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Highlights  Abstract  

▪ The structure of different catalytic baskets for 

dual bed reactors was discussed. 

▪ The contours of linear velocity in the catalyst 

beds were assessed. 

▪ The contours of pressure drop in the catalyst 

beds were assessed. 

▪ The linear velocity and pressure drop results 

were analysed and assessed in the dual beds. 

 Catalytic baskets used to support catalyst beds can have different 

designs. For industrial practice, reactors with axial and radial gas flow 

direction through the catalyst bed are commonly used. The influence of 

the tail gas distribution in a dual-bed catalytic reactor on the linear gas 

flow velocity and pressure drop across the catalyst bed was analysed. 

The analyses were performed for the reactor's use in a pilot nitric acid 

plant for axial-radial and radial catalytic basket designs. The results 

indicated a significant influence of the basket design on the linear gas 

flow velocity profile and pressure drop distribution in a dual-bed 

catalytic reactor. The most advantageous solution was the coaxial 

arrangement of the catalyst beds without separating them with a space, 

which can affect the reliability of the reactor. The lowest linear flow 

velocity and gas flow resistance values in a dual-bed catalytic reactor 

were obtained for the mixed axial and radial gas flow through the 

catalysts beds, separated only with a porous baffle. 
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1. Introduction 

Industrial plants, carrying out processes of burning fossil fuels 

(e.g. heat and power plants) or ammonia oxidation  (e.g. nitric 

acid and caprolactam plants), are a source of nitrogen oxides 

NOx and N2O emissions into the atmosphere. N2O is a potent 

greenhouse gas with a GWP index 265-298 times greater than 

CO2  (GWP = 273 over a 100-year time horizon) [1]. Nitrogen 

oxides are indirect greenhouse gases [2]. The need to limit their 

emissions into the atmosphere is primarily due to their harmful 

impact on human health and the environment [3,4,5]. The 

limitation value of NOx is regulated by law by the Directive 

2010/75/EU, while their levels are set by the Council’s Decision 

(EU) 2017/1757 of 17 July 2017 on the acceptance on behalf of 

the European Union of an Amendment to the 1999 Protocol to 

the 1979 Convention on Long-Range Transboundary Air 

Pollution to Abate Acidification, Eutrophication and Ground-

Level Ozon, as well as the BAT Reference Document [6]. N2O 

emission standards are still being tightened, which is associated 

with the pursuit of achieving "climate neutrality" in 2050. 
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Currently, the descent of N2O to a greater extent beyond the 

applicable limitations is associated with financial benefits of 

around 80 EUR  for each additionally reduced one ppm of 

nitrous oxide [7]. NOx emission standards may soon be 

tightened. In nitric acid plants, achieving the current NOx 

emission limits requires using a high-efficiency absorption or 

SCR-deNOx technology [8]. Due to the legal and economic 

aspects mentioned, it is necessary to seek effective and reliable 

solutions to reduce NOx and N2O emissions. Currently, the best 

available techniques for descending emission in industrial 

plants are the Selective Catalytic Reduction of NOx (SCR-

deNOx) and N2O (SCR-deN2O) and low-temperature catalytic 

decomposition of nitrous oxide (LT-deN2O). Maintenance of the 

SCR-deNOx and deN2O processes in one reactor is a beneficial 

solution, as it ensures lower capital and operating costs for tail 

gas purification. The beds of both catalysts can contact each 

other through a porous wall or can be spatially separated. The 

space between the beds is usually the injection zone of the 

reducing agent (for NOx or N2O reduction) before the second 

catalytic layer [9-12]. The performance and reliability of  

a catalytic process are influenced not only by the catalyst 

composition and shape but also by the configuration of the bed 

in the catalytic basket. Baskets used to support deNOx and 

deN2O catalyst beds can have different designs, while the most 

commonly used solutions are those forcing the axial and radial 

direction of the purified gas flow through the beds. Modifying 

this design allows one to influence the way the gas is distributed 

on the catalysts beds, the pressure drop, and the linear gas flow 

velocity. If an SCR-deNOx/deN2O reactor is installed before the 

expansion turbine, the lowest possible gas pressure drops in the 

reactor must be ensured to achieve the highest possible energy 

recovery in the expansion turbine (lower operating costs). Gas 

flow resistance is directly related to the linear gas flow velocity, 

influencing the catalytic reaction rate in the diffusion regime. 

Our experience shows that descending the gas velocity value in 

the formed catalytic layer reduces the gas resistances across the 

catalytic zone and increases the efficiency and reliability of the 

SCR-deNOx/deN2O technology [13-16].  

Experimental verification of the SCR-deNOx/deN2O 

technology enables the evaluation of its efficiency (by 

determining the catalyst selectivity, the degree of NOx and N2O 

reduction or N2O decomposition), determination of the linear 

velocity and the flow resistances through the bed. However, 

measuring parameters inside the catalysts beds is difficult. In 

this case, computational fluid dynamics software (CFD) is  

a helpful tool. It allows one to understand the hydrodynamics of 

gas flow throughout the structured and unstructured catalysts 

beds for different flow geometries and to analyse the effect of 

disturbances (static mixers, solid and perforated baffles, porous 

bodies) on the flow parameters.  The CFD method is an 

important work tool for engineers. It allows for quick 

verification of proposed design solutions without creating 

further cost-consuming reactor prototypes and enables the 

optimisation of these solutions. It accurately reflects the fluid's 

behaviour in a given medium/reactor, provided that an 

appropriate geometry is defined for the considered 

computational domain, and this domain is well discretized into 

small volumes or elements in which partial differential 

equations are solved [17-26]. Many scientific studies on CFD 

modelling of SCR-deNOx reactors, intended for heat and power 

plants, mainly focus on analysing the gas flow field in the 

reactor space upstream of the catalyst bed. They concern the 

influence of the change of the flow cross-sectional area and the 

presence of baffles and static mixers on the distribution of the 

linear gas flow velocity and the reactant concentration profile. 

Few studies analyse the gas flow velocity and resistance 

distribution in the catalyst bed, especially in SCR-

deNOx/deN2O reactors used in nitric acid or caprolactam plants 

(end-of-pipe SCR reactors). The greater need to understand the 

flow mechanics in SCR reactors used in heat and power plants 

results from several aspects: 

- they are several times larger than those used in nitric acid 

or caprolactam plants, so it is difficult to obtain a uniform flow 

distribution inside the reactor, 

- gas flow rates are much higher, so it is essential to ensure 

the lowest possible gas flow resistances. 

The ammonia injection zone is located inside the reactor. To 

obtain higher efficiency and reliability of SCR-deNOx 

technology is crucial to ensure a uniform distribution of 

ammonia in the purified gas stream (a uniform NH3/NO 

concentration profile) [27-31]. 

Vandewalle et al. analysed the hydrodynamics of a gas flow 

inside the catalyst bed using the example of a lateral reactor, 

which can be used in the end-of-pipe SCR-deNOx technology in 
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nitric acid and caprolactam plants. The influence of bed packing, 

reactor geometry, and operating parameters on the distribution 

of pressure drops and linear gas flow velocities inside the 

catalyst bed was analysed. The authors emphasized the 

significant influence of pressure drop gradients upstream of the 

catalyst slabs on the gas distribution inside these slabs in the 

axial direction and the efficiency of the SCR-deNOx technology 

(to obtain >95% NOx conversion it was necessary to ensure flow 

homogeneity in the axial direction at the level of >50%). Lateral 

and radial reactors, as well as those containing monolithic 

catalysts, are industrial reactors that provide low-pressure drops 

through the catalytic bed [32]. There is no similar analysis of 

the gas flow hydrodynamics in other types of SCR-deNOx 

and/or deN2O reactors, especially considering the influence of 

the basket design on the pressure drops and linear gas flow 

velocities distribution in the area of the catalysts beds.  

This paper presents the results of CFD modelling for the 

catalytic reactor used in the pilot nitric acid plant of 

Łukasiewicz—INS. It is designed to purify the tail gases stream 

from nitrogen oxides NOx and/or N2O through the catalyst bed. 

Based on this reactor, a computational domain was built to 

analyse the influence of different catalytic basket designs on the 

hydrodynamics of gas flow in a dual-bed catalytic system. This 

type of solution can be used when two catalytic processes, e.g., 

SCR-deNOx and LT-deN2O, are carried out in one reactor in the 

presence of two catalysts beds. Understanding the local flow 

dynamics in dual-bed catalyst models improves the 

performance of SCR-deNOx, deN2O, and other catalytic 

processes. However, comprehensive research has not been 

conducted so far. Based on CFD simulations, the influence of 

the mutual arrangement of catalysts beds and the way of 

realizing the gas flow through these beds (gas flow in the radial 

or axial direction) on the pressure drops and linear gas flow 

velocities distribution inside the catalytic reactor was analysed. 

If internal reaction rates are high, this negatively affects 

catalytic processes. The same reactor operating parameters and 

boundary conditions were assumed for each case. The design 

solutions for the catalytic baskets presented in this work are 

intended to install the beds of the shaped catalyst bodies (tablets, 

extrudates, spheres and others). Therefore, the bed was 

modelled as a porous medium to simplify the simulation process 

[27,33]. 

2. Computational method 

2.1. The geometry of a dual-bed catalytic system and 

computational domains  

The computational domains are based on the geometry of the 

real SCR-deNOx/LT-deN2O reactor, one of the technological 

nodes of the Łukasiewicz - INS pilot nitric acid plant. It is 

designed for catalytic purification of the gases from NOx and 

N2O. A basket with a catalyst bed can have a different 

construction, forcing different directions of purified gas flow 

throughout the catalytic zone. Four design solutions of the 

catalytic baskets, placed inside the domain representing the pilot 

reactor geometry, were modelled using CFD method. They 

corresponded to different ways of arranging two catalysts beds 

relative to each other and various directions of the gas flow 

throughout these beds: axial-radial and radial.  

Fig. 1 shows the pilot catalytic reactor, based on which the 

computational domains were built. Its dimensions, defined by 

diameter and height, are 400 x 700 mm. Inside the reactor,  

a catalytic basket with maximum dimensions of d x h = 300 x 

400 mm, can be installed. 

 

 

Fig. 1. The SCR-deNOx/LT-deN2O reactor, constituting one of 

the technological nodes of the pilot nitric acid plant, on which 

the geometry of the computational domain was based. 
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The models of the catalytic reactor with different basket 

designs, used to build the computational domains, were 

designated as follows: 

a) Model 1 – axial-radial flow reactor with two catalysts 

beds arranged one above the other, separated from each 

other by a space along the axial direction; 

b) Model 2 – radial flow reactor with two catalysts beds, 

arranged one above the other, separated from each 

other by a space along the axial direction [9]; 

c) Model 3 – radial-axial reactor with two catalysts beds 

arranged coaxially along the reactor diameter, 

separated by porous baffles, perpendicular and parallel 

to the reactor axis [34]; 

d) Model 4 - radial reactor with two catalyst beds, 

separated by a porous baffle [10]. 

The models do not include support elements, flat bars, or 

others, not affecting the gas flow through the catalysts beds. 

Only a deflector in the reactor inlet and outlet zone was 

considered to increase the gas flow stability and better gas 

distribution in the catalyst bed. Deflectors are often installed in 

zones, where the reactor's flow cross-section changes. 

Fig. 2 shows methods of arranging two catalysts beds in  

a pilot reactor, based on which computational domains were 

built.

       
Model 1 Model 2 Model 3 Model 4 

Fig. 2. Geometric models of the pilot reactor interior with a dual-bed catalytic system, differing in gas flow through the catalysts 

beds and their mutual arrangement. 

 

Table 1 Structural parameters of SCR-deNOx/LT-deN2O pilot 

reactor. 

Dual-bed catalytic reactor Size 

Reactor height, mm 750 

Reactor diameter, mm 400 

Reactor inlet size, mm x 

mm 
50 

Reactor outlet size, mm x 

mm 
50 

Thickness of catalyst layer 

(bed A), mm 

Model 1: 96 

Model 2: 96 

Model 3 THKvertical: 73 

THKlateral: 40 

Model 4: 40 

Thickness of catalyst layer 

(bed B), mm 

Model 1: 96 

Model 2: 96 

Model 3:  56 

Model 4: 56 

Based on the above-mentioned geometric models of the pilot 

reactor, four computational domains were created in Catia V5. 

These domains constitute a spatial representation of the reactor 

interior geometry (gas flow zone) with a dual-bed catalytic 

system. They differ in the way gas flows through the catalysts 

beds and their mutual arrangement. Each domain was assigned 

an identical global coordinate system and oriented in space in 

the same way. The domains were imported to Design Modeler, 

simplified, and divided into domains. The reactor is 

axisymmetric; therefore, to shorten the computational time, 

each domain was divided along the z-axis into four equal parts 

using two perpendicular cutting planes, as shown in Fig. 3. This 

allowed to limit the computational domain to a "quarter model", 

from which the geometry of the entire reactor interior can be 

recreated through symmetry operations (reflections in the plane).  
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                                (a) (b) 

Fig. 3. Division of the computational domain into four identical parts (a) – separation of the “quarter model” for numerical 

calculations (b). 

In the next step, the domain was divided into four domains, 

representing different areas inside the reactor (Fig. 4): 

− inlet section – extending from the reactor inlet to the 

first catalytic section (bed A), 

− first catalytic section (catalyst bed A) – modelled as a 

porous medium, 

− second catalytic section (catalyst bed B) – modelled 

as a porous medium, 

− outlet section including the central perforated pipe 

along the reactor axis and the space between the 

second catalytic section and the reactor outlet.   

In Models 1 and 2,  an additional section between the 

catalyst beds was created. Figure 4 shows four "quarter models" 

(quarter-domains), which serve as the final computational 

domains, along with the designated domains, representing four 

variants of the dual-bed catalytic reactor.

                                              

a) b) c) d) 

Fig. 4. Computational domains for four variants of the dual-bed catalytic reactor and designated domains for which CFD calculations 

were performed (A and B – catalytic sections with catalysts beds): a) Model 1, b) Model 2, c) Model 3, d) Model 4. 
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2.2. Discretisation of the computational domain  

The computational domains were discretized in Ansys Meshing 

using the Tetrahedrons method with the Patch Conforming 

algorithm. An unstructured grid was used for each model, 

consisting of tetrahedral elements, with a maximum 

element/cell size of 4 mm and refined near the domain walls to 

1 mm, with a growth factor of 1.2. A Boundary Layer at the 

boundaries of domains (shown in Fig. 5), consisting of 5 

sublayers, was considered (a smooth transition between layers 

was ensured using the Smooth Transition Option algorithm). 

The number of mesh elements was determined by identifying 

the minimum mesh density, at which the results cease to change 

noticeably with further densification. For the initial (reference) 

model, several mesh variants with different densities were 

prepared, and calculations were performed on the same 

boundary conditions. Comparing the key results regarding flow 

velocity and pressure drop, a mesh was selected for which the 

difference in results between successive densifications was 

negligible. By increasing the mesh density, attention was paid 

mainly to areas with significant changes in the recorded values. 

The number of mesh elements and nodes and the skewness 

coefficient values for the discretized computational domains are 

presented in Table 2: 

Table 2. Computational grid parameters for the discretized 

computational domains, representing four variants of the dual-

bed catalytic reactor. 

Computational 

domain 

Number of 

grid elements 

Number of grid 

nodes 

Coefficient of 

mesh skewness 

Model 1 8,717,985 2,440,282 0.88689 

Model 2 9,185,292 2,605,615 0.89630 

Model 3 13,229,373 3,840,821 0.89816 

Model 4 13,373,699 3,891,747 0.88786 

 

Fig. 5. A view of an example boundary layer at the boundary of domains. 

The values of the grid skewness coefficients for individual 

domains are < 0.95, indicating a relatively good quality of the 

generated computational grid. The discretized computational 

domains for the four variants of a dual-bed catalytic reactor are 

shown in Fig. 6.

 

a) 
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b) 

 

c) 

 

d) 

Fig. 6. Computational grids for individual variants of the dual-bed catalytic reactor: a) Model 1,  

b) Model 2, c) Model 3, d) Model 4. 

2.3. Boundary conditions 

The 3D flow was modelled by Ansys Fluent 2023 R2 software, 

which uses the subdomain method to discretise the differential 

equations. The k-ω SST (shear stress transport) turbulence 

model was selected for numerical calculations. It introduces two 

additional transport equations into the system of averaged 

Navier-Stokes equations: one for turbulent kinetic energy and 

one for its dissipation rate. This model accurately represents 

turbulence in the near-wall region, exhibits low sensitivity to 

boundary conditions for the inlet disturbances, and effectively 

images gas flow resistance through the packed layer of the 

catalyst. For numerical calculations, second-order differential 

equations were used to spatially discretise kinetic energy 

turbulence, turbulent dissipation rate, and energy equations.  

For pressure and velocity coupling, the SIMPLE algorithm 
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was applied. The simulation results assessed convergent after 

achieving residual error values less than 10-5 for all governing 

equations.  

The pressure drop across catalyst beds is related to the linear 

gas flow velocity and bed porosity.  Porosity () is determined 

by the catalyst’s particles size, shape and arrangement. In the 

case of randomly filled packed beds, which are the subject of 

this work, they were modelled as a porous medium. 

Experimentally verified the porosity of catalyst beds. The 

experiment obtained the graph of pressure drop versus working 

medium flow rate for the velocities corresponding to the ranges 

that occur in the catalyst beds. The experiment was made for the 

catalyst in the form of extrusions (2 mm in diameter and 2-6 mm 

in length) of a randomly filled packed bed, installed in the 

Łukasiewicz – INS pilot reactor. To define the porous medium, 

the viscous resistance 1/α [1/m2] and inertial resistance C2 [1/m] 

were determined. In the function y=y(x) approximating the 

change in pressure drop, the slope coefficient A was 580.83, and 

the coefficient B was 509.87, respectively. Porous medium is 

defined by the parameters viscous resistance 1/α=B/(μ∙n) and 

inertial resistance C2=A/(ρ∙ n) where: 

μ - dynamic viscosity [Pa∙s] 

n  - thickness [m] 

ρ – density [kg/m3] 

The porous medium was defined by viscous resistance 

1/α=1.626E+08 [1/m2] and inertial resistance C2 = 2.334E+04 

[1/m]. 

Viscous resistance describes the resistance associated with 

the viscous friction of a fluid flowing through a porous medium. 

It accounts for the linear relationship between pressure losses 

and flow velocity (by Darcy's law). In contrast, inertial 

resistance describes the resistance resulting from the fluid's 

inertial effects, which become significant at higher flow 

velocities. It introduces a quadratic relationship between 

pressure losses and velocity. 

In the next stage, the boundary conditions for the CFD 

calculations were determined: 

− the computational domains had one gas inlet and one 

gas outlet, 

− a uniform velocity profile at the inlet was assumed,  

− a steady-state gas flow was assumed, 

− the gas flow velocity at the inlet was set at 10.85 m/s, 

− the gas outlet was set as pressure, assuming that the 

outlet pressure was the standard atmospheric one, 

− the gas was modelled as air, and its parameters were 

determined for a temperature of 673K,  density of 

0.524 kg/m3, and viscosity of 3.30x10-5Pa·s, 

− the composition of the gas mixture was neglected,  

− chemical reactions on the catalysts’ surface were not 

taken into account, 

− the density and viscosity of the gas were assumed to be 

constant, 

− the symmetry boundary condition was applied on the 

cross-section surfaces of the quarter model, 

− the porous zone parameters were assumed to be 

identical for the axial and radial directions, 

− the catalysts beds were modelled as a porous medium, 

− turbulence in the porous medium was suppressed 

(laminar zone). 

The boundary conditions for numerical calculations were 

selected based on exemplary operating conditions of the SCR-

deNOx reactor, one of the technological nodes of the 

Łukasiewicz - INS pilot nitric acid plant.  

3. Discussion 

CFD numerical calculations were performed to analyse the 

influence of the catalytic basket design, intended for installing 

two catalysts beds in one reactor, on the hydrodynamics of the 

purified gas flow in the catalytic zone. The pressure drop and 

gas velocity fields distributions were determined for the four 

variants of two catalysts beds arrangements (four catalytic 

basket models) inside the modelled reactor, which differed in 

the gas flow direction throughout beds A and B (axial-radial and 

radial) and their arrangement relative to each other (beds in 

contact through the porous baffles or spatially separated). The 

research aimed to find a design solution for a dual-bed catalytic 

reactor that ensured the lowest possible values of linear gas flow 

velocity and gas flow resistance through the bed. The velocity 

gas value in the bed influences the efficiency and reliability of 

the catalytic process running on the shaped catalysts beds. It 

ensures the correct catalytic reactions occur in the dynamic 

control flow. In nitric acid plants, low-pressure drops in the 

SCR-deNOx/deN2O reactor entail more energy recovery in the 

expansion turbine and lower operation costs. Low P values are 
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also desirable in the end-of-pipe SCR-deNOx/deN2O technology, 

to ensure a sufficient pressure value before the gas inlet to the 

stack. 

3.1. Linear gas flow velocity profile 

The contours of the fields of the velocity values inside the dual-

bed catalytic model for the four variants of catalytic baskets 

designs are shown in Fig. 7. The domains on the right indicate 

the locations of linear velocity measurements inside the catalyst 

beds, representing fields of equal linear velocity.  

Linear velocity measurements in fields where values were 

close to zero were omitted. These are the so-called dead zones 

formed near the solid impermeable cover and impermeable side 

walls in radial flow baskets. The results of these measurements 

are summarized in Table 3. In the analysed geometry of the 

computational domain, the cross-section of the gas flow field 

changes over a short section from the gas inlet through the space 

between the catalysts beds to the reactor outlet. Changing the 

way distribution and the profile of its flow field causes 

turbulence in the gas stream. Hence, the deflectors were used 

upstream and downstream of the catalytic sections. 

 

a) 

 

b) 
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c) 

 

d) 

Fig. 7. Contours of the linear gas flow velocity fields inside the computational domains, representing different variants of the dual-

bed catalytic reactor: a) Model 1, b) Model 2, c) Model 3, d) Model 4. 

Table 3. Linear gas flow velocity measurements in catalyst beds across different reactor configurations. (highlighted in Fig. 7). 

 Model 1 Model 2 Model 3 Model 4 

Linear flow 

velocity (m/s) 

V1=0.263 

V2=0.116 

V3=0.157 

V4=0.196 

V5=0.257 

V1=0.161 

V2=0.223 

V3=0.295 

V4=0.230 

V5=0.288 

V1=0.026 

V2=0.070 

V3=0.080 

V4=0.126 

V5=0.173 

V1=0.072 

V2=0.093 

V3=0.112 

V4=0.146 

V5=0.175 
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Fig. 8. Average linear gas flow velocity inside the catalysts beds within computational domains, determined for the four catalytic 

basket models based on CFD simulations. 

When comparing the results of linear velocity values for 

measured fields, Model 2 has the highest measured value of 

linear velocity. The values obtained for Model 2 are half as high 

as for Model 4 despite radial flow in both cases. In the case of 

Model 1 with mixed radial-axial flow, the maximum values of 

the linear flow velocity obtained are slightly lower than those  

obtained in Model 2. Model 3 has the lowest values of the linear 

flow velocity on the catalyst beds using a mixed axial-radial gas 

flow through the beds. The highest measured value of the linear 

flow velocity for Models 3 and 4 is the same. However, in 

Model 3, in almost the entire cross-section, the obtained values 

of the linear flow velocity are significantly lower than in Model 

4. The lowest obtained linear flow velocity for Model 3 is 

almost 3 times lower than the lowest value obtained for Model 

4. 

The highest average linear gas flow velocity values inside 

the catalysts beds were obtained for the variant of catalytic 

basket represented by Model 2 (two radial catalysts beds 

installed coaxially along the reactor axis, spatially separated). 

Radial reactors are characterised by having lower gas flow 

resistance than axial reactors. Therefore, the average linear gas 

velocity value for Model 2 was expected to be lower than for 

Model 1, where the gas distribution in the catalytic beds is in 

the axial and radial directions. However, CFD simulations 

results indicated otherwise. In addition, it was found that the 

average velocity value for Model 2 was twice as high as that 

determined for Model 4, even though in both models, the gas 

flow direction throughout both catalyst beds was radial. 

However, in the latter case, the beds were arranged coaxially 

along the reactor diameter and contacted to each other through 

a porous baffle. It means, that the cross-section of the gas flow 

field between the catalysts beds in Model 4 did not change. In 

Model 1, the gas flowed through the first catalyst bed axially 

without changing the cross-section, and the linear velocity 

distribution in this bed was uniform. This allowed the gas to 

flow into the second radial catalyst bed with a lower linear 

velocity, which resulted in a lower average gas velocity in the 

whole catalytic area. 

The lowest average linear velocity value was obtained for 

Model 3, characterized by a mixed axial-radial flow in the 

catalytic zone. In this case, unlike Model 1, the beds of both 

catalysts contacted each other through a porous baffle and were 

not spatially separated. In almost the entire cross-section of both 

catalysts beds, the measured linear gas velocity values for 

Model 3 were several times lower than those determined for 

Model 4. It indicates that using a mixed axial-radial flow can 

improve the efficiency of catalysts by lowering the linear 

velocity of gases in catalyst beds. However, there is a particular 

risk of creating dead zones in the first catalyst bed in its upper 

part, where V (<V1)→ 0 m/s. In these areas, the catalyst layer 

may not work. 

The difference between the smallest (Model 3) and the 

greatest average value of the linear gas flow velocity was 50.2% 

(the average value for Model 3 was two times lower than for 
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Model 2, Table 3). The difference in average linear gas flow 

velocity values determined for Model 3 and Model 4, in which 

the catalyst beds contacted each other through a porous baffle, 

was 20.8%. In contrast, for the variants of the catalytic basket 

design with axial and radial flow (Model 1 and Model 3), it was 

as much as 52%. The above results indicate that the velocity 

value in the dual-bed catalytic basket is influenced by a gas 

distribution on the catalyst beds (in the radial or axial-radial 

direction) and their mutual arrangement in the reactor. The 

results of the CFD method indicate that the catalytic basket 

design significantly influences the linear gas flow velocity 

profile within the catalyst beds. This will increase the removal 

efficiency of NOx and N2O and affect the reliability of industrial 

plants' catalytic processes. 

3.2. Pressure contour inside the catalytic reactor 

Figure 9 shows the pressure drop contours inside the dual-bed 

catalytic reactor, obtained based on CFD simulations for the 

four variants of the catalytic baskets. Table 4 shows the average 

pressure drop values across the catalyst beds (bed A and bed B).

 

a) 

 

b) 
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c) 

 

d) 

Fig. 9. Contours of gas pressure drop across the catalysts beds inside the computational domains, representing different variants of a 

dual-bed catalytic reactor: a) Model 1, b) Model 2, c) Model 3, d) Model 4. 

Table 4. The average pressure drop values across the catalysts beds (bed A and bed B) for different variants of the dual-bed catalytic 

reactor.  

Pressure drop Model 1 Model 2 Model 3 Model 4 

P, (Pa) 
bed A = 118 

bed B = 79 

bed A = 120 

bed B = 121 

bed A = 17 

bed B = 53 

bed A = 13 

bed B = 55 
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Fig. 10. Total pressure drop values in the dual-bed catalytic reactor for different variants of the catalytic basket design. 

The highest gas pressure drops across both catalysts beds 

were found for Model 2, even though the gas flow direction is 

radial in both cases. In Model 1, as expected, the gas flow 

resistance through bed A, in which flow was in the axial 

direction, was higher than for the radial bed B. The average P 

value determined for bed B in Model 1 was more than 1.5 times 

lower than for bed B in Model 2, despite the gas flows 

throughout this bed in the radial direction. These differences in 

the gas flow resistances throughout both catalytic beds may be 

related to the significant effect of changes in the cross-sectional 

area of the flow field in Model 2. In Model 1, gas flows from 

the inlet zone downstream of the deflector to the bed A zone 

without changing the discharge's cross-section. For Model 2, the 

cross-section flow profile upstream of bed A changes (flow 

through bed A in the radial direction), and the zone of the gas 

inflow to the catalysts beds is smaller than in other models. This 

translates into more significant disturbances in the gas flow and 

pressure drops across the beds. Separating the catalysts beds 

with a space (Model 1 and Model 2) results in greater gas flow 

resistances across these beds, than placing them in direct contact 

and separating only with a porous baffle (Model 3 and Model 

4). Then, we deal with a change in the profile of the gas 

distribution between the beds and more significant turbulence 

in a gas stream. A problem with installing the catalysts beds in 

direct contact is the inability to inject a reductant (NH3 or CH4) 

before bed B. Such variants of the dual-bed catalytic reactor 

(Model 3 and Model 4) can only be used in the SCR-deNOx + 

LT-deN2O technology, in which the reducing agent is introduced 

only upstream of the first catalyst bed [10]. 

The outcomes demonstrated in Table 4 and Fig. 10 show that 

the most advantageous design variant of a dual-bed catalytic 

reactor is represented by Model 3, with axial-radial gas flow 

through catalysts beds, separated from each other only by  

a porous baffle. The least advantageous design variant of a dual-

bed catalytic reactor is the one represented by Model 2. The 

difference between the values of total pressure drop determined 

for Model 2 and Model 3 was 183 Pa. Slight differences in the 

values of total pressure drop, at the level of 4 Pa, were found 

between Model 3 and Model 4, in which catalyst beds were 

separated from each other only by a porous baffle. Model 4 used 

a basket cover plate with solid side walls to save the system 

from avoiding the stream in case of formed catalyst settling. In 

Model 3, the basket cover plate is perforated. That is probably 

why there are higher gas flow resistances in Model 4 despite the 

radial gas flow direction throughout both catalysts beds.  

3.3. Comparison of different dual-bed catalytic reactor 

variants 

The pressure drop across the porous bed is proportional to the 

length of the gas flow path. The longer it is, the higher the flow 

resistance will be, assuming a constant volumetric gas flow rate 

and constant fluid properties/parameters. This applies to both 

laminar and turbulent flow. According to a constant volumetric 

gas flow rate, the linear velocity is influenced by the section 
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flow field (velocity value V in the porous medium is inversely 

proportional to the cross-sectional area of the flow field (A)): V 

= Q/A [m/s]). Therefore, by modifying the length of the gas flow 

path throughout the porous beds and the cross-section of the 

flow field, it is possible to influence the linear gas velocity and 

pressure drops across the catalysts beds. 

The CFD simulation results indicate, that in the case of 

installing two catalysts beds in the annular basket compartments, 

forcing the radial direction of the gas flow throughout these 

beds, it is more advantageous to arrange them coaxially along 

the reactor diameter and separate them from each other only by 

a porous baffle (Model 4). On the other hand, it is 

disadvantageous to arrange the beds coaxially along the reactor 

axis and separate them by a space (Model 2). A similar situation 

occurs in the case of a dual-bed catalytic reactor with axial-

radial flow. Separating the two catalysts beds with a space 

(which can be used to introduce a reducing agent into the 

purified gas upstream of the second catalytic bed) results in 

greater turbulence in the gas stream directed to the second 

catalyst bed, contributes to a change in the cross-section of the 

flow field and, as a result, to greater linear velocity and pressure 

drops values. Larger P values obtained for the radial flow 

reactor (represented by Model 4) compared to the axial-radial 

one (represented by Model 3) may be due to the differences in 

the design of the catalytic basket cover plate.  

The advantage of using mixed axial-radial flow is that it 

allows the entire catalyst volume to be engaged in the process 

without gas avoiding the bed caused by the settling catalyst. 

Additionally, axial-radial flow ensures low-pressure drops. In 

radial reactors, settling of the catalyst bed as a result of its better 

packing, thermal shrinkage or abrasion carries the risk of 

creating gas by-passing zones. Therefore, it is necessary to 

provide an excess catalyst volume in relation to the amount 

required to obtain the desired process efficiency and to use  

a cover plate with solid side walls in order to seal the bed. 

4. Conclusions 

The work presents the results of numerical calculations for the 

four variants of dual-bed catalytic reactor, differing in the way 

the gas flows throughout two catalysts beds and their mutual 

arrangement in the reactor. It was found that the construction of 

the catalytic basket, designed to install two catalysts beds in one 

reactor, has a significant influence on the linear gas flow 

velocity and pressure drops across the beds. In order to ensure 

the lowest possible values of both parameters, it is advantageous 

to arrange both catalyst beds coaxially next to each other and 

separate them only with a porous baffle. Separating both 

catalysts beds with a space contributed to generating turbulence 

in the gas-distributing to the bed B and changes in the flow 

field's cross-section. This resulted in an increase in the linear 

gas velocity in the catalytic section and a greater pressure drop 

in the reactor. The most advantageous variant is a dual-bed 

catalytic reactor with mixed axial-radial flow throughout both 

beds, separated only by a perforated baffle, for which the lowest 

values of the V and P parameters were obtained. This type of 

solution can be used, for example, to purify tail gases from 

nitrogen oxides by a selective catalytic reduction of NOx, low-

temperature  N2O decomposition, and other catalytic processes. 

The presented research method is limited to using constant 

gas properties, omitting chemical reactions and using ideal 

boundary conditions. Nevertheless, the research results provide 

many valuable clues and contribute to significant progress in the 

design of dual-bed catalytic reactors.
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