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Abstract

:

Monoliths are promising as catalytic structured supports due to their many operational advantages. Compared to pellets, monoliths offer low backpressure and good heat distribution, even at high flow rates. There is interest in the industry for improving temperature control in highly exothermic systems, such as the catalytic hydrogenation of   C  O 2    for e-fuels synthesis. In this context, novel substrate shapes, such as non-homogeneous cell density monoliths, show good potential; however, to date, they have only been sparsely described. This work focuses on a dual cell density substrate and uses a computational model of a straight-channel monolith with two concentric regions to analyze its flow distribution. The central (core) and peripheral (ring) regions of the substrate differ in cell density in order to obtain a non-homogeneous cross-section. The model is validated against classical data in the literature and theoretical equations. Then, the flow fraction passing through each region of the substrate is registered. Several flow rates, core sizes and combinations of apparent permeabilities are tested. According to the results, the flow distribution depends only on the monolith geometrical features and not on the flow rate. A model for this phenomenon is proposed. The model accurately predicted the flow fraction passing through each region of the monolith for all the cases analyzed.
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1. Introduction


Improving the efficiency of chemical reactors is crucial for industry and society as it leads to numerous benefits, such as lowering greenhouse gas emissions, decreasing operating costs, and increasing productivity [1]. By optimizing reactor performance, the amount of waste generated during chemical processes can also be reduced, potentially leading to more sustainable manufacturing practices with reduced energy consumption [2,3]. Catalyst supports, commonly made of aluminum oxide, silicon dioxide, and titanium dioxide, play a critical role in catalytic process design as they provide a stable and effective surface for the catalytic reactions to occur. The choice of the support material for the catalyst and shape is crucial as it can affect the activity, selectivity, and stability of the catalyst [4,5,6].



Support surface properties, such as porosity, surface area, and chemical composition, are critical factors that can greatly impact the performance of the catalyst and the reaction outcome. The correct combination of the aforementioned variables is non-trivial. For example, a highly porous support with a large surface area can increase the accessibility of reactants to the catalyst, leading to higher reaction rates. On the other hand, if the reaction rate is too high, it may overheat the catalyst decreasing its efficiency and lifespan [7]. The interaction between the support and the catalyst can also influence the performance of the process. A poorly optimized support might lead to an uneven flow distribution, generating hot spots inside of the reactor, resulting in decreased catalytic activity, leading to longer reaction times and lower yields [8,9,10,11,12,13].



Structured catalyst supports, as monoliths, show a significant potential for improving the efficiency of catalytic processes. Compared to pellets, monoliths offer important advantages, for example, a low pressure drop at high flow rates, a large specific surface area, and good mechanical integrity, to name a few [14,15,16]. Monolith support consists of a continuous solid structure with many channels running in parallel, typically made from the extrusion of a variety of materials, including ceramics, metals, and polymers. By incorporating specific design features, like the channel geometry, void fraction and washcoat thickness, monoliths offer significant design flexibility to obtain a desired internal flow pattern and heat distribution. The high mechanical strength of monoliths also makes them ideal for use in high-pressure and high-temperature reactions, where traditional catalyst supports may not be suitable.



External mass transfer and internal diffusion are two other important phenomena that impact the performance of chemical reactors that are influenced by the catalyst support design. In monoliths, which typically operate in a laminar regime due to the reduced size of the channels, external mass transfer is dominated by molecular diffusion in the radial direction inside the channels. Both external mass transfer and internal diffusion play important roles in determining the overall performance of chemical reactors. To prevent loss of efficiency in micro-channel reactors, catalyst loading and other variables should be carefully set, taking into account how the flow distributes among the different channels [17].



Traditionally, monoliths have a square channel cross-section [18,19,20], but it is also possible to find them with a triangular, hexagonal and sinusoidal corrugated shapes. to name a few [21,22,23]. In any case, in flow-through monoliths, it is observed that the channel cross-section shape tends to become rounder once washcoated, which is the process where catalyst species are fixed to the inner walls of the channels of the substrate [24,25]. A study of the heterogeneity of washcoat distribution of, for example, zeolite in a cordierite monolith, can be found in [26]. The washcoat layer is commonly a few tens of microns thick. Hence, monoliths are usually assumed to operate either in a chemically-controlled regime or limited by external mass transfer. However, mass transfer resistance in non-uniform washcoat is currently an active topic of research [27].



For decades, straight-channel monoliths have been widely used as catalytic support in several relevant industrial applications, such as   C O   abatement, steam reforming, and methanol synthesis [28,29,30,31,32]. Furthermore, in environmental applications, such as removal of NOx, volatile organic compounds abatement and air purification in exhaust gas, where low backpressure is mandatory, monoliths are excellent candidates for large scale applications, such as large-volume sandwich-type honeycomb monolith plasma reactors [30,33].



An important feature of straight-channel monoliths is their cell density, that is, the number of channels per square inch of cross-sectional area (CPSI). Typical cell densities for square channels range from 400 to 900 CPSI, with channel hydraulic diameters close to the millimeter [34]. The cell density, together with the wall thickness and channel shape, define the viscous resistance of the substrate (the inverse of the apparent permeability), which, in turn, impacts the backpressure and the flow and temperature distribution inside of the reactor [35,36].



Despite the many additional geometric variables available when designing a monolith, state of the art shows that they still are mostly simply cylinders with basic channel shape geometries. This comes mainly from limitations from the manufacturing technique, extrusion. In the last decade, additive manufacturing enabled researchers to investigate novel monolith shapes made by 3D printing. Some examples are reported in Negri et al. [37]. In that work, Lithography-based Ceramic Manufacturing [38] is used to 3D print straight-channel monoliths and other cellular structures made of   M g O  . Actually, it is also possible to find, in the literature, substrates where the monolith itself is made of catalytic materials [39,40,41]. Monoliths have known advantages that make them ideal in some contexts; however, it should be remembered that, under different circumstances, other types of support, such as foams, might perform better. An interesting discussion about the potential of structured and unstructured substrates is presented in [17].



Another point that must be taken into account is temperature control. This directly affects the rate and outcome of chemical reactions. In fact, in externally-cooled tubular reactors with exothermic reactions, it is common to find that the tube diameter is limited by the capacity to refrigerate its core [29]. A relevant system, exothermic and limited by the equilibrium, is   C  O 2    hydrogenation to methane. In the process, an increase in local temperature negatively impacts the thermodynamic equilibrium of the reaction, since it is promoted at low temperatures. In the case of   C  O 2    hydrogenation to methanol, temperature increases the reaction rate, but it also reduces the equilibrium constant, limiting conversion efficiency [42,43]. Poor heat management might lead to thermal gradients and hotspots formation in the catalytic bed, damaging the catalyst stability and causing a drop in reactor performance [44,45,46]. Temperature control is also necessary to prevent thermal runaway, which can lead to equipment damage and safety hazards. In general terms, monoliths have better thermal conductivity than pellets [47]. This refers to oxide-based pellets, which are very common. It is also possible to find substrates made of silicon carbide (SiC), which show excellent thermal conductivity, comparable to some metals, and may significantly prevent hotspots due to a significantly improved temperature distribution. An example of an SiC substrate can be found in [48].



In some exothermic systems, improvements in temperature control are still required. In that sense, metallic monoliths have been investigated [49,50]. Another alternative that has been proposed is the use of monoliths with variable radial cell density, meaning two concentric regions composed of different cell densities each, leading to a disparity of flow resistance and, thus, flow distribution. That concept may deliver several efficiency improvements [51]. According to recent literature, this could become especially relevant for externally-cooled monoliths because, if more flow passes through the outer region of the substrate, then refrigeration is improved due to the higher convective coefficient in that region, promoting heat transfer from the internal hot region to the peripheral one [52]. Certainly, it may also be possible to find systems where it could be more convenient to have the opposite configuration, where more flow through the core section would be beneficial. In reactive systems, space velocity is also affected, potentially leading to changes in selectivity and other relevant variables [53]. Currently, additional research on the topic is still needed to reach a more general conclusion. A comprehensive study of reacting systems on non-homogeneous substrates is considered in a further stage of this project.



It should be emphasized that the concept of non-homogeneous monoliths does not necessarily imply a difference in the cell density in this paper. Here, a non-homogeneous monolith is considered to be a monolith where the apparent permeability of the core section differs from that of the ring, resulting in a disparity in the flow distribution, regardless of whether the difference comes from a change in the channel size, wall thickness or other. Despite the potential advantages, currently, non-homogeneous monoliths have not been sufficiently investigated, and many questions about them still remain unaddressed. One example is how the flow distributes when passing through a monolith having two different cell densities in its cross-section. In that context, the main objective of this paper is to investigate and develop a model for predicting the flow distribution across a monolith having two concentric regions, where each one has a different apparent permeability. In this work, flow through a monolith with several combinations of cell densities, defined by channel sizes and wall thickness, was analyzed. The results are presented in terms of flow distribution for several Reynolds numbers, core sizes and relative permeabilities. Based on them, a new model for predicting the fraction of the flow passing for each section of the substrate is proposed.




2. Computational Model


2.1. Description of the Domain


The domain consisted of a tube filled with a dual cell density monolith substrate. Figure 1 shows a schematic of the monolith with two concentric regions differing in cell density.



The monolith was 150 mm long (L) and had 40 mm as total radius (R). It had two concentric regions with two different geometric features. The central one, referred to as the core, was a cylinder with   R c   as radius, while the rest of the substrate was given to the peripheral one, called the ring. Two tube sections before and after the substrate were also included in the domain, both   L i   and   L o   were 345 mm and 40 mm long, respectively.   L i   was sufficient to ensure a fully developed velocity profile inside of the tube prior to entering the substrate. The monolith was considered to be unwashcoated with square cross-section channels. The core and the ring differed in apparent permeability, that is, in channel size and wall thickness, depending on the analyzed case. The substrate was modeled by using the continuum approach; hence, it was possible to take advantage of the axial symmetry of the domain. A schematic of the axisymmetrical section that generates the domain is shown in Figure 2.




2.2. Flow Model


The flow regime was assumed to be turbulent at the inlet of the tube, and modeled by a two-equations Reynolds-Average Navier–Stokes model. The continuity and momentum conservation equations were [54,55]:


    ∂  ρ  u i     ∂  x i    = 0  



(1)






    ∂  ρ  u i   u j     ∂  x j    = −   ∂ p   ∂  x i    +  ∂  ∂  x j     μ    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     −  2 3    ∂  u i    ∂  x i     δ  i j    −   ∂  τ  i j     ∂  x j    +  S  u i    



(2)







The closure was provided by the Boussinesq approximation and the SST k- ω  eddy viscosity model, which is widely accepted for flow through monolith reactors [56,57]. The Reynolds stress tensor was:


  −  τ  i j   = −    u i ′   u j ′   ¯  =  μ t     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     −  2 3     ∂  u i    ∂  x i      δ  i j    



(3)







The eddy-viscosity was:


   μ t  = ρ  k ω    1  Max    1  α ∗    ,    S  F 2     a 1  ω         



(4)







The transport equations for k and  ω  from the SST model were:


    ∂  ρ k  u i     ∂  x j    =   μ +   μ t   σ k      ∂ k   ∂  x j     +  μ t   S 2  − ρ  β ∗  k ω +  S k  s i n k   +  S k  g e n    



(5)






       ∂  ρ ω  u i     ∂  x j    =   μ +   μ t   σ ω      ∂ ω   ∂  x j     +  α ω   α ∗  ρ  μ t   S 2  − ρ  β ∗   ω 2  +       2  1 −  F 1   ρ  1  ω  σ  ω 2       ∂ k   ∂  x j      ∂ ω   x j   +  S ω  s i n k   +  S ω  g e n       



(6)







Details about the parameters of the SST model can be found elsewhere [57,58].



In discrete-phase models, each channel requires the order of the millions of control volumes to be described accurately [59,60]. Due to their high cell density, a single monolith, such as is considered in this study, can have thousands of channels, so, a discrete-phase model of a whole monolith is still very expensive in terms of computational power [61]. There are examples in the literature using more suitable techniques, such as in Bertrand et al. [62], where the Lattice Boltzmann method is used to model the flow over a 3D domain compromising 7539 parallel channels with square cross-sectional shape. The method shows potential, provided that it is highly parallelizable; however, it still requires several days of processing in a high-performance computing cluster to run a single case. To overcome computational power limitations in systematic research, monoliths can be modeled as a continuum. That is, a homogeneous porous medium where the flow suffers the same head losses, heat transfer and mass transfer as when passing through a physical monolith with discrete channels. A continuum is essentially a porous medium with source terms added to account for the phenomena inside of the substrate. For pressure drop, the Hagen–Poiseuille equation can be equated to Darcy’s law to obtain an apparent permeability for the porous medium that leads to exactly the same mechanical energy dissipation as when the flow passes through a straight channel monolith. With this approach, there is no need to use a mesh fine enough to be able to describe the development of the boundary layer inside every channel. Instead of that, a lumped model, based on apparent permeability, is used, saving orders of magnitude of core-hours in computational time. More details about the continuum approach are given in Cornejo et al. [63].



The term   S  u i    in Equation (2) accounted for the extra losses when the flow passed through the monolith and was modeled by the Darcy law [55,64], as in Equation (7).


   S  u i   = −  μ  α i    u i   



(7)







The radial component of the apparent permeability of each zone was set to be three orders of magnitude lower than the axial one in the same region. This allowed flow through the substrate only in the axial direction, as expected in a physical monolith with closed channels where there is no mass transfer between contiguous channels. The apparent permeability for each case was computed by using Equation (8). In the equation, the subscript n corresponds to c for the core and r for the ring region of the substrate.


   α  a x i a  l n    =    ϕ n   D n 2     C n  / 2   ;             α  r a d i a  l n    =   α  a x i a  l n    1000   



(8)







In Equations (5) and (6), the terms   S k  s i n k    and   S ω  s i n k    represent the decay of the turbulence when the flow enters the monolith channels. In this paper, due to the operating conditions considered, it was assumed that both k and  ω  decayed to zero immediately once passing the frontal face of the substrate. According to the literature, this is a good approximation because turbulence kinetic energy decays proportionally to the effective viscosity in the substrate. As a consequence, upstream turbulence dissipates rapidly inside of the channels and the turbulence viscosity ratio is zero after a distance equivalent to a few channel diameters inside of the monolith [65,66]. On the other end,   S k  g e n    and   S ω  g e n    represent the turbulence generation when the flow leaves the substrate. In the rear face of the substrate, turbulence can arise because of two phenomena. The first one is the flow leaving the channels as many jets are close to each other. The second is the flow passing through the last part of the solid walls. This phenomenon is comparable to the flow around an object. In that case, the characteristic length used to compute Reynolds is the maximum thickness of the solid at the corners of the channels. Typical monoliths have thin walls, and, hence, the flow rate necessary to produce a detachment of the boundary layer at the end of the substrate is rarely reached. Taking that into account, both   S k  g e n    and   S ω  g e n    were neglected in this paper, since preliminary calculations discarded such a turbulence generation [67,68,69].



Extra losses due to the flow entering the substrate are possible because of the flow colliding with the frontal face of the monolith. This can be modeled as a porous jump where the magnitude of the losses depends on the void fraction and channel shape. Similarly, a porous jump can be used to account for the expansion of the flow in the rear face of the substrate when the flow area increases. According to the literature, both phenomena produce only minor losses that can be neglected for the conditions considered in this paper [63,70]. Finally, additional dissipation can occur because the friction factor in the hydraulic entrance length is higher than that in the fully developed region considered in the Hagen–Poiseuille model, but classical equations dictate that, at the Reynolds numbers analyzed, the average friction factor of the whole channel is fairly similar to the asymptotic one, making this effect negligible [63,71,72].



As boundary conditions, the top of the domain was defined as a no-slip wall and the bottom, which corresponded to the center line of the tube, as a symmetry axis. The inlet had a prescribed velocity, which changed according to every run, and the outlet had a prescribed pressure of 1 bar. The operating fluid was atmospheric air with a density of 1.225   kg /  m 3    and 1.7894 × 10−5 Pa·s as viscosity.



The problem was implemented in ANSYS Fluent 2022R2 [73], a Computational Fluid Dynamics software, which uses the Finite Volumes Method; hence, the domain was discretized into 216,140 fully orthogonal quadrilateral control volumes. A second-order up-wind scheme was used for momentum, and the pressure–velocity coupling was solved by using a pseudo-transient fully coupled approach [54]. As convergence criteria, having residuals below   10  − 6    and a stable backpressure value were considered.




2.3. Grid Independence and Model Validation


The grid independence of the solution was corroborated by comparing the total pressure drop through the substrate obtained from two grids with a significantly different number of control volumes. In addition to the original grid with 216,140 control volumes, a refined one with 864,560 control volumes was considered. The latter came from homogeneously refining the original grid, by breaking each control volume into four of a quarter of the size each; hence, the two grids were fully orthogonal. As inlet condition, a   Re  i n    of 6000 was used, and the monolith was considered a 400 CPSI one, with 1.22 mm as channel diameter. In such a condition, channel Re of about 100 are obtained, which are typical values for monolith applications [61,74,75]. From the grid study, the total pressure drop obtained from both meshes differed by less than 0.15%, so, the study continued with the original grid.



There are no models available for predicting flow distribution in monoliths combining different cell densities, hence, the validity of the computational model was investigated by comparing the pressure drop through a channeled substrate with a homogeneous cell density against that predicted by the theoretical equation of Hagen–Poiseuille for straight channels, as in [55,76]. This is still useful because both regions of the substrate, core and ring, were modeled using the same set of equations and only differed in the value given to the apparent permeability. The Hagen–Poiseuille expression, shown in Equation (9), assumes fully developed flow along the whole channel, neglecting minor losses, which is reasonable given the dimensions of the substrate used, and which is explained in Section 2.2 [63,77]. In the equation,   Re  c h    was the channel Reynolds number, and   u  c h    was the channel velocity.


  Δ p =  L  D H     56.8   Re  c h     1 2  ρ  u  c h  2   



(9)







The results from the computational model accounted for the pressure drop from the frontal to the rear face of the monolith. Consistency with the momentum balance was kept by using the mass-weighted values of the total pressure across both aforementioned faces. It should be emphasized that it is necessary to use the total pressure instead of the static one when computing losses between two faces that may have different velocity profiles. In mathematical terms, pressure at a given axial position was computed as in Equation (10).


    p |  x  =    ∫ A  p u d A    ∫ A  u d A    



(10)







In order to validate the computational model covering a wide range of conditions, two significantly different apparent permeabilities, together with   Re  i n    ranging from 3000 to 9000 were considered for testing. According to the results shown in Figure 3, the computational model agreed with the theoretical one for all the analyzed cases; therefore, there is no reason to mistrust the implemented model.





3. Results and Discussion


This section summarizes the main results obtained from the series of computational runs. According to the literature, higher apparent permeability and lower flow rate may help to diminish flow maldistribution significantly [52,78], so,   Re  i n   , relative permeability, and core size were selected as three relevant variables for the resulting flow distribution.   Re  i n    ranged from 3000 to 6000 because that led to channel Reynolds from 50 to 250, which are typical values observed in practical applications. Core permeability was fixed to be 4.82 × 10−8   m 2   because that value is fairly similar to that for a commercial 400 CPSI thin wall monolith. The ring permeability was manipulated in order to obtain relative permeabilities (core over ring) from one to four, which is a broad range and sufficient to observe a tendency in the results. Finally, the core size, defined as the percentage of the monolith volume given to the core, ranged from 0 to 10% in 10% increments. It should be noted that cases with relative permeability equal to one and core sizes of 0% and 100% are equivalent to using homogeneous cell density monoliths, and were included in the analyzed cases for comparison purposes. The latter led to a total of 72 computational runs. A list with their details is shown in Table 1.



3.1. Effect of the Core Size


The first variable studied was the core size. For this analysis, both core and ring apparent permeabilities were kept constant, being   α  c o r e    = 4.82 × 10−8   m 2   and    α  c o r e   /  α  r i n g     = 2.45. The core size percentage ran from 0% to 100% in 10% increments. As the output variable, the velocity profile right after the outlet of the substrate was measured. The average velocity through the core and ring was computed as the area-weighted one across the rear face of the respective region. The results are summarized in Figure 4. According to the figure, by increasing the core size, the core velocity progressively reduced, which is consistent with the increment of the core size, which is more permeable; however, the relation between the two variables seemed non-linear, being more sensitive at a lower core size and higher   Re  i n   .




3.2. Effect of the Relative Permeability


For the effect of the relative permeability, the core size was kept fixed at 50% of the substrate size. The core permeability was 4.82 × 10−8   m 2  , while the ring permeability varied in order to obtain values of    α  c o r e   /  α  r i n g     from 1.00 to 4.22, since such a range covers potential differences of core and ring permeabilities found in industrial applications. Figure 5 shows the results of core velocity for several relative permeabilities and   Re  i n   . It can be seen from the results that at a higher relative permeability, more flow passed through the core, the curve being more sensitive at lower relative permeability. The same as for the core size, this effect was more pronounced at higher   Re  i n   .




3.3. Model Development


Having performed the sensibility analysis of the main variables of this study, a model for predicting the flow distribution was developed. The path followed by a fluid through any medium is affected by viscous resistance [78]. In the case of a medium with two regions, each with different permeability, in equilibrium, the flow distributes in such a way that the backpressure through the two regions of the substrate equals. This comes from the fact that if one section offers less backpressure, then more flow would tend to pass through it, increasing backpressure; hence, the only possible stable solution is to reach the same backpressure in both regions at the expense of uneven flow distribution. That is:


  Δ  p c  = Δ  p r   



(11)







By using the Darcy law:


     u c  μ L   α c   =    u r  μ L   α r    



(12)







Solving for the ring velocity:


   u r  =  u c    α r   α c    



(13)







There is also a relationship between the flow passing through each region of the substrate based on the mass balance:


   A T   u  i n   =  A c   u c  +  A r   u r   



(14)







Replacing   u r   from Equation (13) into Equation (14) and dividing both sides of the expression by   A T  :


   u  i n   =    A c   A T     u c  +    A r   A T        u c     α r   α r     ︸   u r    



(15)







However, (   A c  /  A T   ) is   λ c  , or the fractional core size, and (   A r  /  A T   ) is (  1 −  λ c   ).   u c   can be taken as common factors in Equation (15), so that the following explicit expression for   u c   is obtained:


   u c  =   u  i n     λ c  +  (  α r  /  α c  )   ( 1 −  λ c  )     



(16)







It should be mentioned that   u c   and   u r   are the surface velocity instead of the physical ones. That is, the velocity inside of the channels in the core and ring regions in a physical system are given by   u c  /  ϕ c   and   u r  /  ϕ r  , respectively.



Equation (16) was tested for several relative permeabilities and   Re  i n   , showing an excellent agreement with the substrate scale data in all analyzed cases. Results are shown in Figure 6.



Even though Equation (16) tightly agrees with the substrate scale data, it would be of more interest to have an expression to predict the fraction of the flow passing through the core and, by consequence, through the ring. In a constant density system, the fraction of the flow passing through the core (  f c  ) can be written as:


   f c  =   u c   u  i n      A c   A T    



(17)







Substituting (   u c  /  u  i n    ) from Equation (16) into Equation (17) and replacing (  A c  /  A T  ) by   λ c  :


   f c  =    λ c    λ c  +  (  α r  /  α c  )   ( 1 −  λ c  )      



(18)







Values predicted from the model in Equation (18) were compared to those from the substrate scale for several core sizes,   Re  i n    and relative permeabilities. The results are shown in Figure 7. It can be noticed that the data for different   Re  i n    group together when non-dimensionalized, and that the only variables influencing the flow distribution were the geometric features of the substrate. This agreed with the deductions from the proposed model. It is also seen that the model accurately predicted all the values for flow distribution at all the different conditions tested.





4. Conclusions


The flow distribution in a non-homogeneous cell density monolith, having two concentric regions, each with different cell density, was successfully investigated by using a computational model.



It can be concluded from the results that, regardless of the flow rate, the fraction of the flow passing through each part of the substrate, core and ring, depends on the relative permeability and core size. The former is defined as the ratio between the core and ring permeability, and the latter as the ratio of the core volume over the monolith one. Both depend only on the geometrical features of the substrate, namely channel cross-section shape, void fraction and channel diameter. This implies that the monolith’s physical configuration is sufficient to predict the flow distribution between the regions.



Regarding the flow rate, it is found that the flow distribution does not depend on the tube Reynolds in the tested range; however, the channel Reynolds in each part of the substrate is undoubtedly highly dependent on how the flow distributes. The same tube Reynolds can lead to significantly different channel Reynolds inside of the substrate, depending on the combination of relative permeability and core size selected. This enables design where less flow passes through the core section and more through the ring, decreasing heat released from the reaction in the centre of the tube, and potentially preventing typical overheating issues in that region in exothermic systems.



In the conditions analyzed, the relationship between the flow distribution and the relative permeability is non-linear, and more pronounced when the relative permeability is closer to unity. That is, the same increment of 1.0 in the relative permeability impacts progressively less on the flow distribution as the absolute value of the relative permeability increases.



A model for the flow distribution between the core and the ring regions is proposed. The model depends only on the relative permeability and core size. The model accurately predicted the fraction of the flow passing through the core region for several core sizes, relative permeabilities, ranging from 1.0 and 4.0, and several flow rates. The model can be used for improving catalyst monolith support design by combining two cell densities in a single monolith in order to obtain a convenient flow distribution.



Even though CFD models for predicting flow through monolith substrates, such as that used in this paper, are widely accepted and have been extensively validated, further experimental validation of the proposed model is recommended.
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Nomenclature


The following nomenclature is used in this manuscript:



	A
	Cross-sectional area, m



	  A c  
	Cross-sectional area of the core, m



	  A r  
	Cross-sectional area of the ring, m



	C
	Channel cross-section shape factor



	  D H  
	Channel hydraulic diameter, m



	  f c  
	Fraction of flow through the core



	L
	Monolith length, m



	p
	Pressure, Pa



	  Δ  p c   
	Pressure drop through the core, Pa



	  Δ  p r   
	Pressure drop through the ring, Pa



	R
	Monolith or tube radius, m



	  R c  
	Core radius, m



	  Re  c h   
	Channel Reynolds number, =  ρ  u  c h    D H  / μ  



	  Re  i n   
	Inlet Reynolds number,   ρ  u  i n    ( 2 R )  / μ  



	u
	Velocity Magnitude, m/s



	  u i  
	Velocity vector, m/s



	  u  i n   
	Inlet velocity, m/s



	  u  c h   
	Channel velocity, m/s



	  u c  
	Core velocity, m/s



	  u r  
	Ring velocity, m/s



	  α i  
	Apparent permeability vector,   m 2  



	  α c  ,  α  c o r e   
	Core apparent permeability,   m 2  



	  α r  ,  α  r i n g   
	Ring apparent permeability,   m 2  



	  λ c  
	Core fractional size



	 ϕ 
	Substrate void fraction



	 ρ 
	Density,    kg / m  3  



	 μ 
	Molecular viscosity, Pa·s
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Figure 1. Monolith having different cell densities in the core and ring regions of its cross-sectional area. 
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Figure 2. Schematic of the computational domain. The 2D generatrix plane rotates around the bottom axis to compose the volumetric domain. 
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Figure 3. Comparison between the pressure drop from the computational model and that from the Hagen–Poiseuille equation. 
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Figure 4. Average core velocity for several   Re  i n    and core sizes. 
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Figure 5. Average core velocity for several   Re  i n    and relative permeabilities. 
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Figure 6. Comparison of the proposed model and substrate scale data for several   Re  i n    and relative permeabilities. 
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Figure 7. Prediction of the dimensionless model compared with the substrate scale data for several   Re  i n    and relative permeabilities. 
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Table 1. List of numerical runs. For all of them   α  c o r e    was 4.82 × 10−8   m 2  .
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	N
	    Re  i n     
	     α core  /  α ring     
	% Core Size
	N
	    Re in    
	     α core  /  α ring     
	% Core Size





	1
	3000
	1.00
	50
	37
	9000
	2.15
	50



	2
	3000
	1.09
	50
	38
	9000
	2.45
	50



	3
	3000
	1.18
	50
	39
	9000
	2.78
	50



	4
	3000
	1.29
	50
	40
	9000
	3.18
	50



	5
	3000
	1.42
	50
	41
	9000
	3.66
	50



	6
	3000
	1.56
	50
	42
	9000
	4.22
	50



	7
	3000
	1.73
	50
	43
	3000
	2.45
	0



	8
	3000
	1.92
	50
	44
	3000
	2.45
	10



	9
	3000
	2.15
	50
	45
	3000
	2.45
	20



	10
	3000
	2.45
	50
	46
	3000
	2.45
	30



	11
	3000
	2.78
	50
	47
	3000
	2.45
	40



	12
	3000
	3.18
	50
	48
	3000
	2.45
	60



	13
	3000
	3.66
	50
	49
	3000
	2.45
	70



	14
	3000
	4.22
	50
	50
	3000
	2.45
	80



	15
	6000
	1.00
	50
	51
	3000
	2.45
	90



	16
	6000
	1.09
	50
	52
	3000
	2.45
	100



	17
	6000
	1.18
	50
	53
	6000
	2.45
	0



	18
	6000
	1.29
	50
	54
	6000
	2.45
	10



	19
	6000
	1.42
	50
	55
	6000
	2.45
	20



	20
	6000
	1.56
	50
	56
	6000
	2.45
	30



	21
	6000
	1.73
	50
	57
	6000
	2.45
	40



	22
	6000
	1.92
	50
	58
	6000
	2.45
	60



	23
	6000
	2.15
	50
	59
	6000
	2.45
	70



	24
	6000
	2.45
	50
	60
	6000
	2.45
	80



	25
	6000
	2.78
	50
	61
	6000
	2.45
	90



	26
	6000
	3.18
	50
	62
	6000
	2.45
	100



	27
	6000
	3.66
	50
	63
	9000
	2.45
	0



	28
	6000
	4.22
	50
	64
	9000
	2.45
	10



	29
	9000
	1.00
	50
	65
	9000
	2.45
	20



	30
	9000
	1.09
	50
	66
	9000
	2.45
	30



	31
	9000
	1.18
	50
	67
	9000
	2.45
	40



	32
	9000
	1.29
	50
	68
	9000
	2.45
	60



	33
	9000
	1.42
	50
	69
	9000
	2.45
	70



	34
	9000
	1.56
	50
	70
	9000
	2.45
	80



	35
	9000
	1.73
	50
	71
	9000
	2.45
	90



	36
	9000
	1.92
	50
	72
	9000
	2.45
	100
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Flow passing through the core, %

90

80

70

60

50

40

4 Rein=9000
o Rein=6000
O Rein=3000
Proposed model

1.0 2.0 3.0 4.0

Relative permeability (ccore/ring)






media/file4.png
Wall

Inlet Outlet

Axis





nav.xhtml


  processes-11-00827


  
    		
      processes-11-00827
    


  




  





media/file2.png
Frontal view

”

2

S
N

Tt
TH————
/

AN
= \

Core

Ring





media/file5.jpg
Pressure drop, Pa
=
&
=)

0 a=197x10"% m?
0 a=482x10"% m?
——  Hagen-Poiseuille

3000 6000 9000
Rein






media/file3.jpg
Inlet

wall

Ring
Core

Outlet

Axis





media/file1.jpg
Frontal view






media/file7.jpg
Core velocity, m/s

A Rein=9000

o Rein=6000
a o Rejn=3000
A
A
a
o A
a 8 & "
LI &
S
o
o B e g
o
° o
° o o
& o @
20 40 60 80 100

Core size, %






media/file10.png
Core velocity, m/s

2.8
2.4
2.0
1.6
1.2
0.8
0.4

| | |
A Re;n=9000

o Re;,, =6000 A
A
| 0Re;n=3000 . A
LA
LA
| A
A
AA
A 5 O =
| g O
O
o O -
50
- O
e
o o
- soo0 O o O
oOOooo
| | | |
1.0 2.0 3.0 4.0

Relative permeability (core/ring)






media/file12.png
Core velocity, m/s

3.2

2.8
2.4
2.0
1.6
1.2
0.8
0.4

| | |

A Rej,=9000
o  Re;n,=6000
o Re;n=3000

Proposed model

| |
1.0 2.0

|
3.0

|
4.0

Relative permeability (acore/Qring)






media/file9.jpg
[=

Core velocity, m/s
- e
N [=2]

o o
oo

A Rein =9000

o Rej, =6000 N
0 Rein=3000 z = B
a
A a °
AA
)"
a8 & o o
a o
o
o
o
oo”
DDD
°
o o o ©°
00000 ° ° °
o
1.0 2.0 3.0 4.0

Relative permeability (ccore/Qring)






media/file0.png





media/file14.png
Flow passing through the core, %

90

80

70

60

50

40

Re;,=9000
o Re;,=6000
O Re;,=3000

— Proposed model

| | |
1.0 2.0 3.0 4.0

Relative permeability (core/Qring)






media/file8.png
Core velocity, m/s

oy

()

—

A Re;,, =9000

0 Re;,, =6000
o Re;, =3000
A ]
A
A
A
O A .
A
o A
O 0 -
O = ]
© o
O
(@) ®) o
| | | | ]
20 40 60 80 100

Core size, %





media/file11.jpg
Core velocity, m/s

3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4

A Rei =9000
0 Rei,=6000
o Rein=3000
Proposed model

o

e

1.0 2.0 3.0 4.0
Relative permeability (ocore/ring)






media/file6.png
Pressure drop, Pa

250 O o=1.97x%x 1078 m?
O a=4.82x 1078 m?

—— Hagen-Poiseuille
200 &

150 |

100

oL
-
!

| | |
3000 6000 9000
Rem





