively. After corrosion treatment,
the inner and outer surfaces of Tube I were impregnated to form
an Fe-Mn catalyst layer. Consequently, the seven Tube I units
not only served as the flow channels for syngas but also acted as
the substrate for the Fe-based catalyst, thereby integrating the
catalyst with the microchannel reactor structure. Syngas was
introduced through one end of Tube II and underwent Fischer—-
Tropsch synthesis reactions on the catalyst-coated surfaces of
Tube I. The reaction products were subsequently discharged
through the opposite end of Tube II. The 30 mm spaces at both
ends of Tube II were filled with inert particles to ensure laminar
flow of the gas throughout the reaction process.
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A three-dimensional geometric model identical in size to the
reactor was established, as illustrated in Fig. 1. The reaction
channels consist of Steel Tube I and Steel Tube II, with the
origin located at the center of the inlet cross-section of Tube II
and the flow direction aligned with the positive x-axis. Based on
their shapes, four types of reaction channels are marked with
points A, B, C, and D as shown in Fig. 1. Points A, B, and C
represent the centerlines of the channels, while point D is
located at the intersection extended from the tangent of Tube I
and the diameter of Tube II.

The geometric model is divided into three domains: the solid
domain, the fluid domain, and the catalyst layer domain. FTS
reaction occurs exclusively within the catalyst layer domain. The
geometric model was meshed using Ansys Meshing, resulting in
a total of 3,280,891 tetrahedral mesh elements with a maximum
skewness of 0.69. A grid independence test was conducted,
confirming that the simulation results did not exhibit signifi-
cant changes with increasing mesh density.

2.2 FTS reaction kinetics

The reported FTS kinetic models in the literature can be cate-
gorized into three types: reactant consumption rate models,
detailed kinetic models, and lumped kinetic models.*® This
study employed a lumped kinetic model, which simplified the
detailed kinetic model from ref. 17. The reaction products were
lumped into CH,4, C3Hg, and C;4Hj30, representing C;, C,—-Cy,
and Cs, components, respectively. The water-gas shift (WGS)
reaction was also considered, as detailed in Table 1.

The catalytic performance parameters were defined by the
following relationships.

CO conversion rate:

COin - Cooul

Xco =
€0 Coiu

x 100% (1)

CO, selectivity:

COy,,,

— 0
SCOZ = Coin — Coom x 100% (2)

C,, Cs, and Cs, selectivity:

SC Cloul

— M {000
"= €0, — €Oy < 1O ®

where Ci represent CH,, C3Hg and C;,Hjz.
C,, C3, and Cs, Yields:

YC, = XCO X SC/ x 100% (4)

where in and out represent the molar flow rates of CO at the

inlet and outlet, respectively, in units of mol s~ *.

2.3 Microchannel reactor model

Based on the FTS reaction kinetics in Table 1, the microchannel
reactor model was established by integrating the mass,
momentum, and energy conservation equations from CFD. All
reactants and products were treated as incompressible ideal gas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Geometric model of the microchannel reactor. The origin is set at the center of the inlet end of Steel Tube II, with the x-axis aligned in the
direction of the reactant flow. At x = 30 mm, four reaction channels are formed by the inner and outer walls of Steel Tube | and the inner wall of
Steel Tube Il. These channels are labeled as characteristic points A, B, C, and D. Cross-sections 1-1 and 2-2 of the reactor are obtained
perpendicular to the z-axis and y-axis, respectively.

Table 1 Lumped kinetic model in the microchannel reactor®

Reaction Reaction rate expression
CO + 3H, — H,0 + CH, I kam,0eXp( —Eam/RT) Py, ay
CH471+ gt Pmo, 1 L 1N ey )
K.KoK. Pu, = KoK, Py, ' K, )\®1 7 @108 T anaso
3CO + 7H, — 3H,0 + C3Hjg . kar0exp( —Epy /RT) Py, a3
C1H371+<1 1 Pu,o 1 1+1>( N N )
> T |+ a3 +ajazan
K,K,K. Py, = K,K. Py, K.
14CO +29H, — 4H,0 + C4H;3¢ " _ kAZ‘Oexp( —EAZ/RT)PHZOllt)lj;DlM
CreHo I Pao I 1 1

I+ (1+

KKK, PHZ K,K. PHZ + E) (Dél +ajaz + 0[10[30[14)

CO + H,0 — H, + CO, ky0exp( —E,/RT)(PcoPu,o/ Py — Pco, Pi> / Ke)

¥ =
€0 1+ KyPcoPHzo/PO'f
@y = k1Pco s = k1Pco g = k1Pco
k1 Pco + kamoexp( — Eav/RT) Py, k1 Pco + kar0exp( —En1 /RT) Py, k1 Pco + knz0exp( —Enz/RT) Py,

5078.0045
K, = exp {#— 5.8972089 + (13.958689 x 10™)T — (27.592844 x 10~%)T?| ® Parameter values: k; = 2.23 x 10~'° mol (g7*-Pa~''s) K, =

1.81 x 10 > Kp = 4.68 x 10 > K, = 2.26 x 107" K, = 3.57 x 10 °Pa™ %> ko = 4.65 x 10 > mol (g "-Pa "+5) Egy = 92.89 x 10° J mol ™" kyy 0 =
2.74 x 107° mol (g~ '-Pa '-8) E5; = 87.01 x 10° J mol " kppo = 2.74 x 107> mol (g~ '-Pa '-s) E5, = 87.01 x 10° Jmol " k, o = 4.96 x 10" mol
(@' Pa' —1.5's) E, = 45.08 x 10° ] mol .

mixture. FTS within the coating layer was simulated using Mass conservation equation:

a porous media model, assuming isotropic properties. The V- (p7) = 0 (5)
continuity and momentum equations, incorporating the porous

media terms, were formulated based on the Navier-Stokes Where p is the density of the gas mixture and V is the superficial
equations. The flow regime within the fluid domain was velocity.

considered to be laminar. The entire reaction process was Momentum conservation equation:

treated as a steady-state process, and thus the time-dependent _ .

terms in the original equations were set to zero. The primary V-(pi¥) = —Vp+ V- (T) T pg S (6)
governing equations are presented as follows:
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For isotropic porous media, the source term is calculated as:
N 1
Sl':— EV,‘""CEP‘VW,' (7)

where u is the viscosity, « is the permeability, |v| is the velocity
magnitude, and C is a specified matrix.
Energy conservation equation:

V- (¥(pE; +p)) = St + V- <(7kr + (1 = 7)k,)VT — <Zh,],->

+ (% v))
(8)

where E; is the total energy of the fluid. Sf is the enthalpy source
term, v is the porosity. k¢ and ks are the fluid and solid thermal
conductivities, respectively. And #; and J; are the enthalpy and
diffusion flux of component i, respectively.

Species diffusion equation with Volumetric reaction term:

V- (p7Y;) = -V-J + R, (9)

where Y; is the mass fraction of component i and R; is the net
generation rate of component i. R; is calculated as:
r=1 .
Ri=M,;> YR, (10)
N
where M,,; is the molecular weight of component 1. Rz,r is the
molar rate of creation/destruction of species i in reaction r,
which can be computed using the reaction rate equations
provided in Table 1. These rates are implemented in Ansys
Fluent via User-Defined Functions (UDF) written in C language.
The UDFs enable the incorporation of custom reaction kinetics
into the simulation environment. During this process, the unit
conversion from mol (g -s™*) to mol (m?-s™ ") is also handled
within the UDF functions.
Heat conduction in the solid region:

q= _kwall vT (11)
where k. is the thermal conductivity of the solid.

Additionally, the Maxwell-Stefan equation was utilized to
determine the diffusion fluxes for multicomponent diffusion.
To validate the applicability of the continuum model and the
Navier-Stokes equations, the Knudsen number was calculated,
yielding an order of magnitude of 1 x 107°. This value was
below the threshold of 0.001, confirming the suitability of the
continuum model for microchannels, as supported by ref.
18-20.

2.4 Experimental data for validation

In this study, experimental data from the study of Wang.** were
employed to validate the simulation. A brief overview is
provided here. The entire experimental setup is illustrated in
Fig. 2. The reactor body was placed inside a constant-
temperature jacket. H,, CO, and N, were introduced into the
microchannel reactor via a gas mixer (Gas-Mixer) at specific
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Fig. 2 Fischer—Tropsch synthesis reaction experimental setup.

ratios and flow rates, which were controlled by a mass flow
controller (MFC). The reactants were preheated and subjected
to programmed temperature control for the reaction. The
products were collected through a cold trap and a back-pressure
valve and then analyzed by a Hexion GC-950 gas chromatograph
for online detection. The gas composition before and after the
reaction was determined using a thermal conductivity detector
with a TDX-01 column, as well as a flame ionization detector
with a GDX-403 column and an SE-30 capillary column in
parallel. Table 2 presents the experimental conditions and the
corresponding results, which can be used to validate the
simulation results of this paper.

2.5 Simulation conditions and settings

2.5.1 Solver settings. The simulation was conducted on
a Dell Precision 7920 Tower workstation. The pressure-velocity
coupling solver employed the coupled method. Spatial dis-
cretization for gradients, pressure, momentum, energy, and
species transport was performed using the Least Squares Cell
Based method and the second-order upwind scheme. To
enhance computational convergence, the species relaxation
factor was set to 0.95, and the Pseudo Time Method and
Warped-Face Gradient Correction were enabled.

2.5.2 Boundary conditions. The boundary conditions were
configured with a velocity inlet and a pressure outlet to char-
acterize the flow dynamics at the respective domain interfaces.
The velocity magnitude was derived from the gas hourly space
velocity (GHSV) and set to fully developed laminar flow. The
outlet pressure was controlled by the back-pressure regulator.
The gas-solid interface was configured with thermal coupling to
accurately model the heat transfer interactions. Since the outer
surface of the reactor was insulated, an adiabatic wall condition
was applied. Volume and surface reactions were implemented
within the catalyst coating domain.

2.5.3 Physical properties. The density, specific heat,
thermal conductivity, viscosity, and other properties of the
gases were obtained from Fluent's built-in material database.
The density of the reaction mixture was set as an incompress-
ible ideal fluid. Specific heat was calculated using the mixing
law, and viscosity was determined using the ideal gas mixing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Case ID Inlet temp./°C H,/CO molar ratio Operating pressure/MPa Xcol% AT/°C
1 300 2/3 0.1 33.4 7.23
2 300 3/3 0.1 34.52 8.64
3 300 4/3 0.1 34.67 12.73
4 300 2/3 0.3 44.94 7.21
5 300 2/3 0.5 46.23 12.45
6 300 2/3 0.7 47.99 6.82
7 220 2/3 0.7 25.44 6.32
8 260 2/3 0.7 37.67 9.35
9 340 2/3 0.7 51.57 11.30
10 380 2/3 0.7 91.07 16.43

“ The GHSV is set at 4000 h™" for all cases, corresponding to an inlet flow velocity of 0.0853 m s™.

law. Mass diffusion was modeled using the Full Multicompo-
nent Diffusion method, with diffusion coefficients for each
species pair obtained from the Perry’s Chemical Engineers’
Handbook.?” The kinetic equations listed in Table 1 were pro-
grammed in C language and integrated into the Ansys Fluent
simulation process via the UDF interface.

2.6 Simulation scheme

By solving the steady-state mass, momentum, and energy
conservation equations, the distributions of temperature,
pressure, and species concentration within the reaction chan-
nels were obtained. This allowed for the analysis of Xco, AT and
selectivity. The simulation was divided into three groups:

(1) validation and flow field analysis: the first group of
simulations was conducted under the experimental conditions
listed in Table 2 to validate the accuracy of the model. The flow
field characteristics within the microchannel reactor and the
locations of potential hot spots were analyzed.

(2) Catalyst coating comparison: the second group of simu-
lations used the operating conditions of case 9 in Table 2 as
a baseline. The reaction performance was compared between
two configurations, labeled as G1 and G2: (a) G1: catalyst
coating on both the inner and outer surfaces of Steel Tube I and
(b) G2: catalyst coating only on the inner surface.

(3) Operating condition sensitivity analysis: the third group
of simulations also used the operating conditions of case 9 in
Table 2 as a baseline. Using the method of Controlled Variables,
individual reaction conditions were varied, including inlet
temperature (220-380 °C), operating pressure (0.1-2.1 MPa),
H,/CO feed ratio (1/3-7/3), and space velocity (2000-16000 h™%).
The changes in Xgo, the maximum temperature rise(AT), and
product distribution were analyzed to evaluate the catalytic
performance of the reactor under different operating
conditions.

3 Result and discussion
3.1 Grid independence test

The geometric model was meshed using Ansys Meshing, as
illustrated in Fig. 3. Given the small angles at the tangential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sections of the cylindrical tubes, chamfering and smoothing
treatments were applied to enhance mesh quality. A grid inde-
pendence test was conducted during meshing to balance
computational efficiency and simulation accuracy. A multizone
meshing approach was employed, restricting the maximum
mesh size in each region to achieve different meshing results.
Five meshing schemes were developed, as detailed in Table 3.
As the maximum mesh size decreased progressively from
Scheme 1 to Scheme 5, the total number of mesh elements
increased significantly, from 170000 to 9,260,000. Concur-
rently, the mesh skewness decreased from 0.96 to 0.65, indi-
cating improved mesh quality with smaller mesh sizes, albeit at
the cost of increased computational burden.

To strike a balance between computational efficiency and
simulation accuracy, the impact of mesh density on the simu-
lation results was examined. Fig. 4 presents the radial and axial
velocity distributions for Schemes 2-5. It is worth noting that
Scheme 1 was not included in this figure because it failed to
converge due to the excessive skewness of the mesh. It is evident
that Scheme 2 exhibited severe numerical diffusion, while
Scheme 3 also showed noticeable numerical diffusion. In
contrast, Schemes 4 and 5 demonstrated relatively uniform

Fig. 3 The mesh of the microchannel reactor model.
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Table 3 Different meshing schemes
Maximum size
of solid
Maximum size of fluid domain/mm domain/mm
Channels A Channels C Other Number of cell layers Number of
Scheme and B and D regions in the catalyst coating domain Tube I Tube II cells per 10* Skewness
1 1 0.5 1 3 0.5 1 17 0.96
2 0.5 0.25 0.5 3 0.5 1 56 0.85
3 0.2 0.1 0.5 4 0.25 0.5 121 0.76
4 0.1 0.05 0.25 5 0.125 0.25 328 0.69
5 0.05 0.05 0.1 5 0.125 0.25 926 0.65

% Scheme 1 failed to converge due to the excessive skewness of the mesh and poor mesh quality.

variable distributions, with minimal differences in velocity
profiles. Although velocity distribution of Scheme 3 was
comparable to Schemes 4 and 5, discrepancies still existed in
the temperature and concentration distributions. Detailed
temperature and concentration distribution maps are provided
in the ESI materialsf. Ultimately, Scheme 4 was selected for its
ability to ensure simulation accuracy while maintaining
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a moderate number of mesh elements, thus balancing compu-
tational efficiency.

3.2 Validation of simulation results with experimental data

The simulation results for the first group are shown in Fig. 5. A
comparison was made between the experimental data** and the
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Fig. 4 Velocity distribution and CO mass fraction distribution under different mesh densities (Schemes 2-5). Scheme 1 is not included due to

non-convergence.
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Fig. 5 Comparison of experimental and simulation results (a) experimental and simulated CO conversion rates under the 10 operating
conditions listed in Table 2. (b) Experimental and simulated temperatures at the center of Steel Tube | (x = 80 mm) under the 10 operating

conditions listed in Table 2.

simulated results for CO conversion rate (Xco_exp) Xco_sim) and
the temperature at the center of the reactor (T._cxp, Tc_sim)- The
mean absolute relative residuals for CO conversion rate and
center temperature were 11.74% and 0.43%, respectively. The
discrepancies observed in this study may stem from three
primary sources:

(1) Measurement precision limitations: the experimental
setup described in the paper™ is subject to inherent
measurement errors due to the precision limitations of the
instruments used. For instance, the mass flow controller has
a precision of +1%; the temperature controller, +0.5 °C; the
back-pressure valve, +2%; the gas chromatograph's thermal
conductivity detector (TCD), +5%; the flame ionization
detector (FID), £5%; and temperature control of the cold trap,
+0.5 °C. Collectively these factors contribute to the uncer-
tainties in the experimental results. Additionally, certain
physical quantities are challenging to measure precisely. For
example, the pressure within the reactor is controlled by the
back-pressure valve at the outlet. When the pressure deviates
from the set value, the valve continuously adjusts to maintain
stability, which is a dynamic process. However, this study
employs a static simulation, which can only assume a constant
outlet pressure. This difference between the dynamic experi-
mental process and the static simulation is one of the reasons
for the discrepancies between the experimental and simula-
tion results.

(2) Reaction kinetics model: this study utilizes the reaction
kinetics model from paper.”” Although both studies employ
iron-based catalysts, differences in catalyst properties and the
complexity of reaction mechanisms make it difficult to fully
align with the specific reaction patterns observed in the
experiments.

(3) Lumped kinetics model: a lumped kinetics model is
applied, where C,-C, hydrocarbons are lumped into a single C;
product, and hydrocarbons with five or more carbon atoms are
lumped into a single C;, product. In reality, the physical prop-
erties of these multi-component mixtures differ from the

© 2025 The Author(s). Published by the Royal Society of Chemistry

assumed properties of C; and Cy4. This discrepancy is another
significant contributor to the observed differences.

Despite the presence of some discrepancies, the results
indicate a good agreement between the simulation and experi-
mental data, thereby validating the accuracy of the established
model.

3.3 Distribution characteristics of flow fields

This section, taking Case 9 in Table 2 as an example, the various
flow fields in the simulation results are analyzed and discussed.
The velocity field is illustrated in Fig. 6 to identify whether
backmixing occurs within the reactor. The temperature fields in
the fluid and solid domains are shown in Fig. 7 and 8, respec-
tively, to identify potential thermal runaway regions and
support the analysis of reaction channels. The concentration
field of CO, the main reactant, is presented in Fig. 9 to infer
reaction progress and calculate local conversion rates.

Fig. 6 illustrates the distribution characteristics of the
velocity field within the reactor. In the inlet region filled with
inert material (xe [0, 30]) and the outlet section (xe[130, 160]),
the velocities were relatively low. As the fluid entered the four
reaction channels formed by Tube I and Tube II, the velocities
increased at points A, B, and D due to the obstruction by solid
walls, as well as changes in cross-sectional area and flow rate,
while the velocity at point C decreased. As can be observed from
the magnified section of Fig. 6, there was a certain degree of
backmixing near the inlet and outlet of Tube I. This phenom-
enon also influenced the distribution of temperature, as evi-
denced by the temperature depicted in Fig. 7.

Regarding the pressure field distribution, due to the nature
of the coated microchannel reactor, the pressure drop across
the entire reactor was minimal, with an inlet-to-outlet pressure
drop of only 3-5 Pa. This suggests that the reaction process
occurs under nearly isobaric conditions.

Given the highly exothermic nature of FTS, the potential risk
of thermal runaway must be closely monitored. Across all 10
experimental cases, AT did not exceed 20 °C, indicating no
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occurrence of thermal runaway. Fig. 7 illustrates the tempera-
ture distribution characteristics within the microchannel
reactor. A noticeable temperature increase was observed at the
outlet section compared to the inlet section, with varying
magnitudes of temperature rise across reaction channels.
Cross-sectional views at x = 30, 80, and 130 mm in Fig. 7
revealed that near the starting point of Tube I, the temperature

at the center of each reaction channel was significantly lower
than that near the wall. However, in the middle and outlet
sections of Tube I, the temperature difference within the same
reaction channel across the cross-section was almost negligible.
Nevertheless, considering the radial distribution of the fluid in
the front half of the reactor, the temperature near the reactor
channel walls may be higher than that at the center point C. The
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Fig. 7 Temperature distribution within the microchannel reactor. The left section of the figure presents three temperature distribution profiles
within the reactor. The first profile illustrates the temperature distribution at the reactor inlet and outlet (xe [0, 30] U [130, 160]). The remaining two
profiles depict the temperature distribution within half of the fluid domain of the reaction channel in different orientations (xe [30, 130], y = 0, and
z = 0). The right section of the figure shows the temperature distribution along the 1-1 and 2-2 cross-sectional planes, as well as the radial

cross-sectional distributions at x = 30 mm, 80 mm, and 130 mm.
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risks (temperature rise exceeding 10 °C).

temperature distribution trends observed in the microchannel
reactor are primarily due to its structural design and the reac-
tion characteristics. In the inlet section (e.g., x = 30 mm), the
temperature is lower at the center of the reaction channels than
near the walls, as the reaction has not fully progressed and
minimal reaction heat has accumulated. In the mid (e.g., x = 80
mm) and outlet sections (e.g., x = 130 mm), the temperature
distribution becomes more uniform due to accumulated reac-
tion heat, indicating effective heat transfer design that prevents
localized overheating. In the front half of the reactor, the
temperature near the walls is higher than at the center point C,
likely due to preheated walls and heat conduction, which
promotes uniform reaction progress and prevents thermal
runaway.

‘jf ‘.'.;

As shown in Fig. 8(a), which displays the temperature
distribution in Tube I, the temperature was nearly uniform
except in regions close to reaction Channel C. Plotting the areas
where the temperature rise exceeds 10 °C revealed that these
regions were primarily concentrated near the walls of reaction
Channel C and the inlet face of Tube I. Taking these factors into
account, the reactor has potential thermal runaway risks at the
sharply rising temperature segment near the inlet face of Steel
Tube I (x = 30 mm) and the wall region of reaction Channel C
(see Fig. 8(b)). The temperature distribution trend observed in
Fig. 8 is primarily attributed to the structural characteristics of
reaction Channel C and steel Tube I, as well as the localized
accumulation of reaction heat. Specifically, the smaller cross-
sectional area and slower flow velocity in reaction Channel C
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Fig. 9 CO mass fraction distribution in the microchannel reactor. Operating conditions and cross-sectional positions are the same as in Fig. 7.
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result in longer residence times for the gas, leading to more
complete reactions and thus greater heat release. Additionally,
as previously mentioned, backmixing at the inlet of Tube I
accelerates heat diffusion near the entrance of reaction Channel
C. Another contributing factor is the presence of catalyst coat-
ings on both ends of Tube I, which also exhibit higher
temperatures. These high-temperature regions indicate poten-
tial thermal runaway risks in the reactor. If the reaction heat is
not dissipated in a timely and effective manner, the accumu-
lation of heat can accelerate the reaction rate, leading to further
heat release and potentially triggering thermal runaway.

Fig. 9 illustrates the distribution characteristics of CO
concentration within the microchannel reactor. Near the inlet
of Tube I, the CO concentration begins to decrease, indicating
the initiation of FTS. Along the length of the tube, the overall CO
concentration continuously declines, with a more pronounced
decrease in the first half compared to the second half. In terms
of radial distribution, at x = 30 mm, relatively high CO
concentrations are observed in all channels except Channel C,
with higher concentrations at the center compared to the edge
near the wall. At x = 80 mm, the CO concentration in Channel C
approaches zero, while Channels A and B maintain higher
concentrations than Channel D, with uniform concentration
profiles across each channel's cross-section. At x = 130 mm, the
CO concentration in Channel C increases due to backmixing at
the outlet of Tube I, approaching the concentration in Channel
D, while Channels A and B still retain concentrations above 0.4.
The CO concentration distribution trend observed in Fig. 9 is
primarily influenced by structural characteristics of the micro-
channel reactor, reaction kinetics, and backmixing phenomena.
Smaller cross-sectional area and lower flow velocity of Channel
Cresult in longer gas residence times, leading to more complete
reactions and a significant decrease in CO concentration.
Backmixing near Channel C's inlet accelerates CO consumption
by promoting rapid heat and reactant diffusion. In the first half
of the reactor (x < 80 mm), CO concentration decreases gradu-
ally across channels, with Channels A and B showing minimal
changes and Channel C experiencing the most significant drop,
indicating more complete reaction progress. In the latter half (x
> 80 mm), Channel C's CO concentration approaches zero,
consistent with the temperature field analysis, confirming near-
complete FTS at x = 80 mm. At the outlet of Tube I, backmixing
homogenizes CO concentration, particularly evident at x = 130
mm, where Channel C's concentration increases due to back-
mixing, approaching that of Channel D. Additionally, higher
wall temperatures at the inlet of Tube I drive faster reactions
and more pronounced CO concentration decreases near the
walls, while elevated temperatures in the reactor's latter half
accelerate concentration diffusion, resulting in more uniform
CO concentration across channel cross-sections.

Additionally, an examination of backmixing in Tube I reveals
its influence on reaction performance and product selectivity
through changes in residence time, temperature profiles, and
concentration distributions. At the inlet, backmixing prolongs
the residence time of reactants, increasing local reaction rates
and temperatures. This effect is more pronounced at the tube
entrance, enhancing C, selectivity while reducing the selectivity
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of C; and Cs. Simulations show that some products generated
within the inner tube diffuse into Channels C and D due to
backmixing, altering product concentrations within each
channel and influencing reaction rates and product selectivity.

At the outlet, backmixing redistributes concentrations in the
channels near the exit. The concentrations of various compo-
nents in Channel A decrease, affecting the reaction rate.
However, the temperature change at the tube end is minimal,
indicating that outlet backmixing has a relatively minor impact
on reaction performance and product selectivity.

3.4 Influence of single-sided vs. double-sided catalyst
coatings

In contrast to the conventional single-sided catalyst coating on
the inner surface of the tube, the Fe-based catalyst-integrated
microchannel reactor employed in this study features
a double-sided catalyst coating, with catalyst layers applied on
both the inner and outer surfaces of Tube I. Based on the
operating conditions of Case 9 in Table 2, two comparative
simulations, designated as G1 and G2, were conducted. In G1,
reactions occurred on both the inner and outer catalyst coat-
ings, whereas in G2, reactions were confined to the inner
coating region only. The axial distributions of velocity,
temperature, Xco, and Cs. mass fraction along the centers of the
four reaction channels are shown in Fig. 10. These simulations
allow for a comparison of the catalytic performance of the
reactor under identical dimensions and operating conditions,
with and without external catalyst coatings.

3.4.1 Characterization of G1 simulation results. The
velocity distribution for G1 is illustrated in Fig. 10(a). The
velocity profiles of Channel A and Channel B nearly overlapped,
indicating that the flow fields in these channels were identical
due to their symmetric positions relative to the inlet center. In
contrast, Channel A, Channel C, and Channel D exhibited
distinct velocity distributions due to differences in their posi-
tions and geometries, resulting in local space velocities in the
order of GHSV, > GHSVp, > GHSV.. Consequently, significant
variations in temperature, Xco, and Cs, mass concentration
were observed within these three channels.

The temperature distribution of G1 is depicted in Fig. 10(b).
Near the inlet of Tube I (x = 30 mm), the temperature within the
reaction channels rose sharply, followed by a gradual increase
along the channel until approaching the outlet of Tube I (x =
130 mm), where mixing of fluids from different reaction chan-
nels resulted in a uniform temperature. Due to differences in
cross-sectional area, geometry, and catalyst coating area, the
temperature rise varied significantly among Channel A,
Channel C, and Channel D. Channel C, characterized by the
lowest GHSV, exhibited the highest reaction extent and conse-
quently the highest temperature. Under the conditions of Case
9, the temperature reached its maximum and remains nearly
constant within the range of xe[80, 127] mm. This suggests that
the reaction is nearly complete at x = 80 mm, and the
temperature ceases to increase. Beyond x = 127 mm, the
temperature decreased due to backmixing near the outlet of
Tube I, where the fluid mixed with cooler fluids from other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Influence of external catalyst coating on reactor performance. (Operating conditions: case 9 from Table 2. G1 represents the results with

catalyst coatings on both the inner and outer walls of Tube |, while G2 represents the results with catalyst coating only on the inner wall of Steel
Tube 1.). (a) Velocity distribution. (b) Temperature distribution. (c) Local CO conversion rate distribution. (d) Cs, mass concentration distribution.

channels. Thus, under these operating conditions, the
temperature attained its maximum within the range of xe[80,
127] mm. While the starting point of this range varied slightly
under other conditions, the endpoint remained nearly constant,
indicating that the length of the backmixing region near the
reactor outlet was approximately 3 mm.

The variation of X¢q calculated from local CO concentration
in G1 is shown in Fig. 10(c). Along the length of the reactor, X¢o
increases in all four channels as the FTS reaction progresses.
Notably, in Channel C, Xco approaches 100% not far from the
inlet of Tube I.

The variation of Cs, mass concentration in G1 is illustrated
in Fig. 10(d). Along the length of the reactor, the mass
concentration of Cs, also increased in all four channels as the
FTS reaction progresses. However, in Channel C, despite Xco
approaching 100% near the inlet (as shown in Fig. 10(c)), the
actual reaction continued until the concentration of Cs. sharply
increased in the middle section and then remained constant,
indicating the near completion of the reaction. This phenom-
enon may be attributed to the chain growth factor and the
regulating effect of the WGS reaction in the kinetics of FTS over
Fe-based catalysts, which promote the conversion of low-carbon
hydrocarbons to high-carbon hydrocarbons even at low CO
concentrations. Similarly, the smaller temperature variation in
the latter half of Channel C (as shown in Fig. 10(b)) further
supports this observation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4.2 Comparative analysis: G1 vs. G2. By comparing the
simulation results of G1 and G2, it is evident that the distri-
bution curves of Channel A and Channel B, which are enclosed
by the inner wall of Tube I, almost overlap, with the primary
distinctions lying in Channel C and Channel D. Since the
reaction on the external catalyst coating is not considered in G2,
the temperature, local X¢o, and Cs;. mass concentration in
Channel C and Channel D remain constant, exhibiting only
minor variations at the inlet and outlet of Tube I where back-
mixing occurs. In Fig. 10(a), the velocity profiles of G1 and G2
are essentially coincident, indicating that the reactions in the
corresponding channels of both groups occur under the same
GHSYV, and the impact of FTS on the velocity within the reactor
is negligible. In Fig. 10(b)—-(d), Channel C and Channel D of G2
show significantly lower temperature, Xco, and Cs, mass
concentration compared to G1, due to the absence of catalyst
coatings. These variables exhibit only minor fluctuations at the
inlet and outlet of Tube I and remain largely unchanged within
Tube 1. Conversely, in G1, the presence of catalyst coatings and
the occurrence of FTS lead to progressive increases in temper-
ature, Xco, and Cs; mass concentration along the tube length in
Channel C and Channel D, extending to the outlet of Tube I.

Simulations show that the external catalyst coating reduces
C; and C; selectivity while boosting Cs. selectivity. This is
explained by the lower local H,/CO ratio in Channels C and D
compared to Channels A and B, which increases the chain
growth probability and shifts the product distribution towards
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heavier hydrocarbons. The smaller cross-sectional area of
Channels C and D also reduces the local space velocity, further
enhancing the chain growth probability.

Overall, compared to G2, in G1 where the external catalyst
coating is considered, the maximum temperature increased by
9.1 °C, and the outlet temperature rose by 1.1 °C. Correspond-
ingly, the local Xco at the reactor outlet increased by 8.9%, and
the Sc_, increased by 10.24%. In conjunction with the temper-
atures and conversion rates under other operating conditions, it
can be concluded that within the conventional operating range,
the use of both internal and external coatings, as opposed to
only internal coating, results in a maximum temperature
increase of no more than 15 °C, while the single-pass conver-
sion rate can be enhanced by 5-10%.

3.4.3 Advantages of double-sided catalyst coatings. The
advantages of double-sided catalyst coatings over single-sided
coatings have been examined. In the experimental process of
fabricating Tube I, the microstructured carbon steel tube is
corroded to serve as the substrate for the Fe-based catalyst, and
then an Fe-Mn catalyst layer is formed on both the inner and
outer surfaces of the tube through an impregnation method.
For both single-sided and double-sided coatings, the cost
difference in preparation is negligible. Since the scale-up of the
microreactor is achieved by increasing the number of Tube I
units, the preparation of double-sided catalysts offers certain
economic advantages. Simulation results indicate that, given
the same reactor volume, double-sided catalyst coatings can
achieve higher conversion rates and Cs yields. This enhance-
ment in reaction performance is attributed to the increased
surface area and improved mass transfer efficiency provided by
the double-sided coatings. From the perspective of thermal
runaway, the temperature does increase with double-sided
coatings, but this temperature rise remains within a control-
lable range. The improved heat transfer characteristics of
double-sided coatings help maintain thermal stability, ensuring
that the reaction operates efficiently without compromising
safety.

3.5 Sensitivity analysis of different operating conditions

Taking the operating conditions of G1 as the baseline, the
effects of varying inlet temperature, H,/CO ratio, pressure, and
GHSV on AT, Xco, and product distribution were investigated.

As depicted in Fig. 11(a), AT peaked at 300 °C as the inlet
temperature was increased from 220 °C to 380 °C, while Xco
rose progressively. During this process, Scy,, Sc,, and Sco, all
increased, while Sc_ decreased. Therefore, to enhance Y,
a lower inlet temperature is recommended. The inlet tempera-
ture significantly determines the reaction temperature, thereby
profoundly influencing Xco and product distribution.

Given that FTS is a highly exothermic reaction, higher
temperatures lead to greater reaction rates, which in turn
increase Xco. Below 300 °C, the change in Xco was relatively
mild, whereas above 300 °C, the increase in X, became more
pronounced. Correspondingly, AT increased up to 300 °C and
then decreased. This trend can be attributed to the following
two reasons:
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Firstly, the formation of FTS products occurs through chain
growth involving intermediates. As the temperature increases,
the likelihood of intermediate desorption rises, accelerating the
chain termination rate during product formation and reducing
the probability of carbon chain elongation. Consequently, Scy,
and S¢, increase with rising temperature, while S¢_ decreases.

Correspondingly, the proportion of the highly exothermic
Cs.-forming reactions diminishes. The continued rise in Xco is
counterbalanced by a decline in Yg , which results in no
significant increase in heat release. Similarly, the numerical
simulation results of Kshetrimayum et al.* for a single-channel
reactor show that an increase in channel temperature leads to
higher CO conversion and increased selectivity of undesired C,
products, while the selectivity of desired Cs. products
decreases. This suggests that maintaining the reaction channel
temperature below a specific threshold is essential to achieve
the desired reaction conversion rates and product selectivity.

Secondly, the impact of the WGS reaction must be consid-
ered. The heat release from the WGS reaction is significantly
lower than that from hydrocarbon formation reactions. As
indicated in the Fig. 11(a), Sco, increases progressively with
rising temperature, suggesting a corresponding increase in the
proportion of WGS reaction. Consequently, within the temper-
ature range above 300 °C, the combined effects of the
decreasing proportion of Cs,-forming reactions and the
increasing proportion of WGS reaction lead to a reduction in the
overall temperature difference across the reactor.

As shown in Fig. 11(b), with the H,/CO feed ratio increasing
from 1/3 to 7/3, both AT and Xco gradually increased. Mean-
while, Scy, and Sg, also rised, while Sco, and Sc_, decreased.
Therefore, to enhance Y _, a lower feed ratio of 2/3 is recom-
mended. When the H,/CO ratio reaches 7/3, the temperature
increase has already exceeded 25 °C. Considering that exces-
sively high temperatures can easily lead to temperature runaway
in the reactor, simulations for H,/CO ratios greater than 7/3
were not conducted in this study.

The H,/CO feed ratio has a significant impact on the distri-
bution of reaction products. Generally, an increase in the H,/CO
ratio leads to a higher relative hydrogen partial pressure on the
catalyst surface, which reduces the surface monomer coverage.
As the H,/CO ratio increases, the partial pressure of CO
decreases, while the hydrogen partial pressure on the catalyst
surface relatively increases. This reduces the coverage of
monomers on the catalyst surface, inhibits the combination
between carbon chains, and increases the probability of carbon
chain desorption. Consequently, the chain termination rate of
reaction intermediates accelerates, and the probability of chain
growth decreases. Similarly, Tian et al.*® reported that a higher
H,/CO ratio favors chain termination to produce light hydro-
carbons, while a lower H,/CO ratio promotes chain growth and
the formation of heavy hydrocarbons. Dry** suggested that
reducing the CO partial pressure leads to a decrease in H,
species on the catalyst surface, thereby reducing the ability for
chain growth and increasing the desorption rate of hydrocarbon
products. In contrast, increasing the hydrogen partial pressure
causes chain growth reactions on the catalyst surface to termi-
nate with the formation of more alkane species. From the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(d) GHSV.

product distribution in this study, it is observed that as the H,/
CO feed ratio increases, Scy, and Sc, rise, while S¢_ and Sco,
gradually decrease. Y¢ , reaches its maximum value at an H,/CO
feed ratio of 2/3. However, in FTS, the catalyst surface not only
experiences competition between CO and H, for adsorption
sites but also faces competition from other components such as
CO, and H,O for active sites. The chemical adsorption of CO is
stronger than that of H,, and the negative impact of CO, and
H,O partial pressures on the adsorption of H, is greater than
that on the adsorption of CO. Therefore, the selectivity of FTS
products is not simply determined by the H,/CO ratio. More-
over, an excessively low H,/CO ratio can lead to excessive carbon
deposition on the catalyst surface, causing rapid deactivation
and affecting the catalyst's lifetime.

As shown in Fig. 11(c), with the operating pressure
increasing from 0.1 to 2.1 MPa, AT reached its peak at 0.5 MPa,
While Xco gradually increased. Scy, and Sc, both decreased,
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whereas Sco, and Sc_, increased. Therefore, to enhance Y,
a higher reaction pressure is preferable. In practice, the oper-
ating pressure can be increased by raising the feed rate. The
increase in operating pressure raises the partial pressures of the
reactants, thereby affecting their collision frequency on the
catalyst surface and enhancing the catalyst activity, which in
turn increases Xco. Since FTS is a volume-reducing reaction,
increasing the pressure favors the re-adsorption of olefins for
secondary reactions, which promotes the probability of carbon
chain growth.

As shown in Fig. 11(c), with the operating pressure
increasing from 0.1 to 2.1 MPa, AT reached its peak at 0.5 MPa,
while Xgo gradually increased. Scy, and Sc, both decreased,
whereas Sco, and Sc_, increased. Therefore, to enhance Y,
a higher reaction pressure is preferable.

In practice, the operating pressure can be increased by
raising the feed rate. The increase in operating pressure raises
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the partial pressures of the reactants, thereby affecting their
collision frequency on the catalyst surface and enhancing the
catalyst activity, which in turn increases Xgo. Since FTS is
a volume-reducing reaction, increasing the pressure favors the
re-adsorption of olefins for secondary reactions, which
promotes the probability of carbon chain growth. This mecha-
nism can be further explained as follows:

(1) Enhanced reactant adsorption: higher operating pressure
increases the partial pressures of CO and H,, enhancing their
adsorption on the catalyst surface. This provides more active
sites for reactants, facilitating the formation of reactive inter-
mediates crucial for carbon chain growth.

(2) Kinetic favorability: elevated pressure increases the
collision frequency of reactant molecules on the catalyst
surface, accelerating reaction kinetics. This is particularly
beneficial for forming longer-chain hydrocarbons (Cs.), as it
promotes carbon-carbon bond formation.

(3) Thermodynamic shift: As a volume-reducing reaction,
Fischer-Tropsch synthesis benefits from higher pressures
according to Le Chatelier's principle. Increased pressure drives
the reaction towards fewer gas molecules, favoring the forma-
tion of heavier hydrocarbons (Cs,) and enhancing their
selectivity.

(4) Secondary reactions and chain growth: higher pressures
promote the re-adsorption of olefins, enabling secondary reac-
tions that add more carbon atoms to growing hydrocarbon
chains. This significantly increases the probability of carbon
chain growth and enhances Cs. yield.

As depicted in Fig. 11(d), with GHSV increasing from 2000 to
16 000 h™', AT reached its peak at 4000 h™", while X¢o gradually
decreased. Scy,, Sc,, and S¢_, remained relatively stable, but Sco,
gradually declined. Therefore, to enhance Y, a lower GHSV of
2000 h™" is more appropriate. The increase in GHSV reduces the
residence time of reactants, leading to a gradual decrease in
Xco- The variation in AT is minimal within 2 °C. Park et al.*®
suggested that there is a trade-off between conversion rate and
space velocity for productivity, and the optimal space velocity
should be determined based on maximum productivity.
However, in this study, Y¢_ only varied by 3.2% within the space
velocity range of 2000-16000 h™'. This may be due to the
sensitivity of yield to space velocity being influenced by other
operating conditions such as temperature, pressure, and feed
ratio.

Based on the observed risks of thermal runaway, several
strategies can be employed to enhance reactor safety. These
include optimization of operating conditions, modification of
tube geometry and spacing, employment of coolants, and
implementation of real-time thermal monitoring systems. Due
to the limitations of space and the complexity of the work, we
hope to explore this in more detail in future research.

4. Conclusions

Based on the kinetics of FTS and CFD, a simulation study was
conducted on a multi-tubular catalyst-coated microchannel
reactor integrated with Fe-based catalysts. The flow field char-
acteristics, potential locations of thermal runaway, and product
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distribution within the reactor were analyzed. The results
indicate that compared to the scenario where catalysts are
coated only internally within the microchannels, the maximum
temperature increase by 10 °C and the single-pass conversion
rate can be enhanced by 5-10% when catalysts are coated both
internally and externally. Sensitivity analysis of four operating
conditions (inlet temperature, H,/CO feed ratio, operating
pressure, and space velocity) on Xgo, AT, and product distri-
bution reveal distinct influence patterns. To maximize Yc_,
lower inlet temperatures, H,/CO ratios, and GHSV, along with
higher operating pressures, are recommended. These findings
provide a fundamental basis for the optimal design and oper-
ation of the reactor.
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